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Materials and methods 

Starting materials and experimental set-up. As starting minerals we chose a list of individual minerals, namely 

forsterite – magnesium and iron-rich-, clinopyroxene, plagioclase, and potassium feldspar, as well as two prepared 

martian crust simulants constrained by the early Mars crust composition inferred by the conglomerate analysed in the 

Gale crater (Mangold et al., 2016) and the Martian regolith breccia NWA 7533 and NWA 7034 (Agee et al., 2013; 

Humayun et al., 2013; Hewins et al., 2017) (Table 1). These martian crust simulants were built by a mixture of individual 

minerals. This procedure allowed us to increase the dissolution rate of silicate minerals under low temperature conditions. 

The bulk chemical composition of Mars simulants samples was estimated according to the proportion of the minerals 

(wt. % in Table 1). Both Mars crust simulants present a high proportion of K-feldspars to balance the low Na-content 

of plagioclase and fit the alkali-rich composition of martian regolith breccias. Specifically, in a total alkali-silica (TAS) 

diagram (Le Bas et al., 1986) the chemical composition of simulant containing Fo65-olivine (Sim-O) is consistent with 

basaltic andesite, whereas the simulant containing magnetite but lacking olivine (Sim-M), with high Fe content fits 

better with a basaltic composition. Each mineral was crushed, sieved (Ø < 63 µm) and settled in ethanol to remove the 

fine fraction (Ø < 2 µm). 

Aqueous alteration experiments reproducing martian weathering under a thick CO2 atmosphere were performed 

under a controlled anoxic CO2 atmosphere (i.e. Mbraun‐LABstar glovebox with a constant pCO2 = 1 bar, Air Liquide® 

Alphagaz CO2) for 6 months (Baron et al., 2019) (Fig. S-1). The O2 concentration was continuously monitored with an 

oxygen analyser (MB‐OX‐EC‐PLC, over the 1‐ to 1000 ppm range) and kept below pO2 < 0.5 ppm by a gas purification 

unit. The samples were placed into batch SavillexTM PFA reactors (90 mL– references 100-0090-01 for the reactor and 

600-053-20 for the closure) (containing 1.8 g of starting material and 18 mL of ultrapure water, 18 MΩ cm) and allowed 
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to react in closed conditions at a relatively low water-to-rock ratio (W/R ~10 by weight). Milli-Q® ultrapure water (18 

MΩ cm) was previously degassed three times under vacuum for 3 hours each time and then equilibrated under 

continuous stirring for 2 days with 1 atm of CO2. The batch reactors were kept under continuous stirring (50 rpm using 

an orbital agitator) and at 45 °C (thermostatic hot plate) to increase the reaction rate. Initial pH values of anoxic ultrapure 

water were measured after 2 days of stirring conditions inside the glovebox to ensure equilibrium with pCO2 = 1 bar 

atmosphere (pH0 = 3.6). The final pH values of each experimental solution were measured at the end of the experiments 

in contact with minerals at 25 °C. The pH values were then estimated at 45 °C for each experimental solution from 

thermodynamic calculations. The calculations were performed using the PHREEQC® software (Parkhurst and Apello, 

2014) associated with the Thermoddem database (http://thermoddem.brgm.fr/), further details concerning the sample 

preparation and experimental design can be found in Baron et al. (2019).  

After 6 months of reaction, the samples were filtered (< 0.2 μm) and dried inside the glovebox to separate the 

solid product from the solutions. The previous work of Baron et al. (2019) analysed the physicochemical parameters of 

the experimental solutions. Here, we analyse the carbonate in the solid products, but some information about fluid 

chemistry that helps us to discuss the results can be found in Figures S-7 and S-8. 

Analytical techniques. The initial and altered samples were analysed with X-ray photoelectron spectroscopy (XPS), 

Fourier transforms infrared spectroscopy (FTIR), and Field Emission Gun Scanning Electron Microscope (FEG-SEM).   

XPS analyses were performed using a Kratos Axis Nova spectrometer (Institut de Matériaux de Nantes, IMN, 

Nantes) equipped with a monochromatic Al-Kα (hν = 1486.6 eV) with a surface analysed of 700 µm x 300 µm. The 

base pressure of the system was below 10-9 mbar. Survey spectra were acquired by using 160 eV pass energy, whereas 

a 40 eV pass energy was applied for the analysis of the core level spectra (C1s, Si 2p, O1s, Mg 2p, and Fe2p). With the 

pass energy 160 eV and 40 eV, the all-over instrument resolution on the Fermi edge is about 1.9 eV and 0.56 eV, 

respectively. All data were acquired using charge compensation to establish a steady-state surface potential.  

Mid-Infrared spectra (MIR: 4000-400 cm-1) were collected using an FTIR-Nicolet 5700 spectrometer (LPG, 

Nantes), using a DTGS KBr detector, and a KBr beamsplitter at 4 cm-1 resolution. All spectra correspond to an addition 

of 100 scans. The analyses were carried out on the bulk samples (i.e., whole size fractions) and the finest fraction 

(particle size <1 µm) of the reacted samples. This fine fraction was extracted by the sedimentation method based on 

Stokes’ law in ultrapure water (18 MΩ cm) inside the glovebox, subsequently filtered (< 0.2 μm), and allowed to dry 

under the controlled CO2 atmosphere. Then, it was dispersed in a KBr matrix and measured under room conditions.  

Field Emission Gun Scanning Electron Microscope (FEG-SEM) images were acquired using a JEOL JSM 

7600F scanning electron microscope equipped with an Energy Dispersive Spectrometer (EDS) (IMN, Nantes). 

Processing XPS data. XPS spectra were referenced to the C1s peak at 284.8 eV and analysed using CasaXPS software 

(version 2.3.24rev1.OR) (Fairley et al., 2021). The XPS survey spectra provide information on the chemical composition 

of the samples (Fig. S-1), whereas C1s spectra provide the chemical composition of the carbon species. We focused on 

the C1s high-resolution spectra for carbonate species because the O1s orbitals are hard to deconvolve due to the presence 

of several oxygen-bearing species (i.e., oxides, hydroxides, silicates, carbonates) and can occur within a narrow range 

of binding energies (Kloprogge and Wood, 2020). In the C1s spectra, all the samples present the usual contribution of 

ubiquitous adventitious carbon due to the physisorption of hydrocarbon layers from both the exposure to the atmosphere 

and the vacuum system of the instrument (Cánneva et al., 2017; Kloprogge and Wood, 2020). We performed a curve 

fitting of the C1s high-resolution spectra to determine the amount of the carbonate component in the samples using 

reported literature values (Payne et al., 2011; Kloprogge and Wood, 2020). The fit was performed with fixed components 

positions resulting in good FWHM homogeneity (Fig. 1, Fig. S-2, and Table S-1). Specifically, we used four components 

for the ubiquitous hydrocarbon species (Payne et al., 2011): C-C/C-H (284.8 ± 0.1 eV); C-O (286.1 ± 0.1 eV); C=O 

(287.7 ± 0.1 eV ) and O-C=O (288.7 ± 0.1eV); whereas the carbonate component position was assigned with higher 

deviation (289.7+/-0.4 eV) because it depends on the ionic character of the metal-carbon bond (e.g., MgCO3~ 290 eV 

and CaCO3/FeCO3 ~289.5 eV) (Kloprogge and Wood, 2020). We used a Voigt line Lorentzian Asymmetric (LA) 

function for the line shape and a U 2 Tougaard function for the background. Individual peak parameters of the fitting 
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can be found in Table S-1. To obtain a comprehensive overview of the total amount of the surface carbonates formed 

(Fig. 2), we normalised the percentages of carbonate species from the high-resolution spectra (Table S-1) to the total 

carbon content on the surface estimated from the survey spectra (Fig. S-1). Then, we subtracted the contribution of 

hydrocarbon adventitious species and the oxygen component related to them using the calculator described by Payne et 

al. (2011) and recalculated the % of the carbonate component. 
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Supplementary Tables 
 

Table S-1 Individual peak parameters identified in the fitting of the C1s high-resolution spectra for iron-rich 

olivine (Fo65-olivine), magnesium-rich olivine (Fo92-olivine), clinopyroxene (cpx), potassium-feldspar (k-spar), 

plagioclase (PLA), simulant with olivine (Sim-O) and simulant with magnetite (Sim-M) (Fig. 1 and extended Fig. S-2) 

 

 

Fo65-olivine initial (residual STD=1.06)                        Fo65-olivine reacted (CO2 atm) (residual STD=0.80) 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.5 75.2 
C-O 286.2 1.5 13.8 
C=O 287.8 1.5 1.5 
O-C=O 288.8 1.5 7.3 
CO3 289.9 1.4 2.2 

 
Fo92-olivine initial (residual STD= 1.15)                                     Fo92-olivine reacted (CO2 atm) (residual STD=1.02) 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 72.1 
C-O 286.2 1.6 16.2 
C=O 287.6 1.6 1.9 
O-C=O 288.8 1.6 7.6 
CO3 289.9 1.6 2.2 

Cpx initial (residual STD=0.95)                                                   

Cpx reacted (CO2 atm) (residual STD=1.34) 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 66.3 
C-O 286.1 1.6 21.0 
C=O 287.6 1.6 4.6 
O-C=O 288.8 1.6 3.5 
CO3 289.7 2.0 4.6 

K-spar initial (residual STD=0.94)                                               

K-spar reacted (CO2 atm) (residual STD=1.33) 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.5 91.0 
C-O 286.1 1.5 8.7 
C=O 287.6 1.5 0.3 
O-C=O 288.8 1.5 0.0 

 
Pla initial (residual STD=1.33)                     Pla reacted (CO2 atm) (residual STD=1.02)

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 73.9 
C-O 286.1 1.6 18.5 
C=O 287.6 1.6 2.6 
O-C=O 288.8 1.6 2.3 
CO3 289.5 1.8 2.7 

 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 63.1 
C-O 286.2 1.6 14.0 
C=O 287.7 1.6 3.6 
O-C=O 288.7 1.6 1.9 
CO3 290.1 2.0 17.4 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 64.9 
C-O 286.3 1.6 15.3 
C=O 287.6 1.6 3.7 
O-C=O 288.6 1.6 1.7 
CO3 290.1 2.1 14.5 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 75.4 
C-O 286.2 1.6 14.6 
C=O 287.6 1.6 2.1 
O-C=O 288.8 1.6 5.1 
CO3 289.4 1.4 2.8 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 83.4 
C-O 286.1 1.6 15.2 
C=O 287.6 1.6 1.4 
O-C=O 288.7 1.6 0.0 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.5 74.3 
C-O 286.1 1.5 15.8 
C=O 287.6 1.5 3.2 
O-C=O 288.8 1.5 2.1 
CO3 289.5 1.7 4.6 
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Sim-O initial (residual STD=1.55)                                              Sim-O reacted (CO2 atm) (residual STD=1.71) 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 69.2 
C-O 286.2 1.6 21.7 
C=O 287.8 1.6 3.1 
O-C=O 288.6 1.6 2.7 
CO3 289.4 1.8 3.3 

 
Sim-M initial (residual STD=1.34)                                              Sim-M reacted (CO2 atm) (residual STD=2.44) 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 72.6 
C-O 286.2 1.6 20.1 
C=O 287.8 1.6 3.0 
O-C=O 288.8 1.6 1.3 
CO3 289.4 1.8 3.1 

 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 69.0 
C-O 286.2 1.6 22.2 
C=O 287.8 1.6 3.4 
O-C=O 288.8 1.6 0.9 
CO3 289.4 1.9 4.5 

Name Position FWHM %Con.  

C-C, C-H 284.8 1.6 69.9 
C-O 286.2 1.6 22.1 
C=O 287.8 1.6 2.9 
O-C=O 288.6 1.6 0.3 
CO3 289.5 1.9 4.8 
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Supplementary Figures 

 
Figure S-1 (a) Picture of the experiment running in the glovebox. (b) Picture of the reactors, showing from down 

to top: stirring plate, hot plate and, an aluminium sample holder for the heat conductivity.  
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Figure S-2 Quantification of XPS survey spectra from the samples analysed in this study. From the top to the 

bottom, initial (before reaction) and reacted (after aqueous alteration under pCO2): Fo65-olivine (Fo65); Fo92-olivine 

(Fo92); augite (Cpx); K-feldspar (K-spar); anorthite (Pla); simulant-O (Sim-O); simulant-M (Sim-M).  
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Figure S-3  Fitting model of high-resolution C1s spectra to identify adventitious carbon (grey) and carbonate 

species (orange). Individual peak parameters are shown in Table S.1. The left column shows the initial samples and 

the right the reacted samples under a CO2 atmosphere: (a) Fo65-olivine (Fo65), (b) Fo92-olivine (Fo92), (c) 

clinopyroxene (Cpx), (d) potassium feldspar (K-spar), (e) plagioclase (Pla), (f) Mars crust simulant-O (Sim-O) and, 

(g) Mars crust simulant-M (Sim-M).  

 

 
 

Figure S-4  Mid-IR spectra of reacted samples: (a) bulk samples, (b) size fraction <1 µm. From the bottom to the 

top: Fo65-olivine (Fo65), Fo92-olivine (Fo92), clinopyroxene (Cpx), K-feldspar (K-spar), plagioclase (Pla), simulant-O 

(Sim-O), and simulant-M (Sim-M). Dashed lines mark the region of the asymmetric stretching vibration of the 

carbonates group (ν3(CO3)2-) (Jones and Jackson, 1993).  
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Figure S-5  FG-SEM images of Fo65-olivine reacted sample. 

 
 
Figure S-6  IR-spectra in the 2000-600 cm-1 region of the finest fraction (particle size < 1 µm) of olivine-

weathered samples (Fo65 and Fo92) on the top and, hydromagnesite and magnesite spectra on the bottom for 

comparison (from HR inorganics Thermo Fisher database). The split band of asymmetric stretching bands of 

carbonates (v3(CO3)2-) matches better with hydromagnesite (dashed lines) than with the magnesite spectrum. The 

asterisks mark the symmetric band v4(CO3)2-, which only appears in crystalline carbonate (Gago-Duport et al., 2008).  
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Figure S-7  The fluid chemistry of the samples: magnesium forsterite (Fo92); ferroan forsterite (Fo65), simulant 

with olivine (Sim-O); simulant with mangnetite (Sim-M); plagioclase (Pla); clinopyroxene (Cpx); K-feldspar (K-

spar). They were analysed by Baron et al. (2019) using inductively coupled plasma atomic emission spectroscopy 

(ICP‐AES).  
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Figure S-8  Mineral saturation indices of carbonates were calculated by Baron et al. (2019) with the Phreeqc 

software and the Thermoddem database. The Eh-pH predominance diagrams of iron solutions showed that olivine 

reacted samples yielded oxidising conditions that inhibit the formation of siderite. 

 

 

➢ Geochemical Modelling and Carbonates 
 
The geochemical models considering equilibrium conditions might lead to some uncertainties about the secondary 

products formed. In these models, a mineral phase can instantaneously precipitate or dissolve, depending on its 

saturation index (SI), Equation S-1: 

𝑆𝐼 = log(
𝐼𝐴𝑃

𝐾𝑠𝑝
)     Eq. S-1 

Being IAP, the ionic activity product of the chemical species, and Ksp the solubility product of the mineral. 

Accordingly, SI>0 indicates mineral precipitation, and SI<0, mineral dissolution. 

 

However, equilibrium calculations are usually biased by the mineral assemblage chosen in the input file, having 

a significant impact on the model results (Dethlefsen et al., 2012). Additionally, previous studies with batch reactor 

experiments have shown a strong coupling between mineral dissolution/precipitation kinetic reactions, and consequently, 

equilibrium conditions were not attainted (Zhu and Lu, 2009; Lu et al., 2013). In this regard, it is important to mention 

the role of metastable phases, usually not considered in equilibrium models, which are essential to determine the growth 

of carbonates (Montes-Hernandez and Renard, 2016). Another issue is the effect of secondary ions on the formation of 

carbonates, such as the well-known inhibition effect of the Mg2+ or SO4
2- ions over calcite formation (e.g., Nielsen et 

al., 2016). 

More challenging is to adapt the macroscopic rate laws (i.e. that are based upon the chemical affinity of bulk 

experiments) to incorporate surface microscopic processes (Teng et al., 2000), including the dependence on the degree 

of supersaturation to overcome the nucleation processes and begin crystal growth (Jiang and Tosca, 2020; Kissick et al., 

2021). 

For these reasons, geochemical models from basalt dissolution on early Mars might overestimate the carbonate 

formation. Thus, more laboratory experiments are necessary to refine geochemical models and adjust kinetic rates. 
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