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abStract

Mesosiderite meteorites consist of a mixture of crustal basaltic or gabbroic material and metal. Their 
formation process is still debated due to their unexpected combination of crust and core materials, pos-
sibly derived from the same planetesimal parent body, and lacking an intervening mantle component. 
Mesosiderites have experienced an extremely slow cooling rate from ca. 550 °C, as recorded in the metal 
(0.25–0.5 °C/Ma). Here we present a detailed investigation of exsolution features in pyroxene from the 
Antarctic mesosiderite Asuka (A) 09545. Geothermobarometry calculations, lattice parameters, lamellae 
orientation, and the presence of clinoenstatite as the host were used in an attempt to constrain the evolu-
tion of pyroxene from 1150 to 570 °C and the formation of two generations of exsolution lamellae. After 
pigeonite crystallization at ca. 1150 °C, the first exsolution process generated the thick augite lamellae 
along (100) in the temperature interval 1000–900 °C. By further cooling, a second order of exsolution 
lamellae formed within augite along (001), consisting of monoclinic low-Ca pyroxene, equilibrated in 
the temperature range 900–800 °C. The last process, occurring in the 600–500 °C temperature range, 
was likely the inversion of high to low pigeonite in the host crystal, lacking evidence for nucleation of 
orthopyroxene. 

The formation of two generations of exsolution lamellae, as well as of likely metastable pigeonite, 
suggest non-equilibrium conditions. Cooling was sufficiently slow to allow the formation of the lamellae, 
their preservation, and the transition from high to low pigeonite. In addition, the preservation of such 
fine-grained lamellae limits long-lasting, impact reheating to a peak temperature lower than 570 °C. These 
features, including the presence of monoclinic low-Ca pyroxene as the host, are reported in only a few 
mesosiderites. This suggests a possibly different origin and thermal history from most mesosiderites and 
that the crystallography (i.e., space group) of low-Ca pyroxene could be used as parameter to distinguish 
mesosiderite populations based on their cooling history.
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introduction

Mesosiderites are stony-iron meteorites that consist of a brec-
cia containing roughly equal amounts of metal and silicate (e.g., 
Prior 1918; Rubin and Mittlefehldt 1993). The metal component 
shows some similarities to IIIAB iron meteorites (Hassanzadeh, 
et al. 1990), whereas the silicate fraction has been compared with 
basaltic or pyroxenitic Howardite-Eucrite-Diogenite (HED) me-
teorites (e.g., Clayton and Mayeda 1996; Greenwood et al. 2015). 
A common origin of the silicate fraction of mesosiderites and the 
HED from the asteroid 4-Vesta has been disproved (Rubin and 
Mittlefehldt 1993) and recently proposed again (Haba et al. 2019). 
The simultaneous presence of silicate and metal is interpreted as 

a mixture of basaltic material from the crust and metal from the 
core, originating either by collision of two differentiated parent 
bodies (Wasson and Rubin 1985) or from mixing within the same 
parent body (Mittlefehldt et al. 1998; Scott et al. 2001). The silicate 
fraction generally consists of basaltic to cumulate gabbro and 
pyroxenitic clasts, locally including olivine nodules exhibiting 
thick reaction rims (e.g., Ruzicka et al. 1994). Mesosiderites are 
classified on the basis of their internal structure and relative abun-
dance of plagioclase and pyroxene minerals (Powell 1971; Floran 
1978). One of the most peculiar characteristics of mesosiderites 
is that the metal has recorded the slowest cooling rate from ca. 
550 °C ever measured in the solar system, recently re-evaluated to 
0.5 °C/Ma (e.g., Powell 1969; Kulpecz and Hewins 1978; Haack 
et al. 1996; Goldstein et al. 2014).

The formation processes of mesosiderites are still debated, 
and since Prior (1918) several models have been proposed, in-
volving planetary differentiation (Delaney 1983), collision with 
a metal projectile (Wasson and Rubin 1985), and remelting of 
mixed basalt-gabbro and metal close to the parent body surface 
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