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Abstract

Extensive carbonate precipitation has occurred on Mars. To gain insight into the carbonation

mechanisms and formation processes under ancient Martian aqueous conditions, we exam-

ine the precipitation of carbonates resulting from atmospheric carbon fixation, focusing on

interactions between various brines and silicate and perchlorate solutions in alkaline envi-

ronments. The micro-scale morphology and composition of the resulting precipitates are

analysed using ESEM micrographs, EDX chemical compositional analysis, X-ray diffraction,

and micro-Raman spectroscopy. Our findings indicate a significant atmospheric carbonation

process involving chlorate and sulphate brines reacting with alkaline perchlorate solutions,

leading to the precipitation of calcium carbonate polymorphs, including vaterite, aragonite,

and calcite, as well as other carbonates like siderite (iron carbonate) and zaratite (nickel car-

bonate). Some precipitates exhibit biomorphic structures (such as globular spherical aggre-

gates, fine branched tubes, and flower-like morphologies) that should not be mistaken for

fossils. These experiments demonstrate that various precipitates can form simultaneously

in a single reaction vessel while being exposed to different micro-scale pH conditions. We

propose that systematic laboratory studies of such precipitate reactions should be con-

ducted in preparation for the analysis of the Mars Sample Return collection on Earth, aiding

in the interpretation of carbonate presence in natural brine-rock carbonation processes

under Martian conditions while also helping to distinguish potential biosignatures from purely

geochemical processes.

Introduction

Within approximately ten years from now, the Mars Sample Return campaign will bring to

Earth a collection of samples that are now being acquired by the Perseverance rover from

Jezero Crater, Mars [1–5]. Carbonate detection from orbit on Mars is rare, but one of the

unique features of the Jezero crater region is the existence of a vast carbonate-rich region that

is distinguishable from orbit within the inflow channel to the ancient lake [6–10]. Zastrow and
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Glotch have detected, using visible/near-infrared hyperspectral imagery over Jezero, carbonate

abundances up to *35% and identified three distinct units containing different carbonate

phases, which points, presumably, to multiple periods of carbonate formation under varying

aqueous conditions.

The remote detection of carbonates in association with a sedimentary environment that once

hosted an intense water cycle was one of the reasons why the Jezero crater was chosen as the tar-

get of the in-situ investigation of Perseverance. This environment was also selected because of its

interest in acquiring a diverse collection of samples of high astrobiological value that will be

brought back to Earth for further analysis. On Mars, carbonation processes could involve the fol-

lowing steps: (i) adsorption of CO2 onto mineral surfaces; (ii) reaction of CO2 with water vapor

to form carbonic acid (H2CO3); (iii) chemical weathering of minerals by carbonic acid, leading

to the release of metal ions (e.g., Ca2+, Mg2+) and formation of carbonate minerals (e.g., calcium

carbonate, magnesium carbonate); and (iv) precipitation of carbonates in pore spaces or frac-

tures within rocks. As carbonates are formed when atmospheric carbon dioxide (CO₂) reacts

with liquid water, a detailed analysis of the exact composition and distribution of carbonates

within a rock can inform of the paleo-depositional environment. For instance, carbonates on

Earth form in the shallow areas of freshwater or alkaline lakes, but they can also form through

mineral carbonation when silicate minerals react with CO₂ and are converted to carbonate. Fur-

thermore, carbonates are also interesting as they may preserve biosignatures [11]. Some potential

biomarkers that could be found in Martian carbonates include (i) organic compounds: carbon-

ates could contain organic molecules such as amino acids, lipids, or sugars, which could be rem-

nants of past biological activity [12]; (ii) isotopic signatures: isotopic ratios of carbon, oxygen,

and other elements within carbonates could provide clues about biological processes or environ-

mental conditions during carbonate formation [13]; (iii) microbial fossils: microorganisms or

their remains could be preserved within carbonate minerals as microfossils or biosignatures, pro-

viding direct evidence of past life [14]; or (iv) biosignature minerals: or some minerals associated

with microbial metabolisms, such as certain iron minerals produced by iron-reducing bacteria,

could potentially be found in association with carbonates as indicators of past life, i.e., carbonates

may be produced as a by-product of microorganisms’ activity [15], so, in some cases, carbonates

may also be considered themselves, under certain conditions, as a potential biomarker. When

writing this article, Perseverance explores a band of carbonates along the inner edge of Jezero’s

western crater rim. A possible hypothesis for the deposition of this carbonate-rich region sug-

gests that more than 3 billion years ago, an alkaline lake in Jezero Crater might have reached its

shores, depositing the carbonate layer [8].

The in-situ analysis of the rocks of Jezero crater by the instrumentation onboard Persever-

ance rover has provided new evidence of various degrees of aqueous activity that has altered

the rocks at the base of Jezero crater in the form of water-soluble salts (chlorides and perchlo-

rates), carbonate minerals, sulfates, iron oxides, and iron silicates [5]. The payload of Persever-

ance is unique and has implemented a detailed microscopic compositional and spatial

distribution analysis, providing new insight into the processes that have affected a Martian

environment. In particular, the analysis of the abraded patches of rocks of Séı́tah suggests the

existence of olivine cumulate grains that were altered by fluids far from chemical equilibrium

at low temperatures. These rocks, of igneous origin, were partially dissolved and filled by finely

crystalline or amorphous secondary silicate, carbonate, sulfate, and chloride/oxychloride min-

erals. The analysis done on Mars by the instrument payload of Perseverance suggests that this

region is an olivine and pyroxene-bearing unit containing minor amounts (<10%) of Mg-Fe

carbonates, together with CaSO4 and MgSO4*nH2O as well as perchlorates [5].

At planetary scales, carbonates have also been detected in Martian meteorites [16] and in

situ by different rovers such as Spirit, which identified outcrops of carbonate minerals in
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Gusev Crater [17]. Sulfates have also been found before on Mars in situ. In particular, at the

landing site of the Opportunity rover, hydrated sulfates such as bassanite (CaSO4.1/2H2O),

kieserite (MgSO4.H2O), [18] and jarosite (KFe+3(SO4)2(OH)6 were found. Curiosity rover also

found magnesium sulfate at the Gale crater [19]. Although carbonate formation processes

have happened widely on Mars, the carbonation mechanisms under Martian conditions are

still poorly understood [20].

On the other hand, it is known from laboratory experiments that carbonation by atmo-

spheric carbon fixation can occur in alkaline-basic fluid reactions where carbonates precipi-

tate. In this kind of abiotic chemical reaction, microstructures rich in carbonates are formed,

which sometimes mimic bioforms that should not be misinterpreted as true biomarkers. In

preparation for the future geochemical analysis of the Mars sample return collection on Earth,

we simulate the abiotic production of carbonates within some reaction-precipitation processes

associated with some of the aqueous-alteration phases that these rocks may have been exposed

to. We have investigated the precipitates at the microscale level to illustrate the different struc-

tures and compositional distributions that may appear in reaction precipitation processes pro-

duced by different brines in reaction with basic solutions to demonstrate the potential

complementary use of different instrumentation.

Carbonation precipitation reactions

Since the XVIIth century, it is well known that self-assembled tubular structures, also known as

chemical gardens, can form biomimetic structures during reaction-precipitation processes

when metallic salts are immersed in a basic solution forming a semipermeable membrane [21].

The self-assembled tri-dimensional structures, with different sizes and shapes, are a product of

selective fluid transport through the semipermeable membrane due to a difference in osmotic

pressure. The rupture of this membrane produces the ejection of the internal dissolution once

in contact with the external media, which triggers the precipitation of some new products.

This process happens naturally on Earth and is essential in forming mineral deposits in cav-

erns and hydrothermal vents on the ocean floor [22]. In the case of samples from Mars, the

detection of tubular structures can also be considered a plausible marker for the ancient pres-

ence of water [23, 24]. Chemical gardens have been used to study the crystal growth of several

salts using sodium silicates [22, 25, 26]. Recently, this crystalline growth method has been

applied to simulate the formation of carbonates under Martian conditions, i.e. considering a

rich CO2 atmosphere and sodium silicate dissolution [24]. Here, we investigate carbonation

processes experimentally with perchlorates and sulphate brines to emulate some of the aque-

ous alteration phases that may have existed on Mars, particularly at the Jezero crater.

Materials and methods

Laboratory experiments

Table 1 summarises the conditions of our experiments. They were performed at 1 atm, 20˚C

and under terrestrial ambient conditions (with 400 ppm of CO2), using different growth meth-

ods. Self-assembling structures were formed in the solid-liquid phase from an alkaline sodium

perchlorate solution (NaClO4). Sodium perchlorate was freshly generated with HClO4 and

NaOH. In the solid phase, different salts were considered, such as calcium chloride (CaCl2,

anhydrous) and sulphate salts such as iron and hydrated nickel sulphates FeSO4.7H2O and

NiSO4.7H2O. To include chlorate and silicates, we considered a mixture of potassium chlorate

(KClO3) and sodium silicate (Na2SiO3.5H2O) dissolutions. All reagents had analytical purity

and were purchased from Sigma Aldrich ©.
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To investigate the role of the size of the seed (and the interface with the solution) and the

possible role of a homogenised mixture of seeds, two types of seeds were tested to induce crys-

talline growth: untreated grain and prepared pellets.

a) The solid phase seed as an untreated grain. In the untreated grain method, several salt

grains (as procured) were introduced into a small reactor with two dissolution types: 1) with 3

and 7 ml of sodium perchlorate solution at different concentrations (2 or 3 M, experiments A

and B) where the pH varies between 11.9 and 12.00 (see Table 1); and 2) given that there is

experimental and theoretical evidence supporting that substrate can be formed with chlorate

and silicate on Mars’s surface [27, 28], we consider a substrate that is formed from a basic dis-

solution (0.6 M) and pH of 9.02 with a mixture of sodium silicate and potassium chlorate in

which CaCl2 and FeSO4.7H2O salts are presents (experiment E).

b) The solid phase as a pellet. In the pellet method, 0.069 mg of hydrated NiSO4, 0.069

mg of hydrated FeSO4 and 0.072 mg of CaCl2 were homogenised with an agate mortar and

pressed into cylindrical pellets of 13 mm diameter and 1 mm of thickness using a cell at a pres-

sure of 10 bar over 10 min. The pellets were introduced into a reactor of 15 ml. At that

moment, 10 ml of basic solution at a high concentration of sodium perchlorate (2 and 3 M,

experiments C and D, respectively, with pH 11.9 and 12) were poured into each reactor.

In both methods, the seed or pellet was left at ambient conditions in the basic solution for

24 hours to allow all precipitation processes to finish. Then, the precipitates were washed twice

with Mili-Q water to remove the basic solution and dried at room temperature to be character-

ised by different analytical techniques.

Analysis techniques

We have used several analytical methods to analyse our results: 1) micrographs of the samples

using a Jeol JSM-IT300 Environmental Scanning Electron Microscope (ESEM); 2) chemical

analysis of the micromorphology observed by ESEM in situ in the microscope by using EDX

(Electron detector of X-ray absorption) analysis; 3) PANalytical X’Pert PRO diffractometry for

the identification of the crystallographic phases by XPOWDER© X-ray diffraction (XRD). Dif-

fractograms were analysed using the XPOWDER© code [29]; 4) micro-Raman spectroscopy

analyses with a JASCO NRS-5100 spectrometer connected to a microscope using a visible/near-

infrared (VIS-NIR) laser of 785 nm and 30 mW, with five cycles of 20 s of acquisition time.

Results and discussions

1. Global morphology analysis

a) Experiments A and B: NaClO4 and untreated grain crystalline growth method. The

self-assembling structures formed in the untreated grain method from sodium perchlorate at

Table 1. Summary of the experimental conditions: Crystal seed, crystal growth method, dissolution type and concentration [M] and experiment.

Experimental reactants Growth method Crystal seed pH control Experiments

CaCl2 FeSO4.7Wa NiSO4.7Wa

NaClO4 grains 2M 2M 2M 11.90 A

3M 3M 3M 12.00 B

pellets 2M 2M 2M 11.90 C

3M 3M 3M 12.00 D

KClO3+ (Na2SiO3.5H2O) grains 0.6 0.6 – 9.02 E

a7W = 7H2O

https://doi.org/10.1371/journal.pone.0312495.t001
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2M (experiment A) and 3M (experiment B) and CaCl2 has formed a spherical aggregate

(Fig 1A–3). Also, with similar conditions but using sulphate salts, we did not see the typical

growth of tubular chemical gardens, only spherical aggregates (Fig 1A labels 1 and 2). The

seeds swelled, acquiring globular forms, and, in some cases, some of these spheres were

detached and grown further on the surface (Fig 1A–3). This behaviour was observed in our

previous experiments related with self-assembled structures formed from sodium silicate dis-

solution and a dense CO2 atmosphere [24].

b) Experiment C and D: NaClO4 and pellet crystalline growth method. For both con-

centrations used in experiments C and D, and in the same way as in the untreated grain

method, the self-assembling structures from CaCl2 and sodium perchlorate formed a small

and fine white tube (Fig 1B and 1C). However, in both experiments, the hydrated NiSO4 and

FeSO4 also formed spherical aggregates (Fig 1B labels a and b).

c) Experiment E: Sodium silicate and potassium chlorate solution. The self-assembling

structures formed in the untreated grain method with a mixture of potassium chlorate 0.6 M

and basic dissolution of sodium silicate with CaCl2 and sulphate salts have the same behaviour

as the previous experiments, i.e., the sulphate salts also formed spherical aggregates. In con-

trast, the calcium chloride formed numerous fine, white, branched tubes, see Fig 1C. Like

experiments A and B, this crystal growth was reproduced in structures formed from the

sodium silicate dissolution [24].

2. Characterisation

2.1 Crystal growth of self-assembling tubular structures with calcium chloride salt.

We used the environmental scanning electron microscopy (ESEM) analytical method to deter-

mine the type of crystal and its distribution and morphology within the self-assembled struc-

tures. The micrographs suggest the formation of several polymorphs of calcium carbonate,

such as vaterite, aragonite and calcite.

a. Experiment A: We found a characteristic star morphology that could be assigned to a typi-

cal aragonite particle (Fig 2A and 2B). This morphology has been reported in our recent

study of calcium carbonate growth with a rich, dense CO2 atmosphere [24].

b. Experiment B:

We observe needle-shaped aggregates forming flower-like morphologies. These structures

formed at 3M dissolutions have also been reported as aragonite polymorphs (Fig 2C) [30].

In addition, flower-like and cubic crystals were formed in the inner surface of the tube

Fig 1. Perchlorate gardens in the solid-liquid phase: (a) Experiment B, FeSO4.7H2O, NiSO4.7H2O and CaCl2 salts at

3M of sodium perchlorate (1, 2 and 3 labels respectively) (b) Pellet method and 2M concentration (Experiment C),

with the same order as experiment B and (c) Experiment E. White, brown and green correspond to the structures of

Ca2+, Fe2+ and Ni2+ salts respectively.

https://doi.org/10.1371/journal.pone.0312495.g001
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(Fig 2D and 2E) that are like previously reported calcite crystals [31–33]. Previous investiga-

tions indicated that these peculiar morphologies result from the pH increase between 11–

12, where there are transformations from vaterite to calcite, and the flower morphology is a

result of the re-growth processes of calcite particles [31]. In other cases, the flowers can also

correspond to vaterite [32]. Our experiments were run at high pH values, so our results are

consistent with these previous investigations. The spherical micromorphology is shown in

Fig 2F, which reminds us of a microfossil. These forms were reported as calcite before [33].

c. Experiments C and D

In the pellet method with perchlorate 2M dissolution, the structures formed in the inner

parts are flowers, globular spherical aggregates, and cubic crystals (Fig 3A and 3B). Cubic

shapes prevail for the experiments at 3M concentration (Fig 3C and 3D).

d. Experiment E

In the same way, rhombohedral, flower-like and cubic crystals (Fig 3E and 3F) were formed

from the dissolution of sodium silicate and potassium chlorate mixture, as mentioned

above.

Fig 2. ESEM Micrographs of the inner surface of the tube of structures formed from the untreated grain method with

CaCl2: (a and b) and sodium perchlorate dissolution 2M (experiment A) and (from c to f) 3M concentration

(experiment B).

https://doi.org/10.1371/journal.pone.0312495.g002
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The ESEM chemical microanalysis of the structures formed from the mixture dissolution

(experiment E) indicated that the flower’s petals and the cubic forms could correspond to any

CaCO3 polymorph (Fig 4A). On the contrary, the granular surface is composed of a higher

proportion of calcium, oxygen, chlorine, and sodium, indicating the presence of calcium

oxides-hydroxides along with CaSiO3 and the rest of the reactant (Fig 4B). We have made a

micro-Raman analysis (Fig 4C) to confirm our hypothesis about the growth of calcium car-

bonate polymorphs in the interior of the surface. The spectrum shows the characteristic bands

of vaterite at 1074 and 300 cm-1 and probable calcite and aragonite at 1080 cm-1, which could

be masked in the broad peak at 1074 cm-1 [34–36]. This result agrees well with the flower-like

vaterite crystal aggregates previously reported [32]. Also, another defined peak at 938 cm-1

Fig 3. ESEM micrographs of the inner surfaces of the tubular structures obtained with CaCl2: (a and b) 2M

(experiment C) and (c and d) 3M (experiment D) in pellet method and (f and g) with sodium silicate and potassium

chlorate mixture (experiment E).

https://doi.org/10.1371/journal.pone.0312495.g003
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could correspond to the characteristic signature of sodium perchlorate at 933 cm-1. The pres-

ence of sodium perchlorate may be corroborated by the weakest 457 cm-1 signature, which

may be masked in the broad feature at 487 cm-1. These frequencies were observed in a previous

study of NaClO4 [37]. Furthermore, in previous experimental and theoretical studies of Mars,

a similar frequency was determined in perchlorate brines between 900–1000 cm-1 [27], and in

Fig 4. Chemical microanalysis of structures formed from CaCl2 and a mixture of potassium chlorate and sodium

silicate and micro-Raman spectrum (experiment E).

https://doi.org/10.1371/journal.pone.0312495.g004
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a regolith model, a similar signature was found at 940 cm-1. In that case, it corresponds to the

asymmetric mode υ(O-Cl-O) [28].

In the case of the precipitates obtained from pellet and seeds with perchlorate 2M dissolu-

tion (experiment C), the EDX analysis suggests that the flower’s petals are composed of

CaCO3-like structures above (Fig 5A). On the contrary, the bright cubic crystals are NaCl

(Fig 5B). The spectra have characteristic bands of calcite polymorphs (Fig 5C) at 280, 711 cm-1

and 1084, 705 cm-1 (within the 711 cm-1 broad peak) that correspond to calcite and aragonite

[34–36]. In the same way, as in the case above, the υ(O-Cl-O) signal appears at 934 cm-1.

The needles aggregate and star-like structure were also investigated with EDX to determine

the composition. The analysis indicates that in the star structure, the composition could corre-

spond to CaCO3 (Fig 6A), whereas in the amorphous, it corresponds to CaCl2 (Fig 6B). This

microphotograph corresponds to the sample formed with NaClO4 2M (experiment A). The

Raman analysis of petals (Fig 6C flowers image inside of the spectrum) shows the characteristic

bands of the calcite polymorph at 1084, 711, and 280 cm-1 [36]. This result agrees with Oral

and Ercan’s work, which proposes that flower morphology results from the re-growth pro-

cesses of calcite particles [31].

The coexistence of calcium carbonate polymorphs can also be confirmed with the XRD pat-

tern (Fig 7). The diffraction pattern shows the characteristic peaks with the following reflec-

tions: calcite at 29˚, 39˚, aragonite at 26˚, 48˚ and vaterite at 24.8˚, 33˚, and 43˚ (2θ units).

Other reflections at 27˚, 32˚, 45.5˚ and 57˚ correspond to NaCl salt. These values agree with

previous studies of calcium carbonate formation [31, 32, 38, 39].

2.2 Crystal growth of self-assembling structures with sulphate salts. The self-assem-

bling structures formed in experiments C and E were the only ones characterised by ESEM

micrographs. They correspond to the experiments with NiSO4.7H2O seeds, sodium perchlo-

rate 2M (experiment C) and FeSO4.7H2O seeds, and potassium chlorate and sodium silicate

mixture dissolution (experiment E). In the case of iron sulphate, the crystals on the inner sur-

face of the structure have rectangular shapes (Fig 8), while nickel sulphate presents a porous

structure (Fig 9). The fine grains of Fig 9C are similar to those in ESEM microphotography of

the characterisation of NiO nanoparticles [40].

For the case of precipitates formed in a sodium silicate and a potassium chlorate mixture,

the EDX microanalysis suggests that the rectangular crystals could be formed of Fe, C, O, Cl

and Si (Fig 10A and 10B). We have also performed a micro-Raman analysis to corroborate

that the interior surface is rich in FeO/FeOH and determine a possible carbonatation process.

The spectra show that the most intense peaks are characteristic of carbonate minerals such as

siderite (FeCO3), whose peaks are found at 300 and 250 cm-1 and could be included in the

broad peak at 294 cm-1. On the other hand, two peaks at 374 and 540 cm-1, including the

broad feature at 411 and 500 cm-1, could be attributed tentatively to FeO/Fe(OH)2 found in

goethite [24, 41]. This latter peak is in good agreement with previous work on tubular struc-

tures of iron sulfate [23, 24]. The characteristic peaks of sodium perchlorate structures appear

at 951 and 457 cm-1 (the last one could be included in the widespread peak at 411 cm-1)

(Fig 10C). Also, this frequency is close to the theoretical value of asymmetric mode υ(O-Cl-O)

reported at 940 cm-1 [28]. The KClO3, even in low concentration, has induced the formation

of iron carbonate as a siderite mineral. This mineral was not found in our previous study [24],

with sodium silicate and a dense CO2 atmosphere within the Space-Q Mars Chamber [42].

In addition, EDX analysis of the sample with NiSO4 (2M) shows a much higher proportion

of oxygen, carbon, and nickel on the inside and external side of the structure, indicating the

presence of carbonate and oxides-hydroxides Ni crystals that grow inside and outside of the

structure (Fig 11A and 11B). This result differs from our previous results, in which the wall of
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Fig 5. Chemical microanalysis of the internal surface of tubular structures formed from CaCl2 pellet sample with

sodium perchlorate 2M dissolution (experiment C), possible formation of CaCO3. Micro-Raman spectra (at the

bottom).

https://doi.org/10.1371/journal.pone.0312495.g005
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the tubular structure was formed mainly by silicon, and the carbonates and oxy-hydroxy crys-

tals grow in the inner of the material form [24–26].

A Micro-Raman analysis corroborated that the surface’s interior and exterior are rich in

nickel oxide/hydroxide and probably carbonates. The spectrum (Fig 11C) shows the

Fig 6. Chemical microanalysis of the internal surface of the sample formed from CaCl2 and sodium perchlorate

dissolution 2M (experiment A), possible formation of CaCO3 in micro Raman with photo at 20x (bottom).

https://doi.org/10.1371/journal.pone.0312495.g006
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characteristic bands at 939, 458 and 307 cm-1 that could correspond to Hellyerite mineral [Ni

(CO3).6H2O], with peaks at 1050–1100, 930–940 and 300–460 cm-1 [41]. As discussed above

in the iron sulphates sample, the peak that appears at 939 cm-1 also could correspond to υ
(O-Cl-O). Other signals at 458 and 620 cm-1 can suggest the presence of nickel carbonate with

sulphate, which may correspond to Burkeite mineral [Na4(SO4)(CO3)] whose characteristic

signals appear at 450 and 630 cm-1 [24, 41]. On the other hand, the peaks in the theophrastite

mineral (Ni(HO)2) appear at 300–310 and 445 cm-1 [41]. The later peak may perhaps be

underneath the broad peak at 460 cm-1. We have not observed any signal of nickel oxide

whose peaks appear at 200, 500 and 1090 cm-1 [40]. On the other hand, the DRX pattern of

these samples (Fig 12) shows the characteristic diffraction peaks of the Ni hydroxylated phase

at 19˚, 39˚ and 63˚ (2θ units). These peaks are similar to those reported by Kotok [43]. Also,

the signal of nickel carbonate was found at 20˚, 30˚ and 40˚ (2θ units). These values were

reported in the low crystallinity phases of the zaratite mineral [44]. Concerning the formation

of this mineral (NiCO3), previous studies suggest that this must have been produced at a pH of

12 [45]. Our experimental setup reproduces similar structures and morphologies.

Fig 7. XPOWDER© x-ray diffraction patterns of the tubular structure obtained with CaCl2 and sodium

perchlorate in terrestrial conditions. Reflections are assigned to polymorphs of calcite (c), vaterite (v) and aragonite

(a).

https://doi.org/10.1371/journal.pone.0312495.g007
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Conclusions

The purpose of this work is to demonstrate the formation of carbonates through various geo-

chemical reaction-precipitation processes under different simulated Martian conditions. We

have conducted experiments using different aqueous solutions and solid grains from olivine

and other volcanic or sedimentary rocks and minerals to illustrate a few examples of brine

reaction-precipitation chemical paths that may have existed at the Jezero crater and elsewhere

on Mars.

Similar experiments should be performed in the future under different environmental sim-

ulated Martian conditions (i.e. different CO2 pressures and rock support, using solid grains

from olivine and other volcanic or sedimentary rocks and minerals that emulate those found

at Jezero) for two main reasons: (i) to demonstrate the microscopic scale analysis and validate

the procedures and instrumentation of the mars sample receiving facility in preparation for

the analysis of carbonates produced in natural brine-rock carbonation processes and, (ii) to

prepare synthetic carbonates that may serve as control experiments for any future analysis

about the carbon composition and distribution of the Mars Sample Return collection.

Our experiments have shown that calcium chloride and sulphate salts can quickly form car-

bonate structures with sodium perchlorate solution under Martian-like conditions. The

ESEM’s micrographs and chemical microanalysis suggest that brines of sulphates (Fe and Ni)

and CaCl2 salts with sodium perchlorate and mixed solutions of sodium silicate and potassium

Fig 8. ESEM micrographs of the inner surface of the materials formed with FeSO4 and the potassium chlorate and

sodium silicate dissolution (experiment E).

https://doi.org/10.1371/journal.pone.0312495.g008
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chlorate in contact with an atmosphere with merely 400 ppb of CO2 can fix atmospheric CO2,

forming microstructures of calcium carbonate with various biomorphic morphologies. The

observed micro-scale morphologies are assigned to different calcium carbonate polymorphs

such as calcite, vaterite, and aragonite. Other carbonates, such as siderite and Ni(CO3), are also

formed. Additionally, the precipitates from sulphate can produce other species that can appear

on the inner side of the structures, such as FeO, Fe(OH)2 and Ni(OH)2, as confirmed by

Micro-Raman spectroscopy and X-ray diffraction.

Our analysis suggests that carbonates such as calcium carbonate and their polymorphs,

nickel carbonate and siderite, may form from the precipitation of sodium perchlorate brines

interacting with other salts. Different types of precipitates formed only under very high pH

conditions and distributed sparsely within the sample, such as nickel carbonate, suggest that

the pH can vary enormously even within a small reaction area of only a few centimetres.

Therefore, some caution is needed to interpret the aqueous history sequence of an environ-

ment, mainly when this is supported only by detecting a variety of mixed minerals that may

form from precipitation under different pH conditions. These experiments show that all the

precipitates may have been produced simultaneously -in a “one-pot” reaction- and still be

exposed to different micro-scale pH conditions.

Fig 9. ESEM micrographs of the inner surface of the material formed with NiSO4 sodium perchlorate 2M

(experiment C).

https://doi.org/10.1371/journal.pone.0312495.g009
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Fig 10. Chemical microanalysis of the internal surface of structures formed from FeSO4 and a mixture of potassium

chlorate and sodium silicate dissolution (a and b). Raman spectrum (c) (experiment E).

https://doi.org/10.1371/journal.pone.0312495.g010
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Fig 11. EDX microanalysis and Raman spectrum of the structures formed with NiSO4 in sodium perchlorate

dissolution 2M (experiment C).

https://doi.org/10.1371/journal.pone.0312495.g011
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It is important to note that while carbonates can form biomorphs visible at the microscopic

scale, they should not be misinterpreted as valid biomarkers, as they can be produced abioti-

cally. The experimental study of the carbonate precipitates that are produced in the reactions

of minerals with brines and CO2 may be helpful to interpret the paleo-precipitation conditions

that existed once on Mars, to distinguish abiotic from biological processes, discriminate bio-

morphs, and to prepare analogue materials for laboratory analysis in preparation for the analy-

sis of the Mars sample return collection. Similar experiments may also be used to quantify how

much CO2 may have been sequestered from the atmosphere on Mars throughout the history

of the evolution of Mars.
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Fig 12. XPOWDER© x-ray diffraction patterns of the structure obtained with NiSO4 and sodium perchlorate.

Reflections are assigned to NiCO3.
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ago: Memoria (quı́mico)—Universidad de Chile, 2008.

PLOS ONE Experimental formation of carbonates: Implications for Jezero crater, Mars

PLOS ONE | https://doi.org/10.1371/journal.pone.0312495 December 5, 2024 19 / 20

https://doi.org/10.1038/s41586-023-06143-z
http://www.ncbi.nlm.nih.gov/pubmed/37438522
https://doi.org/10.1126/science.273.5277.924
https://doi.org/10.1126/science.273.5277.924
http://www.ncbi.nlm.nih.gov/pubmed/8688069
https://doi.org/10.1126/science.1109087
https://doi.org/10.1126/science.1109087
http://www.ncbi.nlm.nih.gov/pubmed/15718429
https://doi.org/10.1126/science.abg5449
http://www.ncbi.nlm.nih.gov/pubmed/34244410
https://doi.org/10.1126/science.1088054
http://www.ncbi.nlm.nih.gov/pubmed/12934004
https://doi.org/10.1021/la104192y
https://doi.org/10.1021/la104192y
http://www.ncbi.nlm.nih.gov/pubmed/21391635
https://doi.org/10.1021/acs.chemrev.5b00014
http://www.ncbi.nlm.nih.gov/pubmed/26176351
https://doi.org/10.1098/rspa.2016.0466
https://doi.org/10.1098/rspa.2016.0466
http://www.ncbi.nlm.nih.gov/pubmed/27956875
https://doi.org/10.1089/ast.2021.0123
http://www.ncbi.nlm.nih.gov/pubmed/35613388
https://doi.org/10.1371/journal.pone.0312495


34. Cardoso SSS, Cartwright JHE, Checa AG, Sainz-Dı́az CI (2016) Fluid-flow-templated self-assembly of

calcium carbonate tubes in the laboratory and in biomineralization: The tubules of the watering-pot

shells, Clavagelloidea. Acta Biomaterialia 43: 338–347.

35. Wehrmeister U, Jacob DE, Soldati AL, Loges N, Häger T, et al. (2011) Amorphous, nanocrystalline and
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