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ABSTRACT
Atmospheric airbursts over Russia at Chelyabinsk in 2013 and Tunguska in 1908 provide 

dramatic examples of hazards posed by near-Earth objects (NEOs). These two events pro-
duced 0.5 and 5 Mt of energy, respectively, which dramatically affected surface environments 
and, in the case of Chelyabinsk, injured humans. Enigmatic natural glasses have been cited 
as geologic evidence of the threat posed by large airbursts. Libyan Desert Glass (LDG) is 
a natural glass found in western Egypt that formed ~29 m.y. ago, however its origin is dis-
puted; the two main formation hypotheses include melting by meteorite impact or melting 
by a large, 100 Mt–class airburst. High-temperature fusion occurs during both processes, 
however airbursts do not produce shocked minerals; airbursts generate overpressures at 
the level of thousands of pascals in the atmosphere, whereas crater-forming impacts gener-
ate shockwaves at the level of billions of pascals on the ground. Here we report the presence 
in LDG of granular zircon grains that are comprised of neoblasts that preserve systematic 
crystallographic orientation relations that uniquely form during reversion from reidite, a 30 
GPa high-pressure ZrSiO4 polymorph, back to zircon. Evidence of former reidite provides 
the first unequivocal substantiation that LDG was generated during an event that produced 
high-pressure shock waves; these results thus preclude an origin of LDG by airburst alone. 
Other glasses of disputed origin that contain zircon with evidence of former reidite, such as 
Australasian tektites, similarly were also likely made during crater-forming events. Public-
policy discussions and planning to mitigate hazards from airbursts caused by NEOs are 
clearly warranted, but should be cautious about considering LDG or other glasses with 
evidence of high-pressure shock deformation as products of an airburst. At present, there 
are no confirmed examples of products from a 100 Mt–class airburst in the geologic record.

LIBYAN DESERT GLASS
Libyan Desert Glass (LDG) occurs over 

an area of several thousand square kilometers 
in the Great Sand Sea desert of western Egypt 
(Fig. 1). LDG consists of high-silica glass (>96 
wt% SiO2) that formed by fusion of a quartz-rich 
source ~29 m.y. ago (Koeberl, 1997). The ubiqui-
tous presence of high-temperature products, in-
cluding cristobalite, lechatelierite, and baddeley-
ite from dissociated zircon, and evidence of a 
meteoritic component (Koeberl, 2000) have lead 
many workers to argue that LDG originated by 
impact melting (e.g., Kleinmann, 1968; Koeberl, 
1997; Fröhlich et al., 2013). However, no defini-
tive links have been established between LDG 
and known impact structures in the region (Abate 
et al., 1999) (Fig. 1). Shocked minerals have 

not been identified in LDG, despite reports of 
shocked quartz in float (Kleinmann et al., 2001) 
and bedrock (Koeberl and Ferrière, 2019) sam-
ples of sandstone within the LDG field. In the 
absence of an identified source crater and any 
evidence of shock deformation within the glass, 
LDG has also been proposed to have formed as 
a consequence of a ~100 Mt (1 Mt = 4.184 × 
1015 J) low-altitude atmospheric airburst, a pro-
cess which would not generate shocked miner-
als or a crater, but would explain high-tempera-
ture fusion of surface materials (Wasson, 2003; 
 Boslough and Crawford, 2008). Ascertaining 
the origin of LDG is critically important, as the 
interpretation of LDG as a product of airburst 
continues to inform U.S. government policy on 
hazards posed by near-Earth objects (NEOs) 

(e.g., Boslough, 2014; Boslough et al., 2015). 
Here we present the first quantitative orientation 
analysis of microstructures in zircon grains in 
LDG, all analyzed in situ within samples of the 
glass, which shows that some grains originated 
from the reversion of reidite, a high-pressure 
ZrSiO4 polymorph. We then discuss the impli-
cations of these findings for hypotheses on the 
origin of LDG.

SAMPLES AND METHODS
Samples of LDG were collected by one of us 

(CK) during field work in western Egypt in 2003 
and 2006. Seven different LDG samples were 
analyzed in this study, each mounted in epoxy. 
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Figure 1. Map showing location of Libyan Des‑
ert Glass (LDG) field in western Egypt (after 
Koeberl, 1997). Also shown are two regional 
impact structures, B.P. (2 km diameter) and 
Oasis (18 km diameter) (Abate et al., 1999).
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The samples include typical characteristics of 
LDG described previously (e.g., Koeberl, 1997), 
including being generally translucent and yellow 
in color, and having variable dark- and/or light-
colored wispy layering. Zircon grains in LDG 
samples were documented using backscattered 
electron (BSE) imaging with a scanning elec-
tron microscope. Orientation maps for zircon 
were collected using electron backscatter dif-
fraction (EBSD) with step sizes ranging from 
50 to 100 nm. Additional sample information 
and a full description of analytical methods are 
given in the GSA Data Repository1.

RESULTS

Zircon Microstructures in LDG
Multiple zircon grains were found in each 

sample of LDG analyzed, and a total of 101 
grains were documented. The majority of 
grains (65%) fully dissociated to zirconia (now 
baddeley ite) and are no longer zircon. The sec-
ond-largest population of grains (24%) contain 
ubiquitous zirconia inclusions, and are inter-
preted to have fully dissociated to zirconia, and 
then partially or fully back-reacted with silica 
melt to form a new generation of zircon; the 
zirconia inclusions are preserved because they 
were isolated from further reaction with silica 
melt by newly formed zircon. As the aforemen-
tioned grains do not record information about 
their pre-dissociation history, they are not dis-
cussed further; representative BSE images of 
such grains are shown in the Data Repository 
(Item DR1). Only 11 of the 101 zircon grains 
(11%) showed no evidence of dissociation to 
zirconia, or in a few cases, only the margins 
of grains had dissociated (Item DR1). The 11 
grains are composed of micrometer-sized neo-
blasts, and are the focus of this study.

Orientation analysis by EBSD was done on 
eight of the 11 granular grains (three were too 
small or inaccessible). In five of the grains, neo-
blast orientations are broadly dispersed, with 
minor variations, and they do not form dis-
crete orientation clusters (Item DR1). In con-
trast, neoblasts in the other three grains occur 
in multiple orientation clusters with systematic 
relations. An example of a grain with system-
atic orientation clusters is shown in Figure 2. 
The grain has a granular zircon core consist-
ing of 0.5–1.0 µm neoblasts, and a few zirco-
nia inclusions located along the margin and/or 
along partings, both adjacent to glass (i.e., for-
mer melt) (Fig. 2A). The core is surrounded by 
a semi-detached rim that consists of ~0.5 µm 
zirconia grains (baddeleyite) that are enveloped 

by thin neoblastic overgrowths of zircon (Fig. 
2A, inset). Orientation mapping reveals that the 
entirety of the grain consists of many distinct 
orientation clusters (Fig. 2B). However, zircon 
neoblasts comprising the granular core consist 
of only three mutually orthogonal orientation 
clusters that are highly systematic; each orien-
tation cluster can be related to another cluster 
by 90°/<110> (Fig. 2C). High-angle (75°–95°) 
misorientation axes defined by adjacent neo-
blasts in the core are also highly systematic 
(Fig. 2D), and coincide with each of the three 
<110> clusters (Fig. 2C). In contrast, zircon 
in the rim consists of >15 orientation clusters, 
most of which do not preserve a systematic rela-
tion to each other or to neoblast clusters in the 
granular core (Item DR1). Baddeleyite grains 
enveloped by neoblastic zircon overgrowths in 
the rim are locally twinned (Item DR1).

DISCUSSION

Pressure-Temperature History of LDG 
Recorded in Zircon Microstructures

The key to constraining formation conditions 
of LDG lies in deciphering the complex micro-

structural records of relict zircon entrained in the 
glass, due to its refractory nature and ability to 
survive total fusion of its host. Three populations 
of zircon were defined based on microstructure, 
with all three examples occurring within individ-
ual samples of LDG. These include: (1) zircon 
grains composed of granular neoblastic domains 
that did not dissociate (11%); such grains are 
the oldest generation of zircon preserved and 
in some cases provide constraints on pressure 
history; (2) dissociated zircon grains composed 
of baddeleyite (65%); such grains dominate the 
population and provide constraints on thermal 
history; and (3) dissociated grains that back-
reacted with melt to form a second generation of 
neoblastic zircon (24%); such grains form dur-
ing cooling, and do not record peak temperature 
or pressure conditions.

The zircon shown in Figure 2 is a granular 
grain that did not fully dissociate, and happens to 
contain domains representing each of the three 
different microstructures. It is therefore an ideal 
example for illustrating the chronological for-
mation sequence of the various microstructures, 
from which a hypothetical pressure-temperature 
(P-T ) path for LDG was constructed (Fig. 3). 

1GSA Data Repository item 2019218, Item DR1 
(additional information on samples), Item DR2 (ad-
ditional information on methods), and Table DR1 
(EBSD analytical conditions), is available online at 
http:// www .geosociety .org /datarepository /2019/, or 
on request from editing@ geosociety .org.
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Figure 2. Granular zircon 
from Libyan Desert Glass 
that preserves evidence 
of former reidite. A: Back‑
scattered electron (BSE) 
image showing granular 
core (neoblastic zircon 1, 
nz1) surrounded by par‑
tially detached corona 
(rim) consisting of zirco‑
nia (baddeleyite) inter‑
grown with a later genera‑
tion of neoblastic zircon 
(nz2). B: Orientation map 
shown with inverse pole 
figure (IPFy) color scheme. 
C: Pole figures showing 
data for granular zircon 
core (see oval in B). D: Plot 
showing high‑angle (75°–
95°) misorientation axes 
for data in C. Stereonets 
are equal‑area, lower‑
hemisphere projections 
in sample x‑y‑z reference 
frame.
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The earliest events preserved are recorded in 
the granular neoblastic core (labeled nz1 in Fig. 
2A, inset). The systematic 90°/<110> orienta-
tion relations for neoblast clusters in the core of 
the granular zircon (Figs. 2B and 2C), whereby 
each orientation cluster consists of both adjacent 
and dispersed (non-touching) neoblasts, form 
uniquely as a consequence of formation of the 
high-pressure ZrSiO4 polymorph reidite, which 
occurs via 90°/<110> transformations (e.g., Cox 
et al., 2018), and its subsequent reversion back 
to zircon, which follows the same pathways 
(Erick son et al., 2017a; Timms et al., 2017). The 
former presence of reidite requires that some 
LDG zircon grains followed a P-T path that ex-
ceeded ~30 GPa (Kusaba et al., 1985; Leroux 
et al., 1999) (Fig. 3). Reidite is no longer present 
in any of the granular zircon grains; reversion 
of reidite and recrystallization into zircon neo-
blasts presumably occurred within the zircon 
stability field and below the zircon dissocia-
tion temperature, but the exact conditions are 
speculative (Fig. 3). In the five granular zircon 
grains analyzed that do not preserve systematic 
neoblast orientations (Item DR1), either reidite 
was absent, or the amount of reidite formed was 
minor enough to not significantly influence neo-
blast orientations.

The next event preserved is in the rim, 
which records dissociation of a ~5-µm-wide 
corona around the grain (Fig. 2A). The vast ma-
jority of LDG zircon grains documented in this 

study, 89/101 (89%), fully dissociated to zirco-
nia, which has been shown in previous studies 
of single grains (Kleinmann, 1968; Fröhlich 
et al., 2013). Such grains provide unambiguous 
evidence for temperature >1687 °C, which is 
required for the dissociation of zircon to tetrag-
onal zirconia + siliceous melt (Timms et al., 
2017); the dissociation reaction is not well con-
strained at high pressure (Fig. 3), but appears 
to have a positive slope (Kleinmann, 1968; 
Timms et al., 2017). Tetrag onal zirconia is no 
longer present, but is inferred to have existed 
based on ubiquitous reversion twins observed 
in baddeleyite (Item DR1), the monoclinic 
polymorph stable below 1175 °C (Timms et al., 
2017). Dissociation of zircon is further consis-
tent with the presence in LDG of α-cristobalite, 
a reversion product of β-cristobalite, a high-
temperature, low-pressure silica polymorph 
that forms from 1726 to 1470 °C at <0.6 GPa 
(Swamy et al., 1994).

The third and final event recorded in LDG 
zircon grains consists of the growth of thin, neo-
blastic zircon films around zirconia grains in the 
rim (labeled nz2 in Fig. 2A, inset). This gen-
eration of zircon growth was likely facilitated 
by ingress of siliceous melt along and through 
the partially detached rim, where it reacted with 
zirconia to form a second generation of zircon. 
The thin zircon films must have formed in the 
zircon stability field during cooling, but prior to 
quenching of the melt to glass (Fig. 3).

Other Occurrences of Similar 
Granular Zircon

Granular zircon grains with the same neo-
blast orientation relations (e.g., orientation clus-
ters defined by 90°/<110>) have been reported 
previously from confirmed impact structures and 
ejecta deposits, and are not known to form in 
other environments. Such granular zircon grains 
provide a quantitative means to identify the for-
mer presence of reidite, and have been termed 
“former reidite in granular neoblastic zircon”, 
or FRIGN zircon (Cavosie et al., 2018a). So-
called FRIGN zircon grains have been reported 
in impact glasses (Cavosie et al., 2016, 2018a, 
2018b; Rochette et al., 2019) and also in par-
tially devitrified impact melt rocks (Erickson 
et al., 2017b; Timms et al., 2017; Cavosie et al., 
2018a; Kenny et al., 2019). The seven previ-
ously known occurrences of FRIGN zircon cited 
above highlight the ubiquitous involvement of 
both high-pressure shock deformation and high-
temperature melting during its formation.

Reassessing Evidence of Airbursts 
in the Geological Record

Airbursts over Tunguska, Russia, in 1908 
and Chelyabinsk, Russia, in 2013 are estimated 
to have released 5 Mt and 0.5 Mt of energy, 
respectively, to the near-surface environment 
(Brown et al., 2013), however melted or shock-
deformed surface materials have not been re-
ported from either location. The Tunguska event 
defines what is referred to as a type 1, ~5 Mt 
“Tunguska-class” airburst, formed by a ~20-m-
diameter NEO (Boslough, 2014). In contrast, 
LDG has been used by some researchers to 
define the type example of the largest airburst 
known, a type 2, ~100 Mt “LDG-class” event, 
formed by a ~100-m-diameter NEO, where the 
fireball “…descends to the surface and expands 
radially, leading to incineration of organic mate-
rial and melting of alluvium and surface rocks” 
(Boslough, 2014, p. 371). While evidence of 
high-temperature processes in LDG, includ-
ing dissociated zircon, cristobalite, and mull-
ite (Greshake et al., 2018), are consistent with 
formation of LDG on P-T paths characteristic 
of either a ~100 Mt–level airburst or crater for-
mation (Fig. 3, left side), orientation data from 
granular zircon show that both LDG (this study) 
and Australasian tektites (Cavosie et al., 2018a) 
preserve evidence of former reidite, a >30 GPa 
polymorph of zircon. Formation of reidite in 
LDG and Australasian tektites, as well as other 
high-pressure phases in the latter (e.g., Walter, 
1965), uniquely requires P-T paths that include 
high-pressure shock deformation, which only 
occurs during crater-forming events (Fig. 3, 
right side), rather than from airbursts (Wasson, 
2003; Boslough and Crawford, 2008). Airburst 
events produce overpressures of thousands of 
pascals in the atmosphere, which, while capa ble 
of property damage and injury (e.g.,  Aftosmis 
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et al., 2019), are a factor of ~106 lower in pres-
sure than that required to cause shock defor-
mation (French, 1998). This observation may 
explain the disparity between the geological 
record and the predicted impact interval of 
~100-m-diameter NEOs based on optical sur-
veys (e.g., Boslough et al., 2015). Earth impacts 
with ~100-m-diameter NEOs, the size that could 
cause a ~100 Mt airburst, are predicted to oc-
cur every ~104 yr (e.g., Boslough et al., 2015). 
Thus, about 500 ~100-Mt-level (LDG-class) air-
bursts should have occurred over the last 5 m.y., 
whereas no confirmed airburst-related glass de-
posits from any size event are known from the 
geological record to have occurred in this time 
interval (cf. Schultz et al., 2006). Given the ne-
cessity of high-pressure shock deformation for 
formation of LDG and Australasian tektites, it 
can be concluded that no examples of ~100 Mt 
airburst events are currently known from the geo-
logical record, and thus NEO hazard mitigation 
policy should probably not consider the occur-
rence of LDG.
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