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Abstract—Results are presented of new geological observations and laboratory analyses on
Libyan Desert Glass (LDG), a unique kind of impact glass found in Egypt, probably 28.5—
29.4 million years in age. A new LDG occurrence has been discovered some 50 km
southward of the main LDG occurrences in the Great Sand Sea. From Fourier transform
infrared (FTIR) analysis, the molecular structure of LDG is refined and significant
differences are shown between LDG specimens and other pure silica glasses (fulgurite,
industrial fused quartz, and amorphous biogenic silica) that are related to differences in
their structures. The slight variations observed here for the mean Si-O-Si angle between the
different glasses are attributed to their thermal histories. With regard to the other glasses
analyzed, the LDG infrared spectral parameters point to a higher ratio of discontinuities
and defects in the tetrahedral (SiO4) network. The quantitative mineralogical constitutions
of sandstones and quartzites from the LDG geological setting were analyzed by FTIR.
Cretaceous sandstones have a specific composition (about 90 wt% quartz, 10% dickite),
clearly different from the Paleozoic ones (about 90 wt% quartz, but >7% kaolinite). It is
shown that the reddish silts bearing the LDG are constituted mainly of microquartz
enriched with dickite, whose particle size distribution is characteristic of fluvio-lacustrine
deposits, probably Oligocene to Miocene in age. The target rocks, most probably quartz
sand, resulted from the weathering (loss of the cementing microquartz) of the Cretaceous
sandstones from the Gilf Khebir Plateau with deposition in a high-energy environment.

INTRODUCTION

Since its discovery in the southern Great Sand Sea
(southwestern Egypt: Fig. 1; Clayton and Spencer 1934;
Spencer 1939), the intriguing blocks of Libyan Desert
Glass (LDG) have been the subject of more than 200
papers (e.g., Barnes and Underwood 1976; Storzer and
Koeberl 1991; Rocchia et al. 1996; Monod and Diemer
1997; Greshake et al. 2010; Longinelli et al. 2011).
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Various field investigations have shown that their
strewn field covers a circular area of about 21 km
diameter (Barakat et al. 1997). Fission-track dating
suggests that LDG solidified between 28.5 + 0.5 and
29.5 + 0.4 Ma (Gentner et al. 1969; Storzer and
Wagner 1977; Storzer and Koeberl 1991; Bigazzi and de
Michele 1997; Horn et al. 1997). The structure of this
glass (Frohlich 1989), being that of fused quartz,
suggested that LDG resulted from the fast quenching of

© The Meteoritical Society, 2013.
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Fig. 1. Location of the LDG strewn field in Egypt.

a silica-rich melt (Rocchia et al. 1996, 1997; Koeberl
1997; Bolitz and Langenhorst 2009; Greshake et al.
2010). The high content of meteoritic components
(Rocchia et al. 1996, 1997; Greshake et al. 2010) and
the presence of the high-temperature low-pressure silica
phase cristobalite in the glass (e.g., Clayton and Spencer
1934; Spencer 1939; Barnes and Underwood 1976)
argue strongly in favor of an impact origin. Moreover,
the occurrence in LDG of baddeleyite (ZrO,)
(Kleinmann 1969; Storzer and Koeberl 1991), a product
of the breakdown of zircon (ZrSiO,4) that occurs at a
temperature above 1680 °C, clearly demonstrates that
very high temperature conditions were attained.
Furthermore, Horn et al. (1997) mentioned the
occurrence of “skeletal” rutile, which also implied an
ultrahigh melting temperature, exceeding 1800 °C.
Finally, the mixture of amorphous Al-silicate
“spherules” within the silica glass matrix of LDG
(Pratesi et al. 2002) suggested temperatures ranging
from 1700 to 2100 °C. Thus, five independent
mineralogical geothermometers establish the very high
temperature nature of the formation of LDG. The total
mass of LDG that can be found in this region is
estimated between 1.7 x 10® g (Barakat et al. 1997) and
1.4 x 10 g (Weeks et al. 1997). The largest known
single specimen, discovered by Théodore Monod and
later donated to the French Muséum National
d’Histoire  Naturelle ~ (MNHN,  Paris),  weighs
26.5 x 10° g (Diemer 1997).
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Kleinmann et al. (2001) recorded shocked quartz
near the localities described below. This further
consolidates the impact origin of LDG. However, the
exceptional richness in SiO, (97.5 wt% according to
Clayton and Spencer [1934]; between 97.1% and 99.4%
according to Barrat et al. [1997]), along with the
elemental composition (some Al + alkaline elements)
suggested that the impacted rock was a mature quartz-
arenite (cf. Fudali 1981). Mesozoic sandstone (formerly
called “Nubian” sandstone by Klitzsch 1990) is often
cited as a possible terrestrial precursor for LDG (Fudali
1981; Barrat et al. 1997; Rocchia et al. 1997). Svetsov
and Watson (2007), Boslough and Crawford (2008), and
Longinelli et al. (2011) proposed that LDG did not
originate from a meteorite impact, but from a comet
airburst. Finally, using various isotopic compositions,
Schaaf and Miiller-Sohnius (2002) and Longinelli et al.
(2011) argued that the target rocks are not Mesozoic
sandstones, but sands (Oligocene?) probably originating
from the weathering of the Pan-African basement.

However, contemporaneous (Oligocene) astroblemes
are absent from the vicinity of the LDG strewn field;
furthermore, the specimens do not exhibit typical ejecta
morphologies. Thus, despite many studies (e.g., Frischat
et al. 2001; Boslough and Crawford 2008; Longinelli
et al. 2011), the formation process of LDG remains an
open question and calls for continued research. The
molecular structure of LDG, as seen with infrared
spectroscopy, is typical of a glass (Frohlich 1989;
Rocchia et al. 1996, 1997) with a H,O content of 0.055—
0.166 wt%, whereas it is 0.006-0.060 wt% for other
impact glasses, and only 0.002-0.030 wt% for tektites
(Beran and Koeberl 1997). One purpose of this paper is
to study the variability of the molecular structure of
different LDG specimens; another is to study the relevant
sediments.

In January 2006, four of the coauthors (E. D., F. F.,
Y. S., and M. V.) joined a 3-week archaeological
expedition into the Egyptian part of the Libyan Desert to
survey the geological context of LDG. For this purpose,
glass and its surrounding sediments were sampled, along
with the acquisition of new observational field data, to
acquire new analytical data, mainly using FTIR (Fourier
transform infrared spectroscopy), including the powerful
quantitative IR analysis of mixtures, and scanning
electron microscope (SEM) with energy dispersive
spectroscopy (EDS) analyses.

FIELD OBSERVATIONS

LDG is known to occur as centimeter- to decimeter-
sized lumps, blocklets, or blocks scattered within an area
extending 130 km N-S and 50 km E-W (Spencer 1939;
Weeks et al. 1997); here, the term “blocks” is used
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Fig. 2. Schematic geological map of the LDG area in the southern Great Sand Sea (after Klitzsch et al. 1987), with the circular
line indicating the strewn field after Barakat et al. (1997). 1) Wadi el Qubba LDG site; 2) corridor B site; 3) northern specimen

found during the expedition.

throughout, regardless of the size. According to some
other authors, the strewn field is somewhat smaller, e.g.,
Barakat et al. (1997) considered it to be a roughly
circular area of only 20 km in diameter (Fig. 2). This
area corresponds to four interdune corridors, called
corridors A to D. Each of these corridors is about 5
kilometers wide, has an approximately N-S orientation,
and lies at the southern end of the Great Sand Sea
(Fig. 2) (Clayton and Spencer 1934; Spencer 1939;
Klitzsch et al. 1987; Barakat et al. 1997).

A brief geological survey of the Libyan Desert was
made to the west of Dakhla oasis, north of the Sudanese
border, and east of the Libyan border (Fig. 1). Mesozoic
and Paleozoic sandstones and Quaternary soft deposits
were sampled, especially in the Gilf Khebir Plateau and
its northwestern valleys (Wadi al Malik and Wadi el
Qubba), in the direction of the LDG strewn field. A
specific area of 1 km? of corridor B (N 25° 17.617’,
E 25° 33.414") was surveyed for 2 days during our
expedition (Fig. 2). The terrain (Fig. 3a), gently dipping

northward, is a flat surface at an altitude of about 445 m
above sea level. The ground surface is covered with
rounded very coarse sandstone/quartzite gravels
occurring within a layer of coarse sand, which together
overlie a fine reddish soft sediment (“silt”; Fig. 3d). The
Upper Cretaceous basement (the former called “Nubian”
sandstone unit) sporadically outcrops near the dunes.
Scattered blocks of wind-worn reddish sandstone/
quartzite (ventifacts) occur over the whole surface. The
term “reddish” is employed throughout this text, as the
colors vary between red, pink, orange, and brown,
sometimes lighter, sometimes darker. Some ten
centimeter large blocks of massive goethite, including
quartzite gravels and sand grains (as seen in thin section),
were found in the northern part of this area.

The LDG blocks are partly buried, and, most
significantly, only the visible part is wind-worn (Figs. 3b—
d). In great contrast, the buried part is coated with silt
(Fig. 3c) and is severely pitted (Figs. 3¢ and 3d) and
frequently exhibits tubular cavities, often up to one
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Fig. 3. Field setting and morphology of LDG. a) View of the corridor B with its western barkane dune. b) LDG block with a
black streak, cropping out in place. ¢) The largest LDG specimen known (26.5 kg from the Théodore Monod Collection,
MNHN), which exhibits large tubular cavities often filled with red silt. d) Extracted and turned LDG block revealing tubular
cavities and a silt coating; red silt appears in place inside the hole in which a white deposit (anhydrite) is seen at the bottom;
a coating occurs on the underside of the block. e) Some small LDG specimens from the Wadi el Qubba site. f) The northern
specimen, which lies on the ground and is wholly wind-worn.
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centimeter in diameter (Fig. 3c); these tubular cavities
appear cither as entrances to penetrating holes or as
transverse sections resembling canals. Some blocks occur
entirely exposed, and then their whole surface is wind-
worn (Fig. 3f); thus, on exposed faces, the tubular
cavities have been mostly eroded away by wind and only
traces remain as grooves that are effectively
indistinguishable from usual conchoidal wind-weathering
features. In some places, a white powder occurs below the
LDG blocks (Fig. 3d).

Some of the LDG blocks display brown to black
parallel zones or streaks (Fig. 3b). Most of these
observations correspond with the first descriptions by
Clayton and Spencer (1934), Spencer (1939), and
Greshake et al. (2010); the last paper identified some
trace elements in the colored zones (“schlieren™)
deduced to be of terrestrial origin. According to
Rocchia et al. (1997), these dark streaks exhibit a
significant content of extraterrestrial constituents.

More LDG blocks were not found in corridor B
north of the surveyed area, apart from a single small
(50 mm; Fig. 3f) wind-worn block that was found lying
on the ground surface at an elevation of 382 m at
locality N25° 37.287', E25°31.971" (Fig. 1). It is
possible that this block might have been transported
there, perhaps by Prehistoric people. LDG is known to
have been used for lithic industries from Paleolithic time
(Clayton and Spencer 1934; Frohlich et al. 2009).

However, during a stop at a Neolithic occupation site,
indicated by many sandstone artifacts lying on the bank
of a former Holocene river, our expedition discovered
some small centimeter-sized LDG blocks (Fig. 3e), with
only one artifact (a broken blade) made from LDG
(Frohlich et al. 2009). This new occurrence (N24° 52.189’,
E25° 27.044', 538 m in elevation) is located about 50 km
south of the main LDG occurrences of the Great Sand
Sea corridors in Wadi el Qubba (Figs. 1 and 2), the large
valley originating from the Gilf Khebir Plateau. This is
the southernmost LDG occurrence ever found. These
small LDG blocks were also found to be partly or
completely buried inside a reddish silt horizon. They
exhibit the same types of structures as those in the
corridor B prospected area described above.

MATERIALS AND METHODS
Materials Analyzed

The analyzed LDG blocks were all collected during
our expedition. The samples collected in corridor B
weighed between 60 g and 715 g; the Wadi el Qubba
specimens weighed 3 g each. The following samples
were analyzed for comparison: a specimen of fulgurite
(quartz sand fused by the effect of lightning) collected
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in the Great Sand Sea (IN26° 42.50’, E26° 28.08'), a pure
silica glass (pure fused quartz) wused in the
microelectronics industry (Quartz & Silice, St. Gobain
Co.), and amorphous biogenic silica (a sponge spicule
dredged in the southern Indian ocean: Frohlich 1989).

Soft sediments, sandstones, and quartzites related to
LDG were also collected and analyzed:

1. Two quartzites and one sandstone from corridor B;
two sandstones from Wadi el Qubba; two sandstones
from Wadi al Malik; and one sandstone from the
east of the Gilf Khebir Plateau (Fujini cave).

2. Silts bearing LDG from corridor B (five samples) and
Wadi el Qubba (one sample); seven silts coating LDG
lumps; a third locality of soft sediments was sampled
from an ancient lake (with a Neolithic occupation)
represented by Holocene lacustrine deposits in the
central Libyan Desert (N23° 48.31' E27° 17.13',
about 200 km S.E. of Wadi el Qubba; Fig. 1).

3. Seven samples of reddish silt coating LDG blocks
from corridor B; one sample of silts coating the
MNHN Théodore Monod 2650 g LDG block
(Fig. 3¢); and one sample of silts infilling its tubular
cavities (Fig. 4c¢).

4. Two samples of sands, from the Great Sand Sea
(80 km northward of the corridor B site) and from
a dune barcane between corridors B and C.

Analytical Procedures

The mineralogy of the LDG samples was determined
by Fourier transform infrared spectroscopy (FTIR),
petrographical microscope examination, and scanning
electron microscope-energy dispersion spectrometry
(SEM-EDS). FTIR was used in transmission mode using
the KBr pellet method adapted to quantitative analyses
according to the Beer-Lambert Law (Frohlich and
Leclaire 1981; Pichard and Frohlich 1986; Frohlich
1989). The analyses were performed on splinters obtained
by breaking the specimens under their surface, to prevent
contamination with silts or sands. The samples were
mechanically ground using acetone in an agate mortar
with three small agate balls. To prevent structural
changes due to heating, grinding was performed in a
refrigerated area. A particle size less than the shorter
wavelength (2.5 pm) is required to avoid scattering IR
radiation and to apply the Beer—Lambert Ilaw
(Duyckaerts 1959). The grain size was verified on smear
slides and under a petrographical microscope. The
powdered samples were mixed with KBr in the
proportion 400:1 by weight to yield a standard dilution
of 0.25%. A 300 mg pellet (thus containing 0.75 mg of
sample) was made by pressing the mixture in a vacuum
die with up to 10* kg cm ™2 of compression. Weighing
was performed with an accuracy of 107> g.
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Fig. 4. Thin sections. a) Wadi al Malik sandstone: sand quartz grains cemented with microquartz (polished thin section observed
under crossed polarized transmitted light [XPL]). b) Corridor B Turonian quartzite (polished thin section observed under XPL).
c—f) Polished thin section of a LDG specimen (06DL66¢) from corridor B. c) Tubular cavities filled with silt (black), the opening
being blocked by a larger quartz grain (observed under plane polarized transmitted light [PPL]). d) A close-up view of the
texture of an inclusion of a cristobalite sphere (observed under PPL). ) A quenched ovoid melt of a previous crystal of monazite
(SEM backscattered electron image); present structure unknown. f) A previous zircon crystal transformed into a mixture of
baddeleyite (white) and silica glass (dark) (SEM backscattered electron image).
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The pellets were analyzed with a Bruker VECTOR 22
FTIR spectrophotometer at a 2 cm ™' resolution and an
accumulation of 32 scans of 2 s each. The weight% of
each component was computed from the absorbance of
its specific absorption bands, with reference to the
MNHN mineral IR data bank (IR spectra of a 0.75 mg
standard mass of pure minerals), according to the Beer—
Lambert law:

cx = Ay /ol

where A, is the absorbance (intensity) of a specific band,
measured on the spectrum, o = molar extinction coeffi-
cient (a constant), / = optical path length (here, the pellet
thickness, a constant: 0.83 mm), ¢, = the concentration
of the constituent in a mixture. Weight% values of a
component were computed with reference to the
absorbance 4 of 0.75 mg mass of pure mineral:

W%, = (Ay/A) x 100

It was experimentally shown from calibration curves
that the accuracy of ¢, depends on the baseline position
(Pichard and Frohlich 1986). Thus, the overall
uncertainty is obtained by computing the absorbances
from the two extreme positions of the baseline.

For silica phases, four spectral parameters of the
absorption bands that give good indications of the
three-dimensional geometry of the (SiO4) tetrahedra are
taken into account here:

1. The wave number v (stretching vibration modes) or
0 (bending vibration modes);

2. The absorbance A, according to the Beer—Lambert
Law (in arbitrary units), related to the quantity of
elemental vibrators;

3. The half-width Av (= width in cm ™' of the absorption
band at half absorbance), related to the dispersion of
the values of the frequency of a vibration mode;

4. The integrated intensity 7 (surface of the band, in
arbitrary units), which corresponds to the sum of
the total energy involved in this vibration mode.
The I values were not obtained here with the OPUS
Brucker software, but by computing A4-Av, a good
approximation for quite pure Lorentzian/Gaussian
bands, and to avoid the deformations of a band,
due to weak overlapping bands (e.g., here, water
absorptions by KBr).

Concerning the rocks related to LDG, wt% values
were obtained from the following absorption bands:
798 em~! (quartz), 3695 cm~! (kaolinite), 3700 cm™'/
3654 cm~ ! (dickite), 878 cm™! (calcite), 595 cm™!
(anhydrite), 3553 cm ™' (gypsum).

Sandstones were also analyzed on thin polished
sections under a Bruker Hyperion 2000 FTIR
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Fig. 5. A representative infrared spectrum of an LDG block
(specimen 08600, from corridor B; T1Table) showing no bands
other than the expected three key bands of pure SiO, glass
centered at 1100 cm ™" (Si-O stretching mode), 800 cm™' (Si-
0O-Si bending mode), and 471 cm™' (Si-O bending mode).
0.75 mg analyzed in a 300 mg KBr pellet.

microscope, and mineral spatial distributions were
mapped (in specular reflexion mode) under OPUS 6.5.
The kaolinite minerals were mapped with their specific
OH stretching absorption band near 3695 cm-1 (2.7 um
in wavelength), and with a lateral resolution of 30 pm.
Scanning electron microscope (SEM) observations and
complementary analyses were performed at the Centre
de Recherche en Physique Appliquée a I’Archéologie
(CRP2A, Bordeaux) with a scanning electron
microscope JEOL JMS 6460 LV operating at 20 kV
equipped with an Oxford Industries INCAx-sight energy
dispersive spectrometer (resolution: 128 eV at 5.9 keV).

Grain size analyses were performed with a laser
granulometer Malvern Instruments Mastersizer 2000
with a Hydro 2000MU device.

RESULTS
LDG

All LDG IR spectra (Fig. 5) exhibit the three IR-
active absorption bands typical for condensed (SiOy)
tetrahedra  that are predicted by theoretical
considerations. The bands near 1100 and 471 cm™' are
assigned to degenerated vibration modes of the (SiOy)
tetrahedral unit, respectively, stretching (v Si-O) and
bending (6 Si-O) (Lecomte 1949). The & Si-O band is
quite stable at 471-472 cm ™' for amorphous phases. The
wave number of the v Si-O band is affected by the
surroundings of the unit tetrahedron (Lecomte 1949); for
crystalline silica phases (e.g., quartz, cristobalite, opal-
CT), it is regarded as the envelope of several, poorly
resolved bands; then Av and 7 are less significant than for
amorphous phases. For LDG samples and fulgurite, the
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Table 1. Infrared parameters for different amorphous silica phases and LDG blocks from corridor B and Wadi el

Qubba.
Si-O Si-O-Si

LDG ) v A Av 1 ) A Av T Q

Green, translucent 471 1103 2.225 + 0.005 153.0 341.0 = 1.0 805 0.232 + 0.002 64.5 15.0 &+ 0.2 4.38 + 0.02
08606*

Green, translucent 471 1103 2.115 £ 0.010 163.0 3445+ 1.5 804 0.232 £ 0.002 63.5 147 £ 0.1 4.27 £ 0.02
09893*

Green, translucent 471 1103 2.351 £ 0.013 151.5 356.0 £ 2.0 805 0.232 + 0.008 64.5 150+ 0.5 4.20 + 0.13
09892*

Clear, translucent 472 1106 2.670 £+ 0.010 145.5 388.5 £ 0.7 805 0.257 £ 0.002 62.0 159 + 0.2 4.09 £+ 0.02
08600*

White, opaque 08603* 472 1104 2.580 £+ 0.020 143.0 369.0 £ 3.0 803 0.251 £ 0.006 62.0 154 + 0.4 420+ 0.12

Black vein in a green 472 1103 2.262 £ 0.012 152.5 346.0 = 1.0 802 0.226 + 0.002 65.0 14.7 £ 0.2 4.25 £ 0.05
lump 08601*

Pink, translucent 08602° 472 1102 2.435 4+ 0.005 151.0 368.1 = 0.5 806 0.233 + 0.003 65.0 152+ 02 4.13 + 0.05

Pink, translucent 09891° 472 1104 2.324 + 0.012 155.0 360.0 & 2.0 805 0.226 &+ 0.006 66.5 15.0 =04 4.15 + 0.15

Fulgurite (lechatelierite) 471 1103 2.523 4+ 0.004 151.0 381.7 £ 0.7 804 0.256 + 0.006 65.5 16.8 + 0.4 4.40 + 0.10
09887

Microelectronic fused 471 1101 2.655 £+ 0.007 146.0 387.6 = 1.0 806 0.265 + 0.008 67.0 17.8 +£ 0.5 4.60 + 0.10

quartz 08604
Amorphous, biogenic 470
silica

1100 2.080 £ 0.010

125.0 259.0 £ 1.0 800

0.190 £ 0.010 52.0 10.0 £ 0.5 3.84 + 0.20

v = stretching vibration mode (cm™'); & = bending vibration mode (cm™'); A = absorbance (arbitrary units); Av = half-width (cm™');
I = integrated intensity (cm® mol s™'); © = I (Si-O-Si at 800 cm™")/I(Si-O at 1100 cm™"); 0.75 mg analyzed in a 300 mg KBr pellet.

“Great Sand Sea, corridor B.
"Wadi el Qubba.

wave number of this band is not very variable around
1103 cm ™!, whereas the wave number values for fused
quartz and amorphous biogenic silica are lower,
respectively, 1101 and 1100 cm~'. The absorbance, the
half-width, and the integrated intensity vary rather
widely, whereas they are stable for crystalline phases.

The third, weaker band, near 800 cm ™', is assigned
to a vibration of the bridging oxygen atom in the plane
of the Si-O-Si bonds, between the adjacent tetrahedra
(Lecomte 1949). The relative motion results in a
deformation of the Si-O-Si angle in the direction of its
bissectrix (Parke 1974). The different LDG specimens
analyzed exhibit wave number values noticeably higher
and variable around 804 cm~' 4+ 2 cm™', the higher
values being observed for fused quartz and the Wadi el
Qubba LDG specimen, the lower for amorphous
biogenic silica. Taking into account the LDG SiO,
content variability that affects the absorbance and the
integrated intensity of each absorption band, the index
Q (I si-o-si at 800 em-D/1 (Si-0 at 1100 em-1)) Was computed
by Gendron-Badou et al. (2003) as this provides a good
indication of the structural continuity regardless of the
SiO, content. As seen in Table 1, the IR parameters of
the seven LDG samples from the Great Sand Sea are
remarkably consistent with @ = 4.23 £ 0.15, whatever
their color and general appearance, The IR parameters

of the two Wadi el Qubba samples are also consistent
with each other, but differ slightly from those of the
Great Sand Sea, essentially by a lower € value
(4.14 £ 1.00). On the contrary, fulgurite and pure fused
silica exhibit the highest €2 index (that reaches 4.60), A,
Av, and I values for the Si-O-Si band being larger than
for most of the other samples. The lowest values for all
spectral parameters (€2 = 3.84) are observed for
amorphous biogenic silica, due to an additional band at
950 cm ! (Si-OH bonds) which accounts for one in four
OH for O substitutions at the apex of (SiOy4) tetrahedra
(Frohlich 1989; Gendron-Badou et al. 2003).

In polished thin sections, LDG appears as a
homogeneous glass with spherical bubbles and mainly
tubular cavities (Fig. 3c). Sometimes they are at least
partly filled with sand grains and/or hardened silt
(Fig. 4c). The millimeter-sized (and smaller) whitish
polycrystalline spherical inclusions visible inside the
LDG volume were identified by FTIR (and also by
Raman spectroscopy) as cristobalite concentrations
(Fig. 4d). Other mineral inclusions were detected by
SEM in BSE mode (backscattered electrons) and
determined by EDS. These included melted crystals
(deduced on the basis of their elliptical form) of
monazite, a rare earth element (REE) phosphate
(Fig. 4e) depleted or totally lacking in phosphorus as
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Table 2. Weight percent abundances of minerals in sediments associated with LDG, as determined quantitatively

by FTIR.
Rock type Sample  Quartz Kaolinite  Dickite Calcite Anhydrite Gypsum Total
Reddish silts bearing LDG
é 06DL65  86.5 £ 1.0 - 45+0.1 24+04 - - 934
é 06DL71 85.2 + 0.6 - 95+ 1.0 2.0+02 - - 96.7
@ 06DL76a 91.0 + 0.5 - 4.7 £ 0.7 traces - - 95.7
é 06DL89% 100.0 £+ 0.5 - traces - - - 100.0
é 06DL73  84.5 £ 0.5 - 145+ 1.0 - - - 99.0
b 06DL60  80.0 + 0.5 - 18.5 £ 1.0 traces - - 98.5
Théodore Monod block
Silts filling tubular cavities 9796 67.8 + 0.3 - 250+ 1.0 - - 354+£07 963
Coating silt 9797 76.0 + 0.5 - 18.0 £ 0.5 4.6+ 0.1 - - 98.6
Silts coating LDG lumps
é 06DL63  79.3 £ 03 - 125+1.0 13+£0.1 - - 93.1
é 06DL64  78.0 + 0.5 traces 150 £1.0 1.8+02 - - 94.8
é 06DL72a 78.5 £ 0.5 traces 13.5 + 1.5 traces 5.0 £ 0.5 traces 97.0
é 06DL74 96.0 £ 0.5 traces 5.0 £ 1.0 traces - - 101.0
a 06DL75 870+05 10+£05 504+05 1.5+05 - - 94.5
é 06DL89  98.0 +£ 1.0 - 1.5 £ 0.5 traces - - 99.5
White fines below LDG lump®  06DL72b traces traces 10.0 £ 1.0 traces 73.0 £ 1.0 7.0+ 0.5 90.0
Holocene lacustrine deposits 06DL27 195+ 0.5 750+ 1.0 - - - - 94.5
Mesozoic sandstones
Turonian quartzite® 06DL68a 94 £ 0.6 - - - - - 94.0
Turonian/Coniacian quartzite® 06DL68b  98.0 + 1.0 - 2.0 £0.5 - - - 100.0
Turonian/Coniacian sandstone® 06DL68c  88.0 &+ 1.0 - 10.5 £ 0.5 - - - 98.5
Turonian/Coniacian quartzite®  06DL68e 100.0 & 1.0 - - - - - 100.0
Turonian reddish sandstone® 06DL62 92 + 0.5 traces 8.0 £ 1.5 traces - - 100.0
Upper Cretaceous sandstone® 06DL52 855+ 0.5 - 14.5 + 0.5 - - - 100.0
Paleozoic sandstones
Devonian white sandstone® 06DL57 89.7+07 74+04 - - - - 97.1
Devonian white sandstone? 06DL48 87.5+0.7 4.0+ 0.1 - - - - 91.5
#Corridor B.
"Wadi el Qubba.
‘Wadi al Malik.

9East of Gilf Khebir. 0.75 mg analyzed in a 300 mg KBr pellet.

seen on their EDS spectra, according to the three domains
analyzed (in wt%: Al =0.2-0.8%, Si = 15.0-26.0%,
O = 36.2-37.0%, P = <0.1-9.0%, Ca = <0.1-0.4%, La =
8.4-9.9%, Ce = 14.0-16.9%, Pr = <0.1-1.6%, Nd = 5.9—
6.5%, Sm =<0.1-1.0%, Gd =<0.1-0.8%, Th=3.8—
5.8%), and zircon (ZrSiOy,) transformed into a mixture of
baddeleyite (ZrO;) and lechatelierite (Fig. 4f); both of
these mineralogical processes require great heating.

Surrounding Sediments

Sandstones and Quartzites

As seen in thin sections, Mesozoic sandstones (the
former “Nubian” sandstones; Klitzsch 1990) are made up
of coarse rounded quartz grains cemented with a high
proportion of microquartz (Fig. 4a). Quantitative FTIR
analysis of our samples (Table 2) shows a high quartz
content (81-100 wt%) for both Mesozoic and Paleozoic

sandstones, with a significant content of clay minerals
(3.5-10 wt%) of the kaolinite group (that includes dickite
and halloysite). However, there is a significant difference,
with the clay mineral species being kaolinite s.s. for
Paleozoic sandstones, and dickite for Mesozoic
sandstones. Dickite often grows from kaolinite by
thermal or weathering evolution (Ruiz Cruz 1998; Ip
et al. 2008) and is characterized by large, well-crystallized
crystals. Sandstones mapped under a FTIR microscope
show that clay minerals are uniformly dispersed within
the microquartz matrix. The Turonian quartzites from
the corridor B are quite different and, in thin section,
they exhibit no microquartz cement, but just a mosaic of
contiguous isometric angular quartz grains (Fig. 4b).

Soft Sediments
The coarse sands overlying the reddish silts consist
of rounded quartz and quartzite grains of millimeter to
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Table 3. Grain size distribution of silts and sands, expressed in % volume of total specimen.

Clay fraction Silts Fine sand Coarse sand Finest size Coarsest size

(0.1-2 pum) (240 pm) (40-200 pm) (200-2000 pm) (um) (um)
06DL27% 57.0 39.5 3.5 n.d. 0.04 140
06DL60° 25.0 55.0 17.5 2.5 0.06 400
06DL65¢ 0.5 23.5 50.5 25.0 1.0 800
06DL71¢ 1.0 23.0 57.0 19.0 1.0 600
06DL73¢ 2.5 30.0 33.5 34.0 0.4 1700
06DL78¢ n.d. n.d. 5.0 95.0 160 700
06DL80° n.d. n.d. 5.0 95.0 60 1000

“Holocene lacustrine deposits (200 km SW of corridor B).

"Wadi el Qubba reddish silts bearing LDG.

“Corridor B reddish silts bearing LDG.

9Sand from the dune barcane between corridor A and B.

°Sand from the Great Sand Sea (80 km northward of the LDG site).

centimeter size. Coarse gravels were not analyzed.
According to Clayton and Spencer (1934), the reddish
silts are lacustrine in origin. Lacustrine deposits were
thus analyzed from an ancient Holocene lake in the
central Libyan Desert (06DL27: Fig. 1) for comparison
with the silt-bearing LDG. As seen in Table 3,
Holocene lacustrine deposits have a very high clay
(kaolinite) content (75 wt%) with secondary quartz,
whereas in the LDG area, the silts have a large quartz
content (around 80 wt%) with secondary clay (dickite).
In all these rock types, calcite, anhydrite, and/or
gypsum are often below our detection limits.

The particle size distribution (Table 3) confirms the
above-mentioned contrast between the Holocene
lacustrine deposits and the LDG-bearing sediments. The
high clay content of the Holocene lacustrine deposits
accounts for the very fine particle size with 97.5 vol%
<40 pm, whereas the Quaternary aeolian sands from the
Great Sand Sea exhibit a very narrow range of grain
size distribution (95 vol% >200 um) without fine
particles. The grain size distribution of the reddish silts
from the Wadi el Qubba LDG site is rather comparable
to that of the Holocene lacustrine deposits, but with a
significant (20 vol%) sand contribution probably related
to a fluvio-lacustrine mode of deposition, and a
noticeable content of dickite, in place of kaolinite.

DISCUSSION AND CONCLUSIONS
LDG Fine Structure

Crystalline phases of SiO,, like quartz or cristobalite,
have unvarying IR parameters that allow one to
determine their proportion in rocks (Pichard and
Frohlich 1986; Frohlich 1989). Analysis of LDG samples
and of other silica glasses of very different origin shows
differences between their IR spectra that cannot be
explained by the only slight variations found in their SiO,

content. In particular, the IR wave number variations of
the Si-O stretching band are known to be related to the
mean Si-O-Si angle in silica glasses (Anand et al. 1995;
Anand and Tomozawa 1997). In the same way, the wave
number and the half-width of the Si-O-Si bending band,
which are related, respectively, to the mean Si-O-Si angle
value and to its scattering (Frohlich 1989), account for
differences in the (SiOy4) tetrahedral frameworks of the
glasses. This is especially clear for the fulgurite and
microelectronic fused quartz, which exhibit a large
variation of the mean Si-O-Si angle and, in most cases,
the highest values of the A and [ spectral parameters
(Table 1). In contrast, amorphous biogenic silica exhibits
the lowest v, 4, Av, and I values. OH for O substitutions
in this hydroxylated amorphous silica phase involve a
deficit of Si-O and Si-O-Si vibrators; thus, 4 and I are
lowered. According to Frohlich (1989), visi.o-sij, Which is
a function of the mean Si-O-Si angle, is specific for the
different silica phases (e.g., 800 cm~' for amorphous
biogenic silica, 798 cm ™' for quartz, 793 cm ™' for opal-
CT, 790 cm ™' for tridymite; Frohlich 1989). The mean
Si-O-Si angle value is 143°7 for quartz (Le Page and
Donnay 1976; Vieillard 1986) and 142°6 for amorphous
biogenic silica, with a mean Si-O bond length of 1.62A
(Frohlich 1989). Thus, taking into account the higher
Visi-o-si] for LDG (804 cm ™! in average), it is inferred that
its mean Si-O-Si angle is slightly <142°6 and the mean
Si-O bond length > 1.62 A.

The wave number of the mean Si-O-Si band angle
for fused quartz is at 1101 cm~' and for amorphous
biogenic silica at 1100 cm™', but for LDG it shows
higher values and varies markedly. This is related to
differences in the mean Si-O-Si angle, and to differences
in the mode of formation for these phases: at room
temperature and by fixation of (SiO4) tetrahedra on
proteins for biogenic silica (Gendron-Badou et al.
2003), by a slow cooling of melted quartz for industrial
silica, and perhaps by quenching melted quartz for
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fulgurite and LDG. According to Krolikowski et al.
(2009), due to the high pressure of the impact, the
temperature of relaxation of LDG is lowered and the
Si-O-Si angle is reduced. This is consistent with a higher
value of the Si-O-Si band observed for all analyzed
LDG. It is suggested here that the differences in the
tetrahedral framework of these various glasses resulted
from their different cooling histories and “fictive”
temperatures (temperature of rigidification of the
internal framework; Anand et al. 1995; Anand and
Tomozawa 1997; Takada et al. 2009), related to cooling
kinetics of glasses (Yue et al. 2002).

However, no clear correlations are seen in the wave
number values between the bending Si-O-Si and
stretching Si-O absorption bands, and only the © index
shows significant differences between fulgurite and pure
fused silica on the one hand (high values), and both the
Great Sand Sea LDG and the Wadi el Qubba LDG on
the other hand (low values). The Q index is simply
calculated as the ratio of intensities of the IR bands
characteristic of intertetrahedral versus intratetrahedral
links (Table 1). A high © value, such as for fulgurite
and microelectronic glass (Table 2), is thus related to a
small proportion of nonbridging oxygen atoms, and
hence is an indication of a better polymerization of
(SiO4) tetrahedra than for Wadi el Qubba and Great
Sand Sea LDG that exhibit lower Q values. Q is
excessively low (3.84) for amorphous biogenic silica; this
is related to the importance of defects in the three-
dimensional tetrahedral framework, which is constituted
of a discontinuous network of chains with an average of
only six tetrahedra (Frohlich 1989).

According to their €2 values, it is thus deduced that
the LDG framework includes a rather high proportion
of nonbridging oxygen atoms, and hence a high
proportion of defects with regard to the continuous
network of fused quartz. This may be related to the
LDG’s rather high Al, Ti, and Fe contents (0.2 to
1.2 wt% Al 0.03 to 0.12% Ti; 0.03 to 0.18% Fe,
according to Barrat etal. 1997), atoms that are
occupying the defect sites (e.g., see the LDG
cathodoluminescence study by Gucsik et al. 2004). The
differences in the defect proportion might have induced
differences in the Fe site coordination, which is known
for LDG to be a mixture 4 and 5, 4.5 on average (Giuli
et al. 2002, 2003). Small differences observed for
specimens from the same area imply slightly variable
PTt (pressure—temperature—time) conditions on a local
scale. If the Great Sand Sea LDG and the Wadi el
Qubba LDG originated from the same impact event,
and also from the same target rocks, their € indices
(respectively 4.23 and 4.14) probably indicate a slightly
higher proportion of defects in the framework of the
Wadi el Qubba LDG. The smaller size of the latter is
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compatible with a greater distance from the impact
zone.

Finally, the frequent monazite relics in LDG, which
were surely inherited from clastic sediments, confirm the
terrestrial signature of the LDG REE content
previously established by Rocchia et al. (1996, 1997).

Wadi el Qubba LDG Occurrence

Are the Wadi el Qubba LDG blocks in situ or were
they transported here from the Great Sand Sea by
Prehistoric men? Several observations and analyses are
consistent with the assignment of this new LDG
occurrence to the LDG strewn field.

1. The color (pink) of all the Wadi el Qubba
specimens is quite different from the Great Sand
Sea ones (yellow to green);

2. The size is considerably smaller (2-3 g against 60—
2650 g);

3. The molecular structure is clearly slightly different
(Table 1);

4. No large artifacts made from large LDG blocks, as
in the Great Sand Sea, were found at Wadi el
Qubba; mostly, local sandstones (a bad material for
lithic industry) were used; only one small blade was
found that was made from the same glass as the
other LDG found in the neighborhood (size, color,
molecular structure as indicated by their 2 index).
Thus, we infer that the Wadi el Qubba LDG blocks

are in place and hence they are included in the LDG
strewn field. The small size of the blocks is consistent
with a distal position with regard to an impact zone in
the Great Sand Sea area.

LDG Geological Environment

It is generally assumed that the silts bearing LDG are
fluvial deposits (e.g., Clayton and Spencer 1939; Said
1990). The mineralogical and particle size distribution
analyses displayed here give new information to refine
their mode of deposition. The silt from corridor B
exhibits a grain size distribution with a large grain size
range, inconsistent with a wind or a lacustrine origin. The
low clay fraction contribution (2.5 vol%) is, here, related
to the coarse size of dickite crystals and probably also to
a higher water energy in the depositional environment, as
seen with the considerable sand fraction proportion. The
silts carrying and coating the LDG blocks and infilling its
tubes exhibit a mineralogical composition similar to that
of the analyzed Mesozoic sandstones, but they are often
enriched in dickite and may also have some minor
kaolinite. The particle size distribution of these silt
deposits (Table 3) and their mineralogical composition
(Table 2) may well be derived from the mechanical
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erosion of the dominantly Mesozoic dickite-bearing Gilf
Khebir sandstone series, but including perhaps some of
its kaolinite-bearing Paleozoic base. Holocene lacustrine
deposits, which are essentially composed of kaolinite
arising by the wind from southern lateritic soils overlying
the metamorphic basement and exposed since Miocene
times, are clearly different in origin.

The Wadi el Qubba silts exhibit a size distribution
characteristic for both lacustrine and fluviatile modes, but
with the same mineralogical composition as in the
corridor B (quartz > 80 wt%; dickite < 20 wt%).
Contrary to Holocene lacustrine deposits, kaolinite is
absent at Wadi el Qubba. This is highly significant, as this
clay appeared in sediments only from the early Miocene
(Frohlich 1981, 1982). At that time, a major global
climatic change led to the transfer of kaolinite from the
eroded lateritic soils to the sedimentary basins. This
suggests a pre-Miocene age of the Wadi el Qubba silts.

Significant tectonic events occurred during the
Oligocene epoch (Red Sea opening, formation of the East
African Rift Valley, formation of the Dead Sea rift, etc.),
including the Gilf Khebir uplift (Said 1983). During
Oligocene and Miocene times, catastrophic floods
(Brookes 2001) were responsible for severe erosion of the
reliefs like the Gilf Khebir Plateau. During the Oligocene,
one of the three main rivers that drained southwestern
Egypt was the so-called Gilf River, which originated in
the Gilf Khebir Plateau and ran northward (Goudie
2005). According to that paper, this drainage system
included inland lakes and deltas. The fluvio-lacustrine
deposits that had originated from the intense weathering
and breakup of the Mesozoic “Nubian” sandstones were
reworked by the wind during the Quaternary arid periods
and gave rise to the Great Sand Sea sand sheet (El-Baz
et al. 2000).

Thus, the geological setting of the LDG strewn field
(including both Great Sand Sea and Wadi el Qubba sites)
shows that LDG formation occurred just after the Gilf
Khebir Plateau uplift and during its subsequent
mechanical erosion by strong floods along the depression
formed by the present Wadi al Malik and Wadi el Qubba
valleys during the late Oligocene and Miocene times. The
age of deposition of the reddish silts bearing LDG, which
are cropping out within this large area and are covered
northward by the Great Sand Sea sheet, is unknown, but
we can infer from their mineralogical constitution and
grain size distribution that they probably originate from
the segregation and deposition of fine quartz grains
(probably the microquartz cement of Mesozoic
sandstones) during this period. Then the environment of
deposition of the reddish silts would be a fluvio-lacustrine
complex: probably a large water sheet derived from the
Gilf Khebir Plateau. Such a fluvio-lacustrine or lagoonal
environment was previously determined for the LDG
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formation environment, on the basis of the high ’Li
isotope concentration in LDG (Magna et al. 2011).

LDG Rock Source

The silts bearing LDG exhibit a high clay mineral
content (up to 25 wt%; Table 2) that cannot account for
the near 100% silica content of LDG (96.5-99 wt%;
98.5 wt% on average; Spencer 1939; Diemer 1997; Fudali
1981; Koeberl 1997). Thus, the Libyan glasses did not
originate from their soft sedimentary host material.
Similarly, the Al-rich mineralogical composition of the
Wadi el Qubba Turonian sandstones (about 10% dickite:
Table 2) is incompatible with LDG chemical
composition. The only rocks outcropping today that
could have been the LDG source are the Turonian
reddish sandstones and quartzites from the southern
Great Sand Sea, which have nearly 100 wt% silica
(Table 3). However, according to Schaaf and Miiller-
Sohnius (2002), the Cretaceous sandstones’ Sr and Nd
isotopic compositions are inconsistent with those of
LDG. These authors infer that the target rocks could
have been soft clastic rocks derived from the Precambrian
crystalline basement.

Likewise, on the basis of 3'%0 analysis, Longinelli
et al. (2011) considered that the target rocks were
quartz-rich sediments derived directly from weathered
Pan-African intrusive rocks, the Cretaceous sandstones
being different in 3'®0. However, even though the
Cretaceous sandstones are composed of quartz grains
probably derived from weathered pan-African rocks,
they are, as mentioned above, cemented with authigenic
microquartz. Thus, their bulk 8'®0 content would be
significantly affected by that of the microquartz cement.
The effect of erosion, including weathering, destruction,
transport by rivers, and grain size segregation with
regard to water energy during the deposition of the
Cretaceous sandstones, would lead to the deposition of
quartz sands.

It is thus deduced here that the LDG target was
quartz sands that originated from the destroyed
Cretaceous sandstones deprived of their microquartz
cement, and deposited in a rather high-energy, fluviatile
environment. The microquartz cement of the sandstones
would have been deposited elsewhere (perhaps the reddish
silts), in a lower energy, fluvio-lacustrine environment.
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