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Natrojarosite formed in the Matanomadh Formation, Kutch, India:
A Na analog of jarosite on Mars
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ABSTRACT

We report mineralogy, chemical composition, visible near-infrared (VNIR) spectroscopy, and X-ray
near-edge spectroscopy of phyllosilicate-sulfate mineral assemblages, including natrojarosite, from the
Matanomadh Formation (Palaeocene) of the Kutch region in Gujarat, India. The unit-cell parameters of
sulfate minerals and VNIR spectral properties are consistent with natrojarosite and other minerals. The
mineralogy and unit-cell parameters indicate supergene or hydrothermal alteration conditions within the
Kutch region. The Fe oxidation record (Fe3�/total Fe ∼0.83) is quantified using Fe K-edge XANES.
Additionally, the Fe-S bond length for natrojarosite is determined to be 3.158Å, and the experimental result
fits well with the modeled iron sulfate data curve. The occurrences of natrojarosite and associated natroa-
lunite and kaolinite in the post-Deccan volcanic province are consistent with an oxidizing environment and
periodic shift of humid to arid environments that appear to be similar to the early geologic history of Mars.
The oxidative alteration of pyrite further enhances the formation of natrojarosite. Our results, in concert with
earlier studies, highlight the formation process of natrojarosite and provide insights into detailedmineralogy
at the Kutch region and the magnitude of the redox state. The natrojarosite and the associated minerals
(including anhydrite and other sulfates) argue for acidic and water-limited conditions analogous to the
Noachian-Hesperian epoch of Mars, with implications for past weathering processes.
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INTRODUCTION

After phyllosilicates, sulfate minerals are the most prevalent
hydrous minerals on Mars. These have been identified through
various means, including data from orbiting spacecraft [Observa-
toire pour laMinéralogie, l’Eau, lesGlaces et l’Activité (OMEGA)
onboard Mars Express and Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) onboard Mars Reconnaissance
Orbiter] (Bibring and Langevin 2008; Murchie et al. 2009) and
scientific payloads onboard landers and rovers (Opportunity by
MER, Curiosity, Mars Science Laboratory, and Perseverance
Mars 2020) (Arvidson et al. 2014; Siljeström et al. 2024 and refer-
ences therein). Sulfates, bothmono- and polyhydrated, are thought
to be widely distributed across the martian surface, according to
remote sensing investigations using visible-infrared spectroscopy
(Bibring et al. 2006). Jarosite was first identified on Mars by
the Opportunity rover at Meridiani Planum using the in situ
Mössbauer spectrometer (Klingelhöfer et al. 2004) and first iden-
tified from orbit at Mawrth Vallis using spectra from the CRISM
instrument (Farrand et al. 2009). The discovery of jarosite, a ferric-
potassium hydroxide sulfate �KFe3+3 �SO4�2�OH�6�, is highly sig-
nificant for Mars because jarosite formation is not only consistent
with the presence of liquid water on the surface but is also sugges-
tive of an acidic and oxidizing environment (Bishop et al. 2020).

The persistence of jarosite on Mars further attests to the planet’s
ancient climatic conditions and extreme surface aridity in the
Hesperian periods (ElwoodMadden et al. 2004). Furthermore, the
sulfateminerals onMars could be a promising andpotential host of
biosignatures (Gill et al. 2023). Therefore, to find conclusive evi-
dence of past biogenicity inmartian rocks, sulfate-bearing strata on
the martian surface may be essential places for present and future
missions (Rampe et al. 2017; Siljeström et al. 2024).Manymartian
meteorite samples have also been reported to contain jarosite.
While many jarosite occurrences inmeteorites have H isotope evi-
dence that supports a terrestrial origin, the origin of sulfate inmete-
orite samples is still unclear (Hallis and Taylor 2011). Therefore,
the martian origin of jarosite in the meteorites remains contested.

There are several hypotheses that exist to explain the origin of
martian jarosite (ElwoodMadden et al. 2004). Jarosite formation on
Earth aligns with the interaction between acidic fluids and weath-
ered sediments, resembling processes observed in lacustrine-evap-
orative environments (Alpers et al. 1992; Bigham and Nordstrom
2000). On Earth, jarosite is commonly found in mining waste due
to the oxidation of sulfide minerals, acidic saline, acid sulfate soil
near volcanic vents, supergene deposits, or hydrothermal minerals
(Desborough et al. 2010; Flahaut et al. 2017; Carson et al. 2023).
Mineralogical and crystal-chemical studies of terrestrial jarosite,
including its unit-cell parameters, coordination number, and
intra-atomic distances, can help us to formulate its formation con-
ditions. Until any samples are returned from Mars, comparative
planetology offers a useful and alternate approach to studying
the origins of jarosite. This helps interpret the data collected by
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