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A B S T R A C T   

Several missions have reported complex alteration mineralogies on early Mars, which preserve environmental 
records of multiple water-rock-atmosphere interactions. The MSL and M2020 missions in Gale and Jezero have 
identified Fe and Mn-bearing secondary phases. These elements are used as tracers for the redox conditions on 
both Earth and Mars. However, to fully understand the short-lived and local-scale processes observed on Mars, it 
is necessary to go beyond thermodynamic models and experiments. Enhancing our ability to interpret the redox 
and hydrological conditions from the observed phase assemblage requires understanding the evolution of Fe and 
Mn during weathering. This study reports the results of kinetic alteration experiments and geochemical models 
conducted under Mars-like conditions. We tested variable pO2, pCO2, temperatures, and starting solutions. The 
results suggest that Fe is more mobile on Mars than on Earth, with a pseudo-equilibrium concentration that is 
kinetically controlled by dissolution and oxidation rates. Despite some initially modeled siderite precipitation, no 
siderite precipitation was observed in the altered powder. Solutions with higher acid concentrations were pri-
marily controlled by dissolution kinetics, with both Fe and Mn being mobile, even when a minor amount of P, Fe, 
and S bearing secondary phases are formed. Based on our experimental results, we updated the model and 
conducted two large-scale sensitivity tests on our kinetic simulation. We confirmed that our experiments were 
too high in pO2 for siderite to form; however, we found that over a range of clearly oxidizing conditions from an 
equilibrium standpoint, Fe and Mn are mostly mobile, and siderite precipitation can occur. We were able to 
determine the pO2, pCO2 and the temporal space where Fe-oxide or siderite predominate or coexist, constraining 
the meaning of reducing or oxidizing conditions. Moreover, we also observed that siderite formation would 
require a much longer water residence time than Fe-oxide to precipitate, interpreted as higher weathering rates, 
or later evaporation required to effectively precipitate under any conditions. On ancient Mars, both Fe and Mn 
would be relatively mobile and prone to be leached from their host rock. Observing siderite or oxide would not 
primarily be a redox marker but would be a clue to a different hydrological regime. At the planetary scale, it 
would be challenging to form authigenic siderite during alteration. Although siderite would not indicate the 
presence of a particularly reducing atmosphere and that Mn-oxides are mainly pH controlled and do not require 
terrestrial-level amounts of oxygen, a collocated precipitation of siderite and Mn-oxides could also provide 
valuable information to constrain the redox environment of the ancient Mars.   
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1. Introduction 

Episodic aqueous activity has been widely recorded within Mars' 
Noachian/Hesperian terrains, such as crater lakes or valley networks 
linked to alteration minerals identified from orbit (Ehlmann et al., 2008; 
Carter et al., 2013), as well as ancient lake and lake margin sediments at 
Gale and Jezero craters showing a wide diversity of secondary phases 
currently explored in situ (Grotzinger et al., 2014; Rampe et al., 2020b; 
Farley et al., 2022; Tice et al., 2022; Wiens et al., 2022; Mandon et al., 
2023). The inventory of secondary phases showed complex hydrological 
systems with changing chemical, sedimentological and hydrological 
conditions. These secondary phases, namely clays, oxides, sulfates, 
carbonates, phosphates, chlorides and borates, were found in igneous 
and sedimentary rocks (lacustrine, fluvial, and subaeolian facies) and 
were sometimes overprinted by veins, diagenetic concretions, and were 
potentially cemented, advocating for a complex story involving different 
fluids and timing (Forni et al., 2015; Gasda et al., 2017; Rapin et al., 
2019; Clavé et al., 2022). In particular, redox-sensitive elements such as 
Fe and Mn are found on Mars in several valence states, sometimes within 
the same sedimentary rocks. In Gale crater, several occurrences of 
minerals bearing different valence states of iron have been reported 
throughout the traverse: Nontronite, a clay that includes Fe2+ and Fe3+, 
Fe and Mn oxides, as well as potential Fe / Mn phosphate (Rampe et al., 
2020a; Lanza et al., 2016; Treiman et al., 2021). Recently, Fe‑carbonates 
were detected in the Gale crater sulfate unit (Tutolo et al., 2024), as well 
as Fe–Mg carbonates in the Jezero crater (Clavé et al., 2022). 

When primary silicate minerals are weathered, Fe2+ and Mn2+ are 
released in the alteration solution. Divalent Fe and Mn can form phases 
such as carbonates, sulfates, or phosphates and can also be integrated in 
some clays mixed with the trivalent state for Fe. The divalent state of Mn 
and Fe is mostly considered soluble, resulting in higher mobility when 
conditions do not permit the formation of divalent-bearing phases such 
as carbonates. The trivalent state (and higher valence state for Mn) is 
insoluble over a wide range of pH, and even at extremely low activities, 
will form oxides or oxyhydroxide. Oxidation of the divalent state of 
these elements requires oxidants: these oxidants can come from atmo-
spheric O2 or reduction of H2O during alteration reactions, and can also 
result from photo-oxidation (Anbar and Holland, 1992; Oze and Sharma, 
2007; Tabata, 2021). On Earth, Fe and Mn mineralogy in oceanic sedi-
ments can serve as a global marker for changes in atmospheric compo-
sition, such as the Great Oxidation Event that was proposed with the 
Banded Iron Formations (BIF) (Roscoe, 1973). On Mars, such global 
changes of the atmospheric composition have been posited on the basis 
of observations of oxides (Lanza et al., 2016). Planetary-scale terrestrial 
analogs have their limits: for example, the formation of BIF lasted for 
100 s of My, in a continuously active hydrosphere and in an oceanic 
environmental context that differs from the short-lived lacustrine pale-
oenvironments explored on Mars (Konhauser et al., 2017). Moreover, 
these terrestrial deposits underwent pronounced diagenesis and meta-
morphism that are not comparable to those of Mars' conditions. In 
addition to planetary-scale changes, the different mineralogy of Fe and 
Mn can also highlight regional and local processes. Oxidation fronts in 
soils, lake beds and aquifers, bio-induced processes can result in the 
deposition of a variety of Fe and Mn minerals (Neugebauer et al., 2022; 
Limmer et al., 2023). Often overlooked, the kinetic processes of disso-
lution, oxidation, and precipitation are crucial for understanding the 
phase assemblage and the timings of events on a smaller scale. On Earth, 
many processes that are within the conditions where reactions are rate- 
dependent cannot be simply approached by equilibrium-only modeling 
(Steefel et al., 2005; Steefel, 2019). For instance, paleolaterite weath-
ering profiles have been successfully modeled with kinetics and reactive 
transport (Myagkiy et al., 2019). On Mars, modeling and experimental 
studies have been carried out to explain regional or local deposition 
using kinetics and/or reactive transport (Zolotov and Mironenko, 2007; 
Bristow et al., 2017; Fairén et al., 2017; Hausrath et al., 2018; Viennet 
et al., 2019; Hausrath et al., 2021). 

Most previous experimental works on the dissolution of silicates 
consisted of long-lasting experiments (up to several years), or/and 
increasing the temperature to enhance dissolution rates or/and 
increasing reactive surface and starting from a single type of silicate 
(Bullock et al., 2004; Dehouck et al., 2014a; Viennet et al., 2019; Baron 
et al., 2019; Gil-Lozano et al., 2024). However, this can induce some 
bias: for example, in dissolution experiments starting only with olivine, 
the lack of feldspar would mostly prevent clay formation because of the 
lack of Al in the solution, hence modifying both the fluid evolution and 
the final secondary phase assemblage by a negative feedback loop. This 
would limit the validity of the experiment extrapolation to natural cases, 
where dissolving rocks are, in fact, an intricate mixture of primary 
phases. The increase of temperature, despite its convenience, can inev-
itably alter the nature of the secondary phase assemblage and render 
results irrelevant for cold and arid early Mars environments. Some of 
these equilibrium-based “cook-and-look” experiments are often used to 
study hydrothermal alteration because a high temperature increases the 
rates to a point where the rates can be omitted. When looking at envi-
ronmental conditions during the Noachian/Hesperian on Mars, partic-
ularly in the crater lakes explored by the Curiosity and Perseverance 
rovers, the hydrothermal approach might not be appropriate or suffi-
cient to explain all the observations made, especially for surface 
weathering. Although conditions were favorable to the perennial exis-
tence of water, the climate might have been dry, cold, and rather short- 
lived on geological timescales during the Hesperian period (Stopar et al., 
2006; Tosca and Knoll, 2009; Turbet and Forget, 2021; Wordsworth 
et al., 2021). These conditions of short-lived or reduced water-rock- 
atmosphere interactions mean that the alteration and oxidation re-
actions are more likely controlled by rate than by thermodynamic 
equilibrium. In such cases, the precipitation of redox-sensitive elements, 
such as Fe and Mn, could be controlled or inhibited by kinetic processes 
(Mitra et al., 2022; Loche et al., 2023). Even in a more favorable sub-
surface closed system, where the water-rock interaction persists for a 
longer period of time after the surface dries out, the temperatures and 
pressures could have been low enough for rate-limited alteration (Bor-
lina et al., 2015). Some studies even propose that dissolution or pre-
cipitation kinetics could be the controlling factor at a global scale on 
Mars (Fairén et al., 2011; Bishop et al., 2018; Zolotov and Mironenko, 
2007). 

Our approach is focused on understanding the evolution of the fluid 
composition, specifically the fate of the redox-sensitive elements Mn and 
Fe. We are investigating the joint dissolution, oxidation, and precipita-
tion of secondary phases through kinetic experiments. The kinetic aspect 
is key, providing new insights on dissolution, oxidation, and precipita-
tion of secondary phases under Mars-relevant conditions. Our experi-
mental approach consists of a systematic sensitivity test with several 
variations of parameters, using a precise description of the dissolving 
rock, the fluid evolution, and the secondary phase precipitation. In our 
approach, the starting material is a natural rock, the mineralogy of 
which is finely characterized for modeling purposes. We tested a new 
method to estimate the theoretical reactive surface area, as this data is 
not always available. There are multiple experimental conditions with 
variations in the mixture of atmospheric gases, the starting solution, and 
temperatures that reflect potential changes of Martian environmental 
conditions. We adapted our sampling strategy with a larger number of 
samples to obtain a better temporal resolution of the fluid evolution. We 
acknowledge that our short-lived (< 3 months) dissolution experiments 
will not be able to produce a large amount of altered material for some of 
the conditions we are testing. However, thanks to more advanced 
geochemical models, the objective is to help decipher the controlling 
parameters on the evolution of the concentration and eventually linking 
them to the secondary phase assemblage. From the experimental results 
and interpretation, we aim to adapt the model and to run large sensi-
tivity tests that will help to unveil the paleoenvironmental and redox 
conditions controlling the precipitation of Fe and Mn-bearing phases at 
the surface of a once watery Mars. 
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2. Experimental approach and methods 

2.1. Characterization and preparation of the starting material 

The mineralogy of the starting material is guided by several aspects 
specific to the Martian approach. Since most of the Martian crust is of 
basaltic composition, and since the in-situ missions in ancient aqueous 
environments are observing basaltic-like precursor rock (Mangold et al., 
2016; Farley et al., 2022), it is most likely that basalts were the major 
component of reacting materials on early Mars. The mineralogical 
phases of the basalts can be diverse: we have chosen to take a more mafic 
end-member of the basalts, with olivine in the phase assemblage. For a 
kinetic experiment, this is particularly important as olivine has the 
highest dissolution rate among the primary silicates, so it would be one 
of the highest contributors of ions to the weathering solution when in a 
rate-limited setting (Siever and Woodford, 1979). Olivine compositions 
also need to be Fe-rich, since Martian olivines tend to have a lower Mg 
content than their terrestrial counterparts. For example, olivine 
composition measured in-situ by the Curiosity rover with the CheMin 

instrument are close to Fo(60) (Fo = Mg endmember of olivine, named 
Forsterite) (Koeppen and Hamilton, 2008; Rampe et al., 2020b) and 
between Fo(55) to Fo(73) in Jezero crater floor rocks (Wiens et al., 
2022). 

For logistical purposes, the mass required of the starting material is 
substantial due to the high number of experiments, as well as the 
increased volume of fluids to accommodate more sampling (Section 
2.2). This increased amount of starting material would have been almost 
impossible to synthesize in a reasonable time, especially for several 
minerals - moreover, for minor elements such as Mn and P, the goal is to 
identify their natural abundance and distribution in phases; therefore, a 
natural basalt was selected as the starting material. Both natural rock or 
mineral and synthetic mineral assemblage have been used in previous 
experimental studies (Dehouck et al., 2014a; Gaudin et al., 2018). We 
required a sample with high crystallinity to avoid the presence of vol-
canic glasses - which would make the kinetic modeling more difficult - 
and that is as unaltered as possible to avoid any confusion due to pre- 
existing altered mineralogy. Using natural material gives more confi-
dence in the extrapolations of results to natural cases. The 

Fig. 1. (A) Sampling site at la Pointe du Tremblet. (B) Map of historical lava flows of the Piton de la Fournaise and localization of the sampling site (Albert et al., 
2020). (C) EBSD map of sample one, with olivines in green, pyroxenes in red, felspar in blue, ilmenite in yellow, titanomagnetite in purple and fluorapatite in white. 
Black color areas represent spaces without mineral identification and are categorized as porosity (D) Close up view of the EBSD scan, marked as a white box in (C). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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characterization method can also be reused more easily in a study 
focusing on a natural case with a known rock composition for in-situ 
studies on Mars or on Earth. For our experiment, we decided to test a 
single rock composition, aiming to keep the number of experiments 
reasonable (Section 2.2), but implementing in the model the option to 
process most of the other rock compositions (Section 3). 

We sampled a basaltic lava flow from La Réunion Island in the Indian 
Ocean. The lava flow is located in the eastern part of the volcano, at the 
Pointe du Tremblet (Fig. 1). The basaltic lava flow was sampled in two 
spots where it was the most massive and pristine (localization: 
21◦19′51.58”S, 55◦48′30.31″E and 21◦19′51.27”S, 55◦48′31.67″E). For 
rock characterization, we used a Field-Emission Scanning Electron Mi-
croscope (FEG-SEM), JEOL JSM 7100 TTLS LV (Centre de Micro-
caractérisation Raimond Castaing, Université de Toulouse) equipped 
with a CMOS Electron BackScatter Diffraction (EBSD) camera (Sym-
metry S2, Oxford Instruments) coupled with a Energy Dispersive Spec-
troscopy (EDS) detector (Ultim Max 100 mm2, Oxford Instruments). 
From the pristine rock batch, we extracted two samples for analysis 
(87–1 and 87–2). Two large EDS/EBSD mappings (1.65 × 1.65 mm) 
were performed on each sample at accelerating voltage of 20 kV, a 
working distance of 15 mm and a step size of 0.5 μm in order to deter-
mine grain morphology, mineral distribution, and phase proportion. 
Once the minerals were identified, porous area was also quantified to 
normalize the proportion of surface area per phase. The proportion of 
the surface areas was then converted to volumetric surface areas using a 
spherical assumption (Table 1). The proportion of K-feldspar could not 
be determined using XRD as they could not be identified by the solver, 
but it was detected and confirmed using the EDS data. To determine 
their global volumetric proportion, we used another method in which 
we first estimated the total mineral occurrences (n = 49) in the same 
0.24 mm2 area and then determined their average surface area using an 
ellipse assumption on a few minerals (n = 3), since their sizes were 
homogeneous throughout the section. The global proportion was then 
estimated by looking at the total specific surface of K-felspar relative to 
the considered surface area. 

For modeling purposes, it is important to have good knowledge of the 
mineral assemblage, including the most accurate solid solution compo-
sitions of the most abundant rock constituent minerals. Moreover, we 
want to know the quantity and distribution of less abundant elements 
such as P and Mn, and the nature of the phases that include them. Using 
EDS elemental maps, we assessed potential mineral zoning by looking at 
the spatial variation of composition within individual crystals; olivines 
were more heavily zonated with Fe-rich edges and Mg-rich cores. All 
olivine grains in two 0.24 mm2 areas (enough to have at least a dozen of 
each mineral) of each sample (87–1 and 87–2) were sampled in their 
minor and major axes with EDS profiles (1 μm step-size), assuming an 
ellipsoid geometry. Using Eq. (1), we calculated the atomic fraction F of 
each component of the solid solution in the solid solution for one min-
eral, with Fmin and Fmax being the average atomic fraction over the minor 
and major axis of the assumed ellipse, Lmin and Lmax being the length in 
μm of axes and LT their sum. 

F = Fmin
Lmin

LT
+ Fmax

Lmax

LT
(1) 

Using Eq. (2), we estimated the global atomic fraction Fat for the 
considered area. Individual mineral volume V is calculated using an 
ellipsoid geometry approximation considering that the lengths of the 
minor axes are equal in y and z dimensions and summed to find VT. The 
final fraction Fat of each sample is then averaged to give the final solid 
solution composition. 

Fat =
∑n

i=1
Fi

Vi

VT
(2) 

This methodology was applied on olivines (n = 17), pyroxenes (n =
12) and plagioclases (n = 8). The size and composition variations of 
pyroxene and plagioclase feldspar were not as high as those of olivine, so 
the measurement was not systematic within the same area. The general 
composition of K-feldspar solid solutions was calculated by averaging 
their composition of solid solutions measured with EDS points (n = 52) 
independently of their geometry. For the other minor phases, in-
spections were carried out to identify their phase; F in P-bearing phases 
indicated that it was fluorapatite and different Ti/Fe ratios confirmed 
the presence of titanomagnetite and ilmenite (n = 19). 

To prepare the starting material for the experiment, the rock frag-
ments from la Reunion island were systematically cut using a circular 
saw with diamond blade to remove exposed edges and keep the most 
pristine unaltered core. The prepared samples were then processed in a 
rock grinder to obtain a powder. Powders were then sieved to obtain a 
grain size fraction of 100–200 μm and cleaned with ultra-sound in a bath 
of ethanol to remove any remaining finer particles. The process was 
repeated until the ethanol remained clear of particles. The 100–200 μm 
grain size fraction was chosen because it is close to what could have been 
the reactive surface of Martian glacial collovium, speeding up slightly 
the reaction compared to coarser sediments but remaining a valid analog 
(see references and details in Section 6.1). Finally, the powder was 
placed in a oven at 110 ◦C for 12 h to be sterilized. The process was 
repeated twice to collect enough material to run all the experiments - a 
total of 600 g, with 50 g per reactor. 

2.2. Experimental setup 

The experimental setup was designed to allow a fast, secure, and easy 
fluid sampling, as well as efficient atmospheric control. It is essentially 
composed of three parts: the reactors, the Fluid Management Devices 
(FMD), and the sample container. The FMD and the sample container are 
composed of Swagelok™ 316 Stainless Steel plumbing while the re-
actors are composed of a DURAN™ borosilicate bottle, comprising a 
GLS80 cap with four GL18 connectors. Two connectors are closed, and 
two other connectors are linked to the gas and fluid management device 
by 1/8” PFA transparent tubes. One tube is plunged into the fluid and 
the other is connected to the reactor atmosphere. Each end of the tubes is 
connected to the fluid management device using Swagelok™ 1/4″ 
double flow, double sealed, quick connect system. The fluid manage-
ment device is equipped with one gas inlet, one gas outlet, two quick 
connects for connecting the reactor and one quick connect for the 
sampling container (Fig. 2). A manometer is also connected to monitor 
the pressure. Each reactor has its own fluid management device, with its 
gas inlet connected to a gas distribution tube connected to the O2 and 
CO2 bottle. To adjust the gas mixture between O2 and CO2, a Pyro™ 
FDO2 digital oxygen meter with a custom 3D printed flow trough cell can 
be connected to the gas flush outlet of the devices. The sample container 
has a quick connect stem that mates with the quick connect on the fluid 
management device, while the other end has a quick connect body. In 
between, the fluid is stored in a larger 1/2″ clear PFA tubing, allowing 
visual control of the fluid level for a total volume of 15 ml. To draw fluid 
from the reactor into the sample container, the quick connect end can be 

Table 1 
Mineral phase compositions and proportions extracted from EBSD and EDS data. 
Proportion of manganese in the solid solution. Surface area proportions are 
converted to volumetric proportions assuming spherical geometry.  

Mineral Phase Solid Solution Mn (%) Volumetric Proportion 
(%) 

Olivine Fo(75), Fa(25) 0.52 5.74 
Pyroxene En(41), Wo(43), Fs 

(16) 
0.55 28.11 

Plagioclase Ab(35), An(65) – 64.88 
K-felspar Ab(63), Mc(37) – 0.57 
Ilmenite – – 0.96 
Titanomagnetite – – 0.23 
Fluorapatite – – 0.002  
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connected to a vacuum vessel with a valve to control the flow. To 
remove fluid from the container, two single quick connectors can be 
connected at either end. 

The experiment overall consists of 12 reactors and 4 blanks, sum-
marized in Fig. 3 and Table 2. Among the reactors, 8 are under 
controlled atmosphere and 4 are witnesses under terrestrial atmosphere 
(W = terrestrial witnesses, or control). For the starting solution, 6 re-
actors start with pure water and 6 start with an acid solution (α = Acid 
starting solution). The acids' concentrations for this solution are H2SO4 

= 6.77 × 10− 2 moll− 1 and HCl = 1.94 × 10− 2 moll− 1 (Fig. 3). This is 
based on the in-situ measurement made by APXS on Curiosity rover on 
the Rocknest target (Blake et al., 2013). This particular target might 
represent a relatively unaltered composition of the source rock, and has 

been previously used as a proxy for initial composition for Gale crater 
(Tosca et al., 2018). The acid concentration is based on the S/Cl ratios 
and abundances measured in this target, and we use these as a proxy for 
the highest concentration of acid that could be present in an hypothet-
ical Martian surface starting solution. Among the 12 reactors, 6 reactors 
are in an oven at 60 ◦C (H = Higher temperature 60 ◦C “Hot”) and 6 are 
at ambient temperature (A = Ambient temperature 23 ◦C average), and 
both with temperature monitored. Placing the reactor directly in a oven 
avoids temperature gradients, as reported in some previous experiments 
using a heating plate (Dehouck et al., 2014b). For the 8 reactors under 
controlled atmosphere, 4 contain an atmospheric mixture of 10% O2 / 
90% CO2 (O2+) while the remaining 4 contain a mixture of 1% O2 / 99% 
CO2 (O2− ). (Fig. 3). The maximum value of 10% O2 was chosen as the 

Fig. 2. Scheme of the Fluid Management Device (FMD) and of the sample container. Each reactor is connected to one device so experiments can be isolated from 
each others to avoid contaminations. 

Fig. 3. Scheme of the experimental setup. Experiment names are constructed according to the combination of experimental conditions: A = Ambient temperature 
(23 ◦C average), H = Higher temperature 60 ◦C (“Hot”), W = terrestrial witnesses, α = Acid starting solution, O2− = 1% O2/99% CO2, O2+ = 10% O2/90% CO2. 
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maximum episodic value reached in Mars atmospheric modeling that 
results from episodic warming (Wordsworth et al., 2021). It provides 
one possible upper limit that favors faster oxidation rates within the 
scope of the experiments. As the goal of the experiment is to decipher the 
difference in rates due to a change in pO2, we preferred to have a second 
batch of experiments at lower pO2 than under pure CO2, based one order 
of magnitude lower than the maximum value. To correct for any 
contamination from the reactor, 4 blanks are performed in a terrestrial 
atmosphere, with 2 starting with pure water and 2 others with the acids 
solution, and 2 at ambient temperature and 2 at 60◦ without the starting 
material. 

At higher temperatures, we expected the dissolution reactions to be 
faster, so the experiments were set for a duration of 14 days. Experi-
ments at ambient temperatures were expected to have lower dissolution 
rates, so their duration was set at 80 days. This is rather short compared 
to other experiments that aimed to observe larger changes in the mineral 
mixture, which can last for 6 months up to several years (Bullock et al., 
2004; Dehouck et al., 2012, 2016; Gaudin et al., 2018; Baron et al., 
2019). Other similar experiments were performed with a shorter dura-
tion, but changes were still observed in the mineral mixture and in the 
solution (Dehouck et al., 2014a). Because of our kinetic approach and 
the initial conditions far from equilibrium, most of the dissolution will 
occur in the short term; this was the motivation behind the choice for a 
shorter experiment runtime. 

2.3. Reactors preparation 

Before starting the experiments, all reactors and their plumbing are 
sterilized in an oven at 110 ◦C for 12 h. 500 ml of starting solution is 
prepared using MilliQTM ultrapure water and weighed for each run to 
achieve W/R = 10 (Water/Rock ratio, in mass). When the initial prep-
arations are complete, the reactors and their caps/connectors and 
starting solutions are transferred to an anoxic glove box to be degassed 
24 h before the start of the experiment. Inside the glove box, the rock 
powder is weighed and 50 g is transferred into each reactor; then the 
starting solutions are added and the reactor is sealed. Batch 1 (B1) was 
used for witness and O−

2 experiments, and batch 2 (B2) was used for O+
2 

experiments. 
Immediately after sealing, the reactors are quickly transferred 

outside, placed on the bench or in the oven depending on their operating 
temperature, connected to the fluid management device and flushed 
several times with CO2. To achieve the desired O2 content for each run, 
we create a pure O2 flow by opening the inlet and outlet valves and 
maintaining a pressure of 1.2 bar by adjusting the valve opening, while 
the partial pressure of oxygen is monitored by the O2 sensor placed on 
the exhaust line. During operation, the gas content is periodically 
adjusted to maintain the pressure and composition of the gas mixture. In 
addition, the reactors are gently stirred by hand every day. 

2.4. Sampling 

To acquire a sample, the sample container is connected to the fluid 
management device and the fluid sample is pumped out of the reactor 
(Section 2.2). The fluid container is immediately transferred inside the 
glovebox for analysis under anoxic conditions. Inside the glove-box, 5 ml 
of the raw fluid sample is placed in a small-diameter glass container, and 
a pH probe (VWR pH 100™) is inserted into it. The pH record is taken for 
a few minutes when a value is stabilized. For fluid samples at 60 ◦C, the 
measurement is initiated when the sample is cooled to room tempera-
ture after a few minutes. To measure the dissolved O2, we use a PME 
miniDOT™ sensor. We completely cover the O2 sensor with 1 to 3 ml of 
raw solution for 3 min and record the dissolved O2 value before the fluid 
has an opportunity to degas significantly. For later analysis, around 5 ml 
of fluid is filtered using a 0.2 μm disk filter and stored in PFA Savillex™ 
vials for later concentration analysis. 

In total, sampling of the fluid from the reactors is performed 10 times 
using the fluid management device, and for the final sampling, directly 
in the reactor using a pipette within the glovebox. For witness experi-
ments, the fluid is sampled directly using a pipette 11 times. For the 80 
days experiments (“A” Ambient temperature runs), the fluid is sampled 
at 24 h, 96 h, 8 days, 14 days, 20 days and then each 10 days until the 
final sample. For the 14 days experiments (“H” High/Hot temperature 
runs), fluid was sampled every 24 h until day 9 and then every two days 
until the final sampling. The sampling frequency decreases over time to 
allow a better temporal resolution of the fluid composition when the 
dissolution rates are higher at the beginning of each experiment. Each 
sample contains 15 ml of solution, which is equivalent to approximately 
a 30% reduction of W/R at the end of the experiments. This value is 
higher than the 10% of shift that is common in other comparable studies. 
The reduction of W/R will reduce the time required to reach a given 
concentration, hence reducing the time required to reach saturation of 
the secondary phases. The feedback effect of increased ions' activities 
will also cause a decrease in dissolution rates, buffering the initial effect. 
As we are performing experiments that are far from equilibrium, the 
effect of lowering W/R should be negligible in these timescales. It is 
assumed that a value of 30% is considered acceptable, and the advan-
tage of having a larger number of samples is seen as more important than 
the potential risk of encountering limited rate discrepancies due to a 
change in W/R. 

At the end of each experiment, the reactors are disconnected from 
the fluid management device and transferred inside the glovebox. A final 
11th sample is taken using a pipette and goes through the same process 
as the previous samples. The fluid is then poured into the reactor 
through a chemical filter to collect any fine particles of secondary 
phases. If any phases are visually observable in the filters, they are kept 
and dried on paper. The altered rock powder at the bottom of the reactor 
is then collected and quickly placed to dry between absorbing paper 
sheets for a day, and then sealed in a plastic container for later analysis. 

2.5. Fluid analysis 

Stored fluids samples are analyzed at the end of the experiments to 
obtain concentrations of the major elements including Si, Al, Fe, Mn, 
Mg, Ca, Na, K, Ti and P. Fluid samples were all analyzed with a ICP-OES 
iCap6500 by the SARM (Service d'Analyse des Roches et des Minéraux) 
of the CRPG in Nancy, France. The uncertainties in the measured con-
centrations were provided by the SARM and are based on georeference 
materials (river water and drinking water references, Yeghicheyan et al. 
(2019, 2021)). They can be found in the supplementary material ap-
pendix C. In addition to the experimental samples, fluid samples from 
the 4 blank runs were sent to SARM, as well as 2 blank samples for filters. 
All data presented in the results were adjusted with the corresponding 
blank experiment values and from the filters values. 

Table 2 
Summary of experimental conditions.  

Experiment Temperature Initial solution O2 (%) CO2 (%) 

AO−
2 Ambient (23 ◦C) Pure water 1 99 

AO+
2 Ambient (23 ◦C) Pure water 10 90 

WA Ambient (23 ◦C) Pure water Terrestrial Terrestrial 
HO−

2 High (60 ◦C) Pure water 1 99 
HO+

2 High (60 ◦C) Pure water 10 90 
WH High (60 ◦C) Pure water Terrestrial Terrestrial 
AαO−

2 Ambient (23 ◦C) Acid solution 1 99 
AαO+

2 Ambient (23 ◦C) Acid solution 10 90 
WAα Ambient (23 ◦C) Acid solution Terrestrial Terrestrial 
HαO−

2 High (60 ◦C) Acid solution 1 99 
HαO+

2 High (60 ◦C) Acid solution 10 90 
WHα High (60 ◦C) Acid solution Terrestrial Terrestrial  
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2.6. Solids analysis 

While the study focuses on the alteration fluids, the investigation of 
the produced secondary phase assemblage can give complementary in-
formations. We analyzed a total of 12 altered rock powders from the 8 
runs under “Martian” (CO2) atmospheric conditions and 4 from the 
witness runs (Table 2). Additionally, we analyzed 4 samples from the 4 
final fluid filtration that contained enough material to be collected. 
From the knowledge of previous experiments and because of the short 
duration of our experiments, we anticipated that the amount of sec-
ondary phases will be extremely reduced, especially for the runs without 
the acidic starting solutions. For this reason, we analyzed all samples 
using a FEG-SEM (JEOL JSM 7800F prime) coupled with an EDS de-
tector (X-Max 80mm2, Oxford Instruments) at the Centre de Micro-
caractérisation Raimond Castaing, Toulouse, France. This technique 
allows closer inspections of mineral surfaces to make a qualitative 
analysis of the phase assemblage and, when possible, identification of 
secondary phases using stoichiometry with the chemistry data acquired 
with the EDS. Although this technique is not directly sensitive to 
mineralogy and cannot be used to estimate the bulk phase assemblage, 
conventional powder XRD would give mixed results on the least altered 
powders with a sparse amount of secondary phases. Mineral grains were 
investigated by looking at dissolution patterns and secondary phase 
patterns at the surface of the grains. EDS elemental maps as well as EDS 
points and profiles were used to investigate the chemical signature of 
secondary phases and determine their stoichiometry when possible. 
Although Oxford Instruments does not provide uncertainties on quan-
tification, the limit of quantification of EDS is 0.1% (atomic percent) on 
this instrument. 

3. Geochemical modeling 

3.1. Modeling software and database 

The simulations were conducted with PHREEQC 3.7, which was 
developed by the USGS. PHREEQC is a batch reaction code capable of 
computing a variety of calculations such as speciation, equilibrium be-
tween solids, aqueous solutions and gases or kinetic rate laws. Ther-
modynamic properties of minerals, gases, and dissolved species are 
stored in a database and used to compute equilibrium calculations and 
saturation indices over a wide range of pressures and temperatures 
(Parkhurst and Appelo, 2013). For this model, we used the Thermoddem 
database from the French geological survey, Bureau des Recherches 
Géologiques et Minières (BRGM). This database contains hundreds of 
phases, is self-consistent and is often updated (Blanc et al., 2012). In 
addition to Thermoddem, we added the estimated parameters for 
jahnsite-whitheite, a Mn-phosphate, and corrections for the phases 
Vivianite, CaAlH(PO4)2:6H2O and MgHPO4 (Drouet et al., 2021). To be 
able to model oxidation rates and dissolution/precipitation of phases 
including Fe and Mn, we modified every solid or aqueous species in the 
database to be handled by PHREEQC, adding the Fe(II)/Fe(III) and Mn 
(II)/Mn(III) distinctions in the dissolution equations. Also, to better 
model Fe and Mn dissolved species, we completed the database with 
solid phases and solutions species which were critically lacking for these 
elements. The detailed explanations about the modification of the 
database and the tables listing the phases and their thermodynamic 
properties can be found in the supplementary material appendix A. For 
calculation of sensitivity tests (Sections 6.2 and 6.3), we used Python 
with the PhreeqPy software (Müller et al., 2011) to run our kinetic 
simulation on parallelized IPhreeqc COM servers (Charlton and Par-
khurst, 2011) and extract data cubes. 

3.2. Data and modeling of the rock powder dissolution 

Modeling of the starting solid is important as it is one of the main 
controlling factors. The volumetric fraction and the composition of the 

solid solutions for each major phase were determined using EDS and 
EBSD (Section 2.1). As the rocks are crushed to powder with a grain size 
mainly equivalent to or smaller than the mineral grain size (100–200 
μm), we considered that the composition of the exposed surface of the 
minerals in the grains is equivalent to the estimated solid solution. To 
bring flexibility for the description of a starting rock in a kinetic disso-
lution model, we developed a Python Thermo-Kinetic calculator for 
PHREEQC. This calculator takes input from a parameter table with 
temperature, total mass of powder, and maximum/minimum grain 
diameter to estimate geometric reactive surface areas. A second input 
table allows the user to describe the rock composition: for each mineral, 
the user can describe a solid solution by balancing end-members, and 
describing the relative volumetric proportion of the mineral in the rock. 
The output is a text file containing lines of code that can be used directly 
in PHREEQC: 1- The Phases function of PHREEQC with the corre-
sponding balanced equation of dissolution and log K at given tempera-
ture for each phase. 2- The Kinetics function of PHREEQC with all 
corresponding kinetic parameters including reactive surfaces and the 
initial molar quantity for each phase. For the calculations, the code 
gathers data for the thermodynamic temperature dependency and the 
kinetics rates constants in two databases which can be edited by the 
user. For now, the minerals available for calculations are olivine, py-
roxene (3 end-members, augite type), orthopyroxene (2 end-members), 
clinopyroxene (2 end-members), plagioclase, K-feldspar, quartz, 
magnetite, fluorapatite, hydroxyapatite, muscovite, annite, ilmenite, 
glaucophane, riebeckite, and pyrite. Pyroxene and olivine do include the 
option to add an additional Mn end-member in their solid solution, 
assuming a congruent dissolution of Mn following the custom phase rate 
law. 

For each solid solution, we calculate the individual log K at a given 
temperature using a polynomial fit function (Eq. (3)), where A, B, C, D, E 
are fit constants (all listed online on the Thermoddem database (Blanc 
et al., 2012)), T is the temperature in Kelvin. 

log10 K( T) = A+B⋅T+C⋅T− 1 +D⋅log10( T)+E⋅T− 2(T) (3) 

Once the individual end-member log K is found, the custom log K for 
solid solutions Kss are calculated using Raoult's law (Eq. (4)) where Fi is 
the fraction of the considered endmember in the solid solution, ΔGi is 
the Gibbs free energy, R is the Gas Constant and T is the temperature in 
Kelvin. 

KSS(T) = exp

{

−

(
∑

i

FiΔG0
i

RT
+
∑

i
FilnFi

)}

(4) 

For the kinetics of dissolution, we use expressions derived from the 
Transition State Theory (Lasaga, 1981). Eq. (5) is a synthesis of the two 
main kinetics rate parameters compilations in the literature (Palandri 
and Kharaka, 2004; Heřmanská et al., 2022). The equations describe 3 
mechanisms for acid, neutral and basic pH domains (depending on data 
availability) to describe the rate dm/dt in mol⋅s− 1 at a temperature T in 
Kelvin. With SA as the reactive surface area in m2, for each mechanism 
k298.15K

mechanism the rate constant at 298.15 K, E is the activation energy in J⋅s− 1, 
R is the Gas Constant, Ω is the mineral saturation index which is equal to 
activity product divided by the equilibrium constant and σ, the Temkin's 
average stoichiometric Si number in the considered mineral. The 
dimensionless term a+

H is a function of the activity of the proton and 
raised to n the reaction order, which is negative for the basic mechanism. 
Regarding the kinetic dissolution of the K-feldspar, the aluminum inhi-
bition is implemented by dividing aH+ with aAl3+ in its rate equation 
(Oelkers et al., 1994). Calculation of the kinetics parameters k and n for a 
solid solution are performed by the thermo-kinetic calculator by calcu-
lating the arithmetic mean of the end-member parameters ponderated 
by the end-member fraction in the solid solution Fat . 
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dm
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(1 − Ωσ) (5) 

The total reactive area SA can be estimated using the Tester 
approximation equation assuming a normal distribution of grains. 6 
(Tester et al., 1994) with Fmi as the mineral mass fraction, MT as the total 
mass of the starting material, Dmax and Dmin as the maximum and mini-
mum grain size diameter and ρi as the density of the specific mineral. In 
our calculations, mineral specific surface areas were used. In the model, 
the evolution of SA as the dissolution progresses is modeled with a 
spherical core shrink approach, with M0 as the starting moles estimated 
using initial Fmi and MT updated at each time increment with the molar 
quantity left for each considered phases. 

SA =
∑n

i=1

(
FmiMT

M0

)
2
3MT

6

(Dmax − Dmin)

/(

ln
(

Dmax
Dmin

))

⋅ρi

(6) 

To be compared with our geometrical method of estimation, the total 
surface areas were measured for the two batches of rock powder (B1 and 
B2) using the Brunauer–Emmett–Teller (BET) technique at CIRIMAT, 
Toulouse, France, using krypton gas with the Micromeritics ASAP 2010 
instrument. SA values are respectively 0.1831 ± 0.0026m2⋅g− 1 and 
0.1818 ± 0.0021m2⋅g− 1. 

To have more comparison points for interpretation of the results, we 
also performed equilibrium-based calculations. Using the “equilibrium” 
function of PHREEQC, we placed the calculated phase assemblage in 
equilibrium with the corresponding atmosphere and starting solutions. 
The final concentration was then compared to the last experimental data 
point in each experiment (Table 5, “equi1”). Additionally, with the 
method described in the Section 3.4, we also made a model in which 
both the primary minerals and secondary minerals are in equilibrium 
with the starting solution and gas mixture (Table 5, “equi 1 + 2”). 

3.3. Modeling of the oxidation kinetics 

Modeling of the oxidation kinetics of aqueous species is a critical part 
of the model to understand the evolution of the concentration. Both Fe 
(III) and Mn(III) are thermodynamically stable even at extremely low 
pO2, so the main control on their concentration, and hence on their 
mobility and on the secondary phase assemblage, will be the kinetics of 
oxidation. On Earth, Fe and Mn are rapidly oxidized due to higher pH 
and higher oxygen content in the atmosphere. In natural waters at pH 8, 
the typical half-life of Fe is only a few minutes while for Mn it is about 
29 days (Sigg et al., 2022). Another determining factor is the bacterial 
catalysis, which can increase its oxidation rates by at least an order of 
magnitude (Morgan, 2005). On Mars, due to the absence of bacterial 
catalysis and the lack of a photosynthetic-driven mechanism that raises 
the pH of natural waters above 9, along with a decrease in surface water 
pH caused by higher pCO2 and lower pO2, it is probable that the 
behavior of both Fe and Mn is primarily controlled by their oxidation 
kinetics. It is acknowledged in the literature than Mn-oxides could be 
challenging to form in these conditions without having alternative oxi-
dants (Mitra et al., 2022). Previous Mars models considered the oxida-
tion kinetics of Fe within a kinetic alteration model (Zolotov and 
Mironenko, 2007). Unlike previous models, our model combines both 
Mn and Fe oxidation kinetics while computing phase dissolution and 
precipitation. We acknowledge that a complete understanding of Fe and 
Mn abiotic oxidation can be more challenging, because they can both be 
catalyzed by metal oxide surfaces including self catalysis (Martin, 2005; 
Lan et al., 2017). 

The rate law for Fe oxidation is a well described and understood 
process that was proved in the field (Eq. (7)) (Singer and Stumm, 1970). 
In this equation, the concentration decrease of 

[
Fe2+] and the stoichio-

metric increase of 
[
Fe3+] in mol⋅s− 1 is described by two mechanisms. For 

pH above 3.5, the rate is described with the product of k, the rate con-
stant of oxidation multiplied by the oxygen concentration[O2], the ac-
tivity of iron II 

[
Fe2+] and the pH with the activity of [OH− ] raised to the 

power of 2 (Eq. (7)). This means that each pH unit will result in a change 
of the oxidation rate by a factor 100. The other mechanism valid under 
pH 3.5 describes that at low pH, control on the oxidation rate is no 
longer pH dependent, with only kʹ, [O2] and 

[
Fe2+]. 

− d
[
Fe2+]

dt
=

d
[
Fe3+]

dt
= k
[
Fe2+][O2][OH− ]

2
+ kʹ[Fe2+][O2] (7) 

Similarly to the Fe oxidation rate, the Mn oxidation rate law is 
controlled mainly by pH. On the other hand, unlike Fe, the rate of 
oxidation is orders of magnitude lower. On Earth, oxidation of Mn 
especially occurs mainly at pH above 9, and is also catalyzed by bacterial 
activity. The description of the decrease of 

[
Mn2+] in mol⋅s− 1 is 

described by Eq. (8). This equation involves three kinetics rate constants 
k1, k2 and k3 to better describe the Mn speciation. These 3 species re-
actions and log K were added to the database with the same parameters 
reported in (Morgan, 2005). Oxidation of Mn is a complex process 
involving several steps, but speciation is poorly described in thermo-
dynamic databases. As a result, we hypothesized that each removed 
moles of 

[
Mn2+] will result in the addition of the same molar amount of 

[
Mn3+]. Having only 

[
Mn3+] as higher valence state (oxidized) Mn ions 

is consistent with the database, which does not provide other secondary 
phases that form with other higher valence states. 

− d
[
Mn2+]

dt
=

d
[
Mn3+]

dt
= − 4[O2]

(
k1[MnOH+]+k2

[
Mn(OH)2(aq)

]
+k3

[
Mn(CO3)

2−
2

])

(8) 

We have to note that both Mn and Fe rate laws are restricted to 25 ◦C 
and do not include temperature dependencies. It is reasonable to assume 
that in the scope of this work, the modification in oxidation speed should 
be limited, but that for even higher or lower temperatures, oxidation 
speeds might be affected. 

3.4. Modeling of the precipitation of the secondary phases 

Evolution of the fluid composition can be controlled or partially 
controlled by precipitation of secondary phases, when their precipita-
tion causes a decrease in the concentration of some dissolved species. 
This control can be purely thermodynamic (depending on phase solu-
bility) but can also depend on the considered mineral precipitation rate. 
Precipitation rates vary by several orders of magnitude depending on the 
secondary phases considered: clays are notably much slower to precip-
itate than other phases such as sulfates or oxides, which can have im-
plications for phases assemblages found on Mars (Fairén et al., 2011). 
We can model secondary phase precipitation using two different ap-
proaches: thermodynamic precipitation or kinetic precipitation. 
Modeling of the kinetic precipitation can induce some bias, as few 
precipitation kinetic rate constants are available in comparison to 
dissolution rate constants, limiting the pool of possible phases (Marty 
et al., 2015). Alternatively, an easier way to integrate a greater number 
of precipitation kinetics is to consider the principle of micro-reversibility 
(Lasaga, 1998). However, precipitation remains a modeling challenge, 
as some parameters and mechanisms such as precipitation surfaces, 
nucleation sites or crystal growth are difficult to estimate. 

In this study, we therefore focused on a thermodynamic approach: 
we began by narrowing down the number of potential secondary phases 
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that can precipitate by running a scan model with dissolution only, and 
determined the phases which reached saturation at any step in the 
model. Starting from this list of phases, we considered that when a phase 
saturation index will be above 1, it will start to precipitate. This 
approach allows for the computation of many secondary phases due to 
the large number of known log K in the literature. The downside of this 
approach is that it neglects the kinetic aspect of precipitation, which can 
significantly alter the result when the rate laws of certain phases are 
extremely slow, such as clays. It will also favor phases with low solu-
bility, such as in the case of iron oxides, where hematite will always 
precipitate instead of goethite. This can negatively impact the predicted 
phase assemblage as low solubility phases will quickly scavenge most of 
the available ions and prevent the formation of other potential phases. 
To diminish this negative effect, we removed phases which were 
considered unrealistic to precipitate in the experiment, but can still 
reach saturation in the simulation because of high ion activities (such as 
quartz for Si phases). The complete list of initial phases can be found in 
the supplementary material appendix A. 

4. Experimental results 

The molar concentrations for total dissolved Mn and Fe over time are 
shown in Fig. 4. Each plot is arranged in a grid depending on the 
experimental conditions (starting solution, temperature and gas 
mixture). The complete dataset with all 10 elements is available in the 
supplementary material appendix C. 

4.1. Analysis of the fluid composition evolution 

Looking first at the experiments carried out at room temperature 
(23 ◦C) for 3 months and starting with pure water, we notice that the 
overall Fe concentrations are more important in the Mars-like reactors 
than in the witness reactors with 2 to 5 times larger for Fe and 5 to 15 
times larger for Mn. However, concentrations in the AO−

2 run have 
around 3 times higher Fe and 10 times higher concentration of Mn than 
the one in AO+

2 . For AO−
2 , the trends of Fe and Mn are correlated and 

show a rapid increase in concentration forming a peak around 4 days 
after the start and rapid decrease after 8 days, reaching a low and stable 
concentration around 14 days. For AO+

2 Fe and Mn do not correlate for 
the peak. The concentration of Fe follows a similar trend that in AO−

2 
with a concentration peak reached after only 24 h, a decrease and a 
second lower peak at 14 days and a decrease and a stable trend after 40 
days. On the other hand, its Mn concentration also has a sharp increase 
after only 24 h but stays at this higher concentration for the rest of the 
experiments, while being 10 times lower in absolute value than the AO−

2 
peak concentration. However, the concentration of Mn in AO−

2 is close to 
the AO+

2 concentration after the peak. For the witness under terrestrial 
atmosphere WA, Mn and Fe are mostly correlated and below the limit of 
detection for the first 40 days, and a peak occurs around 60 days before 
decreasing at the end of the experiment. 

For experiments with pure water as starting solution that were car-
ried out at 60 ◦C for 14 days, we also observed a higher Fe concentration 
in Mars-like reactors by a factor 2 for Fe and almost by two orders of 
magnitude higher for Mn. However, concentration of Fe in HO+

2 is lower 
than the one in the witness experiment. For the HO−

2 experiment, Fe and 
Mn concentration trends appear to be correlated, with a first peak at 48 
h followed by a decrease and a stable level until a second peak occurs 
around 250 h. Concentration trends for HO+

2 are not correlated for Fe 
and Mn (similarly to AO+

2 ) and follow a similar trend for Fe and Mn. The 
Fe concentration increases to a peak at 24 h and then decreases toward a 
stable low level after 72 h. Mn concentrations are increasing sharply and 
staying at a higher level for the rest of the experiment while having their 
absolute concentration equivalent to the low and stable level of the HO−

2 
experiment. Concentrations in terrestrial witness WH are hard to 
correlate between Fe and Mn because of the extremely low 

concentration of Mn. Fe concentration has a first peak at 24 h and a 
second peak around 100 h, with absolute values that are greater than in 
HO+

2 while the only Mn concentration data point above the detection 
limit is at 24 h. 

For the experiments starting with the acid solution, looking at both 
ambient and higher temperature runs, we observe a systematic corre-
lation between Fe and Mn concentrations. Unlike the experiments 
starting with pure water, the concentration in the terrestrial witnesses 
are not significantly lower than that of the Mars-like reactor. No sig-
nificant peak concentrations appear to be present in any of the runs, 
with concentration rapidly increasing to a stable and high level. In ab-
solute values, concentrations in these experiments are at least two orders 
of magnitude higher than the one starting with pure water. For the runs 
at ambient temperature, AαO−

2 and AαO+
2 exhibit the same trend but the 

latter has 4 times lower concentrations for Fe and Mn, while having 
almost the same concentration as WAα. For the runs at higher temper-
ature, the trends and the timing are similar with a maximum and steady 
concentration reached after 96 h, with absolute values almost equal to 
their equivalent at ambient temperature. WHα might have slightly 
higher concentrations of Mn and Fe than WAα and also have a limited 
peak in concentration around 100 h. 

4.2. Analysis of the altered solids 

Using the SEM coupled with EDS, we investigated the altered powder 
and built a general qualitative summary of the observed secondary 
phases elemental composition and there relative abundance derived 
from the SEM imagery (Table 4). We also report in the table the sec-
ondary phase assemblages that were collected in the filter (only when a 
deposit was observable), which are complementary to the data acquired 
on the altered powder and must be observed together to understand the 
run's mineralogy. In addition to the qualitative analysis, we also made 
stoichiometric identification of phases on the points that had the best 
quantification < 5% of other elements than those in the considered 
phase). The lateral resolution of the EDS technique is about 1 μm, with 
an interaction volume that is also 1 μm deep. Hence, any phases with 
dimensions equal or smaller than 1 μm would inevitably be affected by 
the composition of the mineral situated behind or around it. For the 
identification in Table 3, only protruding crystals or crystals that were 
thick enough were used for stoichiometric calculations. Their 
morphology were also chosen to be representative of other similar 
phases. 

All the reported secondary phases are not exhaustive of what could 
be the complete phase assemblage and only give qualitative information 
of the major secondary phases that are forming. Nano phases or μm-scale 
phases could not be reported, even if widely present. Identification of 
minor phases such as clays would require a closer inspection, such as 
with the use of TEM, which was not possible to conduct for all samples, 
and was beyond the scope of our approach. 

The main differences in phase assemblages between runs are driven 
by the variation in starting solutions. All the runs with acid in their 
starting solution have a higher degrees of alteration, consistent with the 
higher concentrations reported in the fluid, as well as S enrichment. The 
main elements present in the secondary phases are Fe, Ca, S and P. While 
EDS does not allow the direct identification of the valence state of Fe nor 
the quantification of the hydrogen abundance, stoichiometric calcula-
tions (including O) can be made to identify phases and differentiate 
oxides from other phases (Table 3). Unfortunately, as the samples are 
coated with carbon, it is not possible to have any formal identification of 
carbonates. 

For the runs starting with pure water, no material was collected in 
the filter because no deposit was visible. Overall, these runs exhibit 
lower dissolution rates, with the minerals' surfaces being mostly free of 
dissolution pits and secondary phases compared to their acid counter-
parts 5. In ambient temperature runs, AO−

2 was generally more altered 
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Fig. 4. Evolution of the total dissolved Mn and Fe concentration over time in the experiments and modeled concentrations. Experimental data are represented by 
points with Fe concentration in red and Mn in purple. Modeling results for kinetic dissolution and oxidation and thermodynamic precipitation “kdtp” are shown in 
solid black lines. Modeling results for kinetic dissolution only “kd” are shown in black dashed lines. When models overestimate by more than 1.5 times the maximum 
experimental concentration, the y-scale is set to 1.5 times this concentration. The plots are organized according to their experimental conditions with varying starting 
solutions, temperatures, and gas mixtures. The Table 5 helps to compare the experimental data with the models and this figure can be read with the corresponding 
modeled phase assemblage in Fig. 6. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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than AO+
2 with sparse dissolution pits and a sparse secondary phase 

identified as Goethite based on stoichiometry and SEM imagery. AO+
2 

displayed extremely sparse dissolution pits, and we reported only a few 
possible secondary phases that are potentially Fe-rich, possibly 
including Al, P and S. For the HO runs, no significant dissolution 
morphology nor secondary phases were reported in HO−

2 . For HO+
2 , 

extremely sparse iron oxide-like phases are reported. For both terrestrial 
witnesses WA and WH, no dissolution morphology nor secondary phases 
were observed. If some secondary phases have precipitated within the 
fluid in minor quantities, it is likely that they have been lost, especially 
in these experimental runs without acid in the starting solution. 

For the acid runs, 4 filters were collected in addition to the altered 
powder. Filter material represents the fraction of the secondary phases 

Table 3 
Measured molar elemental ratios in the experiments where phases were iden-
tified. Each measurement corresponds to the best EDX spectra acquired on each 
mineral. S98, S226 and S24 EDS points can be seen located on SEM imagery in 
Fig. 5. The quantification of the corresponding spectra and other SEM imagery 
including S328 and S241 can be found in the supplementary material appendix 
B.  

Experiment O/Fe O/S S/Ca Phase 

AO2- (S98) 2.04 – – Goethite 
AaO2- (S241) – 8.08 1.17 Likely Gypsum 
WAa (S226) – 6.64 1 Gypsum 
HaO2+ (filter, S328) – 6.26 1.03 Gypsum 
HaO2- (S24) – 5.92 1.09 Gypsum  

Fig. 5. SEM imagery of experiments (a) AO−
2 , (b) AαO−

2 , (c) WAα, (d) HαO+
2 , (e) HαO−

2 , (f) WHα. The EDS points that were used for the stoichiometric calculations in 
Table 3 were added on the close-up SEM imagery. S24 was collected on similar crystals than in the (b) imagery, but the high resolution SEM image was preferred to 
show a close-up view. S328 was collected on large crystal in the filter material of HαO+

2 . Other additional EDS spectra were also collected but not implemented to the 
image to make the visualization more practical. The SEM imagery, EDS spectra locations and spectra quantifications can be found in the supplementary material 
appendix B. 
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that was in suspension in some runs. This might also represent a fraction 
of secondary phases that had a reduced size or did not adhere enough to 
the primary mineral grains and was thus mobilized back in the fluid 
because of the turbulence created when pouring out the fluid from the 
reactors. This is supported by the complementary abundance of phases 
between filters and altered powders, as the runs in which the filter 
material was collected display less abundant secondary phases in the 
altered powder than in the filter. Therefore, beside AαO+

2 , the runs that 
include filter results must be assessed together with the powders to 
understand the abundance and nature of secondary phases in the run. 

For the runs at ambient temperature, we also observed abundant 
secondary phases in AαO−

2 with large Ca-sulfates crystals, identified as 
gypsum and smaller dispersed phases enriched in Fe, S and P (SEM 
picture a in Fig. 5). In AαO+

2 , we observed that the secondary phases 
were more sparse than in AαO−

2 . The identified secondary phases were 
also enriched in Fe, S and P and similar in morphology to the one in 
AαO−

2 , however we did not identify any gypsum crystals. Contrary to 
AαO−

2 where no material was collected in the filter, the filter collected 
for AαO+

2 displayed abundant secondary phases, mainly composed of the 
same Fe-P-S enrichment identified in the altered powder. However, this 
is not the case for AαO+

2 powder that contains sparse secondary phases, 
but in which no filter material was collected. During the experiments, 
some solutions were clouded by colloidal-like material, which some-
times flocculated and settled. For AαO+

2 , the suspension of fine colloids 
could have persisted and passed through the filter. The terrestrial wit-
ness WAα had relatively abundant secondary phases, similar in quantity 
to AαO−

2 , with developed Ca-sulfate crystals and spherical Fe-P-S phases. 
We noted that some of these spherical phases have grown on both the 
primary mineral surface as well as the Ca-sulfate crystals (Fig. 5). The 
filter for WAα had even more abundant secondary phases, with fibrous 
agglomerates of Fe-P-S, but no Ca-sulfates, which might be link to the 
larger size of the Ca-sulfates compared to the Fe-P-S agglomerates. 
Among all the points collected on the Fe-P-S phase accross different 
powders, we were able to collect 22 EDX spectra on 3 different sites in 
the filter material for WAα and 14 spectra in the WAα filter material that 
had cumulative totals of O-Fe-P-S >95% and qualified for potential 
stoichiometric identification. We observed in this dataset what appears 
to be a mixing line with a positive correlation for all elements (supple-
mentary material appendix B). However, we could not formally identify 
any phase endmember with a known composition. 

For the run at higher temperatures, we also observed abundant 
secondary phases. HαO−

2 altered powder displayed the largest gypsum 
crystal of all runs, with lengths up to 100 s μm. We also observed in this 
run spherical phases embedded in an altered surface with Fe–S 
composition, but without any notable P associated. The primary phases 
were particularly altered, both in morphology and composition, but 
because of the substrate composition (EDX samples at depth up to 1 μm), 
no other secondary phases could be identified. We did not collect any 
filters for this run. In HαO+

2 powder, secondary phases were more sparse, 
and we did not observe gypsum crystals, but we did observe spherical 
and fibrous agglomerates of Fe-P-S. However, in the HαO+

2 filter, we 
observed abundant secondary phases, with gypsum crystals and Fe-P-S 
phases. In the witness powder WHα, we observed that the secondary 
phases were more abundant than in HαO+

2 but less than in HαO−
2 . We 

identified sparse Fe enrichment, and Fe–P phase agglomerates. In the 
WHα filter, we observed abundant secondary phases, with fibrous ag-
glomerates and spheres of Fe-P-S phase. We could not identify any 
phases because of the signal of the substrate. 

5. Models results and comparison to the experiments 

To compare the experimental results and decipher the controlling 
parameters on Fe and Mn concentrations in each run, a summary table 
comparing models and experimental data was assembled (Table 5). This 
table compares the last data-points in the experiments that represents 

the stable steady-state levels. The models compared are 1- kinetic 
dissolution and thermodynamic precipitation (kdtp), 2- kinetic disso-
lution (kd), 3- equilibrium of the primary phases with the initial fluid 
(equi 1), equilibrium of the primary and secondary phases with the 
initial fluid (equi 1 + 2). The “equi 1” and “equi 1 + 2” model details can 
be found in Section 3.2. The concentration values in green are within 
twice (2 factor) the measured data or twice below or above (2 factor) the 
instrument detection limit if the experimental data are 0. In orange, are 
the modeled data within the same order of magnitude (10 factor) from 
measured data or detection limit, and in red are the values beyond an 
order of magnitude. 

Fig. 6 shows a visualization of the modeled phase assemblage 
comprising Fe and Mn and that results from the alteration in the “kdtp” 
model. The arrangement of the plot corresponds to the experimental 
conditions and is the same as in Fig. 4, reflecting the evolution of the 
modeled concentrations that are in solid black lines. 

5.1. Controls on Fe concentration in experiments starting with pure water 

In AO−
2 and AO+

2 the evolution of Fe concentrations is divided into 3 
phases (Fig. 4): 1- a steep rise of Fe concentration, controlled mainly by 
dissolution rates, but with a likely lower slope due to increasing 
oxidation and the start of oxide precipitation (lower than without 
oxidation), in addition to the hindered dissolution due to increasing Fe 
activities; 2- The concentration peak and decrease due to the oxide 
precipitation overcoming the inputs of Fe ions by dissolution; 3- the 
stabilization of the concentration in pseudo-equilibrium between 
dissolution and precipitation. This pseudo-equilibrium is supported by 
the comparison between the kinetics models and equilibrium models 
(Table 5): we see that for both AO−

2 and AO+
2 , the final steady-state 

concentration is best explained by the kinetic dissolution and thermo-
dynamic precipitation (kdtp) model, closer to the equilibrium concen-
tration relative to the primary phases than the one relative to secondary 
phases. Hence, it is more likely that the final stable phase is controlled by 
the equilibrium between dissolution rates and oxidation rate. 

Some discrepancies remain when comparing the modeled Fe phase 
assemblage (the precipitation of which induces [Fe] decrease in the 
model) to the experimental phase assemblage observed (Fig. 5, Table 4 
and 6). Even if the AO−

2 and AO+
2 modeled fluid evolution seems to fit the 

data, we only identified goethite but not any siderite in the altered 
powders. This might be related to the fact that EDX makes the identi-
fication of carbonates challenging because of the carbon coating of the 
sample (Section 4.2). However, it would still be possible to identify the 
carbonates based on the O/Fe ratios and their morphology, but this 
would require substantial amounts of carbonates for the sampling and 
quantification with EDX. The other and most likely explanation is that 
the model tends to artificially increase siderite precipitation, consistent 
with the fact that the model does not require any additional level of 
supersaturation for the phase to precipitate. Some previous experi-
mental studies showed that a fair amount of supersaturation and alka-
linity as well as circumneutral pH are required to precipitate siderite 
(Tosca et al., 2018). It is most likely that only goethite precipitated in 
observable amounts in our experiments. Similarly, the model seems to 
overestimate clays with large quantity of Mg-bearing hydrated non-
tronite (“Hnontronite(Mg)”) being produced. Even if it might be present 
in the experiments because a correlated decrease of [Al] observed in the 
fluid (supplementary material appendix C), it was likely only in 
extremely small amounts and were not observed in the solid. To pre-
cipitate observable quantities, much longer times would be required, as 
its precipitation kinetics are extremely low and generally favored in 
thermodynamic models because of its low solubility. 

In the corresponding terrestrial witness WA (Fig. 4), the experi-
mental oxidation peak is shifted in time, which would not be typically 
expected with higher pO2 even if lower pCO2 results in higher pH and 
slower dissolution rates compared to the Martian runs (Section 6.4). In 
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Fig. 6. Modeled phase assemblages with thermodynamic based precipitation (“kdtp”). The evolution of the proportion of the total molar quantity of Fe or Mn- 
bearing phases is displayed in colored area over time. Fe-oxide is “Lepidocrocite”, Mn-oxide is the “Manganite” and Mn‑carbonate “Rhodochrosite” The grid 
arrangement is the same as in Fig. 4 and is meant to be compared with the modeling results of the “kdtp” (solid black line) in that figure. The predicted phase of the 
simulation in Fig. 8 can be compared with the phase assemblage obtained in for AO2 run. 
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the “kdtp” model, the fluid evolution is at a constant value below 
detection limit (Fig. 4, the black line is not visible because almost 
merged with the x axis), because the model predicts a much faster 
buffering (increase of pH and activities caused by dissolution), resulting 
in faster oxidation rates. This is consistent with the likely overestimated 
amount of secondary phases of the model, as no secondary phases were 
identified in the altered powder (Fig. 6 and Table 4). In addition, 
Hnontronite(Mg) is the main phase precipitating in the model, quickly 
overcoming the initial Fe-oxide precipitation (Fig. 6). If we assume that 
because of their precipitation kinetics much less clays did precipitate, 
the “kd” model still vastly overestimates the dissolution (Fig. 4). The 
most likely reason for the observed concentration peak that is shifted in 

time is the overestimation of the early dissolution that causes an almost 
immediate removal of Fe by enhanced activity and pH-driven oxidation. 
For the final phase, both the “kdtp” and “equi 1 + 2” models are pre-
dicting concentrations that are close or below the detection limits, which 
is consistent with the below detection limit [Fe] controlled by the 
thermodynamic equilibrium of Fe-oxide (Table 5). 

For the runs at higher temperatures, the overall [Fe] are lower in 
HO−

2 and HO+
2 than at ambient temperature in AO−

2 and AO+
2 . Even if 

dissolution rates are theoretically about 6 times faster at 60 ◦C, the 
observed [Fe] peak is shifted earlier in time by less than a factor 2 
(Fig. 4). The modeled peak is still reached much faster than the one 
measured. Even if the dissolution rates increase with temperature, the 

Table 4 
Qualitative summary of identified elements in secondary phases. The qualitative denotations rep-
resents the overall phase assemblage. No detections “-” (grey), Likely “∼“(light salmon), rare “+” 
(light yellow), sparse “++” (light green), common “+++” (dark green), major “++++” (dark 
green). 

Table 5 
Comparative table of the last data-points from experiments and models. The last data-points for Fe (Fe XP) and for Mn (Mn XP) are the reference for 
the experiments and represents the pseudo-equilibrium or steady-state levels. The models compared are 1- kinetic dissolution and thermodynamic 
precipitation (kdtp), 2- kinetic dissolution (kd), 3- equilibrium of the primary phases with the initial fluid (equi 1), equilibrium of the primary and 
secondary phases with the initial fluid (equi 1 + 2). Concentration values in green are within twice (2 factor) the measured data or below the 
instrument limit of detection (LOD) if the reported data are 0. In orange, are the modeled data within the same order of magnitude (10 factor) from 
measured data or detection limit, and in red are the values beyond an order of magnitude. 
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oxidation rates and precipitation rates also increase with temperature, 
which might limit [Fe] in the solution. Another explanation could be the 
underestimation of activation energies and therefore overestimation of 
the temperature dependencies, as demonstrated by the “kd” model, 
which vastly overestimates the concentration of Fe and Mn (Table 5). 
Moreover, the lack of precipitation kinetics can induce a much faster 
decrease (overly optimistic precipitation of clays) as well as the over-
estimation of siderite precipitation. Another factor to consider is the 
lower solubility of oxygen at higher temperatures. However, it seems 
that this does not interfere with the oxidation rates, with a measured 
average dissolved oxygen similar between “H” and “A” experiments 
(supplementary material appendix C). 

The evolution of Fe and Mn follow similar trends in HO−
2 and HO+

2 as 
in AO−

2 and AO+
2 , with the exception of a second peak of [Fe] at the end 

of the second week for the HO−
2 experiment (Fig. 4). The models predicts 

an almost immediate peak and decrease of [Fe] followed by a stable and 
low concentration for both HO−

2 and HO+
2 . Explaining the second Fe 

peak is challenging: a second increase in [Fe] would mean that we have 
an increase in dissolution or a hindered precipitation of Fe-bearing 
secondary phase. A possible explanation might be that another phase 
starts to precipitate at a lower rate than the previous Fe-phase. The 
second peak of [Fe] is correlated to the [Al] peak (supplementary ma-
terial appendix C), which might be consistent with a Fe-bearing clay 
precipitation. In the last pseudo-equilibrium phase, we see that the 
closest values are predicted by the “equi 1” and “kdtp” models. This 
would mean that the final concentration would be close to equilibrium 
from the initial solution and starting rock. Nonetheless, as the “kdpt” 
model is close to the measured [Fe], and that the model “equi 1 + 2” 
predicted much lower [Fe], the steady-state equilibrium between 
dissolution and oxidation/precipitation of Fe-oxide might be similar. 

The behavior of [Fe] is rather different between WA and WH from 
the comparison between the “H” and “A” Martian runs. The oxidation 
peak in WH is reached much faster than in WA, and at a much lower 
concentration (Fig. 4). This much earlier peak could mean that in the 
absence of pCO2 and higher pH, the temperature dependencies of the 
oxidation rate would dominate and shift the peak earlier. As for the 
concentration, higher oxidation rates might limit the [Fe]. Unlike in 
HO−

2 and HO+
2 , the solubility starts to be limiting under higher pO2, as 

seen in the measured dissolved oxygen, which is on average lower in WH 
than in WA (supplementary material appendix C). However, the slightly 
lower dissolved O2 does not appear to limit the oxidation rate much. 
Similar to the WA, the final concentration is also under the detection 
limit, and both the “kdtp” and “equi 1 + 2” models are close to the 
detection limit (Table 5). 

In our experiment, the oxygen parameter induced little variation in 
the redox behavior of the experiment or observed phase assemblage. On 
the other hand, sliglty higher pCO2 could cause higher dissolution rates 
and concentration (Table 2). The long-term control of the ambient 
temperature series appears to be a dynamic rate equilibrium between 
dissolution, oxidation and precipitation, with dissolution rates being the 
main limiting factor. The higher temperature increased all the rates, 
causing lower peak concentrations as well as lower final concentrations. 
Long-term control is close to the equilibrium relative to primary phases 
(Table 5), but is likely slightly higher because of the close but similar 
concentration due to the rate of precipitation. The effects on the phase 
assemblage might become greater at lower pO2, while still being 
considered oxidizing in a thermodynamic only pH-eH space. 

5.2. Controls on Mn concentration in experiments starting with pure 
water 

We did not report any Mn-bearing phases in the altered powder: this 
was expected due to the initial low bulk proportion of Mn that would 
result in extremely low quantities of Mn-bearing phases. For this reason, 
we will mainly rely on the fluid analysis and the model. In most of the 

experiments, increase of [Mn] is correlated with the increase of [Fe]. As 
both elements are carried by the same dissolving minerals (olivine and 
pyroxene), this is an expected consequence. As it is for [Fe], higher [Mn] 
peaks are correlated with higher pCO2, and “H” runs peaks are lower 
than “A” runs. However, both Martian runs at higher pO2 do not exhibit 
a clear peak and seem to stabilize directly at similar concentrations in 
the pseudo equilibrium stable level. Because of its intrinsic low kinetic 
rates, Mn oxidation could not be fast enough to cause a significant 
decrease of [Mn] (and thus form a peak of concentration) with the same 
timing as Fe-oxidation. Modeled phase assemblage predicts Mn-oxide, 
and depending on temperature, manganese phosphate or carbonates 
(Fig. 6). However, their precipitation does occur only in extremely 
limited quantities, which translates in almost no differences between the 
“kdtp” and “kd” models, both overestimating the [Mn] (Fig. 4). More-
over, in all the experiments, witnesses included, when a decrease of Mn 
concentration is observed, it is always correlated with Fe concentration. 
A possible explanation for the Mn concentration decrease could be the 
sorption of Mn onto the newly formed Fe-oxides. However even if Fe- 
oxide can adsorb Mn(II) at a pH and temperature range compatible 
with our experiments, the adsorption capacity of goethite alone could 
not explain the observed drop in concentration (Kan et al., 2013). 
Another possibility could be a surface catalysis of the Mn oxidation by 
Fe-oxides or even by auto-catalysis onto newly formed Mn-oxides, but 
we cannot have a good constraint on available surfaces (Martin, 2005; 
Lan et al., 2017). Alternatively, even if the model did not predict its 
precipitation and that it was not observed, minor quantities of Ferrite 
(Mn), which is formed with Fe(III) but integrates Mn(II) in its structure, 
could explain the observed correlation. 

Unlike for [Fe], the final [Mn] in all Martian runs are similar and all 4 
models either overestimate or underestimate them. The final concen-
trations in these experiments are two orders of magnitude lower than 
both “kdtp”, “kd” and “equi 1” models, while being two orders of 
magnitude higher than the “equi 1 + 2” models which would be caused 
by Mn-oxide equilibrium (Table 5). The comparison with the mostly 
accurate description of [Mn] in the acid runs (Section 5.3) supports that 
in experiments starting with pure water, a Mn removal mechanism is 
missing in the model and/or that no or extremely sparse Mn-oxides are 
formed compared to an equilibrium model, while the rate of this 
mechanism is sufficient to lower the concentrations compared to the 
“kd” model. Thus, the controlling factor on the stable level of Mn ap-
pears to come from the steady-state equilibrium between the dissolution 
rates (release of Mn2+) and one or a combination of mechanisms as cited 
above. The lack of peaks in higher pO2 runs might be linked to a higher 
production rate of Mn oxide and potential catalysis due to increased pO2 
and/or the slightly lower pCO2 (Table 2), increasing adsorption/catal-
ysis efficiency. 

In the witness runs, while the peak concentration seems to also be 
linked to the same unidentified mechanism, final [Mn] are much closer 
to the concentrations that are modeled and caused by Mn-oxide pre-
cipitation. The final concentrations are below the detection limit, which 
is compatible with the estimation of the “equi 1 + 2” and “kdtp” models. 
This is consistent with a concentration mainly controlled by the slower 
(compared to Fe) but steady oxidation rate and formation of Mn-oxide, 
consistent with the modeled phase assemblage. On Earth, [Mn] in 
oxygenated rivers and streams is higher than its equilibrium concen-
tration, and therefore kinetically controlled by its slow oxidation rate. 
Reported values in rivers and streams are around the detection limit of 
our instrument with concentrations as low as 5.8 × 10− 8 mol L− 1 (Laxen 
et al., 1984). This corresponds to the “kdtp” modeled value, which is 
much higher than the equilibrium value “equi 1 + 2” of about 2 × 10− 11 

mol L− 1. Therefore, we propose that in the WA experiment, [Mn] is in a 
pseudo-equilibrium state between the dissolution rates and oxidation 
rates. This is consistent with the similar timescales between our exper-
iments and water residence time in terrestrial rivers and streams. 
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5.3. Controls on Fe and Mn concentration in experiments starting with 
acid solutions 

In the experiments starting with the acid solutions, the variations of 
Fe and Mn concentrations are much less variable than in pure water 
experiments. On the other hand, many more secondary phases were 
produced because of the increased dissolution rates. In all the experi-
ments, both Fe and Mn concentrations increased steeply and stabilized 
rapidly at a constant level (Fig. 4). Evolution of [Fe] is best described by 
the “kd” model, while the “kdtp” model seems to overestimate clay 
precipitation (Table 5), as evidenced by the absence of clays in the 
altered powders (Table 4). As discussed in Section 6.4, shifts in con-
centration within an order of magnitude is likely due to SA variation 
between the theoretical derived value and the measured BET value. The 
[Mn] concentration is also well explained by the “kd” model. Unlike for 
[Fe], the “kdtp” model is also close to the experimental data, even if in 
the later Mn-oxide and phosphate are modeled (Fig. 6), but only in 
negligible quantities. The final concentrations are best explained by the 
“kd” model for Fe and Mn as well as “kdtp” for Mn. This means that even 
with secondary phases forming, concentrations are mainly controlled by 
the dissolution rates. These dissolution rates are mainly controlled by 
the acidity, with increase of concentrations having the same timing in-
dependent of the temperature. 

The concentrations are higher and similar in AαO−
2 and HαO−

2 , which 
are the experiments with slightly higher pCO2 (Table 2). However, while 
AαO+

2 and HαO+
2 have similar concentrations, their values are strikingly 

similar to the witnesses WAα and WHα despite their rather different 
pCO2. This means that pCO2 cannot only be the factor explaining the 
higher concentrations in both AαO−

2 and HαO−
2 . Another potential con-

trolling parameter could be the pO2 of the O−
2 runs that is much lower 

than in the other runs. These parameters might influence the redox 
sensitive Fe and Mn bearing phases. Observed phases included large 
crystals identified as gypsum (Table 3) and a phase or mixture of phases 
composed of Fe, P and S (Table 4, supplementary material appendix B). 
The measured pH for O−

2 experiments is the lowest of all (pH 1), and does 
not increase significantly over time, unlike the O+

2 experiments, where it 
increases from 1 to 3 (supplementary material appendix C). In the ki-
netic model with precipitation, gypsum is correctly modeled but clay 
precipitation is once again overestimated due to the lack of precipitation 
kinetics and higher modeled pH. Without this clay precipitation, phos-
phates such as variscite (AlPO4⋅2H2O) or woodhouseite 
(
CaAl3(PO4)(SO4)(OH)6

)
could potentially be stable, and closer to what 

could be the actual secondary phase(s). Lower pH is unexpected as 
higher concentrations are generally linked to increased buffering and 
higher pH. Reconstruction of the pH with the final measured concen-
tration yield pH estimates around 5. A possible explanation is passiv-
ation of the mafic mineral surface, so after the initial explosive phase, no 
further dissolution occurred and precipitation of phases released protons 
lowering the pH (Gil-Lozano et al., 2024). Alternatively, we can hy-
pothesize that the other runs went through a cycle of dissolution and 
precipitation, further consuming the primary minerals but leaving a 
lower stable concentration. 

6. Extrapolation and discussion: the ancient mars aqueous 
environment 

6.1. Relevance of batch reactions in a Martian open system 

Before applying the results of batch reaction experiments and models 
to the ancient Mars conditions, we have to understand how the experi-
mental parameters compare to those found in a natural system. Despite 
our efforts to close the gap between the experiments and the natural 
parameters, some discrepancies remain. The pO2 parameter of our 
experiment is likely much higher than that of the average ancient Mars: 
even though the maximum pO2 value was extrapolated from an ancient 

Mars atmospheric model (Wordsworth et al., 2021), it would have been 
only episodic. The present day Mars atmosphere contains around 1500 
ppm of O2 and is produced mainly by H2O and CO2 photolysis (Kras-
nopolsky, 2017). Some studies propose that if Mars' warming was caused 
by high pH2, the current Mars pO2 would be the highest in its history 
(Wordsworth et al., 2017). When applying the results of our experiments 
and models to Mars, it is therefore necessary to also consider lower pO2 
values. 

The reactive surface would have a huge influence on the time scales 
and concentration of the fluids. However, natural SA would depend on 
the grain size distribution from very fine and very reactive to coarse and 
poorly reactive. Mars sedimentary rocks provide evidence for a wide 
variety of grain sizes including a large number of mud size sediments 
within Gale crater ancient lake basin strata (Rivera-Hernández et al., 
2020). The reactive surface of our experiments is similar to fine sand in 
terms of granulometry, with a total geometrical reactive surface of 
around 0.016 m2⋅g− 1 and BET derived of 0.18 m2⋅g− 1. If we consider 
that most of the pristine rock that later interacted with liquid water 
came from periglacial erosional processes, their grain size could be 
comparable to terrestrial glacial collovium. Unlike other erosional pro-
cesses (besides wind), this mechanical-only process is capable of pro-
ducing a very fine grain size. From the grain size distribution reported on 
terrestrial collovium and using the Hodson formula, a reactive surface 
area of the toeslope would be around 0.6 m2⋅g− 1 (Hodson, 2006; 
Sowiński, 2016). If the finer part was quickly dissolved, the later pseudo- 
equilibrium steady-state concentration would result in SA comparable to 
that of our experiment. Alternatively, if we consider that the steady-state 
SA is stable as the sediments are renewed, the average SA could be at 
least an order of magnitude higher than in our experiment. Alterna-
tively, if we assume that the watershed was not characterized by an 
abundance of fine sediments, but rather by unaltered volcanic rocks, the 
reactive surfaces could be significantly reduced. 

Our experiments only lasted for about 3 months; however, even for 
short-lived aqueous activity on Mars, the hydrological system could be 
active for centuries at least. On the other hand, surface water in direct 
contact with the atmosphere would have residence times much shorter 
than the total duration of the system (Goddéris et al., 2006). Therefore, 
it is unlikely that the same rock reacts with the same fluid for extended 
periods within an open system compared to the overall life of the system. 
In addition to the renewal of the fluid, the source-to-sink sedimentary 
system would result in fresh rock that is constantly exhumed, while 
more altered rocks are isolated from the system in the sedimentary sink, 
advocating for renewal of the starting material as well. Longer interac-
tion times would be typically expected in closed systems at low W/R, 
and in geological terms, pore water with no direct contact with the at-
mosphere and no water fluxes. In a reactive transport model, our 
experiment would be the equivalent of a single reactive cell with a rather 
low flux of water and high porosity, considering both time and W/R. 

The tested temperatures are 23 ◦C and 60 ◦C. If 60 ◦C is unlikely for 
fluids in direct contact with the atmosphere, besides some hydrothermal 
resurgences, 23 ◦C might be a reasonable estimate. The surface tem-
peratures could also have been much lower, as 23 ◦C on average is high 
even compared to the terrestrial global average of 15 ◦C. If Mars con-
ditions were likely at lower temperatures, with average just above 
freezing, all the kinetics rates will slow down, counterbalancing other 
parameters, such as higher reactive surfaces. 

Evidence in the Gale crater on Mars showed that the alteration 
inherited from the open system was not strong enough to entirely 
overprint the composition of the source rock, implying low weathering 
rates in the open system (Bedford et al., 2019; Mangold et al., 2019). In 
addition, there are now numerous rock samples with alteration mineral 
assemblages out of equilibria pointing to water-limited reactions within 
the sediments (Vaniman et al., 2018; Bristow et al., 2021). 
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6.2. Inferred mobility of Fe and Mn in Martian conditions 

We modified our kinetic alteration model to better predict the phase 
assemblage obtained in the experimental results starting with pure 
water. We modified the conditions of siderite precipitation by imple-
menting the experimentally reported supersaturation level that was re-
ported for effective precipitation (Tosca et al., 2018), as confirmed 
considering the absence of siderite in our experiments. Furthermore, 
because we concluded from our experiments that the precipitation of 
clays was vastly overestimated because of their low solubility and the 
absence of precipitation kinetics; they were removed from the list of 
potential phases. With this modified model, we performed a sensitivity 
test with 3600 simulations (60 × 60 grid) in the pCO2 / pO2 space 
through time. Each simulation was integrated over 500 time steps, 
which were required to resolve finer variations of concentration due to 
the multiple kinetic rates. The range of pO2 was set from 10 ppm oxygen 
to 300 mbar (10% at 3 bar total pressure) and the pCO2 from the present 

day Martian pressure (6 mbar) to 3 bars. Two sets of runs were per-
formed: one with the same experimental conditions as the AO2 runs, and 
another with a reduction in the reactive surface area (SA) by two orders 
of magnitude and an increase in time of around two orders of magnitude, 
lasting 20 years. As discussed in Section 6.1, the time dimension must be 
interpreted as a residence time. Therefore, runs at 1/100th over 20 years 
represent a low end of what would be a weathering reaction in direct 
contact with the atmosphere. We also note that if this fluid is cut off from 
direct equilibrium with the atmosphere, the remaining dissolved O2 and 
CO2 in groundwater will vary due to subsequent oxidation / precipita-
tion, but it will not reflect a change in atmospheric composition. 
Adjustment on Mn oxidation and precipitation could not be imple-
mented; therefore, although it will not change the overall behavior, the 
initial concentrations of Mn might be overestimated. 

The Fe and Mn concentrations resulting from the sensitivity test are 
presented in a 3D space with x axis as the pCO2, y axis as the pO2 and z 
axis as the time (or residence time) (Fig. 7). We observed that: 

Fig. 7. Sensitivity test of our kinetic alteration model. The results of the simulations are presented in a 3D space with x axis as the pCO2, y axis as the pO2 and z axis 
as the time (or residence time). The intensities of the colors, red for Fe and purple for Mn represent the concentrations. When concentrations tend to 0, the points are 
faded or transparent to help visualization. Evolution of Fe (A) and Mn (B) concentrations with the same experimental conditions as AO2 runs. Evolution of Fe (C) and 
Mn (D) concentrations with the same temperature and starting solution as AO2 runs, but 1/100th of the SA and over 20 years. To help visualize the effect of 
precipitation on concentration, (A) and (B) final concentrations (top face of the cube) can be compared with the Fig. 8. The ancient Mars atmosphere was likely above 
− 1 in pCO2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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1. Fe and Mn concentrations increase with longer times (increased 
buffering/higher weathering rates), higher pCO2 (pH-driven in-
crease in weathering rates and lower oxidation rates) and lower pO2 
(lower oxidation rates).  

2. Both Mn and Fe can be mobile even under oxidizing conditions, with 
the transition from “oxidizing” to “reducing” conditions (relative to 
concentration and mobility, at any pCO2) reached at pO2 = − 6 for Fe 
(in C) and pO2 = − 3 for Mn (in D). For comparison, in the equilib-
rium model, Fe can be oxidized down to log pO2 = − 50, and the 
lowest pO2 in this simulation is only − 6.  

3. Mn mobility is much greater than Fe mobility due to its much lower 
oxidation rate, and its mobility is more directly controlled by pCO2 
(through pH) than by pO2 (highest Mn concentration in B and D at 
highest pCO2 and longest time).  

4. The reactive surface area appears to control the mobility boundary 
(diagonal transition boundary between high and low concentrations 
in A, C and D in Fig. 7) through pO2 and pCO2, while the variable 
residence time locally controls mobility. 

The only scenario in which Mn is less mobile is in (D) (with low SA 
and longer time), at high pCO2 and pO2 values and after enough time, or 
at low pCO2 and moderate pO2 after enough time, allowing buffer- 
driven oxidation (higher pH and activities) to occur. For Fe, its 
mobility remains high even after the concentration peak formed by 
siderite precipitation (visible in A and C at the highest intensities of red) 
at lower pO2 and higher pCO2. At higher pO2, looking at a vertical time 
profile (for example in C at pCO2 = 0.5 and pO2 = − 2) we observe an 
initial increase in concentration followed by a smoother decrease 
(fading red) of the concentration toward extremely low Fe concentra-
tion, advocating for much lower mobility after sufficient time. 

While kinetically controlled in a Martian open system, Fe might be 
partially oxidized and form authigenic Fe-oxides, while being relatively 
mobile compared to Earth. Therefore, Fe and Mn are most likely to be 
leached and could precipitate only in later diagenetic stages or by 
evaporation. In Gale crater, the Curiosity rover has discovered several 
features indicative of iron mobility. In the Vera Rubin Ridge (VRR), 
observation of Fe-oxide enrichment showed that the initial reducing 
fluids preferentially mobilized Fe and Mn. While the origin of the 
oxidant remains under discussion, this demonstrated that differential 
redox are capable of mobilizing Fe and Mn without clear evidence of in- 
situ alteration of other minerals (David et al., 2020). Although not 
related to open system alteration or linked to the atmosphere, this also 
shows in-situ evidence of differential deposition of Mn and Fe due to 
their difference in pH/eH conditions and associated kinetics (Fry-
denvang et al., 2020). 

The source and oxidant type as well as the associated conditions 
remain under discussion to explain the oxidation of reduced Fe(II) and 
Mn(II). Under an open system alteration on Mars, with O2 as the oxidant, 
we showed that Fe-oxide production is possible even at moderately low 
pO2 by steady-state chemical sedimentation from a lake with moderate 
concentrations (Loche et al., 2022). 

Moreover, during weathering, modeling results show that Fe and Mn 
have a differential mobility due to their kinetics, with a partial precip-
itation of Fe-oxide (Loche et al., 2023). In our sensitivity test, we confirm 
differential mobility in a range of pCO2, pO2 and residence time. This 
differential mobility was supported by the measured preferential 
depletion of Mn in a mudstone unit bearing geochemical evidence of 
leaching (Berger et al., 2022). 

The experimental results and the comparison with the models 
confirmed that only a partial removal of Fe occurred and that Fe con-
centrations were higher than what they should be at equilibrium 
(Table 5). The Mn concretions and fracture fills observed on Mars appear 
to have been detected in both oxidized and reduced form (Lanza et al., 
2016; Meslin et al., 2018; Treiman et al., 2023). The formation of Mn- 
oxide is challenging to explain with O2 on the surface of Mars due to 
the low pH induced by the high pCO2 and under a reasonable residence 

time. The experiments also showed that there was a relationship be-
tween the Mn concentration and the Fe concentration, with decrease of 
Fe correlated with decrease in Mn. Although it is not clear which 
mechanism was involved, we can hypothesize that because of slower Mn 
oxidation and under a flux of water, a front of Fe-oxide would precipi-
tate, while an increasingly Mn-rich and Fe-poor fluid would be spatially 
separated from Fe-oxides, resulting in greater Mn mobility by preventing 
Mn scavenging by the unidentified catalysis/adsorption mechanism 
linked to Fe-oxides. In a closed system, with higher buffering and higher 
pH, Mn oxidation would be more favored, but due to differential 
oxidation rates with Fe, most of the dissolved O2 would be quickly 
consumed by Fe-oxide precipitation, effectively creating a reducing fluid 
with high Mn(II) concentration remaining. To keep O2 as a potential 
oxidant, the late stage Mn-rich fluid should be in direct contact with an 
oxidant source such as the atmosphere and have a sufficiently high pH, 
typically above 8 to achieve significant oxidation (Morgan, 2005). A 
possible pathway could be that the pH can increase during evaporation, 
which would greatly enhance the oxidation rate, but this pathway de-
pends on the chemistry of the starting lake (Tosca and Tutolo, 2023). 
Some studies suggested potential alternative sources of oxidants with 
bromates to explain the oxidation of Mn (Mitra et al., 2022). Although 
this experimental study proved that bromates can oxidize Mn at decent 
rates, and that is a valid mechanism on a local scale, the amount of Br 
required for such oxidation to occur globally is debated. One common 
point of the Mn enrichment was that they were found in late stage veins, 
or alternatively in nodules which might be associated with late stage 
fluids, demonstrating a relative mobility of Mn. Interestingly, the Fe-Mn- 
P-Mg-rich “Groken” nodules in the Glen Torridon region also revealed 
association of P and Fe similar to what we report under acidic conditions 
(Treiman et al., 2023). 

Recently, in the orbitally identified sulfate unit in Gale crater, more 
evidence of open system alteration and evaporation has been reported. 
The composition of the Amapari Marker Band showed a very high 
enrichment in Mn and Fe, implying that they were transported and 
precipitated in this outcrop (Gasda et al., 2023). Furthermore, the recent 
detection and inference of chemical sedimentation of siderite by CheMin 
(Tutolo et al., 2024) showed that Fe was mobile in the alteration fluids. 

6.3. Implication for Fe‑carbonates on mars 

The carbonate conundrum has been under investigation since the 
early days of Mars' exploration. Multiple explanations have been pro-
posed for the lack of carbonates on Mars. In particular, siderite should be 
a common carbonate when weathering ferromagnesian rocks under 
higher pCO2. We saw in the modeled phase assemblage that siderite (and 
rhodochrosite in the “H” run) were predicted, but we did not observe 
any in the phase assemblage. Other alteration experiments with com-
parable conditions, and despite the higher reactive surface areas, higher 
temperature, or longer times, did not report clear siderite precipitation 
either (Bullock et al., 2004; Fabre et al., 2011; Dehouck et al., 2012, 
2014a; Viennet et al., 2019; Baron et al., 2019; Gil-Lozano et al., 2024). 

Using our kinetic sensitivity test model (Section 6.2), we extracted 
the total phase assemblage (primary and secondary phases) in each 
simulation run and calculated the bulk proportion of Fe-oxide and 
siderite for every time increment: the final time proportions are repre-
sented as a heatmap (with intensity of red as Fe-oxide and intensity of 
green as siderite) on which are overlapped the isochrones corresponding 
to a given bulk proportion reached in the pCO2/pO2 area at a given time 
step (Fig. 8). The transition between Fe-oxide and Fe‑carbonate is 
positively correlated between pCO2/pO2 (diagonal boundary between 
red and green), similarly to the Fe concentration mobility boundary in 
Fig. 7, where Fe remains more mobile in the predominant siderite area 
than in the predominant Fe-oxide area at the final time. 

The simulations reveal that: 
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1. By placing our experiments on their corresponding pCO2 and pO2 
simulations (as yellow stars in Fig. 8), we now correctly predict Fe- 
oxide precipitation for both AO−

2 and AO+
2 differently from the 

initial model that predicts only siderite or a mixture of both (Fig. 6). 
Although we do not have precise oxygen values for other experi-
mental studies to be placed directly on the heatmap, their absence of 
observed siderite might be explained either by oxygen contamina-
tion or by a still insufficient pH and reaction times (see point 3). 
Present day Mars and Earth are clearly placed in oxidizing, Fe-oxide- 
producing conditions. 

2. Although the final bulk proportions are highest at high pCO2, pre-
cipitation of Fe-oxides or siderite occurs first at the lower part of their 
pCO2 precipiation domain (0.001% bulk isochrones in the left side of 
their color area, Fig. 8) and then transition to higher proportions only 
after longer times at higher pCO2 (0.1% bulk isochrones in the right 
side of their color area, Fig. 8). For Fe-oxides, this shows that initial 
precipitation is favored by higher pH (enhanced oxidation rates), but 
higher proportions are produced only when weathering rates are 
higher (at higher pCO2) and after longer times (higher buffering). 
Siderite precipitation also requires higher pH, which is reached faster 
when pCO2 is lower, but also only increases in greater proportion 
with higher pCO2 and longer times (weathering rates and buffering).  

3. The initial precipitation of siderite and oxide is separated by 1 order 
of magnitude in time, as shown by 0.001% isochrones. For example, 
in Fig. 8, the isochrones in the heatmap at 1/100 SA and 20 years 
show that almost all the final Fe-oxide pCO2 and pO2 domain have 
already seen Fe-oxide precipitation after 1 year while 6 years are 
needed to have precipitation in only a fraction of the siderite domain. 
At experimental conditions, this separation is even greater with 1 h 
and 14 h to reach similar fractions in their domains. This is partic-
ularly important because it shows that below a certain residence time 
(buffering, thus activities and pH), only Fe-oxides will be able to 
form, while siderite will not form under any conditions. This is 
shown by the concentration peak and decrease in Fe formed by 
siderite precipitation (for example, in C at pCO2 = 0.5 and pO2 = − 4, 

Fig. 7), which occurs later than the early decrease in Fe concentra-
tion at higher pO2 caused by oxidation (for example, in C at pCO2 =

0.5 and pO2 = − 2). 

In a Martian open system at low residence time, even in the pCO2/ 
pO2 domain allowing siderite, it is likely that siderite could not form 
without later evaporation or higher weathering rates because steady- 
state pH and alkalinity are too low to effectively trigger its precipita-
tion, as proposed in a previous study (Tosca et al., 2018). The kinetic 
rates of precipitation of siderite and rhodochrosite are generally much 
lower than those of calcite, which explains persistent saturation in some 
terrestrial groundwater (Jensen et al., 2002; Jiang and Tosca, 2020). 
When the rates are taken into account, they increase the need for higher 
activities (evaporation or weathering rates) to enhance the precipitation 
rate by chemical affinity. Other carbonates such as calcite could also be 
difficult to form; even if its precipitation is favored by higher rates, Mg 
and Mn-rich fluids could inhibit its precipitation (Mills et al., 2022), and 
these elements were probably present in the Martian alteration fluid. It 
is likely why most models based only on equilibrium are overestimating 
carbonates. 

Our kinetic model shows that coprecipitation of oxides and carbon-
ates is possible and can give information on the pH/redox conditions if 
we assume that their precipitation is not linked to higher weathering 
rates or evaporation in the first place. In a syndepositional scenario, only 
finding Fe (and Mn) carbonates would be a clue for a reducing or at least 
a lower-level oxidizing atmosphere (relative to our simulation). On the 
other hand, finding a mixture of Fe‑carbonates, Fe-oxides, and poten-
tially Mn‑carbonates would suggest more moderate oxidizing conditions 
and a sufficiently high pH. In the same way, a bulk consisting of Fe-oxide 
and Mn‑carbonate would advocate for moderate-high oxidative condi-
tions and higher pH. Recent detection of Fe‑carbonates in the Chenapau 
Member of the Mirador Formation (also known as “sulfates unit” from 
orbital data) (Tutolo et al., 2024) as well as the strong enrichment of Mn 
and Fe in the Amapari Marker Band (Gasda et al., 2023) could be used to 
determine the water composition required and the redox / pH associated 

Fig. 8. Sensitivity test of our kinetic alteration model: siderite and Fe-oxide bulk proportion and timing. The heat-map displays siderite and Fe-oxide bulk pro-
portions at the final time, respectively as intensities of green and red. Isochrones are delimiting areas where a given proportion is reached at a given time in the pCO2/ 
pO2 space. The transition area between Siderite and Fe-oxides appear as a brownish color when their proportions are equivalent. Yellow stars show the present day 
Mars and Earth conditions as well as the AO−

2 and AO+
2 experiments, which now both predict Fe-oxide compared to the initial model in Fig. 6. One may want to link 

siderite and Fe-oxide precipitation to the fluid concentrations of the Fig. 7, where the heatmap can be visualized as the top plan of the cubes A and C (concentrations 
at final time across pCO2 and pO2) and the isochrones related to variation in concentration through time in these cubes. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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with a change in hydrology (evaporation, higher weathering rates, briny 
groundwater rising) and as a proxy for atmospheric composition. On the 
one hand, considering the slow kinetic rate of precipitation of Mn‑car-
bonate, its presence would require that all Fe-oxides sorption sites would 
be saturated or passivated to prevent catalysis or that leaching effec-
tively separates Mn-rich water from Fe-oxides. Mn could also be inte-
grated in the siderite if collocated precipitation occurs, as it partitions 
strongly and could yield a significant amount of Mn in the mineral even 
with a relatively low Mn concentration in the fluid (Sengupta et al., 
2020). 

6.4. Limits and improvements of the model with the experimental 
feedback 

We reported several discrepancies between the model and the data: 
1- Overestimation/Underestimation of concentration and buffering. 2- 
Overestimation of the precipitation of secondary phases, in particular 
siderite and clays. These two points are linked, depending on the 
conditions. 

On the first point, the Mn concentration overestimation (in runs 
starting with pure water) is most likely explained by the absence of one 
or several mechanisms in the model (catalysis and/or adsorption). 
Alternatively, it is possible that one or several Mn-bearing phases are 
lacking in the database and precipitate in quantities that did not allow 
their observation. There can be multiple reasons for the overestimation 
of [Fe]: reactive surfaces (SA), discrepancies in rate constants caused by 
equilibrium interfaces at the mineral surfaces, or discrepancies on the 
measured rate constants far from equilibrium, especially in witness 
experiments. 

Regarding SA, we preferred to test our method of theoretical SA 
calculation over the BET surface area. However, SA is often treated as a 
fitting parameter to achieve good agreement with the experimental re-
sults, with uncertainties up to one order of magnitude between BET 
derived surface and geometrical surface or even higher for clay minerals 
(Bourg et al., 2015). Concentrations and buffering speeds will change 
with an increase or decrease of the total SA, or a wrong estimation of 
mineral specific reactive area (Beckingham et al., 2016). However, in a 
Martian approach, fitting by adjusting the SA of each minerals would be 
beyond the scope of the paper as we do not have water chemistry 
compositions. 

Discrepancies between field data (or here a real rock dissolution) and 
models are observed in multiple studies and can be attributed to the 
incomplete description of the complex interaction between dissolution 
and precipitation, as well as the methods of how far from equilibrium 
kinetic rate constants are measured (Zhu and Lu, 2013). Temperature 
dependencies of dissolution rates also seems to be overestimated, as 
shown in the runs at high temperature starting with pure water. More-
over, temperature dependencies for oxidation rates remain unknown, so 
we can expect an effective change in rates when conditions are far from 
the standard temperature. Additionally, the grain-water interface can 
locally reach an equilibrium concentration, effectively limiting disso-
lution rates. Our daily agitation was purposely done to avoid this effect 
without speeding up the dissolution rates. When the rates are measured, 
the effective rates are most often faster because the mixing method is 
optimal, with continuous stirring throughout the experiments. When 
calculating our solid solution, we also made the assumption of a pro-
portional change of rates between the end-members, which could favor 
faster dissolution when some end-members have several orders of 
magnitudes between their rate constants (Lichtner, 2016). Passivation of 
the mineral surface was also proposed in previous experiments to 
explain the lower pH. 

Most of the overestimation of precipitation is related to point 1: 
Increased activities and pH favor the precipitation of secondary phases. 
Moreover, specific to the overestimated clay production, their precipi-
tation kinetics are several orders of magnitude slower than other phases 
such as carbonates or oxides (Meunier, 2005; Marty et al., 2015). 

Combined with their extremely favored precipitation in thermodynamic 
models because of their low solubility, their overestimated production 
can be explained quite straightforwardly. With respect to siderite, it is 
clear that its precipitation is limited by the level of supersaturation 
needed for precipitation (Tosca et al., 2018). Supersaturation that allows 
siderite precipitation is harder to reach than for Fe-oxide as shown in 
Section 6.3. On the ancient Mars surface, it could be more challenging to 
form because the pH/alkalinity domain is most of the time incompatible 
when being at high W/R and in direct contact with the atmosphere. 

To address these precipitation overestimations, future models must 
include a more accurate description of siderite precipitation that takes 
into account the effective supersaturation needed to precipitate and, if 
possible, their precipitation kinetics. Clay precipitation will be hindered 
by its precipitation rates, so it is best to include them when available. 
Without precipitation kinetics, removal of clays from the model, in the 
context of a short-lived environment, similar to our sensitivity simula-
tion, would give the best results. 

Further sensitivity tests could include a larger change in SA to 
constrain the wider predominance domain of siderite and Fe-oxide while 
staying in a geologically realistic setting. Even if it would not be a first 
order controlling factor for Fe and Mn, testing multiple starting rocks 
with extreme composition differences (such as dunite vs. anorthosite) 
could be interesting to test out the effect on secondary phase precipi-
tation. In the future, with the available range of possible minerals in our 
thermo-kinetic calculator, and pending a direct interface with the 
PhreeqPy simulation, it would be possible to quickly compute the full 
range of rock composition from ultramafic to acid series and perform 
kinetic dissolution calculations. It would also be possible to explore the 
effect of the variation of the solid solution composition of minerals on 
the fluid evolution and the predicted phase mixture. 

Furthermore, it was observed that certain mechanisms may not be 
included in the model. Therefore, incorporating adsorption or catalysis, 
where applicable and feasible, could be crucial as they may significantly 
influence the concentrations of certain elements. 

The assumption of congruent dissolution of the solid solution 
including Mn seems mostly correct, since the concentrations are 
correctly predicted in acid runs dominated by the dissolution. It would 
be possible to include other minor substituents in the primary silicate 
solution. 

7. Conclusion 

The kinetic weathering experiments conducted in this study once 
more emphasizes the importance of kinetics when trying to interpret 
redox and paleoenvironmental conditions based on the final phase 
assemblage found in-situ. These experiments showed that the evolution 
of Fe and Mn concentrations in the fluid is complex and mostly 
controlled by kinetics. Overall, the runs with different pO2 did not result 
in a significant change in the mineralogy, because more than an order of 
magnitude of difference in pO2 and/or higher alkalinity would be 
required, as modeled in our simulation with updated parameters. On the 
other hand, thanks to the experimental “sensitivity test” approach, we 
compared multiple parameters in order to decipher the controlling 
factors in a whole rock alteration experiment. In the runs starting with 
pure water, we observed that, despite an apparent stabilization of fluid 
chemistry, the final Fe concentration was, in fact, controlled by a “dy-
namic” or steady-state equilibrium between dissolution and oxidation 
rates. Moreover, Mn concentration, while much higher than predicted 
by the equilibrium-based model, was likely controlled by one or several 
mechanisms related to Fe-oxide formation. Therefore, its apparent final 
equilibrium was probably controlled by the dynamic equilibrium be-
tween the dissolution rates and these unidentified mechanisms (possibly 
catalysis, adsorption, and/or Fe-Mn-bearing phase precipitation). On 
Mars, it is hence most probable that Mn and Fe might be associated 
because of this process, while Mn could stay relatively mobile even 
where a significant amount of Fe-oxide forms. Moreover, if we 
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hypothesize that Fe-oxides are not available, Mn would be even more 
mobile, as predicted by the “kdtp” model. 

In the runs starting with acidic solutions, we saw that the main 
control over the solution composition was the dissolution kinetics, even 
in the stable pseudo-equilibrium phase. Although it has no apparent 
impact on the Fe concentration, we also observed in these runs the 
precipitation of a secondary phase composed of Fe, S and P. While 
apatite was only a minor fraction of the initial phase assemblage, the 
presence of P in the phase assemblage was enhanced because of its faster 
dissolution kinetics. If the models manage to predict a satisfying 
description of the evolution of concentration and of the final pseudo- 
equilibrium, we show that they often overestimated the precipitation 
of secondary phases such as clays and siderite. A part of the explanation 
for these discrepancies was the absence of precipitation kinetics for clays 
and because of the actual supersaturation needed to effectively precip-
itate siderite. 

Based on these experimental observations, we updated the model 
with a higher supersaturation required for siderite precipitation and 
removed clays from the potential phases that can precipitate. We con-
ducted a large kinetic sensitivity test simulation which confirmed the 
absence of siderite in our experimental conditions. We were able to 
determine that even under oxidizing conditions from a thermodynamic 
standpoint, it is possible to form siderite. Going beyond equilibirum 
models, we calculated a new pO2 and pCO2 space where siderite or Fe- 
oxide can be effectively formed, redefining the meaning of “reducing” 
and “oxidizing” in a Martian context. Moreover, we also observed that 
without longer residence time, the Fe activity and pH are not compatible 
with the formation of siderite under any conditions. Observing siderite 
or oxide would not primarily be a redox marker but would be a clue for a 
different hydrological regime. Based on these results, we interpret that 
formation of Fe–Mg and Fe carbonates, such as is observed by the 
Perseverance rover in Jezero crater or by the Curiosity rover in Gale 
crater, would not be a marker of a particularly reducing atmosphere, but 
instead as an indicator of changing hydrological conditions that result in 
high alkalinity and/or higher pH. Although siderite would not infer 
primarly redox conditions, and that Mn-oxides are mainly pH controlled 
and do not require terrestrial-level amounts of oxygen, a collocated 
precipitation of siderite and Mn-oxides could still provide valuable in-
formation to constrain the redox environment of the ancient Mars. At a 
global scale, the formation of authigenic siderite and even other car-
bonates (for example, when accounting the Mg-inhibition of calcite 
precipitation) during rock weathering would be rather limited without 
long residence times. It can be interpreted that higher weathering rates 
and buffering during alteration or ultimately later evaporation are 
required to form siderite on the surface of Mars. 

Both Fe and Mn would have greatly enhanced mobility on the 
Martian surface. Relatively high pO2 and low pCO2 combined with a 
longer residence time in the water would be the only way to have a 
reduced mobility of Fe, while still being much higher than on Earth. 
Close or colocated precipitation of oxide and carbonates would be 
possible without a change in the pO2 content of the atmosphere within 
the same oxidation front. This new quantification of kinetic-induced 
mobility of Fe and Mn can serve to update existing and future hypoth-
eses on the redox and paleo-environmental significance of their associ-
ated secondary phases when found in-situ on Mars. 
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Scholes, D., Schoppers, M., Schröder, S., Sebastian Martinez, E., Sengstacken, A., 
Shterts, R., Siebach, K., Siili, T., Simmonds, J., Sirven, J.B., Slavney, S., Sletten, R., 
Smith, M., Sobrόn Sánchez, P., Spanovich, N., Spray, J., Squyres, S., Stack, K., 
Stalport, F., Stein, T., Stern, J., Stewart, N., Stipp, S.L.S., Stoiber, K., Sucharski, B., 
Summons, R., Sun, V., Supulver, K., Sutter, B., Szopa, C., Tate, C., Teinturier, S., ten 
Kate, I.L., Thomas, P., Thompson, L., Tokar, R., Toplis, M., Torres Redondo, J., 
Trainer, M., Tretyakov, V., Urqui-O'Callaghan, R., Van Beek, J., Van Beek, T., 
VanBommel, S., Varenikov, A., Vasavada, A., Vasconcelos, P., Vicenzi, E., 
Vostrukhin, A., Voytek, M., Wadhwa, M., Ward, J., Webster, C., Weigle, E., 
Wellington, D., Westall, F., Wiens, R.C., Wilhelm, M.B., Williams, A., Williams, J., 
Williams, R., Williams, R.B., Wilson, M., Wimmer-Schweingruber, R., Wolff, M., 
Wong, M., Wray, J., Wu, M., Yana, C., Zeitlin, C., Zimdar, R., Zorzano Mier, M.P., 
2013. Curiosity at Gale Crater, Mars: characterization and analysis of the rocknest 
sand shadow. Science 341, 1239505. URL: https://www.science. 
org/doi/10.1126/science.1239505 https://doi.org/10.1126/science.1 
239505. 

Blanc, P., Lassin, A., Piantone, P., Azaroual, M., Jacquemet, N., Fabbri, A., Gaucher, E., 
2012. Thermoddem: A geochemical database focused on low temperature water/ 
rock interactions and waste materials. Appl. Geochem. 27, 2107–2116. URL: 
https://linkinghub.elsevier. 

com/retrieve/pii/S0883292712001497 https://doi.org/10.1016/j.apgeoch 
em.2012.06.002. 

Borlina, C.S., Ehlmann, B.L., Kite, E.S., 2015. Modeling the thermal and physical 
evolution of Mount Sharp's sedimentary rocks, Gale Crater, Mars: Implications for 
diagenesis on the MSL Curiosity rover traverse. J. Geophys. Res. Planets 120, 

1396–1414. URL: https://onlinelibrary.wiley. 
com/doi/10.1002/2015JE004799 https://doi.org/10.1002/2015JE004799. 

Bourg, I.C., Beckingham, L.E., DePaolo, D.J., 2015. The nanoscale basis of co2 trapping 
for geologic storage. Environ. Sci. Technol. 49, 10265–10284. 

Bristow, T.F., Haberle, R.M., Blake, D.F., Des Marais, D.J., Eigenbrode, J.L., Fairén, A.G., 
Grotzinger, J.P., Stack, K.M., Mischna, M.A., Rampe, E.B., Siebach, K.L., Sutter, B., 
Vaniman, D.T., Vasavada, A.R., 2017. Low Hesperian PCO2 constrained from in situ 
mineralogical analysis at Gale Crater, Mars. Proc. Natl. Acad. Sci. 114, 2166–2170. 
URL: http://www.pnas.org/lookup/doi/10.1073/pnas.1616649114 
https://doi.org/10.1073/pnas.1616649114. 

Bristow, T., Grotzinger, J.P., Rampe, E., Cuadros, J., Chipera, S., Downs, G., Fedo, C.M., 
Frydenvang, J., McAdam, A., Morris, R., et al., 2021. Brine-driven destruction of clay 
minerals in gale crater, mars. Science 373, 198–204. 

Bullock, M.A., Moore, J.M., Mellon, M.T., 2004. Laboratory simulations of Mars aqueous 
geochemistry. Icarus 170, 404–423. URL: https://linkinghub.elsevier. 
com/retrieve/pii/S0019103504001228 https://doi.org/10.1016/j.icarus 
.2004.03.016. 

Carter, J., Poulet, F., Bibring, J.P., Mangold, N., Murchie, S., 2013. Hydrous minerals on 
mars as seen by the crism and omega imaging spectrometers: Updated global view. 
J. Geophys. Res. Planets 118, 831–858. 

Charlton, S.R., Parkhurst, D.L., 2011. Modules based on the geochemical model 
PHREEQC for use in scripting and programming languages. Comput. Geosci. 37, 
1653–1663. https://doi.org/10.1016/j.cageo.2011.02.005. 
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