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Abstract
Heavy meteorite impacts on Earth’s surface produce melt and vapor that are quenched rapidly and 

scattered over wide areas as natural glasses with various shapes and characteristic chemistry, which 
are known as tektites and impact glasses. Their detailed formation conditions have long been debated 
using mineralogical and geochemical data and numerical simulations of impact melt formations. These 
impact processes are also related to the formation and evolution of planets. To unravel the formation 
conditions of impact-induced glasses, we performed shock recovery experiments on a tektite. Recov-
ered samples were characterized by X-ray diffraction, Raman spectroscopy, and X-ray absorption fine 
structure spectroscopy on the Ti K-edge. Results indicate that the densification by shock compression 
is subjected to post-shock annealing that alters the density and silicate-framework structures but that 
the local structures around octahedrally coordinated Ti ions remain in the quenched glass. The relation-
ship between the average Ti-O distance and Ti K pre-edge centroid energy is found to distinguish the 
valance state of Ti ions between Ti4+ and Ti3+ in the glass. This relationship is useful in understanding 
the formation conditions of impact-derived natural glasses. The presence of Ti3+ in tektites constrains 
the formation conditions at extremely high temperatures or reduced environments. However, impact 
glasses collected near the impact sites do not display such conditions, but instead relatively mild and 
oxidizing formation conditions. These different formation conditions are consistent with the previous 
numerical results on the crater size dependence. 
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Introduction
Tektites are natural silica-rich glasses found in the strewn 

fields of impact craters (e.g., Melosh 2020), whereas impact 
glasses are found near relatively small craters as the quenched 
products of impact-induced melts (e.g., Koeberl 1986). Tektites 
are in a relatively narrow range of chemical compositions 
in comparison to natural rock compositions (Koeberl 1986). 
These natural glasses observed on the surface of the Earth (e.g., 
Glass 2016; Wright et al. 1984) and in planetary materials (e.g., 
Lunning et al. 2016) are all quenched products of melts that were 
formed at high temperatures. Proposed formation mechanisms 
include impact-generated ejection and cratering of surface rocks 
and soils, cooling of silicate melt magma, rapid condensation of 
silicate vapor, cold compressions of silicate crystals, lightning 
strikes, faulting friction, burning, and heavy irradiation by high 
energy particles (McCloy 2019).

The chemistry and structures of these quenched glasses have 
been studied by various methods and results have shown linkages 

to the conditions at the time of their formation. However, the 
mechanism and conditions of tektite formation are still a mat-
ter of open inquiry. Unraveling structural changes in glass and 
melt resulting from the application of dynamic shock pressure 
requires the knowledge of geochemistry, materials science, and 
condensed matter physics. The issues involved are very complex 
because the formation conditions are influenced by various 
factors including but not limited to morphologies, chemical 
structures, and cooling rates.

The cooling path from a fully equilibrated melt is not in-
stantaneous, and there is no single fictive temperature. Instead 
a distribution of fictive temperatures has been proposed. Cool-
ing rates range from 107 °C/min in submarine basaltic magmas 
(Potuzak et al. 2008) to 104–102 °C/min in tektites (Weeks et al. 
1984; Wilding et al. 1996a) and to as slow as 10–2–10–4 °C/min 
in magmatic obsidian flows (Wilding et al. 1996b). In addition, 
there are two temperature scales: the glass temperature (an inher-
ently thermodynamic property) and the fictive temperature (an 
inherently kinetic property, defined as the temperature at which 
the glass-forming system has a structural relaxation time equal to 
an external observation timescale, typically taken as 30–40 s for 
oxide glasses). Fictive pressure has also been known to define the 
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