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abSTraCT

Conversion of hydrotalcite (Ht) to saponite was observed by hydrothermal alkaline alteration of 
metal oxides. The conversion was through a pathway of hydration-dissolution-precipitation. It involved 
several critical steps, including the construction of Ht from metal oxides, dissolution of Al3+ from Ht, 
condensation of metasilicate anions with Ht, and finally crystallization of saponite. The condensation 
was favored by relatively low Mg/Al ratios of Ht, along with high concentrations of Al3+ and silicate 
oligomers in the environment, resulting in highly crystalline saponite. The latter conversion was greatly 
accelerated by the isomorphous substitution of Al3+ for Si4+ in silicate oligomers. The substitution gen-
erated the extra negative charge and led to the aforementioned condensation with Ht surface, thereby 
promoting the formation of saponite TOT layers. During the process, CO2 is an indispensable compo-
nent. Initially intercalated as CO3

2– to form Ht, CO2 was subsequently eliminated from the solid phase, 
and saponite formed when the layer charge was reversed. Thus, this study presents a novel formation 
mechanism of saponite from metal oxides via hydrotalcite and contributes to a better understanding of 
the crystallization, chemical stability, and transformation of Ht to saponite. The results are also relevant 
to evaluating metal availability and carbon cycling on the surface of the Earth.
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inTroduCTion

Saponite is Mg-rich smectite, with a formula of (Na,Ca)0.25

Mg3(Si,Al)4O10(OH)2·4H2O. It usually forms by weathering of 
basic or ultrabasic Mg-rich rocks, or through hydrothermal in-
teraction between fluids and igneous materials and precipitation 
in alkaline lakes and evaporative basins (Setti et al. 2004; Huang 
et al. 2013; Zeyen et al. 2017). Investigations of the processes 
and mechanisms of saponite formation are of high importance 
as they may reveal the different processes of its formation and 
the environments under which it can form (Milesi et al. 2018).

Saponites are increasingly reported to be associated with 
carbonates because both kinds of minerals are the main al-
teration products of basalt under neutral to alkaline conditions 
(Polyak and Güven 2000; Tosca 2015). Previous researchers 
have revealed the important roles of saponite in the processes of 
dolomitization or carbonate precipitation and diagenesis, espe-
cially under high pH and silicate and/or Mg-rich conditions (e.g., 
alkaline lakes and evaporative basins) (Kahle 1965; Milesi et al. 
2018). It can serve as a source of Mg for dolomite formation, as 
nucleation centers for carbonate crystallization, and as a cata-
lyst to accelerate precipitation of dolomite (Botha and Hughes 
1992; Martín-Pérez et al. 2015; Wanas and Sallam 2016; Liu et 
al. 2019). A very recent study reported that negative charges on 
the surface of clay minerals could serve as a template and induce 

the abiotic nucleation of dolomite (Liu et al. 2019). The surface 
charge of saponite is closely related to the occupancy ratio of 
Al3+ in its tetrahedral and octahedral sheets (AlIV/AlVI) (He et 
al. 2014; Tao et al. 2018). It can be inferred that the content and 
distribution of aluminum in saponite structure could play a crucial 
role in carbonate nucleation as well as subsequent interaction of 
the carbonate with saponite.

Hydrotalcite (Ht) is a naturally occurring but rare anionic 
mineral on the surface of the Earth. Ht can be regarded as 
a two-dimensional (2D) carbonate salt, with a formula of 
Mg6Al2(OH)16CO3·4H2O. It contains positively charged brucite-
like octahedral layers [Mg3Al(OH)8], separated by intercalated 
carbonate anions (CO3

2–), the positive charge being generated by 
the inequivalent isomorphous substitutions. Due to its CO3

2– in-
tercalated layer structure and exchange property, Ht has a unique 
feature so as to undergo rapid carbon cycling with the uptake 
of atmospheric CO2 under ambient conditions (Ishihara et al. 
2013). Natural Ht could be easily formed during the weather-
ing of basalts or precipitated in saline water sources or alkaline 
soils associated with clay minerals (e.g., serpentine), but it was 
seldom found in large or commercially useful deposits on the 
Earth (Auerbach et al. 2004). The rare occurrence of Ht deposits 
is both puzzling and an unsolved issue.

Both experimental and modeling research on the weathering 
of natural basaltic glass (mainly composed of SiO2, MgO, Fe2O3, 
Al2O3, Na2O, etc.) revealed that smectite-like substances could 
be generated during hydrothermal alteration (Allen et al. 1981; 
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