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Anoxic and iron-rich seawater conditions facilitated reverse weathering:
Evidence from the Mesoproterozoic siliceous rocks
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ABSTRACT

Enhanced reverse weathering is pivotal for sustaining the persistent ice-free climate during the mid-
Proterozoic despite low solar irradiance. Silicon-rich seawater is considered the primary factor driving
reverse weathering; however, authigenic clay minerals, the major products of reverse weathering, are
not consistentlymore abundant in siliceous rocks, implying the existence of additional controlling factors.
Here, we analyzed Mesoproterozoic siliceous rocks from the ∼1.1 Ga Songziyuan Formation of South
China, using multiple techniques. The results show that berthierine and stilpnomelane, the dominant
authigenic clay minerals, are enriched solely under silica-rich, anoxic, and iron-rich micro-environments.
These data support the hypothesis that anoxic, iron-rich conditions may have played a crucial role in
promoting reverse weathering, specifically the authigenesis of Fe-bearing clay minerals in silica-rich
environments. The predominantly short-term, iron-rich conditions [e.g., Fe(II)> 50 μM] in the mid-
Proterozoic silica-rich ocean may have enhanced reverse weathering and thereby facilitated long-term
ice-free climate conditions.
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INTRODUCTION

Carbon dioxide is a key greenhouse gas that modulates
Earth’s climate (Sawyer 1972). During the mid-Proterozoic
(1800–800Ma), solar irradiance was low, at only 85–95% of the
modern levels (Buick 2007). If the atmospheric pCO2 had been
comparable to present levels, Earth’s surface would have been
persistently frozen (Kasting 1987; Caldeira and Kasting 1992).
However, geological records suggest a long-lasting ice-free cli-
mate during this period (Chumakov and Elston 1989; Hambrey
and Harland 2011), likely due to elevated greenhouse gas levels
(e.g., CO2) (Owen et al. 1979;Walker et al. 1981). On geological
timescales, pCO2 is determined by its sources and sinks, with
volcanic degassing (Kelemen and Manning 2015) and oceanic
reverse weathering (Kump et al. 2000; Isson and Planavsky
2018; Aubineau et al. 2019) as the primary sources, and the
chemical weathering of silicates and biological uptake as the
main sinks (Garrels et al. 1975; Berger and Vincent 1986; Brady
1991; Raymo and Ruddiman 1992). Sustaining high pCO2

requires substantial CO2 sources, but the mid-Proterozoic was
in a relatively tectonically quiescent period, without large-scale
volcanic activity (Tang et al. 2021). Thus, the high atmospheric
pCO2 may not be caused by enhanced volcanic degassing
but is possibly related to increased reverse weathering

(Isson and Planavsky 2018; Trower and Fischer 2019; Isson
and Rauzi 2024).

The reverse weathering process generates authigenic clay
minerals and releases CO2 (e.g., amorphous Al silicate + cation +
H4SiO4 + HCO−

3 → cation Al silicate + CO2↑ +H2O; Mackenzie
et al. 1967), which could provide a stable CO2 source for the
ice-free climate during the mid-Proterozoic (Isson and Planavsky
2018). Earlier studies also concluded that the high silica concen-
trations in the Precambrian oceans are the key factor in promoting
the reverse weathering process (Isson and Planavsky 2018; Isson
et al. 2022). Recent studies suggest that enhanced reverse weath-
ering could have maintained elevated CO2 levels in the Precam-
brian prior to the rise of siliceous life (Isson et al. 2020). In the
Phanerozoic, due to the evolution of siliceous biomineralizers
(e.g., siliceous sponges, radiolarians, and diatoms), dissolved sili-
con concentrations in the ocean declined significantly (Siever
1992; Michalopoulos and Aller 1995; Maliva et al. 2005; Tréguer
and De La Rocha 2013; Shi et al. 2024). Consequently, the forma-
tion of authigenic clay minerals was limited (Isson and Planavsky
2018). The abundance of cherts in the Mesoproterozoic of
North China indicates a silica-rich seawater, but not all of them
are rich in authigenic clay minerals (e.g., Wumishan Formation;
Shi et al. 2024). Previous studies also show that most Precambrian
authigenic clay minerals, such as glauconite (Tang et al. 2017a),
berthierine (Ma et al. 2022), chamosite (Tang et al. 2017a),
greenalite (Muhling and Rasmussen 2020), and stilpnomelane
(Rasmussen et al. 2015), are rich in iron. Their massive formation
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