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Abstract

The source of sulfuric acid and associated aqueous alteration of ancient martian sedimentary rocks 
remain under debate in the context of divergent models of jarosite formation. Here, we report the forma-
tion of sulfates, including jarosite in K-bentonites within shallow-water facies of the Permian-Triassic 
(P-T) transition at Xiakou in South China. In these strata, jarosite is dispersed in the clay matrix or 
forms aggregates in pore spaces, has a euhedral morphology, and coexists with variably 34S-depleted 
paragenetic gypsum and bassanite (δ34S = –37.23‰ to +3.20‰ VCDT). Subaqueous alteration of 
volcanic tuffs concurrently with oxidation of upwelled, biogenically sourced H2S is the process of 
jarosite formation in the Xiakou K-bentonites. This mechanism of jarosite precipitation and stability over 
geological time challenges the long-held view of acidic, water-limited conditions leading to iron(III) 
sulfate precipitation and would be consistent with possible microbial or nanobial life on early Mars.

Keywords: Tuff, K-bentonite, smectite, jarosite, sulfates, microbial reduction

Introduction

Global mineralogical observations of Mars via orbital re-
flectance spectroscopy have revealed an apparent evolution in 
the secondary mineral assemblage during the earliest history of 
the planet (Bibring et al. 2006). The Noachian-aged (4.1–3.7 
Ga) stratigraphic units are dominated by Fe/Mg-smectites, 
with minor amounts of Ca-sulfates and Fe-oxides, whereas the 
younger Hesperian-aged (3.7–3.1 Ga) units more commonly 
consist of Mg/Ca/Fe-sulfates, with fewer detections of clay 
minerals, hematite, and hydrated silica (Ehlmann and Edwards 
2014). The widespread clay minerals on Mars record clear evi-
dence for water-rich surface and near-surface environments in 
Mars’ past since smectite often forms by supergene weathering 
under relatively warm and humid climate conditions on Earth 
(Sulieman et al. 2020; Saricaoğlu et al. 2021; Hong et al. 2023). 
After the extensive formation of phyllosilicates in the Noachian 
era, the abundance of sulfates, especially jarosite, in Hesperian-
aged sediments is thought to reflect a substantial change in 
surface-water chemistry from near-neutral to acidic and saline 
owing to a dramatic change in the climate of Mars (Bibring et 
al. 2006; Hurowitz et al. 2017; Poulet et al. 2005).

Jarosite on Earth often occurs in arid, acidic, sulfate-rich 
weathering systems linked to supergene weathering of sulfides 
(Bauer and Velde 1997) and in fumaroles and acidic-saline 
groundwaters associated with lake systems (Benison 2006). It 
is thermodynamically stable in a narrow pH range (~3–5) and 
is considered to be diagnostic of sulfuric acid oxidation and 
water-limited conditions (Potter-McIntyre and McCollom 2018; 
Yoshida et al. 2018). Thus, the formation processes and envi-
ronmental conditions experienced by jarosite-bearing martian 

rocks have been inferred largely from the presence of jarosite.
In addition to orbital detection, jarosite has been identified 

in situ by the Opportunity rover on the Meridiani Planum and 
the Curiosity rover in Gale crater. Compositional data and 
images from the ground allow for more detailed interpretations 
of environments that led to jarosite formation. The evaporitic 
sandstones of the Burns Formation on the Meridiani Planum 
contain up to 10 wt% jarosite and are thought to have been re-
worked by eolian and subaqueous processes and further altered 
by early and late diagenesis, during which jarosite may have 
formed as an evaporative cement following groundwater recharge 
(McLennan et al. 2005). Many alternate hypotheses to explain 
the jarosite have been proposed, including water-limited aqueous 
alteration followed by extreme aridity to preserve this mineral 
(Elwood Madden et al. 2004), aqueous oxidation of hydrothermal 
sulfides (Zolotov and Shock 2005), fumarolic SO2-bearing vapor 
alteration of volcanic ash (McCollom and Hynek 2005), and 
sediment reworking in conjunction with acid-sulfate weathering 
of massive ice deposits (Niles and Michalski 2009). Jarosite has 
been detected in early Hesperian-aged, smectite-bearing, and 
typically Ca-sulfate-bearing fluvio-lacustrine deposits in Gale 
crater in abundances up to ~3 wt% (Rampe et al. 2017, 2020). 
Hypotheses for jarosite precipitation include early or late diage-
netic alteration of sulfides (Hurowitz et al. 2017; Rampe et al. 
2017). K-Ar dating of one drill powder by the Sample Analysis 
at Mars (SAM) instrument yielded a relatively young age of 2.12 
± 0.36 Ga for the jarosite, providing further evidence of a late 
diagenetic origin for jarosite in Gale crater (Martin et al. 2017).

Characterizing jarosite-bearing Mars-analog environments on 
Earth can help us further understand the mechanisms by which 
jarosite on Mars may have been precipitated and preserved. Here, 
we report the formation of jarosite and Ca-sulfate in altered vol-
canic tuffs within shallow-water settings of the Permian-Triassic 




