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New Constraints on Early Mars Weathering Conditions
From an Experimental Approach on Crust Simulants
F. Baron1 , A. Gaudin1, J.‐P. Lorand1, and N. Mangold1

1LPG UMR 6112 CNRS/Université de Nantes, Nantes, France

Abstract A denser CO2 atmosphere and higher temperatures than present‐day conditions are frequently
invoked as prevailing conditions for the formation of some ancient hydrous mineralogical associations
present at the surface of Mars. The environmental conditions are of particular interest to better understand
and constrain the weathering processes of the early Martian crust. For this purpose, 6‐month‐long batch
weathering experiments on Martian crust simulants and individual Martian mineral analogs were
performed at low temperature (45 °C) under a dense CO2 atmosphere (1 atm). Constraints on the weathering
conditions are deduced from the solution properties and thermodynamic calculations, as well as mass
balance calculations. Experimental solutions vary from mildly acidic to near neutral (4.75–6.48 pH). The
Eh‐pH conditions (Eh from 0.189–0.416 V/standard hydrogen electrode) suggest favorable conditions for the
formation of ferric minerals despite an anoxic CO2 atmosphere. The chemical weathering appears to be 4
times more intense for Martian simulants under a CO2 atmosphere than under Earth ambient air. The
weathering trend under a CO2 atmosphere involves leaching of alkali and alkaline earth elements (Mg, Ca,
Na, and K) and Si and enrichments of the solid phases in Al, Fe, and to a lesser extent Si compared to the
initial chemical composition of the starting minerals. This geochemical partitioning between solution and
solids resembles those deduced fromweathering profiles on Earth. Our results strongly support the idea that
carbonates could not have extensively formed at the surface of early Mars despite a dense CO2 atmosphere.

Plain Language Summary Mars orbital and landed missions have provided mineralogical,
morphological, and field evidence for liquid water at the surface approximately 3.5 billion years ago. The
chemical and mineralogical composition of the Martian rocks have potentially been modified by interaction
with this liquid water. The purpose of our study is to use laboratory experiments to constrain the
physicochemical conditions of water resulting from the chemical weathering of Martian crust simulants
under an atmosphere composed of carbon dioxide, as is the case for Mars. The water in contact with
simulants is mildly acidic. The partitioning of chemical elements between the solution and minerals is
similar to what is observed on Earth, but weathering is more intense. Despite that Mars had a primitive
CO2‐dense atmosphere, the conditions were not favorable to the extensive formation of carbonate at
the surface.

1. Introduction

Extensive networks of fluvial valleys (e.g., Achille & Hynek, 2010; Ansan et al., 2011; Craddock & Howard,
2002), strongly degraded impact craters (Craddock et al., 1997; Mangold et al., 2012), and the presence of
fluvial and lacustrine sediments (e.g., Grotzinger et al., 2014, 2015; Mangold et al., 2016) argue in concert
for at least episodic presence of an active hydrosphere on early Mars at ca. 3.5–3.8 Ga. In addition, the orbital
and in situ characterization of hydrated/hydroxylated mineral associations such as clay minerals (mainly
Fe‐Mg clay minerals), hydrated sulfates, Fe‐[(oxy)hydr]oxides, and local carbonates provide a separate set
of evidence for widespread surface fluid‐rock interactions on early Mars (e.g., Bibring et al., 2005, 2006;
Bristow et al., 2018; Carter et al., 2013, 2015; Ehlmann et al., 2013; Mangold et al., 2019; Poulet et al.,
2005; Vaniman et al., 2014).

TheMars Atmosphere and Volatile EvolutioN (MAVEN) observation of theMars upper atmosphere allowed
to determine the actual loss rates of H and O, thus suggesting that a major fraction of the atmosphere was
lost to space very early in the history of Mars (Jakosky et al., 2018), perhaps as early as 4.4 Ga according
to hydrogen isotope compositions of prenoachian lithologies of regolith breccia meteorite NWA 7533
(Nemchin et al., 2014). The extrapolation of these loss rates over the history of the planet indicates a likely
lower limit for the total atmospheric escape of approximately 0.8 bar CO2 or a 23 m global equivalent layer of
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H2O (Jakosky et al., 2018). These lower estimations of the total atmospheric escape coupled with the obser-
vations of the Martian surface argue for potentially intense fluid‐rock interactions under an ancient Martian
atmosphere dominated by CO2.

Numerical chemical models have been used to investigate the formation conditions of
hydrous/hydroxylated mineralogy under a dense CO2 atmosphere but failed to reproduce the mineralogy
observed at the Martian surface (Zolotov & Mironenko, 2016). Long‐term laboratory experiments are useful
to better understand near‐surface fluid‐rock interactions at low temperature by controlling the weathering
conditions and themineralogy of the initial material. Indeed, in this context of low temperature, all reactions
are largely controlled by kinetics and surface energy, which greatly complicate any modeling of such sys-
tems. Several weathering experiments were conducted with a better understanding of the prerequisite che-
mical conditions leading to the formation of the identified hydrous/hydroxylated mineralogy observed at the
Martian surface by in situ and orbital observations. These previous studies, however, favored high tempera-
tures (>190 °C) that cannot represent surface conditions (Peretyazhko et al., 2016, 2018; Schröder et al.,
2004) and/or highly acidic conditions (≤pH 4) relevant for local early Martian environments (Chevrier
et al., 2004; Dehouck et al., 2012; Marcucci & Hynek, 2014; Peretyazhko et al., 2018; Tosca et al., 2004).
Only Dehouck et al. (2014) and Gaudin et al. (2018) performed experimental weathering closer to presumed
surface conditions. However, their experiments were based on a highlymagnesian olivine (Fo92), which does
not reflect the actual mineralogy of the early Martian crust, where a greater amount of alkali feldspars than
previously assumed was deduced from in situ analyses by the Curiosity rover and recent studies on paired
samples of regolith impact breccia meteorites (Agee et al., 2013; Hewins et al., 2017; Humayun et al.,
2013; McCubbin et al., 2016; Morrison et al., 2018; Sautter et al., 2015; Wittmann et al., 2015).
Consequently, the geochemical conditions of solutions such as acidity, redox conditions, alkalinity, and che-
mical composition generated by the weathering process of a more felsic Martian crust on early Mars are still
far from fully understood.

To address this long list of questions, we performed weathering experiments on single rock‐forming miner-
als and onMartian crust simulants of alkali basaltic or andesite basaltic composition under low‐temperature
conditions and a dense CO2 atmosphere. The present paper reports the chemical properties of experimental
solutions to determine the geochemical conditions that could have occurred during a weathering process at
the surface of early Mars. The full characterization of the weathering products will be addressed in a forth-
coming paper. Thermodynamic calculations were performed from the experimental solutions to constrain
some physicochemical properties and to calculate the saturation indices of minerals. Mass balance calcula-
tions were also conducted to constrain the chemical composition of weathering products and to determine
the potential weathering trend that may have been produced on the early Martian surface.

2. Materials and Methods
2.1. Starting Materials

The mineralogy of the early Martian crust and crystal chemistry of its constituent minerals were first deter-
mined from orbital data, yielding a predominantly feldspar‐poor pyroxene‐dominated mafic crust in ancient
highlands (Bandfield, 2002; Mustard et al., 2005; Poulet et al., 2009). This putative crust composition was
recently improved by in situ analyses with the CheMin and ChemCam instruments onboard the Curiosity
rover operating in Gale crater (e.g., Morrison et al., 2018; Sautter et al., 2015) and petrochemical studies of
Martian regolith breccia meteorites that had sampled impact lithologies of the early Martian crust (i.e.,
the paired stones NWA 7533, NWA 7475, and NWA 7034; Agee et al., 2013; Hewins et al., 2017;
Humayun et al., 2013; McCubbin et al., 2016; Wittmann et al., 2015). As major results, these studies pointed
to more felsic and alkaline‐rich mineral assemblages than previously thought. This results was highlighted
by the identification of abundant potassium (K) feldspar in both data sets (Hewins et al., 2017; Humayun
et al., 2013; Sautter et al., 2015). Thanks to these recent advances, we are able to prepare synthetic
Martian crust simulants with a more realistic composition for the early Martian crust compared to
previous experiments.

Eight terrestrial mineral species were selected as starting material; a ferroan olivine (Fo65; Bushveld com-
plex, South Africa), a magnesian olivine (Fo92; San Carlos, New Mexico, USA), orthopyroxene (En85;
Bushveld complex, South Africa), clinopyroxene (augite; Massif central, France), plagioclase (An60;
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unknown origin), K‐feldspar (Or85; Eifel volcanism, Germany), apatite
(Durango, Mexico), and magnetite (El Romeral mine, Chile). These start-
ing minerals were selected because they show close compositional simila-
rities with the early Martian crustal mineralogy described in Gale crater
(Morrison et al., 2018) and in the Martian regolith breccia NWA 7533
(Hewins et al., 2017; see Table S1). Their geological settings and providers
are reported in the supporting information (Text S1). Each starting
mineral was analyzed at the Institut des Matériaux de Nantes on a
polished section using a scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer (Table S2; more details on the ana-
lytical procedure are presented in Text S2).

Each starting mineral was first crushed in an agate mortar and then sieved to obtain a 160‐ to 1,000 μm size
fraction. Each grain of mineral was then handpicked under a binocular microscope to remove as many visi-
ble impurities as possible. The remaining fraction was then crushed again in an agate mortar and sieved to
obtain a <63 μm size fraction. Magnetic particles were removed from the samples using a hand magnet. The
<63 μm size fraction for each mineral was then washed in ethanol using an ultrasonic gun to prevent any
incipient alteration and to sterilize the starting materials. During this step, the <2 μm fraction was also
removed using sedimentation in ethanol to prevent the presence of secondary silicate minerals (e.g., clay
minerals and amorphous materials) already present in the starting materials.

The purity of starting minerals (2‐ to 63 μm fraction) was checked at the Institut des Matériaux de Nantes by
X‐ray diffraction (Figure S1). The high purity of Mg‐olivine (Fo92) was already evidenced by Dehouck et al.
(2014) on the <63‐μm fraction following the same preparation procedure. Apatite was not analyzed due to its
gem quality. A calcic plagioclase was identified in very low amounts (close to the detection limit) in the
orthopyroxene (Figure S1). Apatite was also identified in the magnetite. An additional check for secondary
minerals (e.g., clay minerals and carbonates) in the starting materials (2‐ to 63 μm fraction) was performed
using reflectance near‐infrared spectroscopy and transmission midinfrared spectroscopy (LPG Nantes). This
method detected only a minor amount of talc in the orthopyroxene. No evolution of the talc content was
observed after the weathering experiments on orthopyroxene.

2.2. Martian Crust Simulants

Two early Martian crust simulants were prepared to fit the mineralogical assemblages and the compositional
ranges documented by the Martian regolith breccia meteorites (Tables 1–3; Agee et al., 2013; Hewins et al.,
2017; Humayun et al., 2013; Wittmann et al., 2015; Taylor & McLennan, 2009). One simulant comprises
ferroan olivine (Fo65; named Martian simulant (O) throughout this paper). The second simulant (named
Martian simulant (M) throughout this paper)waspreparedwithmagnetite insteadof ferroanolivine. Indetail,
these twoMartian simulantswere preparedbymixing the 2‐ to 63μmfractions of eachof the startingminerals.
The resulting modal proportions are presented in Table 1. The chemical compositions of the Martian simu-

lants were calculated from the chemical compositions of the starting
minerals (Table 3). The high proportion of feldspars and the relatively
low Fe content of both pyroxenes account for the relatively low Fe content
of simulant (O) compared to that of Martian rocks (Tables 1 and 2). The
Martian simulant (M) reproduces the near‐zero olivine content of rego-
lith breccia meteorites and better fits with the high Fe content of
Martian rocks (Table 3). The high proportion of K‐feldspar in both
Martian crust simulants compensates the low Na‐content of plagioclase
(An60) for fitting the total alkali content (Na and K) of the Martian rego-
lith breccia meteorites (Tables 2 and 3). In a total alkali silica (TAS) dia-
gram (Le Bas et al., 1986), simulant (O) plots within the compositional
field of basaltic andesite, whereas simulant (M) corresponds to basaltic
compositions. These two Martian crust simulants were newly prepared
for each weathering experiment to obtain the same mineral proportions
between each experimental run. The errors in the weighing of each con-
stituent of simulants were less than 0.2 wt.%.

Table 1
Mineral Modal Compositions of the Two Martian Crust Simulants

Mineral
Martian simulant (O) Martian simulant (M)

(wt.%) (wt.%)

Ferroan olivine (Fo65) 11.8 0.0
Orthopyroxene (En80) 17.7 17.8
Clinopyroxene (augite) 23.5 23.7
Plagioclase (An60) 32.4 32.7
K‐feldspar (Or85) 12.8 12.9
Magnetite 0.0 10.9
Apatite 2.0 2.0

Table 2
Mineral Modal Compositions of the Martian Breccia Meteorites NWA 7034
and NWA 7533

Mineral
NWA 7034 NWA 7533
(wt.%) (wt.%)

Olivine 0 0
Orthopyroxene 25.4 47.2
Clinopyroxene 18.2
Plagioclase 38.0 33.5
K‐feldspar 4.9 2.6
Iron oxides 9.7 13.5
Apatite 3.7 3.2

Note. The mineralogical compositions of the impact breccia meteorites
(NWA 7034 and NWA 7533) were taken from Agee et al. (2013) and
Hewins et al. ((2013)), respectively.
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2.3. Experimental Setup

The procedure chosen to reproduce surface weathering processes domi-
nated by the Martian atmospheric conditions involved a closed system
(without exchanges of matter with its environment) and a relatively low
water/rock ratio. These weathering experiments are the best way to repro-
duce natural environments of microsystems that operate during the ear-
liest stages of weathering in nature (i.e., near the alteration front; Velde
& Meunier, 2008, and references therein).

Weathering experiments were performed at the LPG (Nantes) under
simulated early Mars surface conditions (anoxic conditions). These
experiments were carried out on both individual minerals and synthetic
Martian crust simulants. For comparison, the same series of experiments
was carried out under terrestrial atmospheric conditions (ambient air).
Anoxic experiments were performed under 1 atm of CO2 (Air Liquide®
Alphagaz CO2) in a Mbraun‐LABstar glovebox. The concentration of O2

inside the glovebox was continuously controlled using an electrochemical
oxygen analyzer (MB‐OX‐EC‐PLC, over the 1‐ to 1000 ppm range). The

partial pressure of oxygen (pO2) in the glovebox was below 5 ×10−8 atm (<0.5 ppm) during the experiments
thanks to a gas purification unit.

The experiments were performed at 45 °C (thermostatic hot plate) for 6 months. This temperature of 45 °C
was chosen to increase the reaction rate without modifying the reaction pathway compared to room tem-
perature, as shown previously by Dehouck et al. (2014) and Dehouck et al. (2016). Briefly, 1.8 g of starting
materials (minerals or simulants) and 18 mL of Milli‐Q® ultrapure water (18 MΩ cm) were introduced into
batch SavillexTM PFA reactors (90 mL) under continuous stirring (50 rpm using an orbital agitator). Milli‐Q®
ultrapure water (18 MΩ cm) was previously degassed under vacuum for anoxic experiments and then equi-
librated under continuous stirring for 2 days with 1 atm of CO2 or terrestrial ambient air for the anoxic or
oxic experiments, respectively. The reactors remained closed during all the experiments. Possible leaks dur-
ing the experiments were checked by controlling the weight of reactors during the whole duration of the
experiments. The average leak corresponded to 0.17 (±0.1) ml of solution for 6 months. For each starting
mineral or Martian crust simulant, only one weathering experiment was performed due to the time‐
consuming preparation for obtaining requested amount of the pure starting minerals.

2.4. Physicochemical Properties of Experimental Solutions

Eh (±2.5 mV) and pH (±0.05) values for ultrapure water in equilibriumwith ambient air or CO2 atmosphere
were measured at 25 °C after equilibration under continuous stirring for 2 days and before any contact with
individual minerals or simulants.

At the end of the experiments, the pH and the Eh values of each experimental solution were measured in
contact with minerals at 25 °C (Table S3). These measurements were performed 1 hr after the end of weath-
ering runs when the temperature inside reactors had decreased to that of the room or the glovebox (25 °C;
more details in Text S3).

Total concentrations of major cations (Si, Al, Fe, Mg, Ca, K, and Na) in <0.2μm filtrated solutions were mea-
sured (Table S3) using inductively coupled plasma atomic emission spectroscopy (ICP‐AES; LPG, Nantes;
more details in Texts S3 and S4). Total dissolved carbon was not measured because CO2 in the solution
quickly reequilibrated with respect to the glovebox or ambient atmosphere after the opening of reactors.
This concentration was estimated for each experimental solution from thermodynamic calculations of the
aqueous speciation of elements at 25 °C (Table S3 and see details in Text S5). The total dissolved carbon
was estimated by assuming the electroneutrality of the solution. The calculations were performed using
the PHREEQC® software (Parkhurst & Appelo, 2013) associated with the Thermoddem database (http://
thermoddem.brgm.fr/). The pH values were also estimated at 45 °C (Tables 4 and S3) using the same proce-
dure. From this aqueous speciation of elements at 45 °C, Eh‐pH diagrams were constructed for each experi-
mental solution using the Chess© software (van der Lee, 1998) associated with the Thermoddem database

Table 3
Calculated Bulk Chemical Compositions of Martian Rock Simulants

Martian
simulant (O)

Martian
simulant (M)

Mars Upper
Crusta

NWA
7034a

NWA
7475a

wt.% wt.% wt.% wt.% wt.%

SiO2 52.5 49.3 50.2 50.9 49.2
Al2O3 13.3 13.7 10.7 12.0 10.9
FeO 6.9 12.9 18.5 13.9 16.9
MgO 13.2 9.6 9.2 8.4 11.1
CaO 8.4 8.6 7.0 9.6 7.2
Na2O 2.0 2.1 3.0 4.0 2.9
K2O 1.9 2.0 0.5 0.4 0.5
P2O5 1.7 1.8 0.9 0.8 1.3
Σ 100 100 100 100 100

Note. Chemical compositions of Martian crust simulants calculated from
the structural formulas of starting minerals.
aChemical compositions of the impact breccia meteorites andMars upper
crust after Agee et al. (2013), Wittmann et al. (2015), and Taylor and
McLennan (2009), respectively.
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(http://thermoddem.brgm.fr/). Each diagram was calculated using the chemical composition of solutions
presented in Table S3.

2.5. Estimated Compositions of the Weathering Products

Silicate weathering commonly produces a hydrated surface layer (amorphous and crystalline phases) at the
mineral‐solution interface under a wide range of pH values and temperatures (e.g., Banfield & Eggleton,
1990; Daval et al., 2011; Nesbitt & Muir, 1988; Nugent et al., 1998; Putnis, 2014; Ruiz‐Agudo et al., 2012;
Ruiz‐Agudo et al., 2016; Zhu et al., 2006). At low temperatures, however, weathering experiments are known
to produce only very small amounts of weathering products (see Figures S2 and S3). Thus, these small‐sized
weathering products can be accurately identified and characterized only with microscale/nanoscale imaging
and analytical tools (e.g., transmission electron microscopy or SEM; see Figures S2 and S3) instead of bulk
analytical methods (e.g., X‐ray diffraction, vibrational spectroscopies, and Mössbauer spectroscopy).
However, these micro/nanoscale tools have a major drawback in that they cannot provide data at the bulk
sample scale. Consequently, we used a mass balance calculation based on the chemical composition of each
experimental solution to estimate the average composition of the weathering products. The calculation
started by determining the number of moles of each element dissolved in the experimental solution from
the dissolved element concentrations and the volume of the solution. The number of moles of dissolved ele-
ments coming from the dissolution of minerals was then calculated from the chemical composition of the
starting mineral to account for the chemical composition of the solution. The estimated composition of
the weathering products was finally determined by the difference. For the two simulants, the proportion
of dissolved mineral is not known for each phase. However, SEM‐field emission gun and transmission elec-
tron microscopy observations of the grain surfaces revealed that (i) all mineral grains are covered by weath-
ering products, (ii) the amounts of weathering products are very small, and (iii) all mineral grains show the
same proportion of dissolution features. Consequently, we assumed that all minerals entering the synthetic
composition of both simulants were dissolved at the same rate.

This calculated composition of the weathering products is theoretical and cannot adequately represent the
actual composition of the weathering products as a whole. However, it helps greatly inmaterializing the geo-
chemical weathering trend. The actual chemical composition of the whole weathering products lies some-
where between the estimated composition of the weathering products and the composition of the
starting mineralogy.

2.6. Calculation of the Saturation Indices of Minerals

The mineral phases that could precipitate from the solution or could be present in contact with the solution
can be determined from thermodynamic equilibrium calculation of the saturation indices of minerals, on
the basis of the physicochemical properties of solutions. The saturation indices of minerals were

Table 4
Table of pH, Eh, and Relative Abundances of Dissolved Elements in Experimental Solutions Under Ambient Air and
CO2 Atmosphere

Atmosphere Starting Material Eh (V/SHE) pH (45 °C) Elements in solution

Air Mg‐olivine (Fo92) 0.410 8.05 Mg
Ferroan olivine (Fo65) 0.431 7.70 Mg > Si
Clinopyroxene (augite) 0.434 7.60 Si > Ca
Orthopyroxene (En80) 0.443 7.45 Si > Ca > Mg > K
Plagioclase (An60) 0.462 6.63 Si > Ca > Na > K > Al > Mg
K‐Feldspar (Or85) 0.477 6.04 Si > K > Na > Al > Ca
Martian simulant (O) 0.450 7.42 Si > Mg > Ca > K
Martian simulant (M) 0.465 7.08 Si > Ca > Mg > K

CO2 Mg‐olivine (Fo92) 0.228 6.42 Mg > Si > Fe
Ferroan olivine (Fo65) 0.189 6.48 Mg > Si > Fe
Clinopyroxene (augite) 0.318 5.92 Ca > Mg > Si
Orthopyroxene (En80) 0.241 6.30 Mg > Si > Ca > K
Plagioclase (An60) 0.347 5.55 Ca > Si > Na > K > Al > Mg > Fe
K‐Feldspar (Or85) 0.416 4.75 Si > K > Na > Al > Ca > Fe > Mg
Martian simulant (O) 0.304 5.69 Ca > Si > Mg > Na > K
Martian simulant (M) 0.299 5.58 Si > Ca > Mg > Na > Fe > K
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calculated for each of our experimental solutions from the thermodynamic calculations of the aqueous spe-
ciation of elements at 45 °C (PHREEQC® software). For this purpose, the Thermoddem database was imple-
mented with data on additional clay minerals to cover wide a range of chemical compositions as possible for
smectite minerals that are not extensively present in the database. The thermodynamic properties of these
smectites were estimated using the prediction model of thermodynamic properties of clay minerals devel-
oped by Blanc et al. (2015) (Table S4). Minerals that formed at high temperature were not taken into account
(Tables S5 and S6). A mineral phase was considered in equilibrium with the solution if its saturation index
was between −0.5 and 0.5.

3. Experimental Results
3.1. Eh‐pH Properties of Experimental Solutions

Ultrapure water in equilibrium with terrestrial ambient air shows pH and Eh values of 5.3 and 0.415 V/SHE
(standard hydrogen electrode), respectively. In contrast, the pH of ultrapure water in equilibriumwith 1 atm
CO2 decreases to 3.6, while the Eh value (0.424 V/SHE) is similar under CO2 or ambient air despite the
anoxic atmosphere ([O2] < 0.5 ppm). The low pH value indicates that atmospheric CO2 is dissolved as aqu-
eous species (e.g., H2CO3 (aq)).

At the end of the experiments on individual minerals under a CO2 atmosphere, the pH of the solutions cal-
culated at 45 °C shows a clear evolution controlled by the chemical composition of the starting mineral.
Indeed, it decreases from 6.3–6.5 for ferromagnesian minerals (olivines and orthopyroxene) to 5.9 for clino-
pyroxene and 4.8–5.6 for feldspars (plagioclase and K‐feldspar: Table 4). The same trend is observed in the
experiments under ambient air in which pH values decrease from 7.5–8.1 for ferromagnesian minerals to
6.0–6.6 for feldspars (Table 4). The high pCO2 (1 atm) induces a mean decrease of 1.4 pH unit in solutions
compared to ambient air (Table 4). The aqueous speciation of dissolved atmospheric CO2 significantly
reduces the variation in pH between ferromagnesian and feldspar minerals under a CO2 atmosphere. The
experimental solutions in contact with Martian simulants show intermediate pH values between those of
ferromagnesian minerals and feldspars regardless of the composition of the atmosphere (pH of 5.6 and 5.7
under CO2 and pH of 7.1 and 7.4 under air). There is no detectable effect of the mineralogical composition
of both Martian simulants (i.e., ferroan olivine (Fo65) or magnetite) under a CO2 atmosphere.

Concerning redox properties under a CO2 atmosphere, the experiments on individual minerals show the
same evolution in their Eh values with the chemical composition of the starting mineralogy as the evolution
documented above for pH (Table 4). The Eh values decrease from 0.347 and 0.416 V/SHE for feldspars to
0.189–0.318 V/SHE for ferromagnesian minerals. This decrease in Eh values can be ascribed to the reducing
potential of ferromagnesian starting minerals that contain structural ferrous iron [Fe (II)]. Similar to pH, the
Eh values of solutions in contact with Martian simulants (0.299–0.304 V/SHE; Table 4) are intermediate
between those of experiments on ferromagnesian minerals and feldspars, and very close to the Eh value
of experiments on clinopyroxene. As observed for pH, the mineralogical compositions of bothMartian simu-
lants do not influence the Eh values under a CO2 atmosphere.

Regarding the experiments under ambient air, the Eh values range between 0.410 and 0.477 V/SHE
(Table 4). This parameter displays the same evolution as a function of the chemical composition of the start-
ing mineral as for the CO2 experiments. The experiments onMartian rock simulants show Eh values of 0.450
and 0.465 V/SHE, that is, within the Eh range of experiments on individual minerals (Table 4).

3.2. The Chemical Composition of Experimental Solutions

Themajor elements measured in solution wereMg, Si, Ca, Na, and K, under both ambient air and CO2 atmo-
sphere (Figure 1 and Table S3). Aqueous Fe was measured only at low concentrations for experiments under
CO2, and aqueous Al was detected only at very low concentrations for feldspar experiments (see Figure 1 and
Tables 4 and S3 for more details). In general, the aqueous concentrations of major elements appear higher in
experiments under a CO2 atmosphere than under ambient air (Figure 1). This observation is perfectly con-
sistent with the lower pH of the solutions induced by dissolution of atmospheric CO2. This lower pH drama-
tically increases the solubility of ferromagnesian minerals and, to a lesser extent, those of clinopyroxene and
feldspars (Blum & Lasaga, 1991; Brady & Carroll, 1994; Chen & Brantley, 2000; Golubev et al., 2005;
Pokrovsky & Schott, 2000; Schott et al., 1981; Wollast, 1967).
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The major elements measured in solution for experiments on ferromagnesian minerals are Mg, Si, and Ca
(Figure 1). The aqueous concentrations of those elements are 10 to 15 times higher under a CO2

atmosphere than under ambient air for experiments on olivines and 2 to 10 times higher for experiments
on pyroxenes (Figure 1 and Table S3). For experiments on feldspars, Si, Ca, Na, and K are the major ele-
ments measured in solution, with aqueous concentrations 2 to 5 times higher under a CO2 atmosphere
than under ambient air (Figure 1 and Table S3). The experiments on the two Martian simulants show
that Si, Mg, Ca, Na, and K are the major elements found in solution. The aqueous concentrations of these
elements are 2 to 5 times higher under a CO2 atmosphere than under ambient air, except for the aqueous
K concentration, which is not significantly affected by the atmospheric composition (Figure 1 and
Table S3).

Figure 1. Concentration of major elements in experimental solutions.
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3.3. Calculation of Eh‐pH Diagrams

The Eh‐pH diagrams of Figure 2 were calculated from the chemical properties and compositions of each
experimental solution. The calculations were performed assuming thermodynamic equilibrium; conse-
quently, the mineral phases predicted in equilibrium with the solution may not reflect the actual mineral
products. Indeed, hematite was the thermodynamic ferric Fe [Fe (III)]‐mineral in equilibrium with the

Figure 2. Eh‐pH diagrams of aqueous and solid iron compounds for each experimental solution performed under ambient
air and a CO2 atmosphere at 45 °C. Each diagram is calculated using the chemical compositions of solutions presented in
Table S3 in the supporting information. For solutions with no detectable aqueous Fe (i.e., for all experiments under
ambient air and for experiments on clinopyroxene, orthopyroxene, plagioclase, and the Martian crust simulant (O) under
a CO2 atmosphere), the Fe concentration is fixed at 10−6 mol/L for calculating the diagrams.
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solutions; however, due to kinetic or size effects at the earlier step of weathering, other Fe (III)‐compounds
such as ferrihydrite or goethite could have formed in the experiments (Hochella et al., 2008; Navrotsky et al.,
2008). Magnetite was not predicted in the Eh‐pH diagrams due to the presence of carbonate ions favoring
precipitation of Fe (II)‐carbonates or the formation of ferrous carbonate aqueous species regardless of the
atmospheric composition (Figure 2). Without aqueous CO2, magnetite was predicted for high pH and very
low Eh values that were not reached in our experiments.
Whether under ambient air or a CO2 atmosphere, the Eh/pH conditions of all experiments fell inside the Fe
(III)‐oxide stability domain (Figure 2). These observations indicate that aqueous Fe2+(aq) is not stable under
these redox conditions of a CO2 atmosphere and could explain the very low aqueous Fe concentration in all
of the experiments. The Eh/pH diagrams and very low concentrations of aqueous Fe indicate an enrichment
in this element in the solid phases and suggest potential formation of Fe (III)‐bearing materials (Figures 1
and 2). Moreover, under a CO2 atmosphere, the Eh/pH conditions of solutions are far from the stability
domain of siderite (FeCO3). The experiments on both Martian simulants show very similar Eh‐pH condi-
tions (Table 4 and Figure 2) despite the large difference in Fe contents and the presence of magnetite in
the Martian simulant (M) (Table 1).

3.4. Estimation of the Chemical Composition of the Weathering Products

A good proxy of the weathering products can be provided by the surface layer that forms at the solid‐solution
interface, owing to the slow rates of dissolution and precipitation under the conditions of the present study
(Figures S2 and S3). Its chemical composition can be estimated by mass balance calculations starting from
the chemistry of the solution and the chemical composition of the starting mineralogy. These mass balance
calculations provide a representative picture of the bulk chemistry of weathering products and an overview
of the global geochemical path toward which the weathering reaction tends to proceed (Figure S4). The gain
or loss of each element in the weathering products is then calculated by comparing the chemical composi-
tion of the weathering products to the stoichiometric amounts of elements dissolved from the starting mate-
rials (Figure 3). Under ambient air, these mass balance calculations indicate enrichments in Si, Fe, and Al in
the weathering products, whereas alkali and alkaline earth elements (Mg, Ca, K, and Na) are depleted if
starting minerals are olivines (Fo92 and Fo65) and feldspars (plagioclase and K‐feldspars; Figure 3). In con-
trast, the weathering products of the experiment on both pyroxenes show enrichments in Al, Fe, Mg, and Na
and depletions in Si and Ca. BothMartian simulants have similar weathering trends with enrichments of the
weathering products in Al, Fe, and Na, depletions in Mg, Ca, and K, and stoichiometric behavior of Si.

Under a CO2 atmosphere, the weathering products of all experiments are Si‐ and Fe‐enriched with respect to
the starting minerals, except for the experiment on K‐feldspar (Figure 3). Similar to experiments under
ambient air, the weathering products in all of the experiments are enriched in Al and depleted in Mg, Ca,
K, and Na, except for experiments on pyroxenes and olivines showing Na, and Ca enrichment,
respectively (Figure 3).

A quite similar chemical composition is found for the weathering products formed under a dense CO2 atmo-
sphere and ambient air for experiments on olivines (Fo92 and Fo65), K‐feldspar, and the Martian simulant
(M) (Table 5). However, those formed from pyroxenes, plagioclase, and simulant (O) indicate some differ-
ences (>5 at.%) in chemical composition depending on the atmospheric composition (Table 5). The weath-
ering products formed on pyroxenes show the highest difference between the two atmospheres. Indeed, the
weathering products formed under a CO2 atmosphere show very high amounts of Si and very low amounts
of Mg compared to those formed under ambient air (Table 5). For the experiments on plagioclase, the weath-
ering products show an increase in Al and a decrease in Ca under a CO2 atmosphere compared to ambient
air. For Martian simulant (O), enrichments in Si and Al and depletions in Mg and Ca are observed under a
CO2 atmosphere compared to ambient air.

3.5. Thermodynamic Calculation of Saturation Index of Minerals

Thermodynamic calculations are a tool to constrain the putative mineralogy of the weathering products
from the experimental solution chemistry (Table 6), bearing in mind that nucleation and crystal‐growth pro-
cesses at low temperature are mainly controlled by surface processes and kinetics. Moreover, thermody-
namic modeling does not account for insoluble elements, which are not detected in solutions, and
consequently do not reproduce the increase in some elements in the weathering products (e.g., Fe in
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experiments under ambient air or Al for a major part of the experiments). However, this modeling approach
helps to discuss the presumed mineralogy that could be in contact with the experimental solutions.
3.5.1. Experiments Under Ambient Air
The experimental solutions in contact with individual minerals or simulants are in equilibrium or oversatu-
rated with respect to common minerals described in a weathering process (Huang et al., 2011; Table 6).
Indeed, the experimental solutions in contact with ferromagnesian minerals are in equilibrium or oversatu-
rated with poorly organized Si‐rich minerals, carbonates, and Mg‐smectites (Table 6). The experimental
solutions in contact with both feldspars (plagioclase and K‐feldspar) are in equilibrium or oversaturated with
poorly organized Si‐rich minerals, Al‐bearing minerals (zeolites, clay minerals), and Al‐(oxy)hydroxides

Figure 3. Percentage of atomic gain or loss of elements in the weathering products compared to the starting mineral/
simulant (atomic composition). The solid bars and the open bars correspond to major elements and minor/trace ele-
ments (<5 at.%) in the chemical composition of the corresponding mineral, respectively. Mineral abbreviations: Mg‐oli-
vine (Fo92); ferroan olivine (Fo65); orthopyroxene (En80); clinopyroxene (Augite); plagioclase (An60); K‐feldspar (Or85);
Martian crust simulant (O) (simulant (O)); Martian crust simulant (M) (simulant (M)).
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(Table 6). Despite the relatively low pCO2 value under ambient air, the experimental solutions are in
equilibrium or oversaturated with respect to carbonates. Note that all experimental solutions are not in
equilibrium or oversaturated with Fe (III)‐[(oxy)hydr]oxides or Fe (III)‐bearing silicates because no Fe
was detected in solutions (very low solubility of Fe3+(aq) under oxic conditions). The experiments on
simulants show the major role of olivine on the aqueous Mg concentration. This mineral produces a clear
difference in the mineral saturation index between the two simulants (Table 6).

Table 5
Difference in Estimated Chemical Composition of Weathering Products (Atomic Percentage, at. %) Between Experiments Under CO2 and Ambient Air Atmospheres

Ferroan
olivine (Fo65)

Mg‐olivine
(Fo92)

Clino‐pyroxene
(augite)

vOrtho‐pyroxene
(En80)

Plagioclase
(An60)

K‐feldspar
(Or85)

Martian
simulant (O)

Martian
simulant (M)

Si −4.7 −3.7 27.4 20.6 −0.7 −2.1 7.5 4.1
Al 0.1 — 4.2 −0.3 7.8 −0.3 4.6 3.3
Fe 0.3 2.1 3.2 −1.0 0.0 −0.2 1.9 0.4
Mg 4.4 1.5 −36.1 −19.1 — −0.2 −4.9 −0.8
Ca 0.0 0.0 −0.1 0.0 −7.1 −0.1 −6.9 −3.5
K — — — 0.0 −0.1 1.8 1.7 1.2
Na — — 1.4 −0.1 0.1 1.0 −3.8 −4.7

Note. The values correspond to the atomic percentages of each element under a CO2 atmosphere minus those under ambient air.

Table 6
Summary of Thermodynamic Calculations for the Saturation Indices of Minerals.

In equilibrium Oversaturated

Air Mg‐olivine (Fo92) magnesite
Ferroan olivine (Fo65) poorly organized Si‐rich minerals magnesite, Mg‐smectites (stevensite)
Clinopyroxene (augite) poorly organized Si‐rich minerals, calcite
Orthopyroxene (En80) poorly organized Si‐rich minerals,

carbonates (calcite, dolomite, magnesite)
Mg‐smectites (stevensite)

Plagioclase (An60) poorly organized Si‐rich minerals, zeolite Al‐smectites (beidellite, montmorillonite), zeolites,
Al‐rich clays minerals (kaolinite, halloysite, and
imogolite), and Al‐(oxy)hydroxides (gibbsite, boehmite)

K‐Feldspar (Or85) poorly organized Si‐rich minerals Al‐smectites (beidellite, montmorillonite), zeolites,
Al‐rich clays minerals (kaolinite, halloysite, and
imogolite), and Al‐(oxy)hydroxides (gibbsite, boehmite)

Martian simulant (O) poorly organized Si‐rich minerals, magnesite Mg‐smectites (stevensite)
Martian simulant (M) poorly organized Si‐rich minerals

CO2 Mg‐olivine (Fo92) poorly organized Si‐rich minerals Fe (III)‐(oxyhydr)oxides (goethite, hematite, ferrihydrite,
lepidocrocite, maghemite), Fe (III)‐smectites (nontronite),
greenrust, magnetite, carbonates (magnesite, siderite),
Fe (II)/Mg‐smectites (stevensite)

Ferroan olivine (Fo65) poorly organized Si‐rich minerals Fe (III)‐(oxyhydr)oxides (goethite, hematite, ferrihydrite,
lepidocrocite, maghemite), Fe (III)‐smectites (nontronite),
magnetite, greenrust, carbonates (magnesite, siderite),
Fe (II)/Mg‐smectites (stevensite)

Clinopyroxene (augite) poorly organized Si‐rich minerals, magnesite
Orthopyroxene (En80) poorly organized Si‐rich minerals, carbonates

(calcite, dolomite), Mg‐smectites (stevensite)
Magnesite

Plagioclase (An60) poorly organized Si‐rich minerals, gibbsite Fe (III)‐(oxyhydr)oxides (goethite, hematite, lepidocrocite,
maghemite), Fe (III)‐smectites (nontronite), Al‐smectites
(beidellite, montmorillonite), zeolites, Al‐rich clays
minerals (kaolinite, halloysite, and imogolite), and boehmite

K‐Feldspar (Or85) poorly organized Si‐rich minerals, gibbsite, goethite, Fe (III)‐(oxyhydr)oxides (goethite, hematite, lepidocrocite,
maghemite), Fe (III)‐smectites (nontronite), Al‐smectites
(beidellite, montmorillonite), zeolites, Al‐rich clays
minerals (kaolinite, halloysite, and imogolite), and boehmite

Martian simulant (O) poorly organized Si‐rich minerals
Martian simulant (M) poorly organized Si‐rich minerals, greenrust, siderite Fe (III)‐[(oxi)hydr]oxides (goethite, maghemite, l

epidocrocite and hematite), magnetite,
Fe (III)‐smectites (nontronite)
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3.5.2. Experiments Under a CO2 Atmosphere
The experimental solutions overall are in equilibrium or oversaturated with the same mineralogy as for
experiments under ambient air (Table 6). The detection of Fe in several experiments (olivines, feldspars,
and Martian simulant (M)) allowed the determination of the Fe‐bearing minerals in equilibrium with the
Eh/pH conditions of solutions. Fe (III)‐bearing minerals and Fe (II, III)‐oxide (magnetite) are predicted to
be in equilibrium or oversaturated with respect to experimental solutions (Table 6). Fe (II)‐bearing minerals
(Fe (II)/Mg smectites, siderite) are also predicted to be in equilibrium with some experimental solutions
(Table 6). However, these theoretical predictions are not supported by the Eh‐pH diagram, where the Eh‐
pH conditions do not favor the formation of Fe (II)‐bearing minerals (Figure 2). Indeed, in these diagrams,
Fe (II, III)‐oxides and Fe (II)‐carbonate are out of their thermodynamic stability fields (Figure 2). In fact, the
thermodynamic calculations of the mineral saturation index do not take into account the stability field of
one phase with respect to another; these calculations rather indicate how far a given solution is from ther-
modynamic equilibrium with respect to a mineral phase.

4. Discussion

The experiments summarized in section 3 highlight five main results: (i) The experimental solutions are
mildly acidic under a CO2 atmosphere (4.8 < pH < 6.5), whereas the pH conditions are neutral under ambi-
ent air (6.0 < pH < 8.1); (ii) the redox conditions (Eh) of solutions under a CO2 atmosphere show lower
values (0.189 < Eh < 0.416 V/SHE) compared to solutions under ambient air (0.410 < Eh < 0.477
V/SHE); (iii) the Eh/pH conditions for all experiments are within the stability domain of Fe (III)‐bearing
minerals regardless of the atmospheric composition; (iv) the behavior of the major elements between the
solid phases and the solutions deduced from mass balance calculations are similar regardless of the atmo-
sphere except for pyroxene experiments; and (v) under a CO2 atmosphere, alkali, and alkaline earth ele-
ments (i.e., Mg, Ca, Na, and K) and a portion of Si are leached from the starting materials into the
solutions, whereas Al, Fe, and a portion of Si remain in the solid phases. Hereafter, we discuss these results
and further emphasize the peculiarities of weathering under CO2 conditions, while in section 5, we consider
several implications of our study for early Mars conditions.

4.1. Geochemical Properties of Weathering Solutions Under a CO2 Atmosphere

The differences between experiments performed under ambient air and CO2 atmospheres provide evidence
for the strong effect of the dissolution of atmospheric CO2 on the pH of experimental solutions (Figures 1 and
2 and Table 4). Dehouck et al. (2014) and Gaudin et al. (2018) documented similar pH values (6.1 and 6.7,
respectively) and a difference of approximately 2 pH units between CO2 atmosphere and air in their weath-
ering experiments performed under very similar conditions as ours (on the same San Carlos olivine (Fo92) as
in the present study).

Our experiments moreover reveal the strong effect of the starting mineralogy on the solution properties
(Figures 1 and 2 and Table 4). The acidity induced by dissolution of atmospheric CO2 is balanced by the
pH buffering capacity of the starting minerals and notably by ferromagnesian silicates (Table 4).
Ferromagnesian minerals are more soluble than aluminous minerals in the investigated pH range, suggest-
ing a higher aqueous concentration of elements and a higher capacity of these minerals to buffer the acidity
resulting from the CO2 dissolution (Blum & Lasaga, 1991; Brady & Carroll, 1994; Chen & Brantley, 2000;
Golubev et al., 2005; Pokrovsky & Schott, 2000; Schott et al., 1981; Wollast, 1967).

Taken as a whole, the experiments on the two simulants produce a lower total aqueous concentration of ele-
ments than the experiments on individual minerals (Figure 1), despite the high proportion of ferromagne-
sian minerals present in these simulants and the lower pH. A lower total aqueous concentration of
elements can reflect the competition between dissolution rates of each starting mineral and precipitation
rates of secondary minerals in a complex mineral assemblage composed by mixing individual mineral par-
ticles (Oelkers & Schott, 2009).

The chemical compositions of experimental solutions under a CO2 atmosphere indicate a leaching of alkali
and alkaline earth elements as well as of Si, whereas the concentrations of aqueous Al and Fe are near zero.
Nevertheless, the comparison of the alkali and alkaline earth elements over the Si ratio between the starting
materials and solutions indicates the Si‐enrichment in the weathering products. This chemical weathering
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trend under a CO2 atmosphere is in good agreement with the results obtained by Fabre et al. (2011) on the
experimental weathering of basalts under a Precambrian atmosphere (i.e., 90% N2 and 10% CO2).

For experiments in which Fe was detected in solutions under a CO2 atmosphere, the Eh/pH diagrams indi-
cate that the Eh/pH conditions of solutions fall within the stability domain of Fe (III)‐bearing minerals. The
data show that ferromagnesianminerals have clear redox buffering compared to feldspars (Table 4). It can be
deduced from these results that redox conditions (Eh) are partly controlled by the Fe2+/Fe3+ redox couple.
From these equilibrium thermodynamic calculations, the Eh/pH data show that Fe2+(aq) or Fe (II) (from the
solutions or the solid phases, respectively) are oxidized under a CO2 atmosphere to potentially form Fe (III)‐
bearing minerals. However, Fe (II)‐bearing minerals cannot be completely ruled out because the Fe (II)‐
mineral formation rate competes with the hydrolysis rate of primary minerals and the Fe (III) oxidation rate
(Neubeck et al., 2014). Nonetheless, the thermodynamic equilibrium tends to support the oxidation of Fe
(II), as shown by the thermodynamic calculations of the Eh/pH diagrams and the saturation indices of
minerals (Figure 2 and Table 6).

Chevrier et al. (2004, 2006), Dehouck et al. (2012), and Gaudin et al. (2018) documented a similar trend of Fe
oxidation during weathering experiments on ferrous minerals at low temperatures. Indeed, these authors
observed the formation of Fe (III)‐bearing minerals (e.g., goethite, ferrihydrite, Fe (III)‐smectites) as weath-
ering products of Fe (II)‐sulfur or Fe (II)‐silicates (e.g., pyrrhotite, olivine, and pyroxenes) under a CO2‐ and
water‐rich atmosphere.

4.2. Chemical Composition of Weathering Products Under a CO2 Atmosphere

Taken as a whole, the chemical compositions of the weathering products are similar for experiments under
ambient air and a CO2 atmosphere on the same starting material, except for the experiments on pyroxenes
(Figure S1). The variability of the geochemical trends of elements between weathering products and the
solution can be explained by several parameters, such as the pH‐Eh conditions, the composition and struc-
ture of starting minerals, the kinetics of dissolution of the starting material, and the kinetics of precipitation
of the weathering products (Oelkers & Schott, 2009). Under a CO2 atmosphere, the weathering products are
enriched in Si, Al, and Fe compared to the chemical composition of the starting minerals or the simulants
(Figure 3). This observation is in good agreement with the weathering products identified in previous studies
on basaltic rocks or ferromagnesian and feldspars minerals under low temperature and a CO2‐rich atmo-
sphere (<1 atm CO2; Busenberg, 1978; Fabre et al., 2011; Gaudin et al., 2018).

The thermodynamic calculations predict equilibrium or oversaturation with respect to a similar mineralogy
for the experiments on individual minerals and the simulant (M) between ambient air and a CO2 atmo-
sphere (Table 6), although the pH conditions are different. These results of thermodynamic calculations
are consistent with the estimated chemistry of weathering products that does not display large variations
between the two atmospheres. Accordingly, the thermodynamic model and the Eh/pH diagrams predict
the possibility for Fe (III)‐bearing minerals to form, notably as Fe (III)‐smectites. Our results agree well with
the general weathering trend (Figure 4) and the results obtained by Gaudin et al. (2018).

For the simulant (O), the major difference between the two atmospheres is the equilibrium or oversaturation
of the solution with magnesite and Mg‐rich smectites under ambient air. This result can be explained by the
lower pH values of the solutions in contact with atmospheric CO2 (5.75 vs. 7.47 under ambient air) that sig-
nificantly increase the solubility of Mg‐smectites and carbonates and thus reduce their formation rates at this
low pH value (Murakami et al., 2004; Tosca et al., 2008). This result strongly supports those of Dehouck et al.
(2014) and Gaudin et al. (2018), who documented a dramatic decrease in the formation of smectites under a
CO2 atmosphere, balanced by increasing amounts of amorphous silica phases.

5. Implications for Early Martian Surface Conditions
5.1. Constraints on Geochemical Properties of Weathering Solutions

Our experiments onMartian simulants under a dense CO2 atmosphere can provide additional constraints on
the Eh/pH conditions for earlyMartian weathering. The weakly acidic pH of the solutions (5.6) could be con-
sidered as the highest pH value for surface water in contact with a dense CO2 atmosphere and an early
Martian crust mineral composition. Indeed, our experiments did not involve SO2, H2S, or HCl, which
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weremost likely present, at least episodically, as volcanic gases in early Mars atmosphere (Sholes et al., 2017)
and could have significantly decreased the pH of the solutions. The redox conditions of our experiments
coupled with Eh/pH diagrams indicate that Fe should oxidize regardless of the Fe content of the starting
Martian simulant. Numerous studies under anoxic environments or very low oxygen fugacity have
reported the oxidation of Fe through Schikorr's reaction (Fe2+(aq) + H3O

+
(aq) → Fe3+(aq) + 1/2H2(g) +

H2O(aq)), whether in low‐temperature (25 to 100 °C) water‐rock interactions in the laboratory (e.g.,
Mayhew et al., 2013; McCollom & Donaldson, 2016) or in the field (Proskurowski et al., 2008). These
geochemical properties of solutions, including acidity and redox conditions, could reveal some possible
trends in the solution properties of the surface waters in contact with Martian basaltic rocks on the
surface of early Mars.

The experiments on the two simulants under a CO2 atmosphere allow us to constrain the aqueous geochem-
istry of the Martian surface water in contact with the primordial Martian atmosphere and the putative pri-
mordial Martian crust as recomputed by Humayun et al. (2013), Sautter et al. (2015), and Taylor and
McLennan (2009). These interactions could produce percolating waters enriched in dissolved inorganic car-
bon, silica, and alkali and alkaline earth elements. The dominant aqueous species would be H2CO3 (aq) >
HCO3

‐

(aq) > H4SiO4(aq) > Mg2+(aq) > Ca2+(aq) > Na+(aq) > K+
(aq) for the simulant (O); for the simulant

(M), the dominant species in solution would be H2CO3 (aq) > HCO3
‐

(aq) > H4SiO4(aq) > Ca2+(aq) >
Mg2+(aq) > Na+(aq) > K+

(aq) > Fe2+(aq).

5.2. Constraints on the Intensity of Chemical Weathering

Chemical weathering is an intricate process that destabilizes primary minerals through a combination of
mechanisms such as dissolution, carbonation, hydrolysis, and redox processes. In this process, the major
weathering agents are water and atmospheric gases that involve leaching into solution a part of elements
from the original mineral, whereas the other part remains in the weathering products.

Figure 4. Ternary diagrams Si‐Al/Fe‐Mg/Ca/Na/K showing the composition (at.%) of the startingMartian crust simulants
and the calculated compositions of the weathering products for the experiments under ambient air and a CO2 atmosphere.
The chemical composition of the Mars upper crust and the impact regolith breccia meteorites NWA 7533 and NWA 7034
come from Taylor and McLennan (2009), Humayun et al. (2013), and Agee et al. (2013), respectively.
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Assuming that alkalinity (considered here as the activity of HCO3
− and CO3

2− aqueous species) is a good
indicator of the chemical weathering intensity, that is, the capacity of a solution to attack amineral or a rock,
the alkalinity of solutions appears clearly higher under an earlyMartian atmosphere than under ambient air.
Indeed, the solutions of experiments on individual minerals have alkalinities 2 to 10 times higher under CO2

than under ambient air depending on the nature of the mineral (9.2–9.5 for olivines, 6.4–6.8 for pyroxenes,
and 1.6–3.9 for feldspars). The solutions from the experiments onMartian simulants have alkalinities 4 to 4.5
times higher under the likely primordial compositions of the Martian atmosphere than under present Earth
atmosphere, given the conditions of the present study. These values of chemical weathering intensity are in
agreement with those obtained by Fabre et al. (2011) on flood basalts under an anoxic atmosphere (90% N2

and 10% CO2) despite the lower concentration of atmospheric CO2 than in our experiments.

5.3. Constraints on the Chemistry and Mineralogy of Weathering Products

The weathering trend can be depicted by a ternary plot of the chemical compositions of the weathering pro-
ducts compared to the bulk composition of the unweathered Martian crust simulants and the different esti-
mates of the Martian upper crust (Taylor &McLennan, 2009; Agee et al., 2013; Hewins et al., 2017; Figure 4).
Despite the great differences in Fe content between the two Martian simulants, the weathering trends and
the chemical weathering intensities appear similar and of the same order of magnitude (Figure 4). Even pro-
duced in closed system experiments, the enrichment of weathering products in insoluble elements (Al, Fe,
and to a lesser extent Si) compared to the unweathered initial simulants reproduces quite well the geochem-
ical trend observed in some weathering profiles on Earth (i.e., depletions in Si and alkali and alkaline earth
elements and enrichments in Al and Fe; Gaudin et al., 2011 and references therein). On Mars, some
sequences of Al‐rich clay minerals overlapping Fe/Mg clay minerals have been observed in many locations
from orbital detections and interpreted in terms of weathering profiles (e.g., Bishop et al., 2018; Carter et al.,
2015; Gaudin et al., 2011; Loizeau et al., 2007, 2010, 2018). The similarities in the chemical weathering trends
obtained in our experiments, whether under terrestrial ambient air or a CO2 atmosphere, suggest that such
putative weathering profiles could have developed very early onMars. Likewise, recent in situ analysesmade
by the Curiosity rover indicate altered sediments in an open system, perhaps before their emplacement in
Gale crater (Bristow et al., 2018; Mangold et al., 2019).

Fe‐bearing clay minerals have also been widely identified at the surface of Mars from orbital data (Carter
et al., 2015). Many of these detections were interpreted as Fe (III)‐smectites, such as nontronite, resulting
from water/rock interactions under surface or subsurface conditions (Ehlmann et al., 2011; Michalski
et al., 2015; Milliken & Bish, 2010; Murchie et al., 2009; Mustard et al., 2008; Poulet et al., 2008; Roach
et al., 2010). Our thermodynamic calculations on experimental solutions provide experimental support for
these observations in predicting the possible formation of Fe (III)‐bearing minerals, notably Fe (III)‐smec-
tites, which agree with the Eh/pH diagrams and the results obtained by Gaudin et al. (2018). As shown by
our experiments, the chemistry of weathering products actually tends toward a theoretical chemical compo-
sition of Al‐Fe (III)‐rich clay minerals (Figure 4). Fe (III)‐smectites have potentially formed from low‐
temperature water/rock interactions under anoxic conditions, that is, the inferred conditions for surface
solutions on early Mars.

5.4. Constraints on Carbonates Under a Dense CO2 Atmosphere

The results of the present study place further constraints on the hotly debated issue of whether carbonates
precipitated or not in the early Mars surface environment. Of course, the paucity of carbonates detected with
remote‐sensing methods from orbit (Wray et al., 2016, and references therein) cannot be reconciled with pre-
vious thermodynamic modeling of silicate weathering that predicted the formation of carbonates (e.g.,
Zolotov & Mironenko, 2016). The occurrence of Martian surface carbonates remains controversial.
Carbonates have been identified in soils at the Phoenix landing site and interpreted as resulting from the
interaction of atmospheric CO2 with liquid water films on soil particles (Boynton et al., 2009). In contrast,
most orbital carbonate detections, such as in the Nili Fossae region and carbonate‐rich outcrops in the
Gusev crater, have been interpreted as the result of hydrothermal activity in olivine‐rich bedrock (Brown
et al., 2010; Morris et al., 2010; Niles et al., 2013; Turner et al., 2016). The Curiosity rover has not documented
high proportions of carbonates in Gale crater rocks (<1 wt.%, Sutter et al., 2017), despite the presence of
alteration minerals (locally up to 25 wt.% of phyllosilicates) in aqueously altered fine‐grained sedimentary
rocks (Bristow et al., 2018; Rampe et al., 2017).
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Dehouck et al. (2014) detected only a very small amount of carbonate in their experiments despite the high
pH buffering and the high Mg concentration of the starting mineral (San Carlos olivine, Fo92). For experi-
ments on the same starting olivine, however, Gaudin et al. (2018) identified the formation of approximately
3 wt.% of carbonates, but the pH of their experimental solutions was clearly higher (6.8 compared to 6 for
Dehouck et al., 2014). This discrepancy can be ascribed to the lower pH value of the solutions that enhance
the solubility of carbonates. Our experiments document strong leaching (alkali and alkaline earth elements)
and some potential oxidation (Fe (II)) of elements that enter into the composition of carbonates. Taken as a
whole, both compositional and intensive parameters such as redox and pH inhibit or dramatically reduce
carbonate formation even under conditions of a dense CO2 early Mars atmosphere and despite suitable
experimental conditions (i.e., closed system, high pCO2, and no competition with other anions).
Considering a weathering process developed on basaltic Martian rocks under a dense CO2 atmosphere,
the formation of carbonates appears unlikely when atmospheric control dominates the chemical properties
of the percolating solutions. However, once this control is over (i.e., porous solutions not connected to the
atmosphere), the high buffering of the Martian rock‐forming minerals on pH and Eh could favor the forma-
tion of carbonates.

6. Conclusions

Low‐temperature experimental weathering onMartian crust simulants was performed under an anoxic CO2

atmosphere to constrain the potential weathering conditions that could have occurred during early Mars
period. For this purpose, two simulants were prepared from selected Martian mineral analogs, taking into
account recent results on Martian regolith breccia meteorites and in situ observations in Gale crater.

The experimental weathering solutions in contact with the martian crust simulants bear evidence for a large
effect of the dense CO2 atmosphere, notably on the pH. Indeed, acidic conditions are evidenced for both
experiments on martian crust simulants. These acidic conditions are reached only though the effect of atmo-
spheric CO2 dissolution without any other acidic agents, such as sulfuric acid or hydrochloric acid.

The acidic conditions occurring during weathering experiments yield strong leaching of alkali and alkaline
elements (Mg, Ca, Na, and K). Silicon and Fe are also found in the solution. However, the mass balance cal-
culations indicate an enrichment of the solid materials in Al, Fe, and Si compared to the bulk initial compo-
sition. This weathering trend is similar to those currently observed on Earth, but the intensity of the
chemical weathering under a dense CO2 atmosphere appears to be 4 times higher than that under ambient
air, given the conditions of the present study. In addition, the redox state of the solutions coupled with ther-
modynamic calculations indicate that experimental solutions are in equilibrium or oversaturated with Fe
(III)‐bearing minerals. This results means that at equilibrium, Fe (II) should oxidize despite the anoxic con-
ditions that prevail in our experiments.

The combination of the acidic conditions, the strong leaching of alkali and alkaline earth elements, and the
potential Fe oxidation clearly shows that weathering conditions with respect to Martian crust simulants are
not suitable for carbonate formation despite a dense CO2 atmosphere. The experimental weathering on the
Martian crust simulant provides some important constraints on the possible weathering conditions that
could have occurred on early Mars. The geochemical trend determined from the present experimental
weathering could support the orbital Martian observations that suggest potential weathering profiles with
geochemical trends similar to those observed on Earth (e.g., Carter et al., 2015; Gaudin et al., 2011).
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