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A B S T R A C T

Some oxidized compounds in Martian soils may form through heterogeneous electrochemistry (HEC) stimulated 
by electrostatic discharge (ESD) during dust storms and dust devils. To test this hypothesis, we conducted 
medium-strength ESD experiments in a Mars simulation chamber and analyzed the Cl, O, and C isotopic com
positions of the resulting chloride, (per)chlorate, and carbonate products. These ESD products exhibit substantial 
mass-dependent depletions in heavy isotopes relative to the reactants: ε37Cl from -11.3 ‰ to +2.0 ‰, ε18O from 
-34.5 ‰ to -12.9 ‰, and ε13C around -11.4 ‰. These results, when compared with isotopic measurements from 
recent Mars missions (ESA’s ExoMars Trace Gas Orbiter and the Sample Analysis at Mars (SAM) instrument 
package aboard NASA’s Curiosity rover) and Martian meteorites, indicate that HEC induced by Martian dust 
activities can account for a substantial portion of the (per)chlorates and carbonates identified at the surface of 
Mars and the HCl in its atmosphere.

1. Introduction

The surface of Mars is a dynamic environment in which dust storms 
and dust devils occur frequently and cause frictional electrification of 
colliding dust particles mobilized by wind (Eden and Vonnegut, 1973; 
Mills, 1977; Melnik and Parrot, 1998). Size separation of suspended 
particles having opposite charges can lead to charge separation. An 
electrostatic discharge (ESD) would occur where a sufficiently large 
electrical potential is present. ESD associated with Martian dust activ
ities can occur under small potential gradients on the order of 20–25 kV 
m-1 (Mills, 1977; Melnik and Parrot, 1998) because of the thin Martian 
atmosphere and are most likely to occur near the surface (Rahman et al., 
2023). During ESD events, energetic electrons collide with atmospheric 
molecules, producing a range of reactive species including ions, radicals, 
electronically excited neutrals, and oxidized molecular products (Wu 
et al., 2018). ESD-induced heterogeneous electrochemistry (HEC) has 

strong oxidation potentials (Wu et al., 2018) and may account for both 
the presence of abundant oxidized compounds (e.g., (per)chlorates) and 
the near-absence of organic carbon compounds detected in Martian soils 
(Bak et al., 2022).

Laboratory simulations of Martian ESD conditions have shown that 
chloride and chlorate salts subjected to ESD in a CO2-rich atmosphere 
yield a variety of reaction products, including volatile chlorine species, 
oxides, carbonates, and (per)chlorates retained in residual salt phases 
(Wang et al., 2023). The present study was performed on a set of 
representative reactant and product samples similar to the ESD experi
ments (Wang et al., 2023) to characterize isotopic compositions of 
chlorine, oxygen, and carbon products, and to compare these results 
with available isotopic data for the Martian atmosphere and surface 
(obtained during orbiter and lander missions) and Martian meteorites. 
The isotope effects were quantified from the differences in isotopic 
compositions of reactants (CO2, KCl, MgCl2, KClO3) and products 
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(including volatile Cl deposited on upper electrodes, KClO3 product 
extracted from residual KCl reactant salt, KClO4 product extracted from 
residual KClO3 reactant salt, and MgCO3 product extracted from residual 
MgCl2 reactant salt). The results of these isotopic measurements offer 
new insights into the potential role of ESD-induced HEC in shaping the 
geochemical and isotopic landscape of the Martian surface-atmosphere 
system.

2. Methods

The apparatus and procedures used in this study for the electrostatic 
discharge (ESD) experiments, along with the initial reactants and 
detected volatile species and free radicals, are described in the Supple
mentary Materials. These experiments were similar to those described 
by Wang et al. (2023). Methods for isotopic analysis of the reactants and 
selected reaction products are described below.

2.1. Chlorate and perchlorate purification

Chlorate (ClO3
− ) was extracted from the ESD irradiated KCl salts at 

Texas Tech University following the method of Jackson et al. (2021). 
The KCl reacted salt was sequentially extracted (3X) using acetone. The 
acetone solution was evaporated to dryness and the residue dissolved in 
milli-Q water. Trace perchlorate was removed by passing through a 
small column (1 − 2 mL) of a ClO4

- specific bi-functional anion-exchange 
resin (Purolite™ A530E). This solution was then further purified by first 
evaporating to ~ 1 − 2 mL and adding CsCl (300 μL, 1.2 g/mL). This 
solution was stored at 4 ◦C until crystals formed. The crystals were 
removed and gently washed with ethanol. The samples were redissolved 
in milli-Q water and reacted with 1 − 2 mL of 3 % hydrogen peroxide 
(H2O2).

Perchlorate (ClO4
− ) was purified from ESD irradiated KClO3. Reacted 

salts were dissolved in milli-Q water. The aqueous solution was passed 
through a column containing ClO4

- selective anion exchange resin 
(Purolite™ A530E) (Gu et al., 2011; Hatzinger et al., 2018). Resin 
containing extracted ClO4

- was washed with approximately five bed 
volumes of 4 M hydrochloric acid (HCl) to remove impurities (residual 
K+ and ClO3

− as well as HCO3
− ). The ClO4

- was then eluted from the 
column with a solution of 1 M ferric chloride (FeCl3) in 4 M HCl. The 
FeCl3–HCl eluent solution (containing the eluted ClO4

- ) was neutralized 
with NaOH (pH ~ 7–8) to precipitate iron (Fe) as Fe(OH)3. After Fe 
(OH)3 precipitate was removed by centrifugation, the supernatant so
lution was collected and evaporated in an oven (T = 60 ◦C) until the 
volume was ~10 ml. This solution was passed through a series of clean 
up cartridges (Dionex™ OnGuard™) to remove Cl-, SO4

–2 and residual 
organic matter. The eluted volume was then evaporated to ~ 1 ml and a 
small volume of cesium chloride (CsCl) solution (300 μL, 1.2 g/mL) was 
added to the ClO4

- solution. This solution was stored at 4 ◦C until CsClO4 
crystals formed. Finally, the crystals were rinsed with ethanol and 
redissolved in milli-Q water prior to shipping to the University of 
Delaware for isotopic analysis. Extensive tests of the procedures used for 
ClO3 and ClO4 isotopic analysis confirmed negligible Cl and O isotope 
exchange during processing of samples (Gu et al., 2011; Hatzinger et al., 
2018; Jackson et al., 2021).

2.2. Cl and O isotopic analysis of chlorides, chlorates, and perchlorate

Isotopic analyses of Cl and O in chloride reactants and products, 
chlorate reactant, and perchlorate product from the ESD experiments 
were conducted at the Environmental Isotope Science Laboratory 
(EISLab) of the University of Delaware, using methods described by 
Böhlke et al. (2017). Also analyzed at EISLab were the C and O isotope 
ratios of the CO2 gas used in the ESD experiments conducted on KCl and 
KClO3 in 2021–2022.

Briefly, each chloride salt was dissolved in high-purity water, and 
chloride was re-precipitated as AgCl by addition of AgNO3 to the salt 

solution. The AgCl was sealed in a pre-baked, evacuated borosilicate 
tube with excess CH3I and heated at 300 ◦C for two hours to transform 
AgCl to CH3Cl. The CH3Cl was purified by gas chromatography and cryo- 
focused from a He carrier gas stream. The He was pumped away and the 
CH3Cl was warmed to room temperature and expanded into the source 
of a Thermo Fisher Delta V Plus isotope-ratio mass spectrometer (IRMS). 
Measurements of the 37Cl/35Cl ratio were made in dual-inlet mode at m/ 
z 50 and 52. Results were normalized to KClO4 isotope reference ma
terials USGS-37 and USGS-38 (Böhlke et al. (2017).

The KClO3 reactant salt and the purified perchlorate product (from 
solution trap) produced by ESD irradiation of KClO3 were first trans
formed to CsClO4 salts that were then sealed in evacuated borosilicate 
tubes and decomposed by heating to 620 ◦C for 30 min to produce CsCl 
salt and O2 gas. The O2 gas was removed by tube-cracking into an 
evacuated stainless-steel loop and cooled in liquid nitrogen to remove 
H2O and CO2 impurities. The purified O2 gas was expanded into the 
source of the isotope-ratio mass spectrometer for measurement in dual- 
inlet mode at m/z 32, 33, and 34. Oxygen isotope ratios (18O/16O and 
17O/16O) were normalized to KClO4 isotope reference materials USGS- 
37 and USGS-38 ((Böhlke et al. (2017)). The CsCl salt residue from 
the CsClO4 decomposition was rinsed from the borosilicate tube using 
warm high-purity water, then treated as described above for Cl isotope 
ratio analysis.

The KClO3 produced by ESD irradiation of KCl was partially purified, 
but the presence of substantial nitrate impurity precluded analysis by 
the conventional IRMS method described above because the O isotope 
ratio would have represented a mixture of oxygen from ClO3 and NO3. 
Therefore, the KClO3 product was measured by using a Thermo Fisher 
Exploris 240 Orbitrap instrument. An aliquot of the impure ClO3 solu
tion was mixed with LC-MS grade methanol (in a ratio of 1:9) and 
injected into the electrospray ionization source of the Orbitrap instru
ment in dual-syringe mode (Hilkert et al., 2021). A secondary isotope 
reference material measured previously by IRMS (RSIL-8 KClO3; 
Sturchio et al., 2006) was used for single-point normalization of Cl and O 
isotope ratios obtained from the ClO3

- isotopolog signals measured at 
nominal masses of 83.45, 84.45, 85.45, 86.45, and 87.45 amu.

2.3. C and O isotopic analyses of CO2 and carbonate

The MgCO3 measurements were conducted at the International 
Center for Isotope Effects Research (ICIER), Nanjing University. To 
determine the isotope compositions of MgCO3 in the ESD products, we 
used the conventional phosphoric acid method (McCrea, 1950) to digest 
the carbonate and then measured the isotope compositions of the CO2 
released. However, since chloride can react with phosphoric acid to 
generate HCl under vacuum conditions, and HCl is difficult to separate 
from CO2, a pretreatment step was required to extract MgCO3 from the 
residual MgCl2 and other ESD products.

The extraction procedure was as follows. The ESD product powders 
were placed in a sealed tube, which was flushed with N2 for 10 min to 
remove any residual air. About 15 ml CO2-free water was added to the 
tube with a syringe. After shaking the tube for 3 min to dissolve most of 
the sample powder, it was centrifuged, and the supernatant was dis
carded. This water rinsing process was repeated five times to ensure the 
removal of most chloride ions. The pH of the supernatant was measured, 
and none of the samples had a pH below 7.5, indicating that carbonate 
dissolution during rinsing was minimal. The remaining residue was then 
dried under vacuum conditions at 50 ◦C for 48 h. Finally, the dried solid 
was digested with 105 % H3PO4 at 90 ◦C to generate CO2.

To assess the influence of the extraction procedure on the isotope 
composition of MgCO3, we conducted control experiments using a 
powdered mixture with MgCO3, MgO, MgCl2, and Mg(ClO4)2 in pro
portions similar to those in the ESD product powders (Wang et al., 
2023). The control experiments followed the same procedure as the ESD 
samples. The isotope composition of MgCO3 was measured before and 
after the extraction to evaluate any potential alterations. The δ13C, δ18O, 
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and Δ17O values of MgCO3 after the extraction procedure are +2.01 ±
0.45 ‰, +28.50 ± 1.40 ‰, and –0.17± 0.02 ‰ (n = 8), respectively, 
identical to those of the initial MgCO3 salt within the analytical errors 
(δ13C =+2.60 ± 0.06 ‰, δ18O =+29.27 ± 0.24 ‰, and Δ17O = –0.14 ±
0.01 ‰, n = 3). The consistency in the isotope compositions of MgCO3 
indicates that isotope fractionation induced by the extraction procedure 
is negligible.

The δ13C and δ18O values of CO2 used in MgCl2 irradiation experi
ments conducted after 2022 were measured on a MAT 253 Plus mass 
spectrometer (Thermal Fisher scientific) in dual-inlet mode. Each anal
ysis comprised five sample-standard bracketing cycles, achieving an 
external precision (1SD) of ± 0.02 ‰ for both isotopes. To measure 
Δ17O, we applied the Pt-catalyzed CO2–O2 oxygen isotope exchange 
technique for which details of the apparatus and procedure were 
described by Wei et al. (2024). Briefly, following δ18O analysis, the re
sidual CO2 was retrieved from the IRMS bellow and reacted with a 
Δ17O-known O2 at 750 ◦C for one hour in the presence of a Pt catalyst. 
The CO2 and O2 were then separated for subsequent analysis. The initial 
Δ17O value of CO2 was determined through mass balance calculations 
incorporating pre-calibrated isotope fractionation factors between CO2 
and O2 at steady state. Long-term precision for Δ17O, based on repeated 
analyses of our working standards, was ± 0.008 ‰ (1SD, n = 50).

2.4. Isotope ratio notation

Values of isotope ratios are reported in δ notation in units of per mil 
(‰) relative to those of Vienna Standard Mean Ocean Water (VSMOW) 
for oxygen, Vienna PeeDee Belemnite (VPDB) for carbon, and Standard 
Mean Ocean Water (SMOC) for chlorine, after multiplication by 1000, as 
follows: 

Chlorine isotopes: δ37Clsample (‰) = [(37Cl/35Cl)sample/(37Cl/35Cl)SMOC) 
– 1] × 103                                                                                     (1)

Carbon isotopes: δ13Csample (‰) = [(13C/12C)sample/(13C/12C)VPDB) – 1] 
× 103                                                                                            (2)

Oxygen isotopes: δiOsample (‰) = [(iO/16O)sample/(iO/16O)VSMOW) – 1] ×
103                                                                                               (3)

where i denotes 17 or 18.
Δ17O, a measure of mass independence, is defined as: 

Δ17O = ln
(
δ17O

/
1000+1

)
− 0.528ln

(
δ18O

/
1000+1

)
(4) 

2.5. Isotope fractionation factors

Isotope fractionation factors are defined as αproduct-reactant=Rproduct/ 
Rreactant, where R is the isotope ratio of the element of interest, e.g., 
37Cl/35Cl. Alternatively, the isotope fractionation can be expressed as an 
isotope enrichment factor, ε, in units of ‰, defined as ε = (α− 1) × 1000. 
Isotope fractionations observed in this study are considered to be kinetic 
isotope effects.

3. Results

Detailed descriptions of the materials, apparatus, procedures, and 
analytical methods used for product characterization during electro
static discharge experiments employed in this study are provided in 
Supplementary Materials, and are briefly summarized below.

3.1. Compositional environment

First, we need to understand the compositional environment created 
by ESD process in the simulation chamber that can affect the Cl, O, and C 
isotopic signatures. The chamber was filled with dry CO2 (~3 ± 0.1 
mbar) and has a 2-mm thick layer of powdered chloride (or chlorate) salt 

in an open SiO2 cell facing the energetic electron beam. In situ plasma 
spectra (Fig. 1) were collected during the ESD process to detect volatile 
species and free radicals. Table 1 lists the assignments of the observed 
plasma lines.

Most plasma lines were from CO2
+ and CO*, i.e., the breakdown 

products of CO2 gas. Two strong plasma lines of OI* (777 and 844 nm) 
appear in Fig. 1, corresponding to the transitions of OI from 5P to 5S0 and 
from 3P to 3S0 (Table 1). The observations of the Hα line (~ 656 nm, 
representing a transition of Hn=3* → Hn=2*, EK ~ 12.08 eV, Table 1) and 
a few N2* lines (750 – 900 nm) in the plasma spectrum (Fig. 1) indicate 
minor residual air and H2O vapor. Because the electron impact disso
ciation energy of H2O (i.e., e- + H2O → H⋅ + OH⋅ + e-) is 5.11 eV (Lukes 
et al., 2008), the appearance of Hα line implies a portion of electrons in 
ESD has kinetic energy ≥ 17.19 eV.

During the ESD-driven HEC reactions, highly reactive radicals CO2
+, 

CO*, OI*, O3, and minor H*, N2* participate in the formation of oxy
chlorines and carbonates shown in Fig. 2 and affect their isotopic 
signatures.

3.2. ESD experiments and isotopic analysis

Initial reactants and post-ESD samples (including 72 post-ESD salt 
samples and two samples of volatile Cl deposited on the electrodes, 
Fig. 2) of 74 ESD experiments were characterized for their bulk chemical 
compositions, isotopic compositions of Cl, O, and C, and phase identi
fications. Among the 74 ESD experiments, there were 32 ESD-on-KCl, 22 
ESD-on-KClO3, and 20 ESD-on-MgCl2 (Table S1). To obtain sufficient 
amounts of reaction products for isotopic analyses, sample from multi
ple experimental runs were combined. Apparent product yields were 
low because reactions occurred mainly on the reactant salt grains 
exposed at the surface of the salt powder, leaving residual unreacted 
material within grain interiors and in buried grains that were shielded 
by the overlying salt.

The quantifications of ESD-induced reaction products were obtained 
from the chemical analyses of the post-ESD salts (Wang et al., 2023). The 
isotopic compositions of reactants and selected reaction products 
extracted from the residual reactant salts were obtained in the current 
study. The volatile ClI* released during ESD experiments was collected 
in the form of dark colored deposits on the upper electrode, whose δ37Cl 
was characterized in the current study. Other released volatile species 
(Fig. 2), including HClO, ClO2, ClO3, ClO4, were collected and quantified 
using two solution traps (Wang et al., 2023). The isotopic compositions 
of volatile species collected in the solution traps were not analyzed in the 
current study.

3.3. Isotopic results for Cl-bearing reactants and products

The δ37Cl, δ18O, and δ17O values of reactant CO2, KCl, MgCl2, and 
KClO3, along with those of products KClO3 and KClO4 extracted from 
residual reactant salts, are presented in Table 2. The δ37Cl values of the 
reactant salts ranged from − 0.5 ‰ to +0.31 ‰, and the δ18O value of the 
reactant CO2 was − 7.8 ‰. The δ37Cl values of the residual KCl and 
MgCl2 salts were not significantly different than their initial values, 
which is consistent with the fact that only small fractions of these re
actants were converted to products (Fig. 2) (Wang et al., 2023). Two 
samples of chloride (mainly CuCl) deposited from volatile ClI onto the 
upper electrodes of the experimental chamber during two ESD experi
ments on MgCl2 yielded δ37Cl values of − 9.72 ‰ and − 11.1 ‰. The 
differences in δ37Cl values between these CuCl deposits and the initial 
MgCl2 reactant salt indicate diagnostic Cl isotope fractionation factors of 
0.9887 and 0.9901 (or, ε37ClClI− MgCl2 values of − 9.9 ‰ and − 11.3 ‰, 
respectively). During ESD irradiation of MgCl2 in another set of ESD 
experiments reported by Wang et al. (2020), in situ plasma emission 
spectra showed the first excited state of Cl atom (i.e., ClI*) in the vapor 
phase (Fig. 2), while post-experiment X-ray diffraction measurements on 
the solid film coating the upper electrode showed CuCl to be the major 
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Cl-bearing phase along with minor amounts of Cu2(OH)3Cl and Cu2OCl2.
ESD irradiation of KCl produced a small amount of KClO3, for which 

the δ37Cl value was not significantly different than that of the initial KCl 
reactant (within the ±1.0 ‰ error of the Orbitrap measurement). 
However, the δ18O value of the KClO3 product was − 42.1 ‰, which is a 
much more negative value than that of the CO2 atmosphere in the 
experimental chamber. This − 34.2 ‰ difference indicates 
α18OKClO3–CO2 = 0.9655 (or, ε18OKClO3–CO2 = − 34.5 ‰).

ESD irradiation of KClO3 produced a small amount of KClO4 (Fig. 2), 
for which the δ37Cl value was +2.34 ‰. The difference between the 
δ37Cl values of the KClO4 product and the KClO3 reactant indicated 
α37ClKClO4-KClO3 = 1.0020 (or, ε37Cl KClO4-KClO3 =+2.0 ‰). The − 12.8 ‰ 
difference in δ18O values between the KClO4 product (δ18O = − 20.6 ‰) 
and the KClO3 reactant (δ18O = − 7.8 ‰) indicated an apparent value of 
α18OKClO4-KClO3= 0.9871 (or, ε18OKClO4-KClO3 = − 12.9 ‰).

3.4. Isotopic results for CO2 reactant and MgCO3 product

The δ13C, δ18O, and Δ17O values of the initial CO2 reactant and 
MgCO3 product samples from ESD-MgCl2 analyzed in this study, along 
with those for a reference MgCO3 used for development of a method for 
the extraction of trace amounts of MgCO3 from MgCl2, are presented in 
Table 3. The consistency in the isotope compositions of the reference 
MgCO3 before and after the extraction process confirms the robustness 
of our protocol for extracting MgCO3 from a chloride-dominant mixture 
for isotope analysis (as described in Section 2.3).

The δ13C and δ18O values of MgCO3 in the ESD product were − 21.2 
‰ and +9.4 ‰, respectively, both significantly lower than those of the 
reactant CO2 used in the ESD experiments (Table 3). As all C atoms in the 
MgCO3 product are from the CO2 reactant, the diagnostic carbon isotope 
fractionation between MgCO3 and CO2 associated with ESD processes 

Fig. 1. Plasma spectra collected in situ during ESD in the simulation chamber filled with dry CO2. Note the wavelength scale for 500–900 nm is different from those 
of 240–330 nm and 380–470 nm, for the purpose of showing the weak plasma lines in short wavelength ranges. The units on the Y-axis are counts per second. They 
are omitted here, because they were different for three spectral ranges shown in this figure, i.e., the ESD simulated plasma emission lines in CO2 are much stronger in 
IR than in UV and VIS.

Table 1 
Assignments of the plasma lines in Fig. 1 (Note: energy unit conversion 1 cm-1 = 0.00012398 eV).

Species
Observed 
(nm)

Relative 
Intensity

Upper level. (Ek) Lower level (Ei) Ref

(NIST) configuration Term cm-1 eV configuration Term cm-1

OI* 777.5 870 2s22p3(4S◦) 
3p

5P 86,631.5 10.74 2s22p3(4S◦) 
3s

5S0 73,768.2 NIST Atomic spectral line database (
Kramida et al., 2024)844.7 1000 3P 86,631.1 10.74 3S0 76,795.0

(630.0) 0.005 2s22p4 1D 15,867.9 1.97 2s22p4 3P 0
(715.7) 210 2s22p3(2D0) 

3p

1D 116,631.1 14.46 2s22p3(2D0) 
3s

1D0 102,662.0

(788.6) 80 2s22p3(2p0)3p 1D 128,594.9 15.94 2s22p3(2p0)3s 1p0 115,918.1
CO* 412.5 ​ B1

∑
​ ​ ​ A1Π ​ ​ (Pearse and Gaydon, 1976)

519.4 ​ ​ ​ ​ ​ ​
560.5 ​ ​ ​ ​ ​ ​
607.6 ​ ​ ​ ​ ​ ​
447.1 ​ d3Δ ​ ​ ​ a3Π ​ ​ (Pearse and Gaydon, 1976; Endoh et al., 

1982)567.8 ​ ​ ​ ​ ​ ​
CO2

+ 288.3; 289.5 ​ B
∑+

u
​ ​ ​ X2 ∏

g ​ ​

312.0~317.0 ​ A2Πu ​ ​ ​ X2 ∏
g ​ ​ (Pearse and Gaydon, 1976; Endoh et al., 

1982)336.0~340.0 ​ ​ ​ ​ ​ ​
384.0~390.0 ​ ​ ​ ​ ​ ​
404.0~415.0 ​ ​ ​ ​ ​ ​
433.0~440.0 ​ ​ ​ ​ ​ ​

Hα 656.3 500,000 3 ​ 97,492.3 12.08 2 ​ 82,258.9 NIST Atomic spectral line database (
Kramida et al., 2024)

N2* 771.6 ​ B3 ∏
g ​ ​ ​ A3

∑+

u
​ ​ (Loftus and Krupenie, 1977)

773.8 ​ ​ ​ ​ ​ ​
775.1 ​ ​ ​ ​ ​ ​
782.9 ​ ​ ​ ​ ​ ​
799.4 ​ ​ ​ ​ ​ ​
825.1 ​ ​ ​ ​ ​ ​
828.1 ​ ​ ​ ​ ​ ​
869.1; ​ ​ ​ ​ ​ ​
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should be equal to their δ13C difference, i.e., ε13CMgCO3–CO2 = − 11.4 ‰. 
Similarly, all oxygen atoms in MgCO3 are from CO2 and its products in 
the ESD process, the diagnostic isotope fractionation between MgCO3 
and CO2 (ε18OMgCO3–CO2) is estimated to be − 22.8 ‰.

4. Discussion

4.1. Plasma spectra

The plasma spectra (Fig. 1) revealed that the major free radicals from 
CO2 are CO2

+, CO*, and OI* (oxygen at 1st excited state, * = free radical). 
Among them, CO2

+ is a product of electron impact ionization (EII) of CO2 
(Jackson et al., 2010): 

e- + CO2 = 2e- + CO2
+ (5)

Reaction (5) generates two more electrons, which would stimulate 
an electron avalanche, i.e., the subsequent chain reactions. The obser
vation of CO2

+ lines implied that the initial electrons in our ESD process 
have a minimum kinetic energy of ≥14 eV (Jackson et al., 2010). It also 
means other CO2 breakdown processes that require less energy can 
occur, such as the electron-induced CO2 dissociation reaction (ED of 
CO2, requires 4.4 eV(Jackson et al., 2010), shown as several lines of CO* 
in Fig. 1. 

e- + CO2 = CO* + O-                                                                     (6)

To reach the upper energy level (Ek) of the transitions of OI from 5P to 
5S0 and from 3P to 3S0 (Table 1, the 777 and 844 nm lines in Fig. 1), the 
required kinetic energy of the electron is 10.74 eV (Table 1), i.e., < 14 
eV. In addition, for a transition from 1D to 3P, the required energy is 1.97 
eV only (Table 1), which can occur in this ESD process. Table 1 shows 
that its emission line (~ 630 nm) has a relative intensity 10–6 times 
weaker than the 844 nm line, hard to detect. Another two transitions of 
oxygen that involve the 1D spectral term cannot be excluded since their 
required energies are 14.46 and 15.94 eV (< 17.19 eV required by the Hα 
line). Overall, the detected OI* radicals in our ESD experiments have the 
spectral terms of 1D, 3P, and 5P

In an early set of similar experiments (Wu et al., 2018), O3 was 
detected using IR and UV spectroscopy in the exhaust gases (Figure S3). 
Normally, O3 would form through a 3-step reaction (Hokazono et al., 
1991; Skalny et al., 2007): 

e- + CO2 → CO + O + e-                                                                (7)

O + O + CO2 → O2 + CO2                                                             (8)

O + O2 + CO2 → O3 + CO2                                                            (9)

However, the quantity of O3 may be much less than that of OI* from 
the direct breakdown of CO2.

4.2. Comparison of ESD-driven Cl and O isotope fractionation results with 
those of ozone- and UV-driven oxidation reactions in aqueous media

The isotopic compositions of Cl and O in chlorate and perchlorate 
produced experimentally under ozone- and UV-driven oxidation con
ditions were examined recently (Estrada et al., 2021). The experiments 
of Estrada et al. (2021) were done to elucidate the natural origins of 
terrestrial perchlorate and chlorate. Most of the experiments reported by 
Estrada et al. (2021) were performed in aqueous media, with initial 
reactants including solutions of the salts NaCl, Ca(OCl)s, NaClO2, and 
ClO2 gas, as well as one dry ozone oxidation experiment with NaCl.

4.2.1. Chlorine isotope comparisons
All aqueous ozone-driven oxidation experiments involving any of the 

reactants listed above produced perchlorate and chlorate having sub
stantial 37Cl enrichments, with δ37Cl values from +6 ‰ to +15 ‰ 
relative to those of the reactants (Estrada et al., 2021). Only in the dry 
ozone oxidation experiment involving NaCl did the perchlorate product 
have a more negative δ37Cl value (by − 3.5 ‰) than the reactant. All 
aqueous UV-driven oxidation experiments also produced perchlorate 
and chlorate having substantial 37Cl enrichments, with δ37Cl values from 
+5 ‰ to +19 ‰ relative to those of the reactants. The results of the 
present study show that ESD-driven oxidation of Cl produces (per) 
chlorates having smaller 37Cl enrichments than those observed in 
aqueous ozone- and UV-driven oxidation experiments, with 
ESD-produced KClO4 having a δ37Cl value about +2 ‰ more positive 
than the reactant KClO3, and ESD-produced KClO3 having a δ37Cl value 
within error of the reactant KCl.

4.2.2. Oxygen isotope comparisons
Comparison of the results of the oxygen isotope effects between the 

Fig. 2. Schematic diagram of ESD experimental procedure and the Cl distribution among the ESD products (expressed as the % of Cl from the reactant salts, based on 
results of Wang et al., 2023). Red arrows connect chloride salt reactants with most abundant solid products. Green arrows connect chlorate salt reactant with most 
abundant solid product. Blue arrow connects chloride salt reactants with two groups of Cl-bearing volatile products: ClI* that was deposited on the upper electrode as 
CuCl, and other ClOX species that were retained by two solution traps. ClI* is a volatile chlorine atom in the 1st excited state.
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ESD experiments of the present study and the ozone and UV experiments 
of Estrada et al. (Estrada et al., 2021) is complicated by the fact that the 
present study involved ESD-driven reactions on chloride or chlorate salts 
in a low-pressure CO2 atmosphere whereas the ozone- and UV-driven 
experiments involved reactions involved mostly different reactants 
(chloride, hypochlorite, and chlorite salts, and ClO2 gas) took place in a 
liquid aqueous medium at ~1 atm pressure. Nonetheless, one major 
difference between ozone-driven reactions and both ESD- and UV-driven 
reactions is that the perchlorates produced with ozone, regardless of 
Cl-bearing reactant, tend to have significant mass-independent oxygen 

isotope fractionation with Δ17O values ranging from +12.0 ‰ to +32.9 
‰ (Estrada et al., 2021). Chlorate produced during ozone oxidation 
reactions also shows mass-independent oxygen isotope fractionation but 
to a lesser extent, with Δ17O values from 0.0 ‰ to +7.7 ‰ (Estrada et al., 
2021). In UV-driven reactions, Δ17O values of chlorate and perchlorate 
are all within the range from − 2.1 ‰ to +1.0 ‰ (Estrada et al., 2021). In 
contrast, no significant mass-independent oxygen isotope fractionation 
is evident in the ESD-driven reaction products (chlorate, perchlorate, 
and carbonate), as evidenced by the invariant Δ17O values between 
reactants and products.

There are multiple possible sources of oxygen in the KClO4 product 
from ESD experiments: fixed oxygen atoms in reactant KClO3, reactive 
oxygen species produced from ESD-breakdown of CO2, and reactive 
oxychlorine radical species produced from ESD-breakdown of KClO3. 
Therefore, the difference in δ18O values between KClO4 and KClO3 is 
difficult to interpret in terms of a specific reaction pathway in these 
experiments. However, the oxygen atoms in oxychlorine species on Mars 
would likely be derived from ESD-breakdown of CO2. All ESD-driven 
reactions producing more-oxidized products from Cl-bearing sub
strates in the present study have large negative ε18O values. This pattern 
is typical of kinetic isotope effects that accompany rapid, irreversible 
reactions.

4.3. Comparison of ESD-driven C and O isotopic fractionations in 
carbonates with those in carbonates from aqueous solution

Most carbonate minerals on Earth and, potentially, on Mars form 
under aqueous conditions. The δ13C and δ18O signatures of aqueous 
carbonates have been extensively studied, as they are intimately linked 
to the carbon and water cycles. In such systems, the isotopic composi
tions of carbonate minerals are controlled primarily by those of dis
solved inorganic carbon (DIC) species in solution, which can in turn be 
modified by isotopic exchange with ambient CO2 and water.

4.3.1. Carbon isotope comparisons
Under equilibrium conditions, carbonate minerals typically exhibit 

δ13C values that are 0–2 ‰ higher than those of the corresponding DIC 
and approximately 8–10 ‰ higher than that of ambient CO2 at tem
peratures between 0 and 20 ◦C (Mook et al., 1974; Romanek et al., 
1992). This enrichment supports the role of carbonate precipitation as a 
sink for 13CO2 in planetary atmospheres, including Mars. However, 
under non-equilibrium conditions, carbonate minerals can become 
either enriched or depleted in 13C relative to the ambient CO2, 
depending on the specific pathways and environmental settings of their 
formation.

At near-neutral to mildly alkaline pH, carbonate precipitation is 
commonly driven by processes such as bicarbonate (HCO3

–) dehydration 
and CO2 degassing, which can induce substantial kinetic carbon isotope 
fractionation (Marlier and O’Leary, 1984). During bicarbonate dehy
dration, the kinetic isotope fractionation between HCO3

– and CO2 can be 
as large as 10–30 ‰ (depending on dehydration rates) (Yan et al., 2020), 
leading to progressive 13C enrichment of the residual DIC pool via 
Rayleigh distillation. Carbonates precipitating from such enriched DIC 
reservoirs can inherit high δ13C values. Cryogenic carbonate is an 
example, with δ13C values as much as +25 ‰ relative to ambient CO2 
(Clark and Lauriol, 1992). In contrast, under hyperalkaline conditions, 
such as those produced during serpentinization of ultramafic rocks, CO2 
hydroxylation becomes the dominant process driving carbonate pre
cipitation. This pathway is associated with substantial 13C depletion (up 
to − 18 ‰ relative to ambient CO2), owing to kinetic fractionation during 
the hydroxylation reaction. Both types of carbonate formation described 
above have been proposed to occur on Mars (Burtt et al., 2024; Ehlmann 
et al., 2010).

The δ13C values of carbonates produced in our ESD experiments fall 
within the range observed for carbonates precipitated from hyperalka
line solutions, indicating strong 13C depletion relative to the CO2 

Table 2 
Chlorine and oxygen isotope compositions of experimental reactants and prod
ucts of KCl and KClO3 irradiations.

Sample name δ37Cl 
(SMOC, 
‰)

1σ δ18O 
(VSMOW, 
‰)

1σ Δ17O 
(VSMOW, 
‰)

1σ na

Reactants ​ ​ ​ ​ ​ ​ ​
KCl − 0.5 0.2 — — — — 2
MgCl2 +0.2 0.3 — — — — 2
KClO3 +0.3 0.1 − 7.8 0.5 +0.5 0.2 2
CO2

b — — − 7.9 0.4 — — 4
Products ​ ​ ​ ​ ​ ​ ​
#708-ClI 

deposit on 
electrode 
(7-h ESD- 
on-MgCl2)

− 9.7 0.1 — — — — 2

#709-ClI 
deposit on 
electrode 
(7-h ESD- 
on-MgCl2)

− 11.1 0.1 — — — — 1

Extracted 
KClO3 (15 
samples; 7- 
h ESD-on- 
KCl) †

− 0.1 1.0 − 42.1 2.3 − 0.9 3.4 2

Extracted 
KClO4 (22 
samples; 7- 
h ESD-on- 
KClO3)

+2.3 0.2 − 20.6 0.4 − 0.9 0.2 2

7-h ESD-on- 
KCl (3 
residual 
KCl 
samples 
combined)

− 0.3 0.3 — — — — 6

7-h ESD-on- 
MgCl2 (one 
residual 
MgCl2 

sample)

0.0 0.1 — — — — 1

a n = number of replicate analyses.
b CO2 used in 2021–2022 for KCl and KClO3 irradiation experiments; Δ17O not 

measured.
† measurement by Orbitrap-MS with single-point normalization to USGS-RSIL- 

8 KClO3 (δ37Cl = +0.53 ‰; δ18O = − 25.3 ‰; Δ17O = 0.0 ‰).

Table 3 
Carbon and triple oxygen isotope compositions of MgCl2-ESD products.

Sample 
name

δ13C 
(VPDB, 
‰)

1σ δ18O 
(VSMOW, 
‰)

1σ Δ17O 
(VSMOW, 
‰)

1σ n

Initial 
CO2

− 9.9 0.1 +32.9 0.2 − 0.14 0.02 4

MgCl2 * − 21.22 - +9.35 - − 0.10 - 1

* Mixture of MgCO3, MgO, MgCl2, Mg(ClO4)2, and Mg(ClO3)2. Carbonate was 
extracted for isotopic analysis from combined residues from 17 separate 7-hour 
ESD experiments on MgCl2.
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reactant. This suggests that ESD-induced heterogeneous electrochemical 
reactions associated with Martian dust activity could generate carbon
ates with δ13C signatures similar to those formed under hyperalkaline 
aqueous conditions. However, some ESD-produced carbonates are 
amorphous, offering a potential textural or mineralogical criterion to 
distinguish them from the more-crystalline carbonates formed in 
aqueous environments.

4.3.2. Oxygen isotope comparisons
Oxygen isotope exchange between DIC and water proceeds rapidly at 

near-neutral to mildly alkaline pH (Beck et al., 2005), meaning that the 
δ18O values of aqueous carbonates generally reflect the isotopic 
composition of the parent water. At equilibrium, carbonate minerals are 
enriched in 18O by approximately 25–35 ‰ relative to water at 0–20 ◦C 
(Chacko et al., 2001). Although CO2 is more enriched in 18O than car
bonate minerals by ~10 ‰ under equilibrium conditions, its influence is 
typically negligible in aqueous settings due to the rapid oxygen ex
change with water.

An exception occurs in hyperalkaline environments, where oxygen 
isotope exchange between DIC and water is suppressed. In these settings, 
carbonate minerals can preserve the δ18O signature of their source 
components, such that typically 2/3 of the oxygen atoms derive from 
CO2 and 1/3 from hydroxide (OH–) in solution (Clark et al., 1992). 
Assuming both CO2 and OH– are in equilibrium with water, the resulting 
carbonate would have δ18O values approximately 26 ‰ lower than those 
of ambient CO2. The magnitude of the oxygen isotope fractionation 
between CO2 and OH− in equilibrium with water under hyperalkaline 
conditions is apparently comparable to that between CO2 and atomic 
oxygen produced during ESD, despite distinct formation mechanisms. 
The ESD-induced carbonate formation pathway, although fundamen
tally non-aqueous and electrochemical, produces oxygen isotope sig
natures coincidentally similar to those of carbonates formed under 
hyperalkaline aqueous conditions.

The Δ17O values of the reactant CO2 and the MgCO3 in the ESD 
products are analytically indistinguishable, indicating that oxygen 
isotope fractionation between O atoms added to solid products and CO2 
is mass-dependent. The relatively large oxygen isotope fractionation as 
well as the mass-dependent-fractionation behavior is consistent with the 
results of CO electron-discharge experiments (Wei et al., 2024). 
Although O3 is detected as a product in the ESD experiments (Figure S3) 
(Wu et al., 2018), the mass-dependent isotope fractionation between 
MgCO3 and CO2 indicates that the quantity of ESD-generated O3 is 
insufficient to affect the Δ17O values of carbonate reaction products (cf. 
Shaheen et al., 2010)

4.4. Comparison of in-situ and meteorite data from Mars with the ESD 
experimental results

To evaluate the hypothesis that ESD-driven heterogeneous electro
chemistry reactions could account for the presence of oxidized com
pounds detected at the surface of Mars, we compare the experimental 
isotope effects measured in the present study with isotopic data from 
recent Mars missions and Martian meteorite studies. In-situ isotopic 
measurements of Mars’ atmosphere and surface materials that are 
pertinent to the present experimental study are mainly limited to those 
obtained by two recent missions. Atmospheric data include chlorine 
isotope ratios of atmospheric HCl measured by the mid-infrared spec
trometer aboard the European Space Agency’s ExoMars Trace Gas 
Orbiter (Trokhimovskiy et al., 2021; Liuzzi et al., 2021) and carbon and 
oxygen isotope ratios of atmospheric CO2 measured by the near-infrared 
tunable diode laser spectrometer (TLS) of the Sample Analysis at Mars 
(SAM) instrument package aboard NASA’s Curiosity rover, which 
landed on Mars in August 2012 (Webster et al., 2013). Chlorine isotope 
ratios of Cl released as HCl were measured by the SAM quadrupole mass 
spectrometer by heating sedimentary rocks and sand in Gale Crater and 
measuring the H37Cl/H35Cl ratio in evolved gas, which was presumably 

derived from thermal decomposition of (per)chlorate and/or chloride 
minerals (Glavin et al., 2013; Farley et al., 2016). Also measured by SAM 
during evolved gas measurements in Gale Crater was the isotopic 
composition of CO2 released by heating drilled sedimentary rock and 
Rocknest aeolian drift material (Burtt et al., 2024; Leshin et al., 2013; 
Franz et al., 2020).

In addition to the in-situ isotopic data from Mars, there are numerous 
data available from studies of meteorites of Martian origin. The mete
orite data include chlorine isotope ratios measured in bulk rocks, min
eral separates, and water-soluble leachates (Williams et al., 2016; 
Bellucci et al., 2017) and carbon and oxygen isotope ratios measured in 
bulk rocks and carbonate minerals (Grady et al., 2004; Romanek et al., 
1994; Jull et al., 1995; Valley et al., 1997, 1997; Niles et al., 2005; 
Shaheen et al., 2015).

4.4.1. Chlorine isotopes in chlorides and (per)chlorates
The chlorine isotope data from in-situ measurements and meteorite 

studies are compared with experimental results from the present study 
in Fig. 3. No in situ oxygen isotope data are yet available for Martian 
(per)chlorates. Igneous rocks (meteorites) from Mars have δ37Cl values 
in the range of − 3.8 ‰ to +1.8 ‰, with one anomalous value of +8.6 ‰ 
measured in a regolith breccia sample (Williams et al., 2016). According 
to Sharp et al. (2016), meteorites representative of the Martian mantle 
have δ37Cl values in the range of − 4 ‰ to − 3 ‰, and meteorites 
representative of the Martian crust have δ37Cl values in the range of 0 ‰ 
to +2 ‰.

Volatile ClI* atoms released to the atmosphere by ESD processes 
acting on Martian surface materials would become depleted in 37Cl by 
~10 ‰ to 11 ‰ relative to the source material, according to our 
experimental results. This would produce atmospheric HCl having 
negative δ37Cl values, consistent with in-situ measurements (Liuzzi 
et al., 2021; Trokhimovskiy et al., 2021). The 37Cl-depleted atmospheric 
HCl produced by ESD processes would react with silicate and oxide 
minerals on the surface, resulting in secondary chloride salts having 
negative δ37Cl values. The high yield of volatile ClI* produced from 
chloride salts during the ESD process (~10–2 in 7h-ESD, Fig. 2), in 
concert with recycling of 37Cl-depleted salts by dust activities (Fig. 5), 
could cause progressive 37Cl-depletion toward the extreme negative 
δ37Cl values (as low as − 51 ‰) reported by Farley et al. (2016). Such 
progressive depletion in δ37Cl values of surficial deposits would be most 
effective where the 37Cl-depleted salts accumulate in thin layers at the 
surface and are subject to multiple ESD events (Fig. 5).

4.4.2. Carbon and oxygen isotopes in carbonates
The carbon and oxygen isotope data from in-situ measurements and 

meteorite studies are compared with experimental results from the 
present study in Fig. 4. The most precise available measurements of the 
C and O isotope compositions in atmospheric CO2 at Martian surface 
were made with the Sample Analysis at Mars’ Tunable Laser Spec
trometer (SAM/TLS) on the Curiosity Rover, yielding δ13C = +46 ± 4 ‰ 
and δ18O = +48 ± 5 ‰ (shown as gray vertical bars in Fig. 3) (Webster 
et al., 2013). Carbon and oxygen isotope ratios of carbonate minerals in 
meteorites are widely varied, with δ13C values ranging from − 20 ‰ to 
+60 ‰ and δ18O values ranging from − 20 ‰ to +45 ‰ ( Romanek et al., 
1994; Jull et al., 1995; Valley et al., 1997, 1997; Niles et al., 2005; 
Shaheen et al., 2015; Carr et al., 1985; Farquhar and Thiemens, 2000). 
Martian mantle carbon has an estimated δ13C value of -20 ± 4 ‰, based 
on stepped combustion and high-resolution mass spectrometry mea
surements of carbon released from the dunite meteorite Chassigny and 
11 shergottites (Grady et al., 2004; Steele et al., 2012. Carbonate from 
aeolian samples on Mars measured by SAM (Leshin et al., 2013; Williams 
et al., 2016) has broad ranges of δ13C and δ18O values similar to those of 
the carbonate minerals measured in Mars meteorites. In contrast, car
bonates from drilled sedimentary rocks measured by SAM within Gale 
Crater have a distinct range of δ13C values from +72 ± 2 ‰ to +110 ± 3 
‰, attributed to a combination of kinetic isotope effects driven by 
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evaporative Rayleigh fractionation and cryogenic precipitation (Burtt 
et al., 2024).

Our experimental results indicate that carbonate minerals on Mars’ 

surface may be formed by ESD-driven processes involving CO2 radicals 
(CO*, CO2

+) and excited OI* (1D, 3P, and 5P) based on in situ plasma 
spectroscopy. The CO2-carbonate carbon and oxygen isotope 

Fig. 3. Comparison of chlorine isotope compositions in chlorides and (per)chlorates from the ESD experiments with in-situ and meteorite data from Mars. The 
estimated isotope compositions of Cl species generated by Martian dust activities based on the isotope fractionation factor calibrated in this study. The blue and 
orange textured bars indicate the range of δ37Cl values of volatile Cl and (per)chlorate generated by Martian dust activities assuming a range of δ37Cl of the starting 
chloride identical to that of regolith breccia. The δ37Cl values of different Cl reservoirs on Mars are also shown for comparison. These reservoirs include: HCl in the 
Martian atmosphere (Trokhimovskiy et al., 2021); shergottites, nakhlites, chassignites, ALH 84,001, and regolith breccia (Williams et al., 2016; Bellucci et al., 2017); 
and HCl released from oxychlorine compounds in the Martian regolith as measured in situ by the SAM-EGA-QMS (Farley et al., 2016).

Fig. 4. Comparison of carbon and oxygen isotope compositions in carbonates from the ESD experiments with in-situ and meteorite data from Mars. The carbon (A) 
and oxygen (B) isotope compositions of carbonate (orange textured bars) generated by Martian dust activities estimated with the isotope composition of modern 
atmospheric CO2 on Mars (Webster et al., 2013) and the isotope fractionation factors calibrated in this study. The δ13C and δ18O values of different reservoirs on Mars 
are also shown for comparison. These reservoirs include CO2 in the Martian atmosphere (Webster et al., 2013), magmatic carbon (Grady et al., 2004), bulk silicate 
Mars (Valley et al., 1997), ALH 84,001 carbonate (Romanek et al., 1994; Jull et al., 1995, 1997; Valley et al., 1997; Niles et al., 2005; Shaheen et al., 2015), SNC 
carbonate (Carr et al., 1985; Jull et al., 1995, 1997; Sharp et al., 2016), CO2 released from Martian drilled samples measured by SAM-EGA-TLS (Burtt et al., 2024), 
and CO2 released from Martian aeolian samples measured by SAM-EGA-QMS/TLS (Leshin et al., 2013; Franz et al., 2020). Gray textured bars in (a) represent the 
range of carbonate with the isotope compositions in equilibrium with modern atmospheric CO2 at 5 ◦C, and those in (B) represent the water evolved from SNC 
meteorite NWA 7034 during stepped heating experiments (Agee et al., 2013).
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fractionations measured in our ESD experiments (ε13C = − 11.4 ‰, ε18O 
= − 22.8 ‰) are all negative, indicating that substantial kinetic isotope 
effects occur during the ESD-driven formation of carbonate minerals. 
The magnitude of these isotope effects, given the measured isotopic 
composition of CO2 in the Martian atmosphere, could produce carbonate 
minerals having δ13C and δ18O values within the range reported for 
carbonate minerals in Mars meteorites, especially the aeolian samples 
(Fig. 4). The carbonates generated by ESD processes are depleted in 13C, 
which should be taken into account when using the δ13C of Martian 
atmospheric CO2 as a constraint for carbon fluxes among various sinks, 
such as escape to space or incorporation in carbonates or organic matter 
(Hu et al., 2015; Alday et al., 2023; Ueno et al., 2024).

Due to the lack of high-precision Δ17O data for Martian atmospheric 
CO2, it remains unclear whether the Δ17O anomaly observed in car
bonate minerals from Martian meteorites is inherited from atmospheric 
CO2 with an anomalous Δ17O signature or results from non-mass- 
dependent isotope effects during carbonate formation. Although O3 
was detected in ESD-in-CO2 (Wu et al., 2018), its quantity relative to OI* 
(from CO2) may not be large enough to affect the Δ17O value of 
ESD-generated MgCO3 (Table 3).

Overall, we found that the products of ESD-induced heterogeneous 
electrochemical processes, analogous to those potentially associated 
with Martian dust activities, all show some extent of depletion in the 
heavy isotopes 37Cl, 18O, and 13C. This phenomenon indicates the 
ubiquitous occurrence of mass-dependent kinetic isotope fractionation 

involved in the generation of volatile species (ClI*, OI*, CO2
+, and CO*) 

through the breakdown of chlorides and CO2 upon impact by energetic 
electrons. Apparently, the energetic electrons from ESD impact chloride 
mineral grains and collide with CO2 molecules in the atmosphere, which 
causes the release of volatiles (ClI*) and free radicals (OI*, CO*, CO2

+, O3) 
that are heavy-isotope depleted, and these reactive species become 
incorporated into secondary mineral products (e.g., chlorides, oxy
chlorides, and carbonates). The mass-dependent kinetic isotope effects 
observed in products of ESD-driven experiments under Mars-like con
ditions are generally of opposite sign to equilibrium isotope effects and 
to isotope effects observed in products of ozone- and UV-driven re
actions in aqueous media. Comparisons of the present ESD experimental 
results with available isotopic data from Mars atmosphere, surface ma
terials, and meteorites indicate that ESD-driven processes are likely to 
play a substantial role in atmosphere-surface interactions on Mars.

5. Conclusion

A conceptual model of the global Cl cycle and air-borne carbonates in 
the contemporary Mars surface-atmosphere system based on the results 
of the present study (i.e., the transfer of isotopic signatures that are 
consistent with mission observations) is shown in Fig. 5. Although other 
chemical reaction processes may be involved in the generation of the 
isotopically depleted chloride, (per)chlorate, and carbonate minerals 
observed at Mars’ surface, mass-balance calculations (Wang et al., 2023) 

Fig. 5. A conceptual model of the Mars global contemporary surface-atmosphere Cl cycle and air-borne carbonates that is consistent with the results of the present 
study (i.e., the transfer of isotopic signatures). (1 & 2) The HEC induced by dust-driven ESD partially decomposes the surface chloride mineral; (3) HEC produces 
volatile ClI* (37Cl-depleted) from chlorides; along with 13C- and 18O-depleted species CO2

+ CO* and O* from CO2; and minor amounts of (per)chlorate, carbonate, and 
activated oxide are also formed by HEC reactions but with lower conversion rates than the volatile species; (4) the atmospheric HEC products (with depleted 37Cl, 
consistent with mission observations (Liuzzi et al., 2021; Trokhimovskiy et al., 2021)) are deposited onto the surface, forming new (per)chlorate, chloride, and 
carbonate mineral deposits (Wu et al., 2018; Wang et al., 2023) having isotopic depletions in 37Cl, 18O, and 13C, consistent with mission observations (Farley et al., 
2016; Leshin et al., 2013; Franz et al., 2020). In addition, there is a possibility that the Cl-bearing products deposited on the Martian surface could lead to the 
formation of Cl-salt rich brines that may percolate below the subsurface and flow out in the form of (7) RSL (recurring slope lineae) that generated the modern 
Cl-deposits (6) (Wang et al., 2019). As chloride salt rich deposits are modified by ongoing dust-driven HEC, the progressive depletion of 37Cl would continue, leading 
further towards the negative δ37Cl values observed in surface Cl-bearing minerals by SAM-Curiosity on Mars (Farley et al., 2016).
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show that the inventories of these secondary minerals can be accounted 
for entirely by ESD processes associated with dust activities on Mars. The 
comparison of isotopic results of the present study and those of in situ 
measurements on Mars and of Martian meteorites supports the hy
pothesis that heterogeneous electrochemistry induced by dust-driven 
ESD is responsible for the formation of secondary chlorides, (per)chlo
rates, and carbonates at the surface of Mars. Further isotopic in
vestigations of Martian surface materials by lander missions and sample 
returns are needed to better understand the global cycles of chlorine, 
carbon, and oxygen on Mars. Given the ubiquity of dust activity and the 
known low-breakdown electric field threshold (Melnik and Parrot, 
1998; Rahman et al., 2023) on Mars, dust-induced electrochemistry may 
represent a dominant, yet underappreciated, force driving chemical 
evolution in the modern Martian near-surface environment.

The results of this study also offer new insight into the origin of 
Martian carbonates, suggesting that not all of them formed under 
ancient, water-rich conditions. While many carbonates in meteorites 
and sedimentary rocks have been attributed to water-rich surface con
ditions that existed early in Martian history, our results show that ESD- 
driven reactions can also generate carbonates under the modern hy
perarid conditions. The experimentally observed kinetic isotope effects 
produce δ13C and δ18O values consistent with those in near-surface 
carbonates, particularly in aeolian materials in mission observations 
(Leshin et al., 2013). Distinguishing carbonates formed in aqueous en
vironments from those formed by ESD-driven reactions under dry con
ditions may be possible through detailed examination of depositional 
settings, mineralogy, and textural features of intact rock and sediment 
cores from the surface of Mars.
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