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Abstract
Shock caused by impacts can convert carbonaceous material to diamond. During this transition,
new materials can form that depend on the structure of the starting carbonaceous materials and the
shock conditions. Here we report the discovery of cage-like nanostructured carbonaceous materials,
including carbon nano-onions and bucky-diamonds, formed through extraterrestrial impacts in the
Gujba (CBa) meteorite. The nano-onions are fullerene-type materials and range from 5 to 20 nm; the
majority shows a graphitic core-shell structure, and some are characterized by fully curved, onionlike graphitic shells. The core is either filled with carbonaceous material or empty. We show the first,
natural, 4 nm sized bucky-diamond, which is a type of carbon nano-onion consisting of multilayer
graphitic shells surrounding a diamond core. We propose that the nano-onions formed during shock
metamorphism, either the shock or the release wave, of the pre-existing primitive carbonaceous material that included nanodiamonds, poorly ordered graphitic material, and amorphous carbonaceous
nanospheres. Bucky-diamonds could have formed either through the high-pressure transformation of
nano-onions, or as an intermediate material in the high-temperature transformation of nanodiamond
to nano-onion. Impact processing of planetary materials was and is a common process in our solar
system, and by extension, throughout extrasolar planetary bodies. Together with our previous discovery
of interstratified graphite-diamond in Gujba, our new findings extend the range of nano-structured
carbonaceous materials formed in nature. Shock-formed nano-onions and bucky-diamonds are fullerenetype structures, and as such they could contribute to the astronomical 217.5 nm absorption feature.
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Introduction
Shock metamorphism resulting from hypervelocity impacts
is a fundamental process in our solar system (Sharp and DeCarli
2006). It plays a major role in planetary evolution and is shown
by shock-induced modifications in minerals and the formation
of high-pressure and high-temperature phases (e.g., Chen et al.
1996; El Goresy et al. 2008). The nature of these modifications
strongly depend on the material and the shock conditions (Sharp
and DeCarli 2006). Since shock metamorphism is a rapid event,
during which pressure equilibration can be completed within
nano- or microseconds after impact, novel materials may form
and be quenched (Chao et al. 1962; Chen et al. 1996; Sharp et
al. 1997, 1999). There has been considerable interest in shock
compression of carbonaceous material, of which the formation
of diamond from graphitic material has been widely described
(e.g., DeCarli and Jamieson 1961; Erskine and Nellis 1991;
Yamada and Tanabe 2002; Le Guillou et al. 2010). In addition
to diamond, a range of sp2- and sp3-bonded structures have been
reported including defective and stacking disordered diamond
(Németh et al. 2014, 2015; Ohfuji et al. 2015; Murri et al. 2019),
interstratified graphite-diamond (Garvie et al. 2014), amorphous(Kis et al. 2016), and onion-like carbons (Shumilova et al. 2014).
Carbonaceous chondrite meteorites contain a wide range of
nano-structured materials encompassing sp3-bonded structures,
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dominated by nanodiamonds, and sp2-bonded materials. Nanodiamonds are present in the matrix of all unmetamorphosed carbonaceous chondrites, with matrix-normalized values of ca. 700
to 1500 ppm (Huss and Lewis 1995). Their small sizes, typically
~2 nm, and high abundances, imply large numbers, on the order
of 3 × 1017 nanodiamonds, per gram of matrix. The total C content
of unmetamorphosed carbonaceous chondrites varies from ~5
wt% in the CIs (Orgueil 4.88 wt%) to ~2 wt% for the CM2 (e.g.,
Murchison, 2.25 wt%) chondrites (Pearson et al. 2006). Much of
this C occurs as sp2-bonded carbonaceous material, also called
macromolecular carbon (Garvie and Buseck 2006). In HRTEM
images, this material presents itself as poorly ordered “graphitic
material” that typically has a crumpled tissue-like texture, with
poorly ordered, small, irregularly shaped regions having fringes
with 0.34–0.38 nm spacings and locally 0.21 nm cross-fringes.
Also present are solid or hollow carbon nanospheres. HRTEM
images of these nanospheres are typically devoid of fringes
revealing their amorphous character (Garvie and Buseck 2004,
2006). Well-crystallized graphitic material is also present in the
CC meteorites, but is less common.
Here we report the discovery of cage-like nanostructured
carbonaceous materials, including carbon nano-onions and
bucky-diamonds from the Gujba (CBa) meteorite. Carbon nanoonions are fullerene-like structures consisting of spherical carbon
shells (Ugarte 1992), whereas bucky-diamonds are nanoparticles
containing a nanodiamond covered by fullerene-like shells (Raty
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