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abStract
Using transmission electron microscopy we show that planar deformation lamellae occur within
quartz in the substrate of a rock fulgurite, i.e., a lightning-derived glass. These lamellae exist only
in a narrow zone adjacent to the quartz/fulgurite boundary and are comparable to planar deformation features (“shock lamellae”) caused by hypervelocity impacts of extra-terrestrial objects. Our
observations strongly suggest that the lamellae described here have been formed as a result of the
fulgurite-producing lightning strike. This event must have generated a transient pressure pulse,
whose magnitude, however, is uncertain at this stage.
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introduction
On average, a total of nearly 1.4 billion lightning discharges
occur annually around the globe, equivalent to an average of
44 5 lightning flashes per second, of which approximately
10% are typically ground strikes (Christian et al. 2003). Cloudto-ground lightning strikes are highly energetic and very short
events (millisecond range; see Rakov and Uman 2006; Uman
et al. 1978) with peak lightning currents that are typically on
the order of tens of kA (MacGorman and Rust 1998), but may
exceed 200 kA (Rakov and Uman 2006). As the electrical resistance of air at ambient temperature is large, the air is rapidly
heated when such large currents flow through it (MacGorman
and Rust 1998), leading to instantaneous peak air temperatures
of 25 000–30 000 K (Rakov and Uman 2006). Highly energetic
lightning can dissipate a total of 1–10 GJ over the extensive
channel in a cloud, of which 1–10 MJ are estimated to be delivered to the strike point (Borucki and Chameides 1984; Rakov
and Uman 2006). This energy transfer may cause rapid heating
of the target material to temperatures above 2000 K (Essene
and Fisher 1986; Frenzel et al. 1989; Pasek and Block 2009) as
well as rapid physical and chemical changes (Appel et al. 2006;
Essene and Fisher 1986; Frenzel et al. 1989; Pasek and Block
2009), and results in the formation of fulgurites, i.e., natural
glasses produced by fusion of rock, unconsolidated sediments,
or soils through cloud-to-ground lightning (Pasek et al. 2012).
As the energy transfer is so fast, high-energy lightning flashes
may also cause high pressures (>10 GPa?) when they strike
the ground, possibly leading to shock metamorphic effects in
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the target material (Collins et al. 2012; Frenzel et al. 1989;
Wimmenauer 2003).
The aim of this study is to report evidence, collected using
transmission electron microscopy (TEM), for the presence of
shock lamellae in a quartz crystal, which forms the substrate
of a rock fulgurite found at Les Pradals, France. In this brief
paper, we will not present the mineralogical and microstructural
details of the actual fulgurite.

materiaLS and methodS
Polished thin sections ( 30 m thick) of a hand specimen from Les Pradals,
France, were first investigated with a petrographic microscope, using planepolarized, cross-polarized, and reflected light. Subsequently, one of the thin
sections was coated with 20 nm of carbon and studied in backscattered electron
(BSE) mode with a CAMECA SX-100 electron microprobe (EMP) equipped with
five wavelength-dispersive crystal spectrometers, which were used for quantitative
chemical analysis of individual minerals in the granite substrate and of the fulgurite
matrix. The analytical conditions were as follows: an acceleration voltage of 15
kV; a beam current of 10 nA, measured on a Faraday cup; and a beam diameter
of 3–8 m. Synthetic and natural international reference materials were used as
standards. Due to the porous structure of the fulgurite matrix, chlorine was analyzed
to monitor the influence of the embedding epoxy, but its contents usually lay below
the detection limit. Counting time on peak positions was 8–10 s (to keep heating
of the delicate glass structure as low as possible), and typically half of that on the
background positions on either side of the peaks. The raw data were corrected
using the PAP procedure (Pouchou and Pichoir 1984).
Foils used for the TEM investigation were cut from one of the studied thin
sections using an FEI FIB200 focused ion beam (FIB) milling instrument (Wirth
2004). The areas to be cut were coated with a 1 m thick platinum layer to reduce
charging and cut using 30 kV gallium ions. The cuts were made perpendicular to
the surface of the carbon-coated thin section, yielding TEM-ready foils ( 15 10
0.15 m), which were placed onto a lacy-carbon copper grid.
The TEM investigations were carried out at 200 kV with a FEI Tecnai F20
X-Twin instrument, equipped with a high-angle annular dark-field detector and
an energy-dispersive X-ray spectrometer, which allowed for qualitative compositional analysis.
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