
American Mineralogist, Volume 110, pages 1238–1248, 2025

Identification of hydroandradite inCMcarbonaceous chondrites: A product of calc-silicate
alteration on C-complex asteroids

LAURA E. JENKINS1
,*,†, MARTIN R. LEE1, LUKE DALY1,2,3, ASHLEY J. KING4, PETER CHUNG1,

SAMMY GRIFFIN1, AND SHIJIE LI5

1School of Geographical and Earth Sciences, University of Glasgow, Glasgow G12 8QQ, U.K.
2Australian Centre for Microscopy and Microanalysis, University of Sydney, Camperdown, New South Wales 20250, Australia

3Department of Materials, University of Oxford, Oxford OX1 3PH, U.K.
4Planetary Materials Group, Natural History Museum, London SW7 5BD, U.K.

5Lunar and Planetary Science Research Center, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China

ABSTRACT

A hydrous Ca-Fe-rich silicate identified as hydroandradite was observed in the “Mighei-type” carbo-
naceous (CM) chondrite falls, Shidian and Kolang. This is the first report of hydroandradite occurring
withinmeteorites. Hydroandradite forms through aqueous calc-silicate alteration under specific fluid con-
ditions. Its presence within Shidian and Kolang has implications for interpreting alteration processes
within the C-complex asteroid parent bodies of the CM chondrites. To better understand its occurrence,
the meteoritic hydroandradite was studied with scanning electron microscopy, electron probe micro-
analysis, transmission electron microscopy, and Raman spectroscopy. It occurs in four petrographic
contexts: layered, perovskite-associated, sulfide-associated, and spheroidal. Kolang has all four morphol-
ogies, while only the sulfide-associated occurs in Shidian. InKolang, hydroandradite was likely produced
by replacement of kamacite, Ti-bearing clinopyroxene in calcium- and aluminum-rich inclusions, and
secondary magnetite in three distinct alteration events. The formation temperature of meteoritic hydro-
andradite was estimated to be 100–245 °C, based on the mineralogy of the lithologies within which it
occurs as well as on its degree of hydration relative to synthetic and terrestrial hydroandradites. Because
Kolang and Shidian are the only reported meteorites with hydroandradite to date, they may be from the
same parent body.
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INTRODUCTION

Carbonaceous chondrite meteorites originate fromC-complex
asteroids (Alexander et al. 2018). These bodies are rich in
organic matter and hydrous minerals that were produced during
extensive aqueous alteration at ∼4.6 Ga (Alexander et al. 2018;
Fujiya et al. 2012). C-complex asteroids are thus important
reservoirs of solar system volatiles, and carbonaceous chondrite
meteorites may have been responsible for transporting water to
Earth during its early development (Alexander et al. 2018).
Among the carbonaceous chondrites, the Mighei-like (CM)
meteorites are the most abundant group and have undergone
aqueous alteration, producing secondary minerals such as ser-
pentine, carbonates, oxides, and sulfides (Howard et al. 2011;
Bunch and Chang 1980; Fuchs et al. 1973). Here we describe
hydroandradite �Ca3Fe3+2 �SiO4�3−x�OH�4x�, which has not been
previously reported in meteorites but occurs as an alteration
product in the CM chondrites Shidian and Kolang. We charac-
terize the hydroandradite in both meteorites and infer the geo-
logic processes occurring on their parent body(ies) based on
their chemical and mineralogical properties, as well as their
petrographic context.

Hydroandradite

Hydroandradite is a hydrogarnet, where silica in the crystal
structure is replaced by OH−. Its anhydrous counterpart is andra-
dite �Ca3Fe3+2 �SiO4�3� and both phases have Ca occupying the
dodecahedral site while Fe3� occupies the octahedral site. The
partial replacement of SiO4 by OH− increases the volume of its
crystal structure (Geiger and Rossman 2020; Huckenholz and
Fehr 1982; Peters 1965). Other hydrogarnet varieties (e.g., hydro-
grossular) have similar substitutions, with OH− replacing SiO4.

Terrestrial hydroandradite forms by low-temperature calc-
silicate metasomatism of serpentinites (Ghosh et al. 2017),
which are ultramafic rocks that are similar to CM chondrites in
mineralogy and chemical composition. Hydroandradite formation
requires specific fluid compositions: (1) low αSiO2 (Plümper et al.
2014; Beard and Hopkinson 2000) with Si still being present in
the solution (Flint et al. 1941); (2) low dissolved CO2; (3) high
concentrations of Ca; and (4) high pH (Ghosh et al. 2017; Beard
and Hopkinson 2000). If these conditions are not met, other
phases, such as calcite, may form (Ghosh et al. 2017; Beard and
Hopkinson 2000). The temperature window often reported for
hydroandradite formation is 150–300 °C (Plümper et al. 2014;
Ménez et al. 2012), but this is based on the stability of andradite,
the anhydrous counterpart of hydroandradite (Beard and Hopkin-
son 2000). Hydroandradite’s formation temperature likely differs
because experiments by Flint et al. (1941) showed it beginning
to decompose at 220 °C, and Eiger (1937) managed to synthesize
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