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Introduction: Mars is known to have undergone 

aqueous alteration in its early history [1]. However, the 

climatic and geological settings in which such alteration 

have occurred remain unclear. In particular, the forma-

tion of Fe-Mg smectites has been interpreted as being a 

clue against the existence of a thick CO2 atmosphere on 

Early Mars [2] and recent data suggest that they were 

formed at depth, isolated from the atmosphere [3]. 

Among the secondary mineralogy observed so far, Fe-

Mg smectites, serpentines and Mg-carbonates are known 

to possibly derive from olivine in terrestrial environ-

ments [4,5]. Olivine is one of the minerals the least 

resistant to alteration in near-surface conditions. It has 

been unambiguously detected on various places on Mars 

using orbital data [6-8]. Despite the global enrichment in 

Fe of the Martian crust, most of these detections corres-

pond to Mg-rich (forsteritic) olivine [8]. 

Although numerous works have studied the alte-

ration processes affecting olivine, including under CO2 

pressure, very few have been done from a Martian 

perspective [9]. Here, we present the first results of an 

experimental study in which forsteritic olivine has 

been weathered both in terrestrial and simulated early 

Martian conditions. The resulting solid samples were 

analyzed using Fourier transform infrared (FTIR) spec-

troscopy, X-ray diffraction (XRD) and transmission 

electron microscopy equipped with an energy-dispersive 

X-ray spectroscopy system (TEM-EDX). This experi-

ment is so far the first of a series of experimental alte-

ration of minerals and rocks relevant for Mars. 

Early Martian atmosphere: Numerous geomor-

phogical and mineralogical observations suggest that 

Early Mars was dominated by a warm and wet climate, 

probably allowed by a primitive, CO2-rich atmosphere 

thicker than today [10]. In our experiment, we have 

also used hydrogen peroxide (H2O2) to simulate highly 

oxidizing conditions that may be relevant for Early 

Mars. Indeed, the presence of highly-oxidizing com-

pounds on present-day Mars have been inferred from 

Viking data [11], in agreement with the detection of 

H2O2 in the atmosphere [12]. The photochemical reac-

tions responsible for the production of these compounds 

may have been more efficient in the early Martian 

atmosphere, provided that its H2O content was higher 

than currently. 

Experimental setting and protocol: Our approach 

consisted in four batch experiments which differ by 

their atmosphere (CO2 or ambient air) and by the pre-

sence or absence of H2O2 (Table 1). Two flasks (A and 

B, nicknamed the “Mars flasks”) were hermetically 

closed and linked to a feeding circuit allowing intro-

duction of gaseous CO2. The two other flasks (C and 

D, nicknamed the “Earth flasks”) contained ambient 

terrestrial air, but were also hermetically closed to pre-

vent escape of water vapor or other gases. 

For each flask (1 liter), 30 g of powdered San Carlos 

forsteritic olivine (Fo90) were plunged inside 300 mL of 

liquid, giving a liquid-to-rock ratio of 10. In flasks A 

and C, the liquid consisted of H2O2 at 2 vol% in MilliQ 

water. In flasks B and D, the liquid consisted only of 

MilliQ water. After that, the apparatus was closed and 

the initial CO2 pressure in the “Mars flasks” was set at 

1.5 bar. This value slightly above the atmospheric pres-

sure was chosen to ensure that any tiny leak will cause 

the escape of CO2 and not the entrance of ambient air. 

Lastly, the solution was heated at ~45°C using hotplates. 

This value was chosen as a compromise between two 

opposite requirements: (1) increasing reaction kinetics 

and (2) keeping realistic conditions for surficial aqueous 

processes. The experiment lasted three months, during 

which the flasks were manually shaked up daily. At the 

end of this period, “Mars flasks” were dried using a 

vacuum pump to avoid contact with ambient air, while 

“Earth flasks” were dried in an oven. 

Flask A B C D 

Atmosphere CO2 Terrestrial air 

H2O2 Yes No Yes No 

Table 1: summary of experimental conditions. 

Results: FTIR spectroscopy. The infrared spectra of 

all the weathered samples are still dominated by the 

signature of olivine, with a broad absorption band cen-

tered at 1.04 µm (Fig. 1). However, some significant 

differences appeared at longer wavelengths: (1) all the 

weathered samples exhibit a strong 1.91-µm absorption 

band, showing the formation of an alteration phase with  

H2O molecules incorporated in its structure; (2) a 2.31-

µm band appeared in the spectra of “Earth samples” and 

is also present (although less obvious) in the spectrum of 

sample B, weathered under CO2. This band indicates the 

formation of Mg-OH bonds within the weathered mate-

rial. Note that these two bands are found at the same 

position in the spectra of Mg-rich smectites (Fig. 1). 
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XRD. Diffraction patterns obtained from bulk sam-

ples and from oriented preparations of <2-µm fractions 

indicate no significant change between the initial 

olivine and the four weathered samples. This suggests 

that any alteration product must be poorly crystallized 

or amorphous. 

TEM. We performed TEM observations combined 

with EDX analyses on both initial olivine and weathered 

samples. As expected, nearly all observed grains of ini-

tial olivine show clean and sharp surfaces (Fig. 2I). In 

the weathered samples, the appearance of newly-formed 

alteration phases on the olivine grains is clearly obser-

ved. Two types are identified: (1) with a “cotton-like” 

texture and (2) with a filamentous texture (Fig. 2II and 

2III). “Cotton-like” phase is only observed in samples 

weathered under CO2 atmosphere (A and B). EDX ana-

lyses reveal that this phase is highly Mg-impoverished, 

or Si-enriched, compared to initial olivine. Filamentous 

phase is very common in samples weathered under ter-

restrial atmosphere (C and D). Although less abundant, 

it is also observed  in sample B, weathered under CO2 and 

without H2O2. Such a filamentous texture has already 

been reported for Mg-rich smectites formed as alteration 

products of olivine [13]. EDX analyses show that this 

phase has a Mg/Si ratio intermediate between initial 

olivine and “cotton-like” phase. 

Preliminary conclusions and future work: The 

good correlation found between the presence of 1.91- 

and 2.31-µm absorption bands in FTIR spectra and the 

occurrence of the filamentous phase observed by TEM 

suggests that this phase corresponds to poorly-crystal-

lized (no XRD detection) Fe-Mg smectites precursors. 

The fact that this material is found (although in less 

amount than for “Earth samples”) in one “Mars sample” 

indicates that a thick CO2 atmosphere and more acidic 

conditions do not prevent such process. This opens a 

door to the formation of at least some clay minerals 

under a thick CO2-rich atmosphere on Early Mars. 

Future work will include further analyses to pre-

cisely quantify elements in altered material such as the 

filamentous phase. This first test has validated our 

apparatus and protocol, paving the way for further 

experiments using more complex material, i.e. with 

multiple minerals. 
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↑ Fig. 2: TEM micrographs of initial and weathered olivines. 

I: not-weathered grain. II: newly-formed phase with a 

“cotton-like” texture observed on a grain from sample B 

(under CO2 atmosphere). III: newly-formed phase with a 

filamentous texture observed on a grain from sample D 

(under terrestrial atmosphere). 

← Fig. 1: FTIR spectra of initial olivine (black) and wea-

thered samples (red/blue: “Mars”/“Earth” samples; bold: 

without H2O2). All the weathered samples exhibit a strong 

H2O-related absorption band at 1.91 µm. 2.31- and 2.39-

µm bands could indicate the formation of Fe-Mg smectites 

precursors in samples B, C and D. A spectrum of saponite 

from USGS library (dashed) is shown for comparison. 
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