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Possible correlation is studied between Water Equivalent Hydrogen (WEH) in the Martian subsurface, as measured by the DAN
(Dynamic Albedo of Neutrons) instrument along the Curiosity traverse, and the presence of hydrated minerals on the surface, as
seen from the orbit by CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) instrument onboard MRO (Mars
Reconnaissance Orbiter). Cross-analysis of the subsurface WEH values from DAN passive measurements with the distribution of
hydrated minerals over the surface of Gale crater according to Specialized Browse Product Mosaics is performed for the initial
20 km part of traverse. As a result, we found an increase up to 0.4 wt% of the mean WEH value for the surface areas with the
spectral signatures of polyhydrated sulfates. The increase is shown to be higher with the more prominent spectral signature on the
surface. Similar WEH increase for the two other types of hydrated minerals, such as monohydrated sulfates and phyllosilicates,
was not found for the tested part of the traverse. Polyhydrated sulfates being a part of the sedimentary deposits composing the
surface of Gale crater should have considerable thickness that is necessary for the subsurface neutron sensing by

DAN measurements.

1. Introduction

Gale crater was presumably formed during the late Noachian
period (about 3.7-3.8 Ga) as a result of a large meteorite
impact [1]. Its radius is about 150 km, and its initial depth is
thought to be about 5km. In its evolutional history from
formation to the modern time, one may conditionally dis-
tinguish two main stages [2, 3]. The first stage corresponds to
the Noachian period with a possibly warm and humid cli-
mate on the planet (or at least with episodic warm condi-
tions), when Mars had a rather dense atmosphere. During
this stage, the crater could be occasionally filled up with
water and turned into a lake, at the bottom of which
weathering of primary rocks in contact with an alkaline
water environment produced phyllosilicates [4, 5]. The first

stage ended by the beginning of Late Hesperian, when the
climate of Mars became close to modern, with a thin at-
mosphere and a dry and cold surface. By the end of the first
stage, Gale crater is thought to be filled up with layered
sedimentary deposits [6].

In the second stage, the sedimentary deposits filling
Gale crater were exposed, probably by wind erosion, cre-
ating Mount Sharp—5.5 km tall central mound which is not
related to the central peak formed during the impact event
[7]. The lowest visible units of Mount Sharp contain a
variety of minerals that are indicative of aqueous condi-
tions. Phyllosilicate (including the groups smectite, ver-
miculite, illite, kaolinite, serpentine, micas, and chlorite,
commonly called clay minerals) spectral signatures are
observed in some stratigraphic units near the base of
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Mount Sharp, and sulfate-bearing minerals (such as an-
hydrite, bassanite, gypsum, and jarosite) are observed in
younger, stratigraphically higher sedimentary units [8, 9].
This mineralogical transition suggests that the conditions
under which the sediments were deposited changed
through time. The broad mineral stratigraphy with sulfate-
bearing units overlying phyllosilicate-bearing units has
been recognized in similarly aged deposits globally on Mars
[10]. This mineralogical succession may mark the begin-
ning of the transition from Noachian to Hesperian, e.g.,
from a relatively wet and warm early Mars to a very dry and
cold modern Mars [8, 11].

Thus, the sediments on the modern surface of Gale crater
represent a natural record of Mars hydrological evolution,
where a study of the composition and sequence of sedi-
mentary strata from the crater floor up to the top of its
central mound allows the disclosing of the changes of en-
vironmental conditions along the chronology of their for-
mation [6]. At present, the ground water in the Martian soil
may precipitate from the current thin atmosphere forming
multilayers of molecules on the grains of regolith (as
adsorbed water) and filling the porosity volume between
grains (as free water ice). Though there is no direct evidence
of ground ice, indirect evidence for the formation of frost at
the surface of Gale crater exists [12]. Therefore, both kinds of
water might exist currently in the shallow subsurface of Gale
crater: water in the form of chemically bound molecules in
hydrated minerals and water as adsorbed molecules in the
regolith.

The presence of water in the subsurface of Gale crater is
proved by the DAN active neutron sensing experiment
onboard the Curiosity rover [13-15]. This paper presents the
results of the comparative analysis of subsurface water
abundance, as derived from DAN passive measurements
data [16], together with data for the surface minerals dis-
tribution, as measured by CRISM onboard MRO. This
analysis is thought to allow distinguishing which kind of
ground water most likely exists in the subsurface along the
Curiosity traverse over the bottom of Gale crater.

2. DAN Measurements along the Rover Traverse

The DAN instrument is an active neutron detector for
sensing the subsurface layer of about 60 cm thickness by
pulses of 14 MeV neutrons, produced by the pulsing neutron
generator—PNG [15]. Pulses of neutrons produce the
postpulse emission or Dynamic Albedo of Neutrons. Two
DAN neutron counters record the time profiles of postpulse
total neutron emission: CTN at thermal and epithermal
energy range and CETN at epithermal energy range.

Since hydrogen in the Martian subsurface is most likely a
part of either hydroxyl or water molecules, its content is
conventionally measured in terms of Water Equivalent
Hydrogen (WEH). On the other hand, the content of the
neutron absorbing nuclei in the subsurface is evaluated by a
single measurable parameter of the so-called Absorption
Equivalent Chlorine—AEC [17]. Chlorine is selected be-
cause it is considered the major contributor to neutron
absorption in the Martian regolith. The value of AEC takes
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into account not only the mass fraction of chlorine itself, but
also all other absorbers in the subsurface matter, if their mass
fractions differ from the values predicted by the so-called
“standard composition” model of the Martian soil [18].

DAN started operating on Mars on August 12, 2012, just
after the rover landing [19]. The data for the current analysis
were obtained since that time until November 2018. That
corresponds to 2218 sols and 19 971 m distance along the
traverse. According to the rover flight rules, DAN active
operations are only allowed at rover stops. Thus, estimates of
WEH and AEC based on active measurements are available
for the rover parking spots only [13]. For the first 20 km part
of the rover traverse until sol 2218, the mean WEH and AEC
values are found to be (2.6 +0.7) wt% and (1.0 +0.1) wt%,
respectively [13].

While PNG operates only during active sessions lasting
for 15-30 minutes at stops, DAN counters are working almost
continuously, both at rover stops and during drives. When
PNG is off, neutron counters continuously measure the local
neutron emission. Flux and energy spectra of the surface
albedo neutrons produced both by the Multi-Mission Ra-
dioisotope Thermoelectric Generator and Galactic Cosmic
Rays largely depend on the presence of hydrogen, measured as
WEH, and neutron absorbers, measured as AEC, in the
subsurface matter. Thus, DAN continuous passive mea-
surements give an opportunity to determine the WEH value
at any particular spot below the rover along the traverse [16].

A special procedure of DAN passive data processing has
been developed based on the empirically found relationships
between active and passive data, measured simultaneously at
the total number of 328 rover stops (see [16], for details).
This empirical relationship, as well as the knowledge on the
AEC, is used for obtaining the continuous profile of WEH
values. The physical size of an individual spot on the surface
for passive neutron sensing is shown to be about 3 meters in
diameter [17], so the physical resolution of WEH variations
along the traverse could be associated with such scale.

Distances between the rover stops vary from several
meters up to hundreds of meters. To estimate AEC between
two stops along the traverse, one needs to make an additional
assumption for the scale of AEC spatial variations. It was
suggested by [16], to use two approaches. The first one as-
sumes a long-range (LR) scaling of AEC variability, when a
smooth interpolation of AEC value is thought to be applicable
along the path from one stop to another. In this case, the AEC
value at each point between two stops could be derived from
the interpolated values of active measurements at these stops.
The second approach postulates that AEC might vary at a
scale of several meters or so, presuming a short-range (SR)
scaling of the AEC variability. In this case, the AEC value at
each intermediate point of the traverse between two stops is
thought to be randomly distributed according to the entire
data set of the active measurements. For the part of the rover
traverse studied in this paper, the mean AEC value for all
active measurements is found to be equal to (1.0 £ 0.1) wt%.

After processing DAN passive data until sol 2218, two
continuous profiles of the WEH spatial variability were
obtained with a distance resolution of 3 meters using LR
and/or SR approaches (Figure 1). The WEH value was found
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FiGUre 1: WEH as derived from DAN passive measurements using the LR approach for AEC variations along the Curiosity traverse.

to vary from around zero to 6.3 wt% [16]. These data were
used for cross-analysis with CRISM spectral data products;
see below.

3. CRISM Data Products for Cross-Analysis with
DAN Data

CRISM instrument onboard the NASA MRO spacecraft
performs imaging spectrometry in the visible and near-in-
frared wavelength range of 362-3920 nanometers. Such
chemicals as iron, oxides, carbonates, etc. on the Martian

surface have characteristic spectral features in the visible and
infrared ranges and are distinguishable by CRISM [20].
For the current cross-analysis with DAN data, we used
the publically available Specialized Browse Product Mosaics
[21]. The CRISM team specifically created this data product
for studying the Curiosity landing site. Hyperspectral images
with high spatial resolution of about 20 m, not degraded by
the increased noise or by atmosphere opacity, were selected
as the source images for creating the products. Mathematical
processing was applied to reflectance values at key wave-
lengths associated with diagnostic or indicative mineral



structure on the surface. The resulting composites of indi-
vidual parameters reflect the thematic mineralogical di-
versity of the surface. A high value in the image plane
indicates a relatively strong spectral feature for the particular
product as compared to the range present regionally around
the landing site [21].

In our study, two Specialized Browse Product Mosaic
products were of special interest: “HYD” and “ALT.” Both
were constructed from images in the IR spectral range, as
they characterize the spectral features of minerals that are
thought to be formed by the interaction of rocks with liquid
water. These two data products represent the surface dis-
tribution of such minerals as phyllosilicates (generally Fe-
smectites) and mono- or polyhydrated Mg-sulfates (mostly
kieserite and hexahydrite, respectively). The “HYD” data
product shows indicators of hydrated minerals with a focus
on the hydrated sulfates, while the “ALT” data product
focuses on Fe/Mg phyllosilicates on the surface.

It should be taken into account that hydrated minerals,
which are believed to be present in the shallow subsurface,
might not be revealed by detection of their spectral indi-
cators on the surface as they might be covered by dust or by a
thin upper layer of some different mineralogical composi-
tion. While DAN senses the subsurface down to 1 m depth,
CRISM images the uppermost layer of the Martian surface.
However, the deposits of hydrated minerals that spread from
the top down to the subsurface should be detectable by both
instruments, CRISM from the orbit and DAN from the
surface. To test the presence of such deposits and to map
them along the rover, traverse was the goal of the performed
cross-analysis, as presented below.

4. Cross-Analysis of DAN Passive Data with
CRISM Data Products

The total number of 1028 CRISM mapping pixels, located
along the traverse of the rover, was selected. For each such
pixel with the size of about 20 meters, the mean WEH value
was evaluated inside it according to the DAN passive
measurements data, processed by the LR and SR approaches
(see Section 3, Tables 1 and 2). Uncertainties of the WEH
mean values were derived from the uncertainties of WEH
values of the contributed distance intervals.

For each of the three types of hydrated minerals, such as
phyllosilicates, monohydrated sulfates, and polyhydrated
sulfates, the testing groups of corresponding CRISM pixels
were selected, which manifest the spectral signatures of these
minerals. Three groups with 51, 45, and 101 CRISM pixels
were identified for phyllosilicates, monohydrated sulfates,
and polyhydrated sulfate, respectively. The reference group
of 831 CRISM pixels with no spectral signatures of any of the
three types of hydrated minerals was also composed.

The method of cross-analysis of DAN and CRISM data is
based on the comparison of the distribution of the mean
WEH values for the testing group of CRISM pixels attributed
to the particular testing mineral with the distribution of the
mean WEH values for the reference group of CRISM pixels.
As the simplest test, the average values and sample variances
of WEH for the testing and the reference groups are
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compared. In addition, Pearson’s chi-squared test is used for
more precise testing of the statistical difference between
them. Two distributions are thought to be statistically dis-
tinct, if the probability for their coincidence (p-level) is
sufficiently small, p <0.001.

One finds that there is no distinction of the distributions
of WEH for groups of the CRISM pixels associated with
either phyllosilicates or monohydrated sulfates from the
reference group (Tables 1 and 2). For both cases of WEH
estimation, using either LR or SR approach, the p-level
values point out a rather good agreement between WEH
distributions for testing and reference groups.

On the other hand, the evident effect of distinction from
the reference group is found for the testing group of 101
CRISM pixels with the spectral signature of polyhydrated
sulfates (Figure 2(a)). The differences between mean values
of WEH are (0.2+0.1) wt% for the LR approach (Table 1)
and (0.4 + 0.1) wt% for the SR approach (Table 2). According
to Pearson’s chi-squared test, the p-levels for the statistical
coincidence between WEH distributions for the testing and
reference groups are found to be much less than 0.001 (see
Tables 1 and 2). Thus, the mean WEH value for the testing
group of CRISM pixels, associated with the presence of
polyhydrated sulfates, is confidently larger than the mean
WEH value for the reference group of pixels, which do not
have the spectral signature of such type of mineral.

It is reasonable to expect that the stronger spectral
signature of the presence of minerals on the surface (seen as
larger values in the RGB image plane) might correspond to a
higher content of WEH detected by DAN in the subsurface.
To check this assumption, the testing group of 101 CRISM
pixels linked with polyhydrated sulfates was divided into two
subgroups. The subgroup of “high intensity” includes pixels
with the brightness >20 in the RGB image plane. Corre-
spondingly, the subgroup of “low intensity” includes pixels
with the brightness <20. The value of 20 was chosen as a
dividing value for the total group into two statistically equal
subgroups. For these two subgroups, the distributions of
WEH were built, and their comparison with the reference
distribution was performed (Tables 1 and 2).

Figure 3 shows the WEH distributions for the testing
subgroups of CRISM pixels with “high intensity” poly-
hydrated sulfates for the cases of LR (a) and SR (b) ap-
proaches. The more pronounced shift to larger values is
evident for the WEH distributions of “high intensity”
subgroup in comparison with the WEH distribution for the
reference group (Figure 3). Their mean WEH values become
equal to (2.9 £0.1) wt% and (3.1+0.1) wt% for the cases of
LR and SR approaches, respectively. Besides, the Pearson test
proves that WEH distributions for the “high intensity”
subgroup of CRISM pixels are confidently distinct from the
one for the reference group. The values of the p-level are
much less than 0.001 (Tables 1 and 2).

As we stated in Section 2 of this paper, the value of WEH
is not measured directly, but is obtained through the
modelling of active and passive measurement data and is,
therefore, model-dependent. To exclude the probable effects
of model dependency, we performed the similar analysis as
described above for the initial measured parameter of



Advances in Astronomy

TaBLE 1: Comparison of parameters of WEH distributions for groups of CRISM pixels. WEH is derived from the DAN passive data for the
case of long-range variability of AEC (LR case).

Coverage of Number of Number of DAN Me;\l;l:;_fl the Variance of the ~ y* for p-level for
Groups of CRISM pixels the traverse =~ CRISM o WEH Pearson Pearson
. measurements distribution o o o
(%) pixels distribution criteria criteria
(wt%)
Reference distribution 81 831 5467 2.54+0.02 0.33 — —
Phyllosilicates 5 51 293 2.57£0.07 0.27 1.55 0.908
Monohydrated sulfates 4 45 307 2.41+0.09 0.33 7.74 0.257
All 10 101 638 2.78£0.05 0.25 24.30 0.0005
Polyhydrated igtfen};;f}f, 5 50 312 2.88+0.07 0.24 21.79 0.0006
sulfates of “lov}\:
. o 5 51 326 2.68 £0.07 0.24 7.81 0.252
intensity

TaBLE 2: Comparison of parameters of WEH distributions for groups of CRISM pixels. WEH is derived from the DAN passive data for the

case of short-range variability of AEC mass fraction (SR case).

Coverage of Number of Number of DAN Me::/r\lf;é the Variance of the Xz for p-level for
Groups of CRISM pixels the traverse CRISM . WEH Pearson Pearson
. measurements distribution . o o
(%) pixels distribution criteria criteria
(Wt%)
Reference distribution 81 831 5467 2.64+0.02 0.30 — —
Phyllosilicates 5 51 293 2.57+0.06 0.17 18.46 0.001
Monohydrated sulfates 4 45 307 2.37+0.09 0.33 11.04 0.051
All 10 101 638 3.06 £0.06 0.31 129.22 3.48 x107%¢
Polyhydrated igtfen}:tg}l 5 50 312 3.10+0.06 0.18 7274 599x107%°
sulfates of “103:,
. o 5 51 326 2.75+0.05 0.14 9.33 0.156
intensity
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FIGURE 2: Distributions of the WEH values according to (a) LR approach and (b) SR approach for AEC estimations along the Curiosity
traverse. The black line shows WEH distribution for the reference group of the CRISM pixels, which do not have signatures of hydrated
minerals. The blue line represents the WEH distribution for the group of CRISM pixels with the spectral signature of polyhydrated sulfates.

Dotted lines indicate the mean WEH values of the distributions.

neutron emission. Instead of the WEH value, we used the
ratio of the count rates of total Ccry and epithermal Ccgry
neutrons emitted by the surface, namely, Fpan=Ccrn/
Ccgrn (for more details, see [16]). The results of the per-
formed analysis are described in Table 3. The relationship
between the parameters of the Fp oy distributions is found to

be similar to the same parameters of the WEH distributions
(Tables 1 and 2). Only the distribution of Fp sy for the testing
group of CRISM pixels associated with the presence of
polyhydrated sulfates is confidently different from the ref-
erence distribution of Fpy for the group of pixels, which do
not have the spectral signature of hydrated minerals. So, one



1.0

0.8 4 |

0.6 -

0.4 4

Probability Density

0.2 4

— -
0 1 2 3 4 5 6
DAN Passive WEH (wt.%)

()

0.0

Advances in Astronomy

1.0

o o o
IS o )
.

Probability Density

S
o
.

: r } . } -
0 1 2 3 4 5 6
DAN Passive WEH (wt.%)

(b)

0.0
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TaBLE 3: Comparison of parameters of Fpay distributions for groups of CRISM pixels.

Coverage of Number of Mean of the Variance of the  x* for p-level for
. Number of DAN
Groups of CRISM pixels the traverse CRISM Fpan Fpan Pearson Pearson
. measurements LA L o o
(%) pixels distribution distribution criteria criteria
Reference distribution 81 831 5467 3.20£0.02 0.26 — —
Phyllosilicates 5 51 293 3.13+0.05 0.14 7.74 0.052
Monohydrated sulfates 4 45 307 2.95+0.08 0.28 11.12 0.049
All 10 101 638 3.47+0.04 0.16 34.56 5.71x 1077
Polyhydrated igtfen};%}}, 5 50 312 3.63+0.06 016 5369  1.31x 107"
sulfates of “lov}\lf
. o » 5 51 326 3.31+0.05 0.12 8.70 0.034
intensity

had to conclude that the relationship found between the
presence of polyhydrated sulfates and increase of water in
the shallow subsurface is not produced by WEH decon-
volution procedure, but manifests physical relation between
such minerals and neutron emission.

5. Discussion

Thus, the conclusion should be drawn that, along the tra-
verse from the landing site to the distance mark of about
20 km, the presence of polyhydrated sulfates on the surface,
as observed by CRISM, is consistent with the increase of
WEH values within a subsurface layer of about 60cm
thickness, as measured by DAN. On the other hand, no such
phenomenon is found for another group of CRISM pixels
associated with the spectral signatures of phyllosilicates or
monohydrated sulfates. One may speculate that the part of
the traverse, which manifests the phenomenon of CRISM-
DAN cross-correspondence, is associated with the sedi-
mentary strata containing polyhydrated sulfates probably
with significant thickness that leads to enhanced mass
fraction of water in comparison with the “usual” subsurface
with some standard mass fraction of water. The top surfaces
of such matter are observable by CRISM from the Martian
orbit and their deeper volumes are detectable by DAN from

the Martian surface. One suggests naming such strata as
layers of polyhydrated sulfates-rich matter, or PHSR matter.

To test this simplest interpretation of the found phe-
nomenon, one might check the possibility that the observed
WEH distribution in the area with PHSR matter (Figure 2)
could be modeled by a bimodal function with two distinct
components: the “less-WEH” component and “more-WEH”
component (Figure 4). The “less-WEH” component could be
associated with the “usual” matter. Its shape could be taken
from the known distribution of WEH for the reference
group of CRISM pixels with no signatures of any of the three
types of hydrated minerals (Figure 2). The mean values for
WEH of this component are known to be equal to
(2.54 +0.02) wt% for the LR approach and (2.40 + 0.02) wt%
for the SR approach (see Table 1). The “more-WEH”
component could be associated with polyhydrated sulfates.
As the simplest option, this “more-WEH” component could
be represented by a normal distribution with two free pa-
rameters: the mean value and the sample variance.

Using such a bimodal model, one may try to fit the
observed WEH distribution in the area of CRISM pixels with
a spectral signature of polyhydrated sulfates. In addition to
the two free parameters of the “more-WEH” component,
one more parameter should be used for fitting: the relative
fraction « of this component with respect to the total integral
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FIGURE 4: The bimodal distribution of WEH for the pixels with the spectral signature of polyhydrated sulfates (blue line): the more-WEH
component of the distribution (dotted red line) represents the surface, dominated by polyhydrated sulfates, the less-WEH component of the
distribution (black line) is the reference distribution taken with its modelled contribution.

of the entire observed distribution. Two cases of the observed
distributions are tested for WEH derived by either LR or SR
approaches of DAN passive data processing. One-tailed
Pearson’s chi-squared test is applied for finding the best
fitting parameters of the bimodal model (Table 4).

In both cases, for LR and SR approaches, the Pearson
criteria give very good p-level values for consistency between
the observed distribution and the modeling function; i.e., it
is between 0.001 and 0.15 (Table 4). The “more-WEH”
component has the mean WEH values equal to 3.0 or 3.6 wt
% for the cases of LR and SR, respectively (Table 4 and
Figure 2).

Taking into account this result, one may speculate that the
two components of WEH distribution represent two fractions
of PHSR matter. The “less-WEH” component corresponds to
the “usual” soil and the “more-WEH” component might be
attributed to deposits of polyhydrated sulfates. The bimodal
approximation of the observed WEH distribution for the area
of PHSR matter allows determining the fraction parameter «
for the contribution of “more-WEH” component. This
fraction is about 0.37 or 0.12 (as a part of 1) of the entire WEH
distributions, based on either LR or SR approaches, respec-
tively. In the case of the proposed identification, such a
fraction « corresponds to the part of the subsurface volume,
which contains deposits of polyhydrated sulfates with the
thickness large enough for neutron sensing. Another fraction
(1-a) corresponds to the “usual” soil. Interestingly, the
fraction of the “more-WEH” component is approaching the
value of 1 for the subgroup of 51 pixels of “high intensity”
spectral signature of polyhydrated sulfates (Table 4). It is
another piece of evidence for the identification of “more-
WEH” component in the areas, the substances of which is the
deposition of polyhydrated sulfates.

The fraction of “usual” soil in the PHSR matter might
exist practically everywhere along the traverse. This sub-
stance does not contain noticeable quantities of any of the
three types of hydrated minerals and has an average WEH of
about 2.5 wt% (see Tables 1 and 2). The WEH value for this
second fraction of PHSR matter corresponds to the number

of water molecules in the structure of polyhydrated sulfates.
Its value was derived from the DAN data, as about 3 wt%
(Table 4). The chemically bound water of hydrated minerals
was embedded in their structure long time ago, when these
minerals were formed in the aqueous conditions. Therefore,
the type of PHS-dominated substance is thought to contain
the “initial water” of Mars.

The mass fraction of polyhydrated sulfates in the sub-
surface substance may vary along the traverse. At some spots
with the most intense spectral signatures of polyhydrated
sulfates, the “more-WEH” component, as shown above, may
contribute the observed WEH distribution entirely. One
may use the DAN passive data for testing the presence of
polyhydrated sulfates in the subsurface along the traverse
with the spatial resolution about hundreds meters or so.

For performing such test we split the total path of about
20km into 132 distance intervals of 150 meters long, each
including around 50 passive measurements of WEH with a
spatial resolution of 3 meters. The distribution of the WEH
values for each distance interval is tested by the already
known bimodal function with only one variable parameter «,
as the fractionation of the already known components of
“less-water” and “more-water,” & and 1-a, respectively. The
best fitting value of a could be considered as the average
mass fraction of polyhydrated sulfates in the subsurface.
Performing such an analysis for all 132 distance intervals,
one obtains the profile of the polyhydrated sulfates mass
fraction along the traverse (Figure 5).

The profile shows that the highest value of « equal to
0.21 (the confidence is 15%) is observed at the area around
a distance mark of 16,300 m. Indeed, according to the
CRISM data, this area is characterized by the increased
value of the spectral signature brightness for polyhydrated
sulfates (Figure 6). Thus, the analysis of the DAN passive
data made it possible to identify sites with an increased
content of polyhydrated sulfates in the shallow subsurface.
One of such sites is found at the distance mark of 16,300
meters of the traverse on the way from Bagnold Dunes to
Vera Rubin ridge.
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TABLE 4: Best fitting parameters of bimodal model for WEH distribution for the group of CRISM pixels with the signature of polyhydrated
sulfates (cases of LR and SR are presented for estimations of WEH from the DAN passive data).

Distributions of WEH for CRISM

Fraction of the component

of bimodal model representing

Parameters of the
normal distribution
of WEH for the
component of
bimodal model

2 ..
X minimum

pixels along the rover traverse polyhydrated sulfates representing value p-level
(in parts of 1) polyhydrated
sulfates
Mean (wt .
%) Variance
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Polyhydrated sulfates According to the 0.12 (+0.01/-0.01) 3.59 0.19 17.29 0.001
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FiGure 5: The distance profile of the polyhydrated sulfates mass fraction («) along the traverse. The captions correspond to the significant
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F1GURE 6: The distance profile of the DAN passive measurements of
WEH with spatial resolution of 3m (blue line) and the pixel
brightness corresponding to polyhydrated sulfates according to
CRISM specialized browse product mosaics (red line) for the
distance interval of 16,200-16,350 m. The dotted line shows the
mean WEH value for the whole traverse.

6. Conclusions

The cross-analysis of the WEH values from the DAN passive
measurements onboard Curiosity and Specialized Browse
Product Mosaics of CRISM spectrometer onboard the MRO
was performed for the part of the rover traverse from the
landing site up to the distance mark 19 971 m. It was found
that traverse intervals with the spectral signature of poly-
hydrated sulfates, as detected by CRISM, contain more WEH
in the subsurface in comparison with the intervals that do
not manifest signatures of any of the three selected types of
hydrated minerals, such as phyllosilicates and mono- and
polyhydrated sulfates. This effect points out that poly-
hydrated sulfates exist at some places along the traverse, as
layers with up to 60 cm thickness that are well detectable by
DAN with its sensing depth of about 60 cm in the subsurface.

The bimodal distribution of WEH was found for such
distance intervals along the traverse with the spectral sig-
nature of polyhydrated sulfates. The “less-WEH” component
of this distribution is consistent with the distribution ob-
served at the dominating majority of distance intervals that
do not manifest any spectral signatures of all three tested
types of hydrated minerals. The average water content for
this type of matter is 2.5 wt%. The “more-WEH” component
of this distribution is thought to be associated with the
second type of matter, whose composition is likely domi-
nated by polyhydrated sulfates component. The value of
WEH for this type is about 3 wt% or larger.

The absence of any difference between WEH distribu-
tions for the distance intervals without spectral signatures of
the three tested types of hydrated minerals and for distance
intervals with spectral signatures of phyllosilicates and
monohydrated sulfates does not necessarily make a dis-
crepancy between CRISM and DAN observations. Indeed,
the uppermost layer of the subsurface with such hydrated
minerals may be seen by CRISM, but might be too thin for

the detection by DAN. One may suspect that for some
reason the top layers with polyhydrated sulfates are thick
enough for being detected by DAN, while the top layers of
phyllosilicates and monohydrated sulfates are not.

The CRISM pixels with the spectral signature of poly-
hydrated sulfates cover about 10% of the 20 km long rover
traverse that was analyzed. The fact of the large thickness of
polyhydrated sulfates deposits suggests a long period of time
in the past, when such layer had enough time to be accu-
mulated. On the other hand, the areas of CRISM pixels with
spectral signatures of phyllosilicates and monohydrated
sulfates are most likely associated with rather thin layers on
top of the ordinary rocks and soil. DAN is not sensitive to the
presence of such thin layers on top of the ordinary matter.
One may expect that the presence of such hydrated minerals
will also be proved by cross-analysis of CRISM and DAN
data, when the rover climbs up Aeolis Mons, where the
deposits if phyllosilicates or monohydrated sulfates might be
thick enough for the detection of the WEH increase con-
tributed by them.
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Tribocorrosion is a degradation phenomenon of material surfaces subjected to the combined action of mechanical loading and
corrosion attack caused by the environment. Although corrosive chemical species such as materials like chloride atoms, chlorides,
and perchlorates have been detected on the Martian surface, there is a lack of studies of its impact on materials for landed
spacecraft and structures that will support surface operations on Mars. Here, we present a series of experiments on the stainless-
steel material of the ExoMars 2020 Rosalind Franklin rover wheels. We show how tribocorrosion induced by brines accelerates
wear on the materials of the wheels. Our results do not compromise the nominal ExoMars mission but have implications for future

long-term surface operations in support of future human exploration or extended robotic missions on Mars.

1. Introduction

Tribocorrosion is a surface damage phenomenon resulting
from the synergistic action of mechanical wear and (electro)
chemical reactions. It can imply corrosion accelerated by
wear, or wear accelerated by chemical reactions [1]. It was
discovered in 1875 by Thomas Edison, who observed a
variation in the coeflicient of friction between metal and
chalk moistened with electrolyte solutions [2], and today it is
an important engineering topic, defined by ISO [3] and
ASTM [4], and a cause for concern to any engineer
employing passive metal components in corrosive envi-
ronments [5]. If adequately controlled, tribocorrosion can be
beneficial, such as in machinery lubricants where it is used as
a means of avoiding seizure by promoting wear in a sac-
rificial mode [6]. Sacrificial mode is a concept in lubrication
technology that is used to avoid seizure of mechanical
components. Wear is promoted to reduce friction. This can
be achieved by incorporating sulphur or chlorine via

chemical additives in oil. Under conditions of wear, chlorine
or sulphur reacts with nascent metal exposed by wear to
produce iron chloride, which is weaker than the original
steel.

The surface of Mars is rich in corrosive chemical species.
Martian regolith contains abundant chloride [7] which
forms various chlorides and perchlorate salts with high
solubilities and low eutectic temperatures [8, 9]. Detection of
0.4-0.6% perchlorate by mass in Martian high latitudes and
further revelation of soluble chemistry of Martian soil at the
Phoenix Lander site [10] were encouraging results
prompting researchers to focus on perchlorate-based brine
research. Other remaining anions and cations, as detected by
the Wet Chemistry Laboratory on the Phoenix Mars Lander,
were chloride, bicarbonate, and sulphate and Mg>*, Na*, K*,
and Ca®", respectively [10]. Subsequently, the reanalysis of
the Viking results also suggested the plausible presence of
perchlorate and organics at midlatitudes on Mars [11], as
well as theoretical modelling at the landing site of InSight


mailto:javier.martin-torres@abdn.ac.uk
https://orcid.org/0000-0001-6479-2236
https://orcid.org/0000-0002-0851-8475
https://orcid.org/0000-0003-0499-6370
https://orcid.org/0000-0002-2502-6384
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6441233

[12]. Evidence for sodium perchlorate (NaClO,), magne-
sium perchlorate (Mg(ClO,),), and calcium perchlorate
(Ca(ClO4)2) has also been provided (with specific phases of
the perchlorates not being determined yet) at equatorial
latitudes by the Sample Analysis at Mars instrument on the
Mars Science Laboratory (MSL) [13]. Another study [14]
provides evidence of Martian perchlorate, chlorate, and
nitrate in the Martian meteorite EETA79001 with sufficiently
high concentrations. These results indicate the possibility
that perchlorates might be abundantly present within
Martian regolith at all latitudes. A variety of pathways have
been proposed for the perchlorate synthesis on Mars. These
pathways may involve photochemical reactions [15], elec-
trostatic discharge [16], and oxidation-reduction reactions
[17]. Perchlorates and chloride salts in the Martian regolith
are extensively investigated because they can absorb water
from the atmosphere forming hydrates [18], by absorption,
and then liquid brines, through deliquescence [19, 20]. In
addition to perchlorates, chlorides such as FeCls, CaCl,, and
MgCl, can also act as strong freezing point depressants.
FeCl; and CaCl, are the strongest freezing point depressants
with eutectic temperatures as low as approximately 218 K,
followed by MgCl,, NaCl, and KCI at about 238K, 252K,
and 262 K, respectively [9].

Perchlorates (ClO,) have been found planet-wide on
Mars [10]. Studies show that the perchlorate salts which
contain ClO, anion can hold the water in brine state even
when the temperature reaches 203 K. Other chloride (Cl")
salts have been detected such as magnesium chloride
(MgCl,) and calcium chloride (CaCl,) [21], along with
sulphate salts such as iron sulphate [22], which has deli-
quescent properties. Of course, the eutectic temperature of
perchlorate is affected by cations, and not all chlorates have
equally low eutectic temperatures.

A recent work [23] has derived the current chemical
weathering rates on Mars, based on the oxidation of iron in
stony meteorites investigated by the Mars Exploration Rover
Opportunity at Meridiani Planum. The authors concluded
that the chemical weathering rates derived are ~1 to 4 orders
of magnitude slower than that of similar meteorites found in
Antarctica where the slowest rates are observed on Earth,
suggesting that aridity of Mars is even more significant than
expected during the last 50 Myr. The authors extrapolated
their results to the impact of weathering in the wheels of the
NASA Curiosity rover, pointing out that Martin-Torres et al.
[19] “worry that the corrosive effects of chlorine brine might
pose a challenge to the rover. The extremely slow weathering
of meteorites, which contain metallic iron as a phase very
sensitive towards chemical alteration, suggests that this is
not a threat over the lifetime of a spacecraft, however. The
Opportunity rover is testament to that, showing no signs of
chemical weathering or corrosion after more than 12 years of
operating on Mars (April 2016).”

The argument used by Schroeder et al. (2016) to justify
the absence of corrosion on mechanical parts on Mars ac-
tually supports the hypothesis that environmental condi-
tions have an impact on the fate of the rover wheels. The
wheels of Opportunity and Curiosity were similar in terms of
composition and effective ground pressure supported (see
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Materials and Methods). The fact that Opportunity showed
no signs of chemical weathering or corrosion after more
than 14 Earth years of operation on Mars (from 2004 until
the middle of 2018), while Curiosity rover faced extreme
corrosion and related punctures and tears just months after
landing on Mars, maybe an indication of the impact of the
local environment on wheels weathering. Actually, the de-
tails of this wear and tear on the wheels of Curiosity rover are
missing from Schroder et al. [23].

Corrosion of the surface of a metal is the degradation
that results from its chemical interaction with the envi-
ronment. On Mars, any metal facing the sky, as the ob-
servable side of a meteorite, would only be exposed to the air,
and thus only ambient oxygen would produce this damage.
This is the case analysed by Schroeder et al. (2016), which
considers only the chemical weathering rates of metals
exposed to the Martian atmosphere. However, in the case of
metals in contact with the regolith, as it is the case of the
metals used in the wheels of the rovers operating on Mars,
these materials may be eventually directly exposed to Cl and
potential brines, which are formed naturally under Martian
conditions at the interface of the regolith and the atmo-
sphere [18-20]. These two processes are very different, as in
the case of the wheels, in addition to the exposure to a liquid
phase, there is the additional damage of mechanical wearing.
It is known that metal can be protected from corrosion by
covering it with a coating, such as an anodised treatment;
however, as soon as this protective layer is scratched or worn
out, the inner material is directly exposed to corrosion.
Curiosity’s wheel is made from a single piece of machined
aluminium alloy AA7075-T7351. The main rim is 1.9 cm
thick (0.75 inches) [23]. Martin-Torres et al. [19] hypoth-
esised that the daily contact of the wheels with the corrosive
perchlorate solutions during every night may have weakened
the scratched surface of the anodised aluminium, making it
more susceptible to damage against sharp rocks. Although
the large cracks observed in the wheels of Curiosity are likely
caused by mechanical damage, an image taken by the
ChemCam Remote Microscopic Imager on Sol 502 in the
vertical wall of the T-print of the wheels, showed a pattern of
distributed submillimetre sized blisters that cannot be at-
tributed to rock scratching and resembled aluminium alloy
pitting corrosion [24]. Unfortunately, the Spirit and Op-
portunity rovers did not have an equivalent camera to an-
alyse the wheels with submillimetre precision, so we cannot
state whether this damage existed or not.

Previous preliminary experiments, designed to look at
the interaction between aerospace aluminium alloy
(AA7075-T73) and the gases present in the Mars atmo-
sphere, at 20°C and a pressure of 700 Pa with only 0.13% of
oxygen, showed that there is an interaction between the
small amount of oxygen present in the Mars gas and the
alloy, when there is a scratch that removes the protective
aluminium oxide film [25]. The anodising process that is
applied to aluminium alloy increases the thickness of the
natural oxide layer on the aluminium wheels, but the
abrasion can wear out the external protecting layer and
expose the bare aluminium metal to corrosion. The purpose
of this work is to evaluate the role of direct contact with
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liquid brines and the additional damage caused by me-
chanical friction.

Here, we present laboratory studies that show the impact
of tribocorrosion (the combination of mechanical and cor-
rosion wearing) on materials in contact with naturally formed
brines under current environmental conditions on Mars. Al-
though tribocorrosion is a well-known phenomenon since
nearly 150 years ago, there is a lack of analysis of its impact on
materials for landed spacecraft and structures that will support
surface operations on Mars. Mechanical parts, like the wheels
of the rovers operating on Mars, in contact with corrosive
brines on the surface, could be affected by the combination of
chemical corrosion and mechanical loading. Nevertheless, to
our knowledge, no single research on tribocorrosion research
on Mars has ever been published, even though corrosive
materials have been found on the surface of Mars.

The European Space Agency ExoMars 2022 Rosalind
Franklin rover will have a nominal lifetime of 218 sols
(around 7 Earth months). Its mass is 310kg, with an in-
strument payload of 26kg (excluding payload servicing
equipment such as the drill and sample processing mech-
anisms). The rover’s kinematic configuration is based on a
six-wheel, triple-bogie concept with locomotion formula 6 -
6 - 6 + 6, denoting six supporting wheels, six driven wheels,
and six steered wheels, plus six articulated (deployment)
knee drives. This system enables the rover to passively adapt
to rough terrains, providing inherent platform stability
without the need for a central differential [26]. The wheels
are made of Sandvik stainless spring steel 11R51 (https://
www.materials.sandvik/en/materials-center/material-
datasheets/strip-steel/sandvik-11r51/).

Here, we have performed laboratory studies on how the
material (stainless spring steel) used in ExoMars 2022
Rosalind Franklin rover wheels is affected first by corrosion
and then by tribocorrosion under environmental conditions
on Mars. We suggest that similar studies should be con-
ducted on other materials used for wheels and structures in
contact with the Martian regolith.

2. Materials and Methods

2.1. Brine Corrosion under Martian Conditions. For the study
of corrosion, we have tested samples of the Sandvik 11R51
stainless steel, used in the ExoMars 2022 Rosalind Franklin
rover wheels, and two other control materials: stainless steel
SS4301 and regular steel S235. Sandvik 11R51 is austenitic
(US and Euro standards: AISI 301, EN 1.4310) stainless steel
with excellent spring properties with higher corrosion re-
sistance (due to the addition of molybdenum), mechanical
strength, tensile strength and tempering effect, and fatigue
and relaxation properties. Every material was exposed to two
sets of salt environments inside the SpaceQ chamber at
Martian conditions [27] (260K and 6 mbar) and three
control tests with salt (see Table 1) under ambient laboratory
conditions (293 K and 1010 mbar). To simulate the Martian
conditions, the chamber was first vacuumed and filled with
pure CO, gas till it reached 6 mbar. Then, water was injected
to create water vapour in the atmosphere till RH reached
40%, then the liquid nitrogen (LN,) was allowed to flow

through the cooling plate which reached a temperature of
260K, and then temperature was allowed to slowly increase
to ambient lab conditions due to the thermal equilibrium.

Cases #1 and #2 were exposed for 5 hours to the Martian
environment within the SpaceQ chamber, and to the simu-
lated Martian water cycle described in Materials and Methods.
The set of control samples #1, #2, and #3 were left on the
bench at laboratory conditions during the same time, and the
control sample #1 was immersed in a brine of NaClO,4 (1.5¢
salt+1g water) to observe the reactiveness of the material
within the liquid already formed. After the experiments, the
samples were packed in an airtight bag and studied using a
scanning electron microscope (SEM) along with elemental
detection via electron dispersive X-ray spectroscopy (EDS) to
determine the effects of corrosion. The samples were only
temporarily stored for transport in the airtight bag, and the
clean metal was exposed during SEM.

The overview of the optical inspection by digital mi-
croscopy is shown in Table 2. We found no corrosion on either
of the stainless-steel samples (11R51 or SS4301). On the
contrary, the regular steel sample (Reg S235) presented visible
signs of corrosion, both in Case #1 (simulating Mars envi-
ronment and immersed in the brine that is formed sponta-
neously by absorption of the moisture in the air) and in Case
#2 (simulating Mars environment and immersed in soil + salt),
whereas the same immersion under ambient atmosphere
produced less corrosion (Control #2). This was qualitatively
determined based on optical inspection with microscope.
Examples are shown in Table 2. It is worth pointing out that
these brines are formed spontaneously and are stable tran-
siently at nighttime Martian surface conditions, depending on
the season and local environmental conditions [19].

In order to identify spectrally the corrosion in S235
under Case #1, we performed the analysis with the SEM-EDS
as seen in Figures 1(a)-1(c). The digital microscope image in
(a) shows clear visible signs of corrosion. A region that
included corroded and noncorroded steel was selected for
high magnification studies (green box). In (b), four regions
along a vertical line were selected for EDS analysis. The EDS
spectra in (c) show that regions related to spectra 3 and 4 are
enriched in carbon (C at 0.27 keV), oxygen (O at 0.52keV),
and sodium (Na at 1.04keV) compared to the reference
regions in spectra 1 and 2. These results are evidence of
oxidation of the regular steel by the sodium perchlorate
brine. Interestingly, carbon and oxygen, from the Martian
atmosphere and the water in the brine and air, have also been
fixed with different efficiencies from spectrum 1 to spectrum
4, depending on the redox state of the material after the
corrosion.

Actually, it is worth remarking that upon exposure to
two different environments (Earth and Mars environ-
ments), the regular steel was more severely corroded
under Martian conditions (Cases #1 and #2) than under
ambient conditions (see for comparison Case #2 vs.
Control# 2 in Table 2), so the corrosion of regular steel
§235 is amplified under Martian conditions relatively to
those on Earth. The brines were effectively formed under
Martian conditions because of the high relative humidity
conditions (40% RH), whereas at ambient conditions in
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TaBLE 1: Environmental conditions of the experiments performed with 11R51, SS4301, and S235.
Case Conditions Salt environments
SpaceQ Martian conditions (pressure = 6 mbar;
#1 temperature = 260 K) 1.5g NaClO, (+water spontaneously absorbed from the atmosphere)
“© SpaceQ Martian conditions (pressure = 6 mbar; 1.5 g MMS soil + 0.15 g NaClOj salt (+water spontaneously absorbed
temperature = 260 K) from the atmosphere)
Slo ntrol Laboratory conditions NaClO, (1.5g salt+ 1 g water) brine immersion
#(;20 ntrol Laboratory conditions 1.5g MMS soil + 0.15 g NaClO, salt
Control .\ . . .\
3 Laboratory conditions Indoors (exposed to the air at ambient lab conditions)
TaBLE 2: Optical inspection of the experiments.
Condition $54301 Reg $§235

Sandvik 11R51

Case #1 (SpaceQ brine)

Case # 2 (SpaceQ soil + salt)

Control 1 (ambient brine)

Control 2 (ambient soil + salt)

Control 3 (ambient)

No corrosion

No corrosion

Severe corrosion

Severe corrosion

N/A
Insufficient samples. Severe corrosion expected

Corrosion

No corrosion

the laboratory the relative humidity was moderated (10%
RH).

2.2. Tribocorrosion under Martian Conditions. As shown in
Table 2, the material used in the ExoMars wheels (stainless
spring steel Sandvik 11R51) showed no corrosion under static
corrosion experiments, neither on Earth nor under Martian
conditions. We have conducted a tribological experiment to
evaluate if it is feasible to corrode (oxidise) stainless steel
when subjected to wear while exposed to a liquid brine of the
type that can be formed under Martian conditions. The ex-
periment was conducted by rubbing for 90 minutes a 10 mm
ceramic (Si3N,) ball against the material, while the plate was

immersed in either brine or water (see Figure 2 for the setup).
This is a standard procedure for testing tribocorrosion.

For the analysis we included the following (see Sup-
plementary Materials): (i) measurements of friction during
rubbing; (ii) wear volume by 3D optical profilometer; (iii)
optical inspection with digital microscope; and (iv) scanning
electron microscopy and electron dispersive X-ray spec-
troscopy (SEM-EDS) for detailed surface analysis including
chemical (elemental) analysis.

Figure 3 shows the friction data and shows a clear dif-
ference between testing in water and brine. The friction co-
efficient is initially increasing to values above 1, but for the wear
test in brine the friction drops significantly after 30 min
(1800s). The drop in friction could be explained by the
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FIGURE 1: (a) Microscope image of 10 x 10 mm regular steel sample. (b) High magnification SEM image showing location of EDS analysed
regions. (c) Results of EDS analysis confirming corrosion by detection of Na and O in spectra 3 and 4.
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FIGURE 2: Setup of tribological experiment showing ceramic ball and stainless-steel plate in their respective sample holders.

chemical reactions that reduce the surface integrity and thereby =~ extreme pressure gear lubrication, and they function by pro-
lower friction. In tribology, this is known as sacrificial wear and ~ moting wear so that friction is reduced. Chlorine containing EP
is commonly employed in the antiseizure chemical additives  agents has historically been used but is not recommended as it
known as extreme pressure agents (EP). They are used in ~ may cause corrosion [28].
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FiGure 3: Friction data indicates transition to corrosive wear around time of 1800 s when immersed in brine.
TaBLE 3: Wear data.
Worn volume (um?) Max depth (ym) Projected area (mm?) Worn volume per cycle (um?*)
TNO7 brine 80466 771 41.2 3.16 1490
TNO08 water 54 217 302 38.4 3.59 1004
TNO9 brine 78 590 249 40.5 3.19 1455
TN10 water 26081 611 19.6 3.53 483

Table 3 shows that the worn volume is significantly increased
(>45%) when the test is performed in brine instead of water.
TN10 has the lowest worn volume of all samples, indicating that
brines have >45% worn volume in these experiments.

The wear marks are shown in Figure 4 after washing
the samples in two steps in heptane and ethanol in
ultrasonic bath. The samples tested in water show a
visual appearance that could be interpreted as corrosion,
while the samples tested in brine are brighter in ap-
pearance except along the edges. The repeatability is
good. Figure 5 shows an overview of the reference
samples at low and high magnification and shows tests
TNO8 and TNO7 (water and brine respectively). The
edges of the wear marks were selected for further
analysis. Figure 6 shows detection of Cl in worn area of
TNO7 (brine); Figure 7 shows evidence of surface oxi-
dation but no detection of Cl in worn area of TNO8
(water); and Figure 8 shows, as expected, no signals of
Cl, as test was run in deionised water. In this case,
surface appears to be oxidised and is rich in Si (likely
from ceramic Si3N4 ball).

The results shown in Figures 4-8 can be summarised as
follows: (i) a solution of 50/50 wt% NaClO, to H,O pro-
motes wear when increasing the wear volume by over 45% in
the tribological test; (ii) friction is significantly reduced by
brine, compared with water; (iii) chlorine is detected in the
wear track (<3 at%); and (iv) friction and wear data,

combined with chemical analysis, indicate that in com-
parison to water, the brine favours a sacrificial wear
mechanism, meaning that friction is reduced at the expense
of higher wear.

3. Results and Discussion

The main conclusion of these experiments is that brine
accelerates wear by chemical reaction leading to a sacrificial
wear mechanism. In the sacrificial wear mechanism, CI
reacts with the steel surface (Fe) to reduce the toughness of
the surface material. The consequence is that the resulting
metal can wear more easily than the original did. This is a
well-known concept in tribology—it is the basic principle
relied on in antiseizure (also called extreme pressure)
additives—where it is sometimes necessary to sacrifice
material to reduce friction.

The experiments clearly demonstrate that wear under
briny conditions result in a combination of a damaged
passive layer and the presence of chlorides, which are the
two factors usually associated with an increased risk of
pitting corrosion. The duration of the presented exper-
iment was about 5 hours, which is much shorter than the
lifetime of the rovers on Mars. It can reasonably be as-
sumed that the rovers’ wheels, after a long exposition to
the surface and Martian atmosphere, may get damaged.
In that case, an oxide layer damaged by wear will not
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TNO7 Brine TNO9 Brine
(a) (b)

TNO08 Water TN10 Water
(c) (d)

FIGURE 4: Friction data (scale shown in (a)). (a) TNO7 brine. (b) TNO9 brine. (c) TNO08 water. (d) TN10 water.

FiGgure 5: Continued.
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FIGURE 5: Reference samples (scale shown in the figures). (a) Reference sample 1 (ambient conditions) at low magnification. (b) Reference
sample 1 (ambient) at high magnification. (c) Reference sample 2 (SpaceQ brine) at high magnification.

(a) (®)

FIGURE 6: SEM overview of experiments: (a) TNO8 (water). (b) TNO7 (brine).
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TNO7 Brine High Magnification
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Figure 7: Continued.
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FiGUure 8: No Cl detected from water test. (a) TNO8 water, edge of wear mark. (b) TNO8 water, high magnification.

regenerate, due to the lack of available oxygen. Addi-
tionally, the experiments presented here are a conser-
vative case (low corrosion case) of the real conditions of
Mars, as other perchlorates, like MgClO4 and CaClO4,
are the main perchlorates present on Mars [29].

From the surface analysis (SEM-EDS), it was clear that Cl
was present in the steel surface material after the wear
process in brine, and therefore the corrosion risk should be
further investigated.

Although the materials used in Mars exploration may be
resistant to chemical corrosion from brines in static con-
ditions, mechanical wear only has to remove a few nano-
metres of oxide to accelerate the corrosion [30].
Tribocorrosion should not be overlooked in selecting ma-
terials or special protective treatments for landed spacecraft
and structures that will support surface long-term opera-
tions for the human exploration of Mars, and in particular
for the wheels of the Martian rovers that will operate for long
term in the harsh conditions of Mars.

Further studies are needed to consider other important
components of the Mars surface environment that can affect
this interaction, such as the effect of oxidants, the effect of
radiation on their oxidising properties, the possible catalytic
effects of the minerals present in the Martian regolith, the
diurnal thermal changes, and variation in ambient humidity,
and in particular to develop more detailed studies including
all the perchlorates existing on the surface of Mars to quantity
the impact of tribocorrosion. Once on Mars, it would be
useful to perform regular monitoring of the wheels with the
robotic arm camera of the rovers. That would allow to observe
and characterise the impact of tribocorrosion and also to infer
the occurrence of brines on Mars.
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Numerical simulations are required to thermophysically characterize Oxia Planum, the landing site of the mission ExoMars 2022.
A drilling system is installed on the ExoMars rover, and it will be able to analyze down to 2 meters in the subsurface of Mars. The
spectrometer Ma_MISS (Mars Multispectral Imager for Subsurface, Coradini and Da Pieve, 2001) will investigate the lateral wall
of the borehole generated by the drill, providing hyperspectral images. It is not fully clear if water ice can be found in the
subsurface at Oxia Planum. However, Ma_MISS has the capability to characterize and map the presence of possible ices, in
particular water ice. We performed simulations of the subsurface temperatures by varying the thermal inertia, and we quantified
the effects of self-heating. Moreover, we quantified the heat released by the drilling operations, by exploring different frictional

coeflicients and angular drill velocities, in order to evaluate the lifetime of possible water ice.

1. Introduction

The target of the ExoMars 2022 mission is to investigate an
ancient location with high potential for past habitability or
for chemical biosignatures—indicators of extant life—as well
as abiotic/prebiotic organics [1-3]. This location has been
identified in Oxia Planum, a 200 km-wide low-relief terrain
[4], at a latitude of about 18°. Oxia Planum shows evidence of
subaqueous episodes being characterized by hydrous clay-
bearing bedrock units and layered outcrops [4-6]. The entire
area of Oxia is undergoing erosion, attested by morphology
(inverted features) and crater statistics [4]. This site is also
important for the complex environment reconstruction (see,
for example, [7]). Moreover, the surface rocks of Oxia are
less exposed to oxidation and radiation compared with other
sites since they have been exposed by the cosmic bom-
bardment only recently [3, 4].

The drilling system onboard the ExoMars rover will be
able to penetrate down to 2 meters in the subsurface of Oxia
Planum [3, 8]. The main aim of the drill is to acquire
subsurface samples with high astrobiological potential to be

delivered to the analytical lab for a detailed investigation, but
before the sample extraction, the sample context is analyzed
by Ma_MISS (Mars Multispectral Imager for Subsurface)
that will observe the lateral wall of the borehole generated by
the drill, with the production of hyperspectral images [9, 10].
Ma_MISS will provide information about the mineralogy,
oxidation state, and hydration state of the sample before the
extraction and crushing of the sample, an important aspect
since deep cold samples may be altered by the drilling ac-
tivity and also after their extraction. Moreover, Ma_MISS
has been validated by laboratory tests [9, 11], and it can infer
information on grain size using the analysis of specific
spectral parameters. Also, another ExoMars instrument,
such as Close-Up Imager (CLUPI) [12] can give information
of the fines that drill will extract.

Buried ice in the subsurface is not expected at the Oxia
Planum landing site; however, recent results from the Fine-
Resolution Epithermal Neutron Detector (FREND) instru-
ment on board Trace Gas Orbiter (TGO) have pointed out
the presence of ice permafrost oases near the Martian
equator [13]. It is important to understand the thermal state
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of the subsurface at Oxia Planum and the influence of the
drilling activity. The characterization and the mapping of the
organic and volatile content in the subsurface have a great
scientific impact [14]: therefore, numerical simulations are
required to produce, for example, maps of temperature of
the surface/subsurface of Oxia Planum. Also, evaluating the
heat contribution released by the drilling system, we will
establish if hypothetical water ice in the subsurface could be
preserved or not [15, 16], having in mind that the low at-
mospheric pressure on Mars leads to very fast sublimation of
any ice-rich deposit in direct contact with the drill tip [3].

The estimation of the thermal inertia of Oxia Planum is a
matter of debate. In [17], a high-resolution map of thermal
inertia derived from the observations of planetary brightness
temperature by the Mars Global Surveyor (MGS) Thermal
Emission Spectrometer (TES) is presented; in that work,
Oxia Planum exhibits thermal inertia between 300 and 400
thermal inertia units, hereafter TIU. Jones et al. [18] sug-
gested a thermal inertia of about 260 TIU, interpreting the
surface as consisting of dark fines, with some coarse sand
and duricrust but very little dust, with grain size below
3 mm. However, in [4], for the clay-bearing unit, thermal
inertia in the range of 550-650 TIU was reported, and this
probably represents the likely landing site; river delta, in-
stead, is characterized by a low thermal inertia (<100 TIU).
Finally, in [19], the clay unit is characterized by a thermal
inertia of 370-380 TIU while the river delta by a value of
300 TIU.

In this work, from a thermophysical point of view, we
characterized the landing site Oxia Planum. In particular, we
investigated firstly the thermal response of the subsurface to
different thermal inertia values, taking into account the
considerations discussed above and after we evaluated the
heat released by the drilling operations. We also estimated
the lifetime of a hypothetical icy subsurface deposit. The
paper is structured as follows: in Section 2, we report the
numerical model adopted in this work, in Section 3, the
results obtained by the numerical simulations are given, and
finally, in Section 4, the discussion and the conclusion are
given.

2. Numerical Model

We performed our simulations using a 3D finite element
code (e.g., [24-28]), which solves the classical heat equation
in a parallelepiped (see Figure 1) compatible with the di-
mension of a borehole, generated by the drilling system,
installed on the ExoMars rover, in Oxia Planum.

The top (x-y plane) of this domain is modeled with a
Gaussian random surface in order to simulate the roughness
of the surface. The dimensions of the domain are
Icm x 1 cm x 50 cm. A depth of 50 cm has been chosen since
the diurnal skin depth is reasonably of the order of tens of
centimeters and also compatible with the length of a rod of
the drill onboard ExoMars [29].

We solve the following equation:

oT - -
— =K . T s 1
Pep = V- (VT) (1)

Advances in Astronomy

1 05 o0

x~—Z-I cm

FIGURE 1: Domain of integration for the first part of this work:
zoom of the first 5cm from the Martian surface. A radiation
boundary condition is imposed at the top (x-y plane), while zero
flux is applied on the other sides.

where T is the temperature, ¢ the time, p the density, ¢, the
specific heat, and K the thermal conductivity. Heat transfer
occurs only by conduction since convection is negligible due
to the small temperature gradients involved as well as the
characteristic size of the sample. At the top, we imposed a
radiation boundary condition, while on the other sides, zero
heat flux is imposed.

In particular at the top, following, e.g., [30, 31], we solve
for each facet

S.(1—a)cos(Z) + Qg = —K7 - VT +eoT?, (2)

where S, is the solar constant (scaled for Mars’ heliocentric
distance) in Wm™?2, a is the albedo, cos(Z) is the cosine of
the solar incidence, ¢ is the emissivity, and o is the Ste-
fan-Boltzmann constant. The illumination conditions (i.e.,
cos(Z)) are calculated according to [24, 26, 28]. As in [26],
we consider a diffuse surface, which absorbs the solar ir-
radiation and emitted IR radiation as a grey body with an
emissivity of 0.97, an approach similar to [32]. The term Qgy
is the term related to the so-called “self-heating.”

The initial temperature is set at 200 K, which is com-
patible with the surface equilibrium temperature.

We developed three different models, characterized by
different thermal inertia: model A, characterized by
I=160TIU; model B characterized by I=255TIU; and
model C characterized by I=650TIU. Models A and B are
characterized by a thermal conductivity of 0.018 Wm™'K™!
and 0.048 Wm™'K™!, respectively. These values are com-
patible with those provided by the InSight mission [22]; the
density, in these cases, is low and set at 1700 kgm’3, which
corresponds to a high-porous sedimentary rock [21]. Model
C is characterized by a high thermal conductivity of
02Wm 'K™! and a density typical of the clay, i.e.,
2700 kgm_3 [23]. In all the models, the specific heat is set at
800Jkg 'K™!, which is a value compatible with many
materials (i.e., regolith, fine sand, and coarse sand, e.g., [20]).
The albedo is 0.13 [18].

The heliocentric distance explored is the aphelion since
the landing is currently planned for June 10, 2023, while
Mars is very close to its aphelion.
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All the thermophysical parameters used in this work are
listed in Table 1.

3. Results

We start the discussion about the results of part [, i.e., the
influence of the thermal inertia on the subsurface temper-
atures of Oxia Planum, evaluating also the effects of self-
heating. We recall that the thermal inertia is defined as

follows:
I =Kpc,. (3)

Part I, instead, is related to the estimation of the heat
released in the subsurface of Oxia Planum by the drilling
operations. We finally provide an estimation of the lifetime
of the hypothetical ice-rich sphere in contact with the tip of
the drill.

3.1. Influence of the Thermal Inertia. In the top panels of
Figure 2, we report the temperature plot vs. time at different
depths from the surface for models A, B, and C (respectively,
from left to right). The temperatures are calculated along a
line in the z-direction perpendicular to the surface passing
through the center. In model A, the surface temperature
oscillates between 175K and 265K, while in model B, it
oscillates between 185 and 255K, a result very similar to
model A since thermal conductivities of these models are of
the same order of magnitude. Conversely, in model C, the
oscillations of the surface temperature are reduced because
of the higher thermal conductivity and consequently the
higher thermal inertia: in this case, the surface temperature
is in the range 200-245K.

In the bottom panels of Figure 2, we show the tem-
perature vs. depth profile at different moments of the
Martian day: we select the point of minimum temperature
(pl) in the “day-night temperature profile,” the inflexion
point (p2) before the maximum (p3), and the inflexion point
(p4) after the maximum. See Figure 3. These plots provide
information about the skin depth, i.e., the depth at which the
amplitude of the thermal wave is attenuated by a factor 1/e.
We recall that the diurnal skin depth is defined as

N "
pc, \m

where P is the rotational period. Since the temperature

profiles converge at about 30 cm in models A and B, we can

deduce that this value represents the skin depth; in model C,

instead, the skin depth is about 40 cm.

3.2. Influence of the Density. In this section, we would like to
demonstrate that, fixed the thermal conductivity (and the
specific heat), if we use different values for the density, the
surface temperature does not change in a significant way as
shown in Figure 4(a). As a test case, we adopt model C: we
compare the surface temperature in case of density of
1900 kgm ™, 2700kgm >, and 3000kgm . The value
1900 kgm ™ could correspond, for example, to hydrated
vermiculite while 3000 kgm™> to dehydrated nontronite or

TaBLE 1: Thermophysical parameters adopted in the first part of
this work. Models A and B correspond to a thermal inertia of
160 TIU and 255 TIU, respectively. They are characterized by a
composition similar to high-porous sedimentary rocks. Model C,
instead, is characterized by a high thermal inertia (650 TIU),
compatible with a composition clay dominant (e.g., vermiculite).

Parameter Value Reference

Distance 1.67 AU This study

Initial temperature 200K This study

Specific heat 800 kg™ K1 [20]

Albedo 0.13 [18]

Latitude 18° [4]
Model A (I=160TIU)

Density 1700 kgm~* [21]

Thermal conductivity 0.018 Wm™'K™! [22]
Model B (I =225 TIU)

Density 1700 kgm ™ [21]

Thermal conductivity 0.048 Wm™ 'K ! [22]
Model C (I=650TIU)

Density 2700 kgm™* [23]

Thermal conductivity 0.2Wm 'K! This study

chlorite [23]. We observe no differences between the case
with 2700 kgm ™ and 3000kgm > and a slight difference
with the case with 1900 kgm ™~ in the maximum and min-
imum values reached: for instance, the maximum values
differ of less than 5K. We conclude that the density affects
the surface temperatures only in a marginal way, unlike the
thermal conductivity as previously shown since these pa-
rameters can change in a very significant way.

3.3. Influence of Self-Heating. In order to evaluate the
contribution due to self-heating among the facets of the
shape model under study, we carried out a further simu-
lation using model A as the test case but without self-heating.
In Figure 4(b), we show the result, plotting only the surface
temperature: we observe that the peak difference is about
10 K. Self-heating is taken into account with the algorithm of
the hemicube, implemented in the COMSOL Multiphysics
code used for these simulations. In Figure 5, we report the
3D Martian surface temperature map for model A in order
to point out how the temperature can increase where the
surface roughness is high. Maps refer to one planetary
rotation.

3.4. Heat Released by the Drilling. The second part of this
work concerns the estimation of the heat released during the
drilling operations. This contribution is important to eval-
uate the lifetime of possible volatile species in the subsurface
of Mars. The geometry adopted in this second part of the
work is shown in Figure 6.

To take into account this contribution in a simple way,
we imposed a heat frictional flux on the sides, “in contact”
with the drill (represented by the cylinder of Figure 6), of our
domain of integration. This heat flux is defined by the
following equation (e.g., [33, 34]):
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FIGURE 2: In panels (a—c), we show the temperature profiles versus time for the three models developed in this work. Different depths from
the surface are explored. Note that, for model C, more depths are reported than models A and B since the skin depth is greater. The time
reported on the x-axis is that required to reach the steady state, so we report only the last planetary rotations. In panels (d-f), we show the
temperature profile vs. depth at the particular moment of the Martian day: p1 represents the minimum point in the “day-night” temperature
plot, p3 the maximum point, and p2 and p4 the inflexion points before and after the maximum, respectively. Also, see Figure 3.
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FIGURE 3: Points to which the profiles of temperature vs. depth in Figure 2 refer to. The points correspond to the minimum (p1), the inflexion
point (p2) before the maximum (p3), and the inflexion point (p4) after the maximum. This day-night profile is merely indicative.
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FIGURE 6: Geometry adopted in the second part of this work. A
cylinder with a radius of 13 mm (the thickness of the drill tip [29])
simulated the hole of the drill. The depth is assumed to be equal to
50 cm, compatible with the length of a rod [29].

_ nF, wr

) [Wm_z], (5)

nrh
where 7 is the coeflicient of friction, w is the rotational
velocity, r is the radius of the “hole,” i.e., the thickness of the
tip, and £ is the height of the domain of integration (50 cm).
The coefficients of friction explored are 0.3 and 0.9. Coef-
ficient of friction represents a sort of heat transfer efficiency,
from the drill to the soil. The value of 0.3 is compatible with
the ones used in [35]: we also test a frictional heating co-
efficient close to the unit, i.e., 0.9. We select two values for
the rotation for minutes (hereafter rpm): 30 and 60 [29]. The
total integration time is 90 min, while the time step is 10s.
We simulate a “drilling window” as in Figure 7: we start with
30 min in “on mode,” followed by 30 min in “off mode” and,
finally, other 30 min in “on mode.” Some assumptions are
made:

(i) Instantaneous drilling (drill excavation is not
modeled)

(ii) Constant thrust

(iii) Constant rotational velocity

For the domain of integration (i.e., the Martian sub-
surface), we used the values of model C, ie.,
K=02Wm 'K™!, p = 2700kgm ">, and ¢, = 800Jkg 'K ';
however, also using the parameters of models A and B, the
results are very close.

In Table 2, we report the thermophysical parameters
adopted in the second part of this work.

In Figure 8, we report the 1D temperature profile along
the y-direction at x=0 and z=50 cm (maximum depth; see
Figure 6): in the x-axis, we report the distance from the hole.
The shadowed red rectangle identifies the drill. At z=50cm,
we want to point out that the solar input is negligible, so the
initial temperature at that temperature, before the drilling, is
reasonably close to the equilibrium temperature, i.e., 200 K.
We selected four times (20, 43, 65, and 90 minutes). We
observe that, in the case of y=0.3 and rpm=30, the
maximum increase in temperature due to the drilling op-
erations is about 55K. The increase results in about 75K if
we use rpm = 60. If we adopt a frictional heating coefficient
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FI1GURE 7: Drilling window adopted in this work: first 30 minutes in
“on mode,” followed by 30 minutes in “off mode” and, finally, other
30 minutes in “on mode.” The values on the y-axis represent a sort
of efficiency. The heat flux described in equation (5) is multiplied
for this function: there is a gradual transition between on mode and
off mode.

TaBLE 2: Thermophysical parameters adopted in the second part of
this work.

Parameter Value Reference
Thrust 300 (N) [29]
rpm 30-60 [29]
Friction coefficient 0.3*-0.9 This study
Tip density 3500 (kgm™?) [35]
Tip thermal conductivity 540 (Wm™ K1) [35]
Tip specific heat 790 (J kg_lK’l) [35]
Drill activity 90 (min) This study

**Compatible with [35].

of 0.9, the increase in temperature is about 90 K for rpm = 30
and very high, more than 100K, for rpm = 60.

3.4.1. Lifetime of Subsurface Ices. At this point, we can
calculate the rate of sublimation of hypothetical subsurface
ices from one basis of the cylinder (i.e., the borehole). We
applied the following formula [36]:

f “
r=p , 6
sat 27'[RT ( )

2

where T is expressed in kgm™2s™!. R is the universal gas
constant, while y is the water molecular weight. The water ice
saturation pressure is defined as in [37]:

5723.265

P, = exp(9.550426 - +3.53068 In T — 0.00728332T),

(7)

valid for T>110K.

Equation (6) holds at the surface: in order to take into
account the effects of crust thickness (h), we multiply I' by
(rp/h), as in [38]. We set r, =3mm as the expected grain
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FIGURE 8: (a) 4 = 0.3 and rpm = 30; (b) p = 0.3 and rpm = 60; (¢) ¢ = 0.9 and rpm = 30; (d) 4 = 0.9 and rpm = 60. For the Martian subsurface,

we used K=0.2Wm™ 'K, p = 2700 kgm™>, and ¢, =800 Tkg™ 'K

size at Oxia Planum [18]. In Figure 9, we observe that, in the
“hottest case” (7 = 0.9 and rpm = 60), the sublimation rate is
tens of kgm™2?s™!, while in the “coldest case” ( = 0.3 and
rpm = 30), the sublimation rate is about 0.2 kgm™2s™ .

As in [39], we can calculate the lifetime of an ice deposit
of mass m,. For simplicity, we use a spherical form with
initial radius equal to the radius of the drill tip. The variation
of the radius as a function of the time is related to the
sublimation rate by the following formula:

dr_ T

a - _ay (8)

where for p,., we used 950kgm . After integrating

equation (8) and using the Taylor series around r, we obtain
the relative loss of ice mass at time ¢ after the deposit is raised
to temperature T:

I't ]
Picerp ’

9)

m(t)
my

where ¢t is the time expressed in seconds. By using the
maximum sublimation rate (I'), we obtain that, in case of
n = 0.3 and rpm = 30, the fraction of initial mass remaining
after 90 minutes is about 60 %, in case of # =0.3 and
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FI1GURE 9: Sublimation rate for the explored cases of Figure 8. The
rate of sublimation is calculated through one basis of the cylinder
representing the borehole.

rpm = 60, it is about 1%, while in the other two cases (7 = 0.9
and rpm =30 or 60), we have a complete loss of the initial
mass.

4. Discussion and Conclusions

In this work, we explored the dependence of the thermal
inertia on the subsurface temperatures of Oxia Planum, the
landing site of the mission ExoMars 2022, and we also
evaluated the heat released by the drilling operations. In
particular, in the first part, we investigated the influence of
the thermal inertia on the subsurface temperatures by testing
three models: model A, characterized by a thermal inertia of
160 TIU, compatible with K=0.018 Wm™'K™!; model B
characterized by a thermal inertia of 255 TIU, compatible
with K=0.048 Wm™'K™!; and model (C) characterized by a
thermal inertia of 650TIU, compatible with
K=02Wm 'K '. Models A and B are moreover charac-
terized by a low density, i.e., 1700 kgm ™, compatible with a
composition made of high-porous sedimentary rocks; model
C, instead, is characterized by a density of 2700kgm
compatible with a clay dominant composition (e.g., ver-
miculite). The heliocentric distance considered in these
simulations is the aphelion since the landing is currently
planned, while Mars is very close to the aphelion.

In model A, the surface temperature ranges from 175K
to 265K, while in model B, it ranges from 175K to 255K.
The behaviour is very similar since thermal conductivities of
these models are of the same order of magnitude. In these
cases, the skin depth is close to 30cm. The situation is
different for model C: here, in fact, the oscillations of the
surface temperature are limited between 200K and 245K
because of the high thermal inertia of this case (i.e.,
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650 TIU), and the skin depth is close to 40 cm. We also
verified the effects of self-heating among the facets of the
shape model by modeling the surface of our domain as a
Gaussian random surface. The difference between the case
with self-heating and without self-heating is about 10 K: we
used model A as a test case.

The second part of the paper is dedicated to test the effect
of the drilling activities on the subsurface thermal envi-
ronment. We used different parameters to simulate the
drilling characteristics as well as the subsurface conditions,
including the presence of ice patches.

Heat released by the drilling operations has been sim-
ulated in different cases of friction: in the case of low
frictional coefficient (#=0.3), the maximum temperature
increase at a depth of 50 cm is about 55K (with rpm = 30)
and about 75 K (with rpm = 60) after 90 minutes. In the case
of high frictional heating (1 =0.9), the maximum temper-
ature increase becomes 90 K (with rpm = 30) and 130 K (with
rpm = 60). We also evaluated the behaviour of a hypothetical
area with water ice in the subsurface: we calculated the
sublimation rate and the lifetime of a hypothetical spherical
ice-rich deposit, with a radius of 13 mm (the radius of the
drill tip), using the temperature profiles obtained by the
simulation of the drilling activity. After 90 minutes, the
remaining ice mass is about 60% in case of =03 and
rpm =30, while in the other simulated cases, the remaining
mass is negligible. However, a more complete treatment of
the diffusion of possible volatiles in the subsurface of Mars
will be addressed in the next paper.

The simulations reported here suggest that the thermal
environment of the Martian subsurface can be strongly
influenced by the drilling activity, with consequent changes
in the characteristics of the subsurface areas and layers in the
immediate vicinity of the borehole and in contact with the
drill tip and rods. These thermal changes, induced by the
heat released by the drilling, can contribute to variations in
the original volatile content of the subsurface layers, in-
cluding the possible loss of water ice, if initially present.

The results obtained by our numerical simulations offer a
first depiction of thermal state, after the drilling, of the
subsurface of Oxia Planum, because some assumptions were
made in this work, in particular, we considered the drilling
as an instantaneous process without treating excavation.
Moreover, we applied the flux defined by equation (5) in an
equal way to all the walls representing the contact sides with
the drill. However, in order to increase the possibility of
survival of any volatiles inside the subsurface of Oxia, we
would reduce frictional heating or adopting appropriate
window drilling. Future improvements will be made as well
as a validation with laboratory experiments.
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While the vast majority of ESA’s funding for Mars exploration in the 2020s is planned to be invested in ExoMars and Mars Sample
Return, there is an interest to assess the possibility of implementing a small mission to Mars in parallel with, or soon after, the
completion of the MSR programme. A study was undertaken in the Concurrent Design Facility at ESA ESTEC to assess low-cost
mission architectures for small satellite missions to Mars. Given strict programmatic constraints, the focus of the study was on a
low-cost (<250MEuro Cost at Completion), short mission development schedule with a cost-driven spacecraft design and mission

architecture. The study concluded that small, low-cost Mars missions are technically feasible for launch within the decade.

1. Introduction

ESA’s current Mars exploration programme consists of the
flying orbiters Mars Express and the ExoMars TGO, while
the ExoMars rover Rosalind Franklin is planned for launch
in 2022. The Nov 2019 ESA Council of Ministers meeting,
Spacel9+, approved ESA contributions to a Mars Sample
Return programme, led by NASA, with a launch of the
sample retrieval missions planned to occur as early as 2026.
ESA’s primary MSR contributions include the Earth Return
Orbiter as a dedicated mission, and the Sample Fetch Rover
and Sample Transfer Arm of the NASA-led Sample Return
Lander mission.

While the vast majority of ESA’s funding for Mars ex-
ploration in the 2020s is planned to be invested in ExoMars
and Mars Sample Return, there is an interest to assess, at
Phase 0-level, the possibility of implementing a small mis-
sion to Mars in parallel with, or soon after, the completion of
the MSR programme, to further the exploration of Mars in
areas not addressed by MSR.

Missions to Mars at the small scale have not been greatly
studied within ESA since Mars Express two decades ago and
preliminary concepts for a Mars Micro Mission as an

“Arrow” mission of the Aurora programme [1]. Since then,
the landscape of technologies (in particular those relevant
for small Low Earth Orbit platforms and instrumentation)
and launch capabilities (e.g., rideshares) have matured
significantly, offering promising new opportunities for low-
cost implementations of interplanetary missions. The ESA
programmatic framework with the advent of the Aurora
programme, now European Exploration Envelope Pro-
gramme (E3P), and approach to low-cost planetary missions
has thus evolved over the years [2-5].

A study was undertaken in the Concurrent Design Fa-
cility at ESA ESTEC to assess low-cost mission architectures
for small satellite missions to Mars. Given strict program-
matic constraints, the focus of the study was on a low cost,
short mission development schedule and with a cost-driven
spacecraft design and mission architecture.

This paper presents an overview of the mission archi-
tectures considered and the results of mission and system-
level design trades used to select a reference scenario for each
mission case.

The final report of the CDF study [6] provides further
details of all the subsystem design and performance analyses
carried out by the team.
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2. Mission Architecture

2.1. Approach to Mission Architecture Assessment. Due to the
unique opportunity from which this study originates, the
initial driving constraints were largely programmatic (rather
than scientific or technical) and do not impose any particular
kind of mission architecture. With a launch timed to
complement the upcoming Mars Sample Return missions at
the end of the 2020s, applying these constraints would mean
having an opportunity for a European mission to Mars that
provides in situ science data return to the Mars science
community at a time when currently no new in situ science
data are expected, as well as serving exploration goals to-
wards the preparation of human Mars exploration.

Given the large trade space of potential options that
could be considered for such a mission, a strategy with which
to approach the mission architecture definition was devised.
Initially, an assessment of the programmatic and cost
constraints was developed into a set of high-level mission
requirements and the design drivers formulated. A con-
sultation with ESA Martian science experts revealed some
mission themes that were turned into three distinct mission
cases. These mission cases are representative of three dif-
ferent types of missions and are general enough to cover a
wide variety of scenarios that scientists might like to see in a
small Mars mission.

The architectural trade space was then analysed for key
components of the mission architecture, such as launch
scenario and the means of transfer to Mars. Various trade-
ofts were conducted at mission level to condense the options
into a set of reference mission scenarios; one for each
mission case.

2.2. Programmatic Constraints and Design Drivers. The
following programmatic constraints were used to further
limit the scope of study:

(i) The mission should be designed to cost

(ii) The project should envisage a fast development
time, where a project phase of 4-5years is
considered

(iii) The time of transfer to final Mars orbit should be
constrained to 3 (Earth) years

(iv) To limit the need for extensive developments, only
equipment and units that can reach TRL 7/8 by PDR
will be considered

The above constraints indicate that this mission is
heavily cost and schedule driven. The study therefore aimed
to address what can be achieved for a certain cost when there
are no initial performance requirements placed on the
resulting space segment. Whilst these design drivers remain
the priority for ensuring a low-cost, short development time
mission, it is still important that there is useful and attractive
science return available from the mission. With this in mind,
the science team helped to guide the evolution of the
spacecraft design, ensuring that valuable science could be
produced within the mass, power, and data envelopes under
consideration and suggesting representative target orbits at
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Mars that would enable such missions, as well as reasonable
targets for minimum payload allocations.

2.3. Selection of Mission Cases. Mission cases were selected to
represent a broad range of missions that are of current
interest to the ESA Mars Exploration Programme. Three
representative mission cases were selected for study and are
illustrated in Figure 1:

(1) Mars Communications Constellation. A three satellite
constellation with an objective to provide data relay
with continuous coverage to ground assets. The
satellites also  contain  secondary  science
instrumentation.

(2) Mars Science Orbiter. A single science orbiter with a
primary science objective and a secondary objective
to provide a data relay.

(3) Mars Hard Lander. A demonstration mission of a
carrier module and a number of hard landers.

2.4. Architecture Options. 'The study assessed a wide range of
mission architectures. Given the wide scope of architectures
that would be available for a cost-driven mission to Mars and
the various mission cases under study, there are many
potential options for the launch and transfer scenario. In
order to condense these options, an initial qualitative as-
sessment was made of launch vehicles, initial orbit injection
options, and propulsions technologies that are likely to be
available in the given timeframe.

The initial orbit into which the spacecraft is injected
dictates the AV requirements needed for transfer to Mars.
Options put forward for trade-oftf were LEO, GTO, the
Earth-Sun L2 point, and direct trans-Mars Injection (TMI).
The launch vehicles and corresponding injection orbits
depicted in Figure 2 were considered. Whilst other similar
options may become available opportunistically, the launch
scenarios given here may be considered as representative for
alternative launch vehicles of similar cost and performance.

In the case that direct trans-Mars Injection cannot be
provided by the launch vehicle (e.g., due to insufficient
performance or in case of a rideshare scenario), the
spacecraft requires the capability to transfer to Mars from an
initial geocentric orbit of its own accord. There are fun-
damentally three options available. The propulsion archi-
tecture options put forward for trade-off are shown in
Figure 3.

Commercial rideshare options to GTO from which the
satellite(s) would transfer to Mars using either chemical or
electric propulsion were evaluated alongside dual and
dedicated launch scenarios. The notable launch and transfer
scenarios considered are depicted in Figure 4.

SEP-based transfers departing from LEO were not
assessed as these were initially considered to take too long to
achieve Earth escape conditions and impose significant
radiation exposure on the spacecraft through extended
dwelling in Earth’s Van Allen Belts. Similarly CP-based
transfers to LMO were assumed to necessitate aerobraking to
limit overall mission AV requirements.
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Fi1GURE 1: An overview of the three different mission cases studied in the CDF (not to scale).
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FIGURE 2: An overview of the launch vehicle options and corresponding injection orbits considered for study.
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FIGURE 3: An overview of the propulsion architecture options considered for study.

Hybrid concepts were initially considered; however, An initial trade-off was made for each of the remaining
these were later excluded, as the overall costs for the de- combinations of launch and transfer options based on cost,
velopment of both a chemical kick-stage and a dedicated  performance, availability, operational complexity, and
electric propulsion system were considered prohibitively  transfer time to Mars. From these results a reference ar-
high for the mission scenario. chitecture was selected for each mission case. The AV
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FIGURE 4: Overview of the propulsion architecture options considered for study. Solar electric propulsion (SEP) and chemical propulsion
(CP) transfers are considered to reach low Mars orbit (LMO) and specific areosynchronous (AEO) orbits such as Trans-Areostationary

(TASO).

combinations considered for both the Chemical Propulsion
(CP) transfer cases and the Solar Electric Propulsion (SEP)
transfer cases are provided in Tables 1 and 2.

3. Mars Communications Constellation Mission

Despite the long range, high altitude orbits are considered to
be particularly useful for providing data relay to surface and
orbiter missions due to their ability to provide long access
times. This is complementary to the short range, short
duration passes afforded by orbiters at low altitude. Areo-
synchronous orbits may be especially useful for this purpose
since they have an orbit period similar to a Martian sol and
are therefore a good candidate for the provision of con-
tinuous coverage of assets. Notably, such class of orbits can
provide continuous coverage with far fewer spacecraft than
would be required for a low Mars orbit (LMO) constellation.

Satellites in an areostationary orbit are subject to natural
perturbations, which will incur added station keeping costs
to maintain the spacecraft within prescribed mission re-
quired boundaries. There exist four regions of longitudinal
stability for areostationary satellites, which require minimal
station keeping costs [7]. However, these locations are evenly
distributed and continuous coverage from these points can
only be ensured by a constellation of minimum four
spacecraft.

Following an initial trade-off on orbit design, a Trans-
Areostationary Orbit (TASO) was selected for the Mars
Communication Constellation (MCC) mission. This type of
orbit has a slightly greater semimajor axis than areosta-
tionary orbits and allows the constellation to drift slowly
around Mars, maintaining continuous coverage of the
surface with minimal station keeping costs. Uninterrupted
coverage is provided up to latitudes of +70° for an elevation
angle of 10°, as shown in Figure 5.

A Trans-Areostationary Orbit enables near-global si-
multaneous and continuous full-disk observation up to high
latitudes (excluding the polar regions) of Mars. The view
from the three satellites allows the monitoring of dynamical
phenomena rapidly evolving in space and time. Various
science and exploration knowledge gaps could be addressed

from the vantage points such as the exchange between the
surface and the atmosphere (e.g., energy and mass balance),
atmospheric phenomena (e.g., dust storms, water, and CO,
clouds), interaction of solar wind with Mars’s upper at-
mosphere, and the Martian moons [8]. Figure 6 shows the
science activities enabled at different orbit configurations,
target distance, and a range of angular resolutions of any
imaging instrument.

The primary payload of the Mars Communications
Constellation mission is the telecommunications package;
however, an allocation is also made for a secondary science
payload suite.

To select the science objectives, European and US pri-
orities as stated in the MEPAG Science Objectives [10] were
considered, with the aim of closing as many knowledge gaps
as possible. Additionally, there is an aim to fit the science
objectives to instruments that would be useful from a
17,600 km altitude TASO orbit, i.e., without the need for fine
spatial resolution, considering payloads having high TRL
and low mass and benefitting from the near-global (ex-
cluding the polar regions) simultaneous and continuous
view from the three satellites, and observations throughout
the full diurnal cycle.

The rapidly evolving dynamics of meteorological phe-
nomena such as dust storms (timescale spans from a few
hours to months) and water/CO, ice clouds (timescale spans
from half an hour or less) could extend from mesoscale up to
the planetary scale. They affect the energy balance and the
distribution of aerosols in the atmosphere and support an
argument for continuous and simultaneous observations
across the planet [8].

The solar radiation energy balance at the surface depends
on local topography, albedo, and spatial and temporal
variations of atmospheric aerosols, which results in rapid
changes of the lower atmospheric column. The mechanism
of dust lifting, vertical mixing, transportation, and sedi-
mentation are dependent on the diurnal variability [11].
Transportation of dust can reach the mid atmosphere within
hours [12] and can significantly grow by a factor of 10-20 in
area in a week or two ([13-16]). Water and CO, ice clouds
form in topographic lows such as canyons and large impact
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TaBLE 1: Overview of the approximate transfer AV (m/s) assumed for different mission options for chemical propulsion (CP) concepts.

Transfer to

Transfer from Hyperbolic arrival orbit 4-Sol orbit TASO LMO LMO (with aerobraking)
4-Sol orbit n/a n/a 640 m/s 1,380 m/s 270 m/s
MTO/TMI n/a 1,100 m/s 1,740 m/s 2,480 m/s 1,370 m/s
GTO 1,980 m/s 3,080 m/s 3,720 m/s 4,460 m/s 3,350 m/s
LEO 3,970 m/s 5,070 m/s 5,710 m/s 6,450 m/s 5,340 m/s

TasLE 2: Overview of the approximate transfer AV (m/s) assumed for different mission options for solar electric propulsion (SEP) concepts.
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FIGURE 5: A Trans-Areostationary Orbit three-satellite constellation has Mars coverage up to latitudes of +70".

basins during the night and dissolve in the morning, im-
plying an important exchange between the atmosphere and
the regolith [17]. Additionally, cloud-tracking can provide
information about the dynamic nature of dust storms and
clouds.

The main science goal of the mission is to understand the
present-day climate and dynamics of atmospheric processes.
The following science objectives were considered:

(i) OBJ-01: characterize the volatiles (e.g., water and
CO, clouds) and dust exchange (e.g., dust storms)
between the surface and atmospheric reservoirs

(ii) OBJ-02: determine the spatial and temporal varia-
tion of key atmospheric gases

(iii) OBJ-03: measure the energy balance of the atmosphere

The science objectives (A2/1; A3/1, 2; A4/1, 3) from
MEPAG Goal II (Atmospheric Science) [10] can be at least
partially addressed by the proposed MCC mission.

Trade-offs were also made on the configuration of the
spacecraft constellation during transfer, including consid-
eration of three independent spacecrafts, a mother/daughter
craft configuration, and the use of a disposable kick stage.
Chemical, electric, and hybrid propulsion scenarios were all
considered.

The resulting reference launch and transfer scenario for
this mission is to utilise an Ariane 62 rideshare to a geo-
stationary transfer orbit (GTO) and each of the three sat-
ellites will transfer to Mars independently, by means of on-
board electric propulsion. This scenario, along with ap-
proximated AV needs, is illustrated in Figure 7.
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FiGure 7: Launch and transfer scenario for the Mars Communication Constellation mission.

The end-state architecture of the constellation, including mean that the performance of the telecommunications
the communications concept, is illustrated in Figure 8. The = package is relatively low given the long range of the TASO
satellite constellation must support communications with  orbit. This performance could be optimized, but it is im-
the current surface assets (rovers, probes, etc.) and therefore portant to note that even a low data rate link with continuous
the Ultra High Frequency (UHF) band is selected as the  coverage fills an existing data gap. Mass budget information
communications link between the constellation and surface  is provided in Table 4.
assets. Upgrades to S-band or X-band, to be in line with
potential future mission needs, are to be investigated in the
next design phases.

The instruments and their associated science objectives  Following an initial trade-off on orbit design, a 320 km mean
are given in Table 3. altitude low Mars orbit that is sun synchronous (SSO) was

The three satellites in the constellation are identical. A selected for the Mars Science Orbiter (MSQO) mission. This
preliminary design exercise shows that a wet mass of ~610kg  orbit was selected because it does not have a strong syn-
per satellite is feasible within the programmatic constraints.  chronicity between orbital period and Mars rotation. This
This allows for a total launch mass that is consistent withan ~ means that the ground track tightly covers the entire Mars
Ariane 62 dual launch opportunity to GTO and has a  surface after 7 days. Lower altitude orbits result in lifetime
transfer time to Mars of 2.13 years. Mass reductions could be  and planetary protection issues, whilst significantly higher
envisaged if the requirement to have a technology readiness  orbits diminish the resolution of science data.

4. Mars Science Orbiter Mission

level of 7/8 by PDR is relaxed or if a later launch opportunity Trade-offs were also made on the Mars transfer scenario.
is used. Chemical, electric, and hybrid propulsion architectures were
The mass constraints placed by a dual launch oppor- all considered as well as chemical kick stages and direct

tunity in conjunction with the programmatic constraints  injection scenarios. Using a chemical kick stage would be an
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FiGure 8: End-state architecture and communications concept for the Mars Communication Constellation mission.
TaBLE 3: Science payload suite and associated objectives for the Mars Communications Constellation.
. o Spatial Res. at . —

Instrument Heritage FOV () TASO (m) Science objective Ref.
W}de-angle camera imaging /- (venys Express) 25 x 25 3840 Daily weather monitoring, dust storm, 18, 19]
suite (VIS) clouds
Wide-angle camera imaging Atmospheric composition O,, H,0, CO,
suite (NIR) VMC (Venus Express) 25 x 25 3840 CO,, N-species [18, 19]
Zl\iilfeeiglél)e camera Imaging v (Venus Express) 25 x 25 3840 Ozone (250-270 nm), aurora effects [18, 19]
Thermal IR radiometer MARA (MASCOT) 5x5* 1.5E6* Temperature of the atmosphere [20]

Each satellite in the constellation contains an identical science payload suite. * An orbital version of MARA would need a modified optical design to obtain a
5°x5° FOV instead of the original 18°x18°. An upgrade to thermal IR imaging capability would be preferred if resources allow.

attractive option and one that would enable a rideshare
launch to GTO. However, the costs and complexities in-
volved in repurposing existing technologies to meet the
mission requirements mean that it is no more costly and also
programmatically simpler, to use a dedicated Ariane 62
launch to its full capability [21] with a large launch margin
remaining for other opportunities.

The resulting reference launch and transfer scenario for
this mission is thus to utilise a dedicated Ariane 62 launch to
Earth escape, with the MSO satellite performing Mars Orbit
Insertion (MOI) by way of an on-board chemical propulsion
system. This scenario, along with estimated AV needs, is
illustrated in Figure 9.

The end-state architecture of the constellation, including
communications concept, is illustrated in Figure 10.

To select the science objectives, European and US pri-
orities as stated in the MEPAG Science Objectives were
considered [10]. The Mars Science Orbiter enables high-
resolution imaging of the surface (e.g., fine-scale geology,
mineralogy, resources, and topography) at two local times
above the ground. High spatial resolution data (e.g., optical

images, NIR infrared spectral data, thermal infrared, and
terrain models) cover only a few percent of the surface. To
better understand the planetary evolution of Mars and fa-
cilitate the selection of a scientifically rich and resource-rich
landing site for human exploration missions, it is essential to
fill the gaps in the spatial coverage and provide higher
resolution data than is currently available.

Understanding the current distribution and form of
water (e.g., liquid surface water, deep aquifers, water ice, and
mineral-bound water) on the surface and in the subsurface
of Mars is critical for interpreting the past aqueous history
and the related paleoclimate. Orbital assets have identified
various locations with hydrated mineral deposits such as
phyllosilicates, sulfates, iron hydroxides/oxyhydroxides,
carbonates, zeolites, and opal (e.g., [22, 23]). However, there
is an uncertainty in the abundance, the composition vari-
ations at metre-scale resolution, and the mechanical prop-
erties of these deposits. This knowledge would be needed for
in-situ resource utilisation (ISRU) purposes.

Additionally, the thermophysical properties of the reg-
olith can provide information about the composition, grain
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TaBLE 4: Preliminary mass budget information for the Mars Communication Constellation mission.

Mass (kg)
Attitude, orbit, guidance, navigation control 8.0
Chemical propulsion 6.9
Communication (UHF proximity link, DTE link: X-band, 50 W TWTA, 1 m HGA) 30.1
Electric propulsion (T6 engine) 70.4
Instruments 7.0
Power (2.8 kW @Mars for electric propulsion) 158.9
Structures 56.6
Thermal control 13.3
Data handling (0.5 Gb/day science data) 5.3
Harness 17.8
Dry mass 374.3
System margin 20% 74.9
Dry mass incl. system margin 449.2
CPROP propellant mass 4.7
CPROP propellant margin 2% 0.1
EPROP fuel mass (10.4km/s AV) 153.8
EPROP fuel margin 2% 31
Wet mass (per satellite) 610.9
Constellation total dry mass incl. system margin 1347.6
Constellation total wet mass 1832.7
Launch adapter 360
Launch mass (wet mass + adapter) 2192.7

The bold values refer to summation values of the figures above them.

C;~10km?/s’
(escape) Vipr~3km/s SSO

I

I

I

I

I
ErTTT— Y )| Iy
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FiGURE 9: Launch and transfer scenario for the Mars Science Orbiter (MSO) mission.
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FIGURE 10: End-state architecture and communications concept for the Mars Science Orbiter mission.
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sizes, rock distribution, surface roughness, porosity, and
geological history of the surface ([24, 25]). The diurnal and
seasonal changes in surface temperature are controlled by
the thermal inertia. Thermal inertia depends primarily on
the physical structure of the surface layer and is defined as a
function of the thermal conductivity, heat capacity, and
material density.

Moreover, change detection on the surface can allow
monitoring of the dynamics of current surface processes
including dune and ripple migration, landslides, dust de-
position, and the recent impact flux.

Thus, the primary science goal was selected to map the
thermophysical properties and the composition of the
surface, focusing on hydrous minerals and to characterize
surface hazards (e.g., rock abundance and high slopes) for
future landed missions. The secondary science goal was to
observe changes on the surface (e.g., new impacts, activities)
inferring the current impact rate, dynamics of the surface
processes, and the exchange between the surface and the
atmosphere. As a summary, the following science objectives
were considered:

(i) OBJ-01: characterize the thermophysical properties
of the surface

(ii) OBJ-02: determine the spatial distribution of hy-
drated minerals on the surface

(iii) OBJ-03: constrain the timeline of geological history
and habitability of Mars

(iv) OBJ-04: characterize surface hazards (e.g., rocks,
slopes and incoherent material) to landing human
scale systems

The science objectives from MEPAG Goal III (under-
stand the origin and evolution of Mars as a geological
system) (Al, A2, A3, A4) and Goal IV (prepare for human
exploration) (A3/1, 2; C2/1) [10] can be addressed by the
proposed MSO mission.

The primary payload of the Mars Science Orbiter mis-
sion is the science payload; however, the satellite also in-
cludes a data relay capability of similar sizing to the MCC
satellites. To select the science payload, high TRL instru-
ments from ESA’s heritage planetary missions and European
contributions to non-ESA missions were taken into account.
Trade-offs were performed between (1) mass vs. perfor-
mance and (2) maintaining heritage and optimising for the
mission. The instruments and their associated science ob-
jectives are given in Table 5.

A preliminary design exercise shows that a wet mass of
~600 kg is feasible within the programmatic constraints. This
allows for a total launch mass that is well within the ca-
pabilities of a dedicated Ariane 62 launch and also allows
consideration of potential rideshare opportunities for small
satellites or CubeSats. Mass reductions could be envisaged if
the requirement to have a technology readiness level of 7/8
by PDR is relaxed or if a later launch opportunity is used.
Conversely, mass increases could also be considered if it
were to result in a significantly improved performance, so
long as the programmatic constraints are still met. Key mass
budget information is provided in Table 6. Note that a larger

systems margin (30%) is used for chemical propulsion-based
spacecraft than for an electric propulsion-based spacecraft
(20%). This is the systems margin philosophy taken at this
early phase of study and is due to mass growth seen in
similar chemical systems over their development lifecycle.

5. Mars Hard Lander Mission

The study of the Mars Hard Lander (MHL) mission focussed
mainly on mission analysis, entry, descent and landing
(EDL), and cost. The reference mission architecture was
chosen to comprise three hard landers, each with an entry
mass of 70 kg and aiming to land 50 kg on the surface with an
impact velocity of less than 20 m/s.

The entry mass of 70 kg draws large similarities with the
Beagle 2 lander on ESA’s Mars Express mission (2003) which
performed a semihard landing [31]. The study focussed on
analysing if all the requirements could be met using the same
aeroshell, parachutes, and EDL control as Beagle 2. The
impact velocity requirement of less than 20 m/s was also
derived from Beagle 2 heritage. Using heritage equipment is
in line with the main drivers for the mission: cost and
schedule.

During the CDF study, the EDL trajectory and EDL
equipment of the hard landers were analysed. Additionally, a
high-level design of the carrier spacecraft was performed and
a high-level cost estimation was made.

For the launch and transfer scenario, a dedicated Ariane
62 launch to C;~10km?/s*> was used as a reference case,
putting the landers on a ballistic coast towards Mars hy-
perbolic entry. This scenario is illustrated in Figure 11.

The landers are carried by a chemical propulsion carrier
module with a top-level design allocation provided by a
reduced capability version of the Mars Science Orbiter
satellite (with a lower AV capability, for example, since there
is no need for a Mars orbit insertion manoeuvre). Three hard
landers were studied for redundancy reasons and to enable
science that benefits from simultaneous measurements in
different locations (e.g., weather monitoring, seismology).

Modelling of the EDL trajectory shows that, for a ref-
erence Mars arrival date of 2@ October 2029 and an entry
velocity of 5.6km/s, a flight path angle (FPA) of between
—11" and —14° allows the impact velocity requirement to be
met (<20 m/sec at 0 km MOLA).

Using the peak heat flux and total heat load calculated, it
could be analysed whether the thermal protection system
(TPS) used on Beagle 2 would be sufficient for the MHL. Due
to the use of a shallower FPA (Beagle 2 entered at -15.8"
FPA), the MHL exceeds the heat load that Beagle 2 was
designed for. Therefore, additional TPS material would need
to be added to the aeroshell. The mass of the additional
material ranges from 5.17 to 0.67 kg for a FPA of —11° to
—15°, respectively. The same pilot parachute and ringsail
main parachute as Beagle 2 are assumed and they have a
diameter of 8 m and 10.4 m, respectively. Due to the high
landing speed and high g-loads, a crushable attenuation
structure is added to the lander. It was assumed to use the
same material as ESA’s Schiaparelli lander, which is an al-
uminium honeycomb sandwich structure. A trade between



10 Advances in Astronomy

TABLE 5: Science payload suite and associated objectives for the Mars Science Orbiter.

Spatial res. at 320 km

Instrument Heritage FOV () altitude (m) Science objective Ref.
Thermal IR radiometer/ <200 (imaging Surface composition,
Fmag.lng spectrometer, MERTIS (BepiColombo) 4x4 spectrometer), temperature, thermal inertia, 26, 27]
imaging spectrometer, <2000 m rock abundance,
radiometer (radiometer) atmospheric science
High resolution colour

ca imaging of the surface,

Visible imaging system CaSSIS (TGO) 1.35x 0.85 32 change detection, sterco [28]
imaging, geological context
MacrOmega (Mars Moon

NIR spectrometer explorer) MicrOmega * * Mineralogy [29, 30]

(Phobos-Grunt, Hayabusa-2,
ExoMars 2022 rover),

The satellite also includes a data relay capability. * An orbital version of MicrOmega would need a different optical design as it would be focussed at infinity and
use solar illumination; specification of the FOV and spatial resolution would depend on instrument-level design trade-offs.

TABLE 6: Preliminary mass budget information for the Mars Science Orbiter mission.

Mass (kg)

Attitude, orbit, guidance, navigation control 8.0
Chemical propulsion 41.4
Communications (UHF proximity link, DTE link: X-band, 50 W TWTA, 1 m HGA) 34.3
Instruments 34.2
Power (310 W @Mars) 74.5
Structures 63.4
Thermal control 9.8
Data handling (730 Gb science data volume) 5.3
Harness 13.5
Dry mass SC 284.4
System margin 30% 85.3
Dry Mass SC incl. system margin 369.7
CPROP fuel mass (1370 m/s AV) 124.8
CPROP fuel margin 2% 2.5
CPROP oxidizer mass 97.7
CPROP oxidizer margin 2% 2.0
CPROP pressurant mass 1.0
CPROP pressurant margin 2% 0.0
Total wet mass SC 597.7
Launcher interface 64
Launched mass 661.7

e

€ ”/‘

C3~10km?/s?
(escape) Vine~3km/s ﬁ)
: /8/ _ Hyperbolic entry
! 1
FiGure 11: Launch and transfer scenario for the Mars hard lander mission.

the maximum allowable g-loads and the mass of the Using these assumptions, a preliminary mass budget is

crushable structure led to a first estimation of allowable  provided in Table 7. This budget is valid for an entry at flight
g-loads of 80g and 120g in the horizontal and vertical di-  path angles between —14° and —13°.

rection, respectively. Regarding EDL control, the same In order to achieve a spread in landing sites between
equipment as Beagle 2 is considered for the Mars Hard  the different hard landers, they need to be deployed from
Lander. the carrier vehicle sequentially, whilst also leaving several
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TaBLE 7: Preliminary mass budget for the Mars Hard Lander
mission.

Launch mass 513 kg
Wet mass carrier vehicle 303kg
Entry probes (3) 210kg
Entry probe 70kg
EDL system 28.5kg
Landed mass 41.5kg
Science payload allocation ~9kg

days between each lander deployment for navigation
corrections and to adjust and confirm accuracy of the
carrier trajectory. Therefore, the first lander probe has to
be released up to 10days before entering Mars orbit,
meaning that it must survive without power from the
carrier until it can deploy its solar panels on the surface of
Mars. Thermal control by way of RHUs and the imple-
mentation of a low power (<10 mA) timer are enablers for
the survival of multiday coasting landers. Additional fuel
also has to be accommodated on the carrier in order to
enable the trajectory adjustments.

6. Conclusions

Overall, the study identified a wide range of potential
small Mars mission architectures including orbital and
lander missions. From the resulting analysis, it appears
that small, low-cost Mars missions are technically feasible
for launch within the decade. Three main themes emerged
in the conclusions of the study concerning the launch
scenario, required technology developments, and the
mission operations. In particular, a robust development
schedule and selection of high-maturity technologies are
critical to meeting the programmatic constraints of the
mission.

A commercial rideshare to Earth orbit, while reducing
launch costs, significantly drives the spacecraft design and
mission operations. Any launch cost savings that are made
when using a rideshare opportunity can be easily offset by
additional spacecraft development and operations costs.
Consequently, there are key technology developments in
Europe that would help realise the benefits of commercial
rideshare launches and reduce the overall cost of small Mars
missions. These include high power, low mass solar arrays
and low cost, low power and long lifetime EP thrusters. Until
these developments are achieved, dedicated or dual launches
will be more likely. Finally, the classical approach to mission
operations becomes a substantial cost driver for small
missions, especially for long duration transfers and time
spent aerobraking. For a cost-driven mission, the approach
taken to mission operations becomes a critical mission ar-
chitecture design driver.

The work completed in this study of small Mars mission
architecture will continue in 2021 with further study con-
ducted by European industrial contractors.

6.1. The Concurrent Design Facility. The Concurrent Design
Facility (CDF) is a state-of-the-art facility equipped with a
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network of computers, multimedia devices, and software
tools, which allows a team of experts from several disciplines
to apply the concurrent engineering method to the design of
future space missions. It facilitates a fast and effective in-
teraction of all disciplines involved, ensuring consistent and
high-quality results in a much shorter time. It is primarily
used to assess the technical and financial feasibility of future
space missions and new spacecraft concepts (e.g., internal
prephase A or Level-0 assessment studies). During this
study, the CDF successfully transitioned to distributed re-
mote operation mode, made necessary due to COVID-19
restrictions.

The Concurrent Design Facility was established at
ESTEC in November 1998 within the framework of the
General Studies Programme.

Data Availability

The Small Mars Mission Architecture Study (SMARTieS)
CDF study report is available upon request from the authors.
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