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abstract

This study reports on the structural relationship between graphite, lonsdaleite, and diamond ex-
tracted from the Goalpara ureilite and propose a model for the formation of lonsdaleite and diamond 
in these stony meteorites. The study is based on data from reflected-light microscopy and laser Raman 
spectroscopy of a polished thin section (PTS) of the Goalpara ureilite and X-ray powder diffraction 
(XRPD) analyses of the grains taken out of it. Selected-area electron diffraction (SAED) analyses and 
high-resolution TEM (HRTEM) observations were carried out in the three unique directions of pristine 
graphite with two thin slices prepared from a carbon grain directly taken out of a PTS. SAED patterns 
reveal the relative crystal-axes orientations between graphite (Gr), lonsdaleite (Lo), and diamond (Di) 
as (001)Gr//(100)Lo//(111)Di, [210]Gr//[001]Lo//[21 1]Di, and (120)Gr//(120)Lo//(022)Di. The shapes of diffrac-
tion spots in the SAED patterns reveal that the transformation of graphite to lonsdaleite and diamond 
is initiated by sliding of hexagonal carbon planes of graphite along the [210] of the graphite structure. 
These results suggest that lonsdaleite and diamond in ureilites formed directly from graphite through 
boat-type buckling and chair-type puckering of hexagonal carbon planes of graphite, respectively. 
The results of this study confirm the shock origin of diamond in ureilites.
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iNtroductioN

The first diamond in meteorites was found in 1888 in the 
Novo Urei meteorite, one of typical ureilites (Kunz 1888). 
Lonsdaleite, the hexagonal polymorph of diamond, was found 
for the first time in nature in the Canyon Diablo iron and the 
Goalpara ureilite (Bundy and Kasper 1967; Frondel and Marvin 
1967; Hanneman et al. 1967). So far, mineralogical properties of 
carbon minerals in ureilites have been only roughly determined 
by using acid-treatment residues because they exist only in small 
quantities in these stony meteorites (Hanneman et al. 1967; Le 
Guillou et al. 2010; Ringwood 1960; Urey et al. 1957; Valter et al. 
2003; Vdovykin 1970). The origin of these diamonds in ureilites 
has been controversial (Arrhenius and Alfvén 1971; Fukunaga 
et al. 1987; Lipschutz 1964; Urey 1956).

Berkley and Jones (1982) reported that euhedral graphite 
blades occur without diamond in the Allan Hills (ALH) 78019 
ureilite. Euhedral tabular crystals of graphite were also found in 
the Nova 001 and Nullarbor 010 ureilites and hard lumps within 
graphite crystals were supposed to be diamond formed by shock 
(Treiman and Berkley 1994). Nakamuta and Aoki (2000) inves-
tigated carbon minerals in the very weakly and weakly shocked 
ALH 78019 and Yamato (Y)-82100 ureilites with an optical 
microscope under reflected light and observed blade-like shaped 
euhedral tan-gray graphite crystals with a metallic luster. They 
also observed blade-like shaped grains in the weakly shocked 
Kenna, Y-79158 and ALH 77257 ureilites, although these grains 
are black in color and dull in luster. X-ray powder diffraction 

(XRPD) patterns of the grains directly picked from the polished 
thin section (PTS) of the Kenna ureilite reveal that the grains 
are a mixture of graphite, compressed graphite, and diamond. 
Lonsdaleite was not found in these weakly shocked ureilites. 
The results suggest that diamond in ureilites was formed from 
well-crystallized euhedral graphite by shock. To confirm the 
origin of diamonds in ureilites and to elucidate the transforma-
tion mechanisms of graphite to lonsdaleite and diamond, direct 
observation of structures of graphite, lonsdaleite, and diamond 
at the same area of a carbon grain is important but was not car-
ried out until now. The Goalpara ureilite is a heavily shocked 
ureilite and is known to contain lonsdaleite together with dia-
mond (Hanneman et al. 1967). In this study, SAED analyses and 
HRTEM observations were carried out in three directions with 
two slices prepared from a carbon grain directly taken out of the 
PTS of the Goalpara ureilite and we proposed a transformation 
mechanisms from graphite to lonsdaleite and diamond.

materials aNd experimeNtal methods
The Goalpara ureilite is a monomict ureilite (Mittlefehldt et al. 1998; Vdovykin 

1970). Urey et al. (1957) identified diamond in an acid-treated residue of this mete-
orite based on an XRPD analysis. Lonsdaleite was found by Hanneman et al. (1967) 
in an acid-tretment residue of the same meteorite also based on XRPD analysis.

A PTS was prepared from a fragment of the Goalpara ureilite and investigated 
using optical microscopy. The meteorite is mainly composed of coarse-grained 
olivine and pigeonite with minor amounts of up to 0.5 mm big, blade-like shaped, 
black carbon grains with a dull luster under reflected light. Some olivine and 
pyroxene crystals show a mosaic texture, suggesting that the meteorite has been 
heavily shocked. Melting of silicate minerals was not observed.

Micro-Raman spectra of carbon grains in the PTS were recorded with a Jobin-
Yvon T64000 triple-grating spectrometer equipped with confocal optics and a 
nitrogen-cooled CCD detector. A microscope was used to focus the 514.5 nm Ar 
excitation laser beam to a 1 µm spot. Accumulations were made for 120 s. The * E-mail: nakamuta@museum.kyushu-u.ac.jp


