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Highlights

e Martian rocks are limited in quantity, thus analogs are required
e We created a terrestrial mineral library to create various martian analogs
e This analog system is created mainly for alteration/hydrothermal experiments

e Our system will continue to be improved over time to fit various martian conditions
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Abstract

Martian rocky material available on Earth has been so far composed of meteorites and
is limited in terms of mass and number. This restricted amount directly impairs the possibility
to perform destructive analyses and experiments requiring large masses of sample, such as
alteration and hydrothermal experiments. One of the main intents of the current Mars Sample
Return (MSR) mission is to bring rock samples from Mars to Earth in the next 10 years. While
we will have a geological context for the samples, the total mass that will be collected will also
be limited. It is thus crucial to seek analogs of martian rocks not suffering from this limitation

while bearing specific martian properties required by the planned experiments.

To overcome this problem in the frame of alteration and hydrothermal experiments, we have
built a flexible powder analog system to mimic a typical non-altered shergottite from a chemical
and mineralogical perspective. To do so, we have selected the six main mineral phases in weight
percentage present in shergottites. For each phase we selected multiple pure terrestrial mineral
powders chosen for their chemistry close to their shergottite counterparts. As these mineral
phases come from only three different relatively easy access locations, the assemblage is

virtually unlimited.

From the Shergottite Analog System (SAS), the Shergottite Sample Powder (SSP)-1 analog has
been created to focus on serpentinization and abiotic methane formation experiments under
martian conditions. The SAS could also be used to create analogs of Oxia Planum, Gale Crate,
or Jezero Crater, and to test possible detection interferences and to determine the sensitivity of

multiple analytic techniques by varying the selected phase choice and their proportions.
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1. Introduction

Until the future arrival on Earth of the first rocks directly sampled on Mars, the only
ones available are the martian meteorites present on Earth. So far, more than 300 martian
meteorites (Meteoritical Bulletin Database) have been identified that can be used for non-
destructive, invasive, and destructive analyses, or even as calibration targets on board rovers
working on Mars, usually using from a few milligrams (mg) to a few grams (g) of sample (Fries
et al. 2022, Cousin et al. 2022). On the other hand, some types of experimental work, such as
reproducing rock alteration under martian conditions, may require from tens to hundreds of
grams of sample. The realization of experimental work could thus be potentially impaired due

to the limited amount of material available, and the destructive nature of those works.
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To address this sample availability limitation, terrestrial analogs have been developed
and used for many years to simulate martian material (Karl et al. 2022) such as regolith (Allen
et al. 1998, Peters et al. 2008, Cannon et al. 2018, Ramkissoon et al. 2019) and rocks (Edwards
etal. 1999, Wentworth et al. 2005, Bost et al. 2013, Bost et al. 2015, Cloutis et al. 2015, Manzari
et al. 2016, Hickman-Lewis et al. 2020, Planetary and Terrestrial Analogues Library (PTAL):
Dypvik et al. 2021, McKinney Basalt: Leeman and Vitaliano. 1976, Adcock et al. 2018).
Usually, an analog will be developed for a specific purpose, for example to mimic mechanical
properties of their martian counterparts for driving tests. For such case, its chemical
composition has not been targeted, and thus cannot be re-used as geochemical analog for studies
aiming to investigate geochemical processes. On the other hand, finding a match between
mineralogical and chemical characteristics of terrestrial and martian rocks is challenging as
formation conditions are unique on each planetary body.

The detection of methane (CH4) by the Curiosity rover (Webster et al. 2015) and its
potential abiotic formation in past or present hydrothermal systems sustaining serpentinization
(Oze and Sharma. 2005) has fueled the need to reproduce experimentally such hydrothermal
systems under martian conditions. The target for our analog system is the first ~3 to ~20
kilometers (km) under the surface of Mars (depending on thermal gradient link to the period)
where conditions for liquid water (H20) could be met. As such, we are aiming for the material
that could be currently witnessing such hydrothermal systems, i.e. the more recent material that
would represent the martian crust outermost kilometers. More specifically, we are targeting
material composition and mineralogy, with a particular focus on the reactive species, i.e. the
minerals involved in serpentinization and the metallic-rich phases able to act as catalyst for
abiotic CH4 formation by Fischer Tropsch Type reactions.

Numerous experimental works have been realized targeting serpentinization in Mars-

like conditions (Barbier et al. 2020 and references within, McCollom et al. 2022). However, it
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was often either mono-mineral, approximate chemical composition, or bulk terrestrial samples
that were used in those experiments, missing either similarity with Mars or control over the
sample chemistry and mineralogy. To try to overcome such problematics, we have developed
a second-generation simulant system (based on the terminology of Karl et al. 2022). For that,
we selected pure individual minerals from specific locations on Earth for their compositions
similar to their martian counterparts. The minerals can then be mixed on purpose in different
proportions, allowing creation of numerous different analogs. As every analog (Foucher et al.
2021), we have developed our analog system in a specific frame and aimed to mimic at best the

following characteristic: mineral proportion, mineral chemistry, and bulk chemistry.

2. Analog characteristics determination

a. Experimental goal for SAS development

We have developed our analog system in the specific frame of alteration experiments, and
more specifically on serpentinization reaction and the abiotic formation of methane by Fischer

Tropsch Type reaction.

Serpentinization is a hydrothermal process where ferrous iron-bearing silicates, typically
olivine and pyroxene from igneous mafic/ultra-mafic rocks are oxidized by liquid water, to
form ferric iron and secondary minerals such as magnetite, brucite, talc, or serpentine (giving
its name to the reaction) (Oze and Sharma. 2005) (Eq 1). It also produces molecular dihydrogen

by water reduction, potentially used as energy source by life, but also as reactant for Fischer
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Tropsch Type reactions. Serpentinization reaction happens at a wide range of temperature from
<25 °C up to ~500 °C (Barnes et al. 1978, Allen and Seyfried. 2003, Okland et al. 2014), with
optimal temperature around 280 °C for olivine and >400 °C for pyroxene (Martin and Fyfe.

1970).

Serpentinization is known to have happened in the past of Mars during Noachian, where liquid
water activity was strong. It is confirmed by orbital and in-situ detection of serpentine (Ehlmann
et al. 2009, Ehlmann et al. 2010, Michalski and Niles. 2010, Bultel et al. 2015, Viviano-Beck
et al. 2017, Amador et al. 2017, Amador et al. 2018, Brown et al. 2023). On Earth,
serpentinizing hydrothermal environments are often tied to local ecosystem (Bradley and
Summons. 2010, McCollom and Seewald. 2013, Ménez. 2020) and to methane detection
(Schrenk et al. 2013 and references within). This methane detection can be explained by local
processes able to generate hydrocarbons, such as biotic ones with methanogens microbes, or
abiotic ones with the Fischer Tropsch Type Reactions (FTT) (McCollom and Seewald. 2007,

Etiope and Sherwood Lollar. 2013, Schrenk et al. 2013 and references within).

(Mg,Fe?")Si04 (olivine) / (Mg,Fe**,Ca)(SiOs), (pyroxene) + HO(l) —

(Mg,Fe?")3Si,05(0OH)4 (serpentine) + Fe?*OeFe**,03 (magnetite)

+ Mg(OH); (brucite) + Mg3Si4O10(OH): (talc) + Ha (Eq 1)
n[CO] + (2n+1)H, — CunHansz + nH20 (Eq 2)
CO; + 4H, — CHa + 2H,0 (Eq 3)

Fischer Tropsch Reactions are metal-catalyzed carbon hydrogenation abiotic processes forming

methane and other hydrocarbons. Dihydrogen reacts with a carbon source (CO or CO») to form
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hydrocarbons in general (including methane) and water (Eq 2). Those reactions are efficient at
high temperatures up to >500 °C and have been successfully tested at low temperature of 20 °C
(Etiope and Ionescu. 2015). They require metallic catalysts, with Fe, Ni, and Cr commonly
considered to sustain the reactions. It is commonly the Sabatier CO» specific version (Eq 3) of
the FTT reactions which is considered on Earth due to the global low abundance of CO in
natural system. Despite being quite sluggish and unlikely in saturated water environment
(Miguel et al. 2015, Duyar, 2015), Sabatier reaction can take place in serpentinization
hydrothermal system where local gas phase is present, hence allowing direct gas-rock
interactions and production of H> (McCollom. 2016), and where H> is common. Both the H>
and CH4 formed can be a potential energy source for microorganisms, such as methanotrophs,

to sustain local ecosystems.

Due to their potential link to life on Earth and on other planetary bodies, those reactions
have been thoroughly studied experimentally under Earth and Mars hydrothermal conditions
(Barbier et al. 2020 and references within, McCollom et al. 2022). Bulk rock or minerals are
commonly used crushed in those experiments to increase the reaction surfaces and to kinetically
speed up the reactions, with particle size varying from 1 to a few hundreds micrometers (um)

(Barbier et al. 2020 and references within, McCollom et al. 2022).

b. SAS target and characteristics

The objective of our analog system is to reproduce at best the petrological and chemical
characteristics of the pristine most recent magmatic material available on Mars. While it is now

acknowledged that martian meteorites are not fully representative of the martian crust
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(McSween. 2015, Bouvier et al. 2018), the current remote sensing data do not allow a very fine
characterization of mineral species, especially the ones in small quantities, even though some
might be important in term of reactivity. As such, we decided to create our analog from the best

characterized material from Mars available on Earth: martian meteorites.

Among martian meteorites available on Earth, we have selected shergottites finds from
Antarctica and the shergottites falls Shergotty, Zagami, and Tissint. Antarctica has low
temperature, low humidity, and biological activity is almost non-existent on the surface,
allowing good preservation of the meteorites through time compared to finds from hot deserts
(Crozaz and Wadhwa. 2001, Crozaz et al. 2003, Maeda et al. 2021). Falls were considered also
for their lack of terrestrial contamination and alteration. Only shergottites were considered

among the martian meteorites for this analog system for the following reasons:

1) Shergottites represent 84 % of the total martian collection by number, and also by
mass. They are basaltic rocks, thus with an igneous mineralogy based on pyroxene and
plagioclase, and with a significant content in olivine. The proportion of the different mineral
phases vary significantly from one shergottite to another. They are classified chemically by
their relative concentrations in Incompatible Trace Elements (ITE), and by petrology based on
their texture and mineralogy (Udry et al. 2020). Their ITE define three distinct groups being
the depleted, the intermediate, and the enriched shergottites. Their mineralogy and texture
define six distinct groups: (1) Poikilitic, with olivine enclosed in large pyroxene crystals. (2)
Brecciated, (3) Diabasic, microgabbroic. (4) Gabbroic. (5) Olivine-phyric, with high

proportions of olivine phenocrysts. (6) Fine-grained shergottites.

Ejection ages indicate that shergottites are likely coming from a limited amount of ejection
events (Lapen et al. 2017, Wieler et al. 2016, Udry et al. 2020). The depleted shergottites seem
to have been ejected in one unique event at 1.1 + 0.4 million years (Myr) ago (Lapen et al.

2017), and the other shergottites have ejection ages varying from ~2 to ~5 Myr (Wieler et al.
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2016). This limited amount of ejection events indicates that shergottites represent a few
locations on Mars, and not the most recent magmatic in its globality on a planet scale. The
available samples, either for mineralogy of chemical composition, indicate a diverse chemistry
and mineralogy. As such, shergottites provide a solid and diverse database to represent at least

partially the most recent magmatism on Mars.

2) Shergottite crystallization ages have been determined using radiogenic isotope
systems such as ¥’Rb — ¥’Sr, '47Sm — *3Nd, "°Lu — !7®Hf, and U — Pb. The crystallization ages
vary from 147 Myr for Shergotty, around 200 Myr for enriched and intermediate shergottites,
to finally less than 500 Myr for depleted shergottites (Nyquist et al. 2001, Udry et al. 2020). It
is to note however that the peculier shergottites NWA 7635 and NWA 8159 are both dated at
~2.4 billion years (Gy) (Udry et al. 2020)Those relatively young ages indicate that they
reasonably record young magmatic events at the surface of Mars that could have provided heat
to sustain recent hydrothermal activity as would be required for present-day methane

observations (Webster et al. 2015).

3) It has be suggested that andesitic magmatism could have existed very early in Mars
history based on the meteorite zircons study (Bouvier et al. 2018), some magma ocean
crystallization models (Elkins-Tanton. 2008, Elkins-Tanton et al. 2005), and in-situ
observations of evolved composition rocks (Sautter et al. 2015). In addition, recent seismic data
from the Insight lander proposed a crust density inferior to basaltic one, thus leaning toward a
more felsic composition (Wiczorek et al. 2022). However, a basaltic composition is nonetheless
considered for the bulk crust based on available geochemical data (McSween. 2015, McSween

et al. 2009). Thus, the shergottite nature matches the one of the crust.

Regarding nakhlites and chassignites, they represent ~10 % of the martian meteorite collection,
and are likely to have originated from one short interval of magmatism around 1.34 Gyr ago

(Udry and Day. 2018), displaying a very limited range of mineralogical composition. Moreover,
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nakhlites and chassignites were ejected from Mars by a unique ejection event dated at ~11 Myr,
thus representing only one specific location on Mars (Treiman. 2005, Nyquist et al. 2001). This
old crystallization age and their mono-origin on the martian surface preclude their use for what

we target.

Among martian ungrouped meteorites, NWA 7533/7034 analyses indicated that it
provides the best match with orbiters and rovers data (Agee et al. 2013, Humayun et al. 2013).
However, it is a breccia composed of many different small clasts, making it quite complex to

reproduce as an analog. Thus, we have not considered it.

Fourteen well-characterized Antarctic shergottite meteorites/paired meteorites were
selected, in addition to the Shergotty, Zagami, and Tissint shergottites falls (Table 1). Among
the Antarctic ones, seven are poikilitic (ALH 77005, LEW 88516, Y 793605, Y 000097, GRV
99027, GRV 020090, RBT 04261/04262), four are olivine-phyric (EETA 79001 A, Y 980459,
LAR 12095/12240, LAR 06319/12011), two are diabasic (QUE 94201, Y 002712), and one is
fine grained (EETA 79001 B). Regarding their ITE content, three are depleted (LAR
12095/12240,Y 980459, QUE 94201), eight are intermediate (ALH 77005, GRV 020090, GRV
99027, LEW 88516, Y 000097, Y 793605, EETA 79001 A, EETA 79001 B), two are enriched
(RBT 04261/04262, LAR 06319/12011), and one is undetermined (A 12325). Shergotty,
Zagami, and Tissint are respectively an enriched diabasic, an enriched fine-grained, and an
olivine-phyric shergottites. The three ITE based groups, and four of the six petrological groups

of shergottites are represented, showing a fair representation of shergottite in general.

To limit the complexity of the Shergottite Analog System (SAS), the first six more
abundant and reactive mineral phases identified from the considered meteorites are examined:

olivine, high-calcium clinopyroxene (augite), low-calcium clinopyroxene (pigeonite),
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orthopyroxene, plagioclase (maskelynite), and chromite. Olivine and pyroxene are reactants in
the serpentinization and contain Fe, in addition to trace amount of Ni and Cr respectively, all
three potential catalysts for FTT reactions. Chromite is based on Fe and Cr, again potential
catalysts for FTT reactions (Foustoukos and Siegfried. 2004, Horita and Berndt. 1999). We
exclude other minor phases such as spinel (other than chromite), phosphates, sulfides, oxides,
and glass due (1) to their low relative proportion <4 volume percentage (vol%) on average (see
Table.1) and even absence in some of the considered meteorites; (2) to their variability; (3) to
their potential secondary origin (alteration or impact); and (4) to their potential effect as poorly
constrained FTT catalysts thus obscuring olivine, pyroxene, and chromite effects. Those minor

phases could be considered in future improvements of SAS.

Proportions and chemistry of each of those phases are determined from previous studies
done on martian meteorites (Martian Meteorite Compendium, McSween and Jarosewich. 1983,
Lodders. 1998, Ma et al. 1981, Treiman et al. 1994, Mikouchi and Miyamoto. 1997, Greshake
et al. 2004, Mikouchi and Kurihara. 2008, Lin et al. 2005, Jiang and Hsu. 2012, Usui et al. 2010,
Dunham et al. 2019, Sarbadhikari et al. 2009) and are presented in Table. 1 and Table. 2

respectively.
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Table 1: Antarctica shergottites mineral proportions (vol%).

Phase Mineralogy (vol%)
Name Olivine | Augite | Pigeonite | Opx | Chromite | Maskelynite | Other | TOTAL
Shergotty n.d. 34.6 34.6 n.d. n.d. 22.9 6.8 99.8
Zagami n.d. 37.9 37.9 n.d. n.d. 18.1 6.0 99.8
Tissint 26.5 51.0 n.d. 21.0 1.5 100.0
EETA 79001 A| 8.9 6.1 59.3 54 n.d. 17.1 33 100.1
EETA 79001 B| n.d. 19.9 39.5 n.d. n.d. 29.1 4.6 93.1
QUE 94201 5.6 48.8 0.1 43.1 23 99.9
ALH 77005
Y 1075 44.2 11.0 26.0 9.5 1.5 9.9 1.2 103.3
LEW 88516 45.9 11.9 25.1 0.8 7.0 9.1 99.8
Y 793605 40.0 17.0 33.0 1.0 8.0 1.0 100.0
Y 980459
Y 980497 15.7 24.7 279 0.5 n.d. 32.1 100.9
Y 000027
Y 000047
Y 000097 40.0 9.7 39.3 1.4 8.6 1.0 100.0
Y 984028
GRYV 99027 32.1 5.0 n.d. 55.4 1.1 5.8 0.7 100.1
Y 002712
Y 002192 n.d. 43.0 27.0 n.d. n.d. 29.0 n.d. 99.0
GRYV 020090 28.3 11.5 38.7 n.d. 1.4 18.9 1.1 99.9
RBT 04261
RBT 04262 40.8 11.6 24.8 n.d. 1.6 18.1 1.7 98.6
LAR 12095
LAR 12240 16.5 60.5 n.d. 22.0 1.0 100.0
LAR 06319
LAR 12011 24.4 22.2 27.7 4.1 n.d. 17.8 3.7 99.9
MEAN 20.6 18.1 29.9 10.1 0.5 16.5 4.3 100.0
Min 0.0 5.0 0.0 0.0 0.0 0.0 0.0 /
Max 45.9 43.0 59.3 55.4 1.6 43.1 32.1 /

Meteorites are grouped by suggested pairing based on The Martian Meteorite Compendium.
The mean values of the same pairing meteorites are used. When one of the paired meteorites is
better characterized (black) than the others (grey), we use this specific meteorite values instead
of a mean. Mean, minimum, and maximum values are recalculated at 100 vol%. “n.d.” for Not
Determined. Data gathered from the Martian Meteorite Compendium and references within
(Burghele et al. 1983, Hamilton et al. 2003, Balta et al. 2015, Lodders. 1998, Lin et al. 2005).
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Table 2: Mean (min-max) oxide composition (wt%) of the six mineral phases considered in

Antarctica shergottites.

Olivine

Pigeonite

Augite

Orthopyroxene

Maskelynite

Chromite

Eneo.3 35.5-70.6)

Enys.i 95505

Eneo.9 65.6-73.1)

Any9.9 39.1-59.7)

Crits6.0(20.9-39.8)

meEr:ljle s Fosr.758.4-79.2) Fs30.822.9-53.9) Fs213013.6-46.3) Fs23821.7-24.9 Ab47.9 (40.0-54.8) Al#os 6.5-193)
Wo9.0(55-12.6) Wo033.6 (24.2-37.2) Woes.4(4.2-9.6) Or220.3-6.1) Fetsys 514628
(AV‘}tz‘f/)o; 0.06 (0.02-0.15) 0.78 (0.64-087) 1.65 (0.89-2.03) 0.62 036099 | 27.00 @s.422830) | 8.57 s:88-1640)
CaO 0.17 (0.01-0.23) 4.40 (3.26-5.63) 16.17 (11.05-18.08) 2.97 (.43-4.77) 9.98 (8.03-11.51) 0.08 (0.00-0.20)
Cr;0; 0.10 (0.02-0.41) 0.38 (0.10-0.61) 0.66 (0.03-0.88) 0.43 (0.40-0.50) 0.01 (0.00-0.04y | 46.85 39.12-51.30)
FeOw | 27.89 (19.01:35.09) | 18.85 14733120 | 12.89 822:2722) | 14.87 (13.13-16.12) |  0.64 (0.36-1.44) | 34.27 (29.85-41.12)
KO 0.01 (0.00-0.02) 0.01 (0.00-0.02) 0.01 (0.00-0.02) 0.00 (0.00-0.00) 0.36 (0.04-0.95) 0.01 (0.00-0.01)
MgO | 33.49 8044052 | 21.18 (11.60-25.82) | 15.40 (9.71-17.87) | 25.91 (2338-18.65) | 0.16 (0.07-0.28) 4.47 3.02-5.82)
MnO 0.55 (0.43-0.65) 0.60 (0.49-0.81) 0.46 (0.37-0.76) 0.51 (0.42-0.60) 0.02 (0.00-0.04) 0.50 (0.41-0.60)
Na,O 0.02 (0.00-0.04) 0.07 (0.03-0.10) 0.21 0.12-0.27) 0.06 (0.02-0.10) 5.33 4.26-6.20) 0.01 (0.00-0.02)
NiO 0.10 (0.06-0.018) 0.05 (0.03-0.07) 0.08 (0.03-0.10) n.d. 0.01 (0.00-0.03) 0.10 (0.10-0.10)
P,0s 0.20 (0.01-0.50) 0.12 (0.01-0.24) 0.11 (©.02-0.16) 0.00 (0.00-0.00) 0.05 (0.00-0.13) 0.08 (0.05-0.10)
SiO; 37.38 35533955 | 53.21 49.20-54.51) | 51.82 s31-53.00) | 54.42 (53.02-5521) | 56.34 (54.13-5833) | 0.19 (0.01-0.66)
TiO; 0.03 (0.01-0.06) 0.35 (0.12-0.81) 0.55 (0.30-0.80) 0.20 (0.08-0.50) 0.09 (0.00-0.17) 4.87 (3.36-6.92)

Total wt% of each mineral phase has been recalculated at 100 wt%. “n.d.” for Not Determined.

3. Mineral selection and preparation

From the six mineral phases targeted, isolated samples have been found for five of them:

olivine (ol), high-calcium clinopyroxene (high-Ca cpx), orthopyroxene (opx), plagioclase (pl),

and chromite.

Sample for low-calcium clinopyroxene (low-Ca cpx) could not been found due to its specific

chemistry and the fact that pigeonite is often intergrown with augite without any clear contact

(Miiller. 1993). While we considered using a mixed pigeonite/augite natural assemblage instead

of individual pigeonite and augite, it would have been impossible to vary the pigeonite/augite

proportion and chemistry beyond the one forced by the natural assemblage, hence lowering the

flexibility of our SAS and forcing it into a terrestrial-like assemblage far from a martian-like
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one. As such, low-Ca cpx are presently not available for SAS. We acknowledge the lack of low-
Ca cpx could have a direct impact on the alteration processes we wish to reproduce with our
analog system, because pyroxene is a reactant of serpentinization, and its Fe and Cr content
could play a role in FTT catalysis. Low-Ca cpx will be considered in future improvements of
SAS.

The five olivines (9-1920.5, 9-2111.5, 9-2236, 9-1302.5, 9-1473.5), five high-calcium
clinopyroxenes (9-1920.5, 9-2111.5, 9-1302.5, 9-1473.5), and the three plagioclases (9-468, 9-
514, 9-538) come from a drill in the Sept Iles ferrobasaltic layered intrusion in Canada (Namur
et al. 2010), the three orthopyroxenes (00-63, 00-65, 00-70) from the Bjerkreim-Sokndal in
Norway (Charlier et al. 2005), and the chromite from the Troodos ophiolite system in Cyprus
(collected on the field). It is important to note that these phases have been selected primarily
for their chemistry, but also for their documentation, their available quantity, and their
resampling possibility. Major elements composition of each mineral was determined by ICP-
OES in previously cited studies and are summarized in Table. 3 with their end members, and
the weight available for each sample. Endmembers are compared to the considered shergottites
ones in Fig. 1. All our olivines and the orthopyroxene “00-65” perfectly match their shergottite
counterparts. The other orthopyroxenes are broadly fitting as they are, Mg-poor compared to
shergottites (Enso.67 vs ~Engs-77). High-Ca cpx are also broadly fitting, with a slightly higher Ca
content (~Wo4s) compared to shergottites (Wo24.42). Plagioclases (~Anes4) nearly overlap
shergottite ones (Anss-62). Finally, chromite has a lower Fe# of 37 compared to shergottite Fe#s-
75. While not perfect, the broad agreement between our minerals and their shergottite
counterparts is sufficient for the purpose of the serpentinization experiments. Importantly, those
minerals correspond also to the following criteria: being relatively pure, well characterized,

available in sufficient quantity, and with a possibility to be resampled.



305  Table 3: Chemical composition (Wt%), -endmembers, and available weight of the mineral phases used in the analog system.

Phase Olivine! High-Calcium Clinopyroxene! Orthopyroxene? Plagioclase! Chromite
Sample | 9-1302.5 | 9-1473.5 | 9-1920.5 | 9-2111.5 | 9-2236 | 9-1302.5 | 9-1473.5 | 9-1920.5 | 9-2111.5 | 00-63 | 00-65 | 00-70 | 9-468 | 9-514 | 9-538 /
Weight (g) | 76.76 59.93 17.24 45.57 17.17 54.73 19.78 8.14 21.20 80.14 | 46.83 | 117.8 | 16.41 | 18.34 | 8.51 ~280
End Engras | Enarze | Engros | Ensiao | Encss | Enzgo | Ensss | Aness | Anssg | Angsr | Cr#taz:
members Fogs 3 Fogso Fogsr Fosso | Fosso | Fsia3s Fsiarr Fsi361 Fsise7 | Fssis | Fsano | Fszoz | Absss | Abssq | Absio | Al#iss
Woss19 | Wossos | Wousss | Woyses | Worg | Wozz | Wozs | Orar | Orag | Orag | Fe#sz
AlLOs3 0.03 0.02 0.02 0.03 0.03 3.26 3.29 3.19 2.52 2.22 1.06 1.56| 27.93 | 27.72 | 28.21 11.86
Ca0O 0.06 0.07 0.05 0.05 0.05 21.06 20.83 21.69 20.89 0.98 1.13 1.19| 10.00 | 10.13| 10.50 0.30
Cr20;3 / / / / / / / / / 0.01 0.34 0.01 / / / 53.43
FeO( 30.50 29.01 29.25 29.77| 29.16 8.78 8.59 8.34 8941 20.72| 15.17| 2631| 034| 034| 0.36 19.89
K:0 0.01 0.00 0.01 0.02 0.01 0.01 0.01 0.04 0.01 0.07 0.07 0.07| 036| 0.35| 0.35 0.55
MgO 32.19 32.93 32.80 32.36| 33.03 14.19 14.21 14.12 14.15| 2443 | 27.78| 22.04| 0.11| 0.07| 0.11 13.30
MnO 043 043 0.45 043 0.44 0.24 0.23 0.23 0.26 0.27 0.37 0.38 / / / 0.16
Na20 0.02 0.01 0.00 0.02 0.02 0.46 0.43 0.39 0.34 0.18 0.09 0.12] 5.78| 5.71| 5.59 0.05
NiO / / / / / / / / / / / / / / / /
P20s / / / / / / / / / 0.01 0.01 0.09 / / / 0.00
SiO: 36.93 37.41 37.26 36.96 | 37.60 51.35 51.22 51.35 51.22| 53.03| 54.61| 52.81| 55.13| 54.75| 54.27 0.79
TiO: 0.03 0.03 0.02 0.02 0.02 0.80 0.83 0.80 0.83 0.43 0.18 0.23] 0.09| 0.09| 0.09 0.15
TOTAL 100.20 99.91 99.86 99.66 | 100.36 100.15 99.64 100.15 99.16| 102.35| 100.81 | 104.81 | 99.74 | 99.16 | 99.48 100.48

306 ‘data from Namur et al. 2010. “data from Charlier et al. 2005.

307
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310  Figure 1: Endmember comparison between our pure mineral phases (crosses) and considered
311  shergottites (squares) for (top to bottom) high-Ca cpx (orange), low-Ca cpx (dark blue), opx
312 (yellow), plagioclase (light blue), olivine (green), and chromite (purple). Data gathered from
313 the Martian Meteorite Compendium and references within (Balta et al. 2015, Steele and Smith.
314 1982, Papike et al. 2009, Treiman. 1994, Gleason et al. 1997, Harvey et al. 1993, Hsu et al.
315 2004, Lin et al. 2005, Jiang and Hsu. 2012, Usui et al. 2010, Basu Sarbadhikari et al. 2009,
316  Stoffler et al. 1956).

317

318 The different phases are kept as 75 — 250 um powders. Olivines, high-Ca cpx, and opx
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were separated in previous studies by using heavy liquids (Namur et al. 2010, Charlier et al.
2005) and using an Isodynamic Frantz magnetic separator (Charlier et al. 2005). For olivines
and high-Ca cpx, magnetic separation using an Isodynamic Frantz magnetic separator has been
re-done for this study at the Laboratoire G-Time and was divided in two steps: a first step at
0.10 amp / 15 ° tilt / 15 © slope to remove highly magnetic minerals such as magnetite and
ilmenite, and a second step at 1.00 amp / 15 ° tilt / 15 ° slope to remove slightly magnetic
minerals such as apatite, and separate olivine from high-Ca cpx. Remaining pyroxenes in the
olivine fraction are removed by handpicking, but only right before the use of the olivine to make
an analog. Otherwise, they are kept with the olivine fraction.

Plagioclases have also been separated by heavy liquids (Namur et al. 2010).

Chromite is kept as a whole rock to avoid iron oxidation between use. When needed, the
chromite was separated at the Laboratoire G-Time with an Isodynamic Frantz magnetic
separator at 0.50 amp / 15 ° tilt / 15 ° slope to remove a slightly magnetic fraction likely to be
non-chromitic material.

After separation, X-Ray Diffraction (XRD) analyses were done to check purity of each
mineral. Those analyses were realized using a D8 Advance Eco Bruker diffractometer with a
copper (Cu) anode Cu Ko 1.5406 angstrom (A), and using the Diffrac Suit software with the
internal software and PDF-2 databases as references. Analyses were done at the 4MAT
laboratory in Université Libre de Bruxelles (ULB), Belgium.

Less than 5 % of high-Ca cpx were detected in the olivine fraction (Fig. 2). Less than ~6 % of
olivine and ~8 % feldspar were detected in the high-Ca cpx (Fig. 3). The high-Ca cpx 9-2236
was too contaminated with olivine, and therefore we did not consider it to be a proper phase to
include in our SAS. Those mineral mixtures are consistent with what is indicated in sample
studies (Namur et al. 2010, Charlier et al. 2005). No contaminating phases were detected in the

orthopyroxene or in the plagioclase fractions.
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346  Figure 2: XRD spectra of olivine 9-1302.5 (red), -1473.5 (blue), -1920.5 (green), -2111.5
347  (purple), -2236 (light grey) obtained using a Cu Ko radiation source. Abscissa is in °20. Main

348  peak for clinopyroxene is indicated as the dotted grey line.

349
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Figure 3: XRD spectra of clinopyroxene 9-1302.5 (red), -1473.5 (blue), -1920.5 (green), -
2111.5 (purple), -2236 (light grey) obtained using a Cu Ko radiation source. Abscissa is in °26.
Main peaks for olivine are indicated as the six dotted grey line and corresponding asterisks.
Main peaks for plagioclase are indicated as the two dashed lines.

Each pure mineral phase is stored hermetically and individually after separation and
purification. This individual storage allows us to have a flexibility in our SAS since we can
create a wide range of different analogs by mixing specific phases and changing mineral

proportion.

4. Analog uses

As stated previously, our flexible analog system has been developed in the objective to

be used for alteration experiments in martian conditions, and more precisely on serpentinization

and Fischer Tropsch Type (FTT) reactions. In this frame, from the SAS, we created a specific
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analog named Shergottite Powder Sample (SSP)-1, composed of olivine 9-1473.5 at 58.7 wt%,
orthopyroxene 00-63 at 35.5 wt%, and chromite at 5.8 wt% that we are currently using for

serpentinization and FTT experiments under martian conditions.

In addition to its main goal, SAS has also been proposed to the European Space Agency
(ESA) in the frame of the ExoMars mission (postponed to 2028 at the present time) preparation
as analog for the landing site of Oxia Planum on Mars. In Oxia Planum, analogs could be created
to correspond to the capping unit known as the mantling unit, or to the base unit (Quantin-Nataf
et al. 2021, Mandon et al. 2022) due to their basaltic composition with olivine and pyroxene
detection.
Jezero Crater, the Mars2020 Perseverance rover landing site, has some geological units known
to bear low-calcium and high-calcium pyroxene, plagioclases, and olivine (Mustard et al. 2007,
Mustard et al. 2009) that can also be mimicked by our analog system. More precisely, that is
the case for the pyroxenes and olivines observed in the Séitah unit with compositions such as
Wo3-10Enas4-soFs40-51 for low-Ca pyroxene, Wos2-33sEn3s 44Fsis 27 for high-Ca pyroxene, and
Foss.71 for olivine (Wiens et al. 2022) that globally overlap with the range of our analog system.
The Curiosity rover landing site of Gale crater has also units that could be globally mimicked
by our mineral phases (Buz et al. 2017, Ehlmann and Buz. 2014), such as the Rocknest unit
with its ~Foe2 olivine, ~Ans7 plagioclase, and ~Ens4-Fs1s-Woss high-Ca clinopyroxene (Bish et
al. 2013). The SAS can also be used to study possible detection interferences and to determine
the sensitivity of multiple analytic techniques by varying the selected phases choice and their

proportions. Those examples illustrate the adequacy of our SAS and its flexibility.

5. Conclusion and perspectives
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We have developed an analog system to mimic at best the specific mineralogy of
shergottites in the frame of alteration experiments in martian conditions, and more particularly
for serpentinization hydrothermalism and abiotic methane (CH4) production by Fischer Tropsch
Type (FTT) reactions. This analog system was named SAS, standing for Synthetic Analog
System, and makes available 16 different purified terrestrial mineral powders: five olivines,
four high-Ca clinopyroxenes, three orthopyroxenes, three plagioclases, and one chromite, that
are kept individually and can be mixed upon request. Those multiple powders allow a large
variety of chemical compositions, implying high flexibility for the analog that can be created
based on the SAS. It is a major improvement compared tomono-mineral or bulk terrestrial
samples commonly used for igneous material analog.

In its current state, the SAS is a promising modular tool for alteration and hydrothermal
experiments in present martian-like conditions. Moreover, it can also be used to mimic specific
martian terrains such as Gale Crater, Jezero Crater, or Oxia Planum; thus helping in-situ data
interpretation or preparation of future in-situ missions. The SAS will still be in use after the
return of martian samples after 2031 (Muirhead et al. 2020). Indeed, while precise
measurements of those samples will refine the analog, the amount brought back to Earth will
still not be sufficient for most experimental work.

Currently, one of the drawbacks is the absence of suitable low-Ca cpx that could not be found
so far. Also, our current high-Ca cpx have a limited overlap with what we are aiming as martian
composition range. This can be explained by the fact that low-Ca cpx and high-Ca cpx are often
found tangled together without properly delimited contact, adding another difficulty for the
mineral selection and separation.

The SAS is intended to evolve and be improved to match at best our current target rocks, and

to match a wider spectrum of martian chemistry and mineralogy.
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