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using X-ray powder diffraction and Rietveld
quantitative phase analysis
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Department of Geology and Environmental Science, James Madison University, USA

Abstract

A sample of an elongated, hollow, tube-like fulgurite (labelled NC-CH) was collected in the
shorelines’ sand of Outer Banks, NC (USA). The goal of this study is to shed light on the origin
of this material and phase transformations induced by lightning discharge. X-ray powder
diffraction (XRPD) coupled with Rietveld quantitative phase analysis of the surrounding sand
(NC-sand) identified quartz, plagioclase, biotite, cordierite and calcite. XRPD analysis of NC-
CH revealed stishovite, absent in NC-sand, unequivocally confirmed through high-resolution
XRPD and Rietveld quantitative phase analysis. The fulgurite exhibits a high X-ray amorphous
abundance (85.3(4) wt%) compared to the sand (49.3(2) wt%), indicating melting and partial
melting of primary minerals such as quartz, plagioclase, phyllosilicates and cordierite. Scanning
electron microscopy (SEM) with energy dispersive spectrometry (EDS) revealed well-crys-
tallized pyrite clusters (<1 μm) in NC-CH. Pyrite precipitation likely resulted from reducing
conditions during sulfidation of ferromagnesian silicates in the presence of H2S fluids derived
from hydrocarbons, water vapour and organosulfur compounds from burned organic matter.
By investigating shock-impacted minerals at the nanometric scale, this study provides new
insights into physicochemical constraints influencing mineral formation and phase transitions
during extreme events such as lightning strikes or meteor impacts.

1. Introduction

The experiments performed by researchers worldwide during the last 60 years have greatly
advanced knowledge concerning the formation and behaviour of lightning flashes. However,
many pieces of the puzzle pertinent to the mechanism of lightning flashes are still missing, and
many of the theories trying to explain its characteristics are mainly of qualitative nature
(Cooray, 2014).

The global flash rate of 100 flashes per second over the entire Earth’s surface underscores the
prevalence of lightning and its potential impact on various environments, including the for-
mation of fulgurites when lightning strikes the ground (Uman and Rakov, 2003). Fulgurites are
glassy materials that can be used to better understand the cloud-to-ground (CG) lightning
features.When CG lightning strikes an appropriate target material such as sand, soil or rock, the
current flows through the target, heating the material to temperatures that exceed its melting
point, followed by rapid cooling that results in quenching to form a glass called fulgurite (or
petrified lightning). Pasek and Pasek (2018) expanded the definition of fulgurites to include
those that are formed by any high-power electric discharge and target materials not typically
found in nature. The existence of fulgurites provides direct evidence that materials can be altered
thermally and mechanically by a high-current arc discharge.

The mineralogical assemblage and chemical composition of the source materials play a
crucial role in the formation of different types of fulgurite. Pasek et al. (2012) classified five types
of fulgurites based on their morphological features to better understand the properties of
lightning strikes that form fulgurites. These authors identified sand fulgurites (type I) with thin,
glass walls, clay fulgurites (type II) which consist of thick melted rich walls, caliche fulgurites
(type III) that display thick glass poor walls, rock fulgurites (type IV), that are a glassy layer
surrounding partially melted rock, and droplet fulgurites (type V) that are morphologically
dissimilar from the other four types, but compositionally similar to the type II or IV fulgurites.

Fulgurites provide valuable insights into the power of CG lightning and the processes
involved in high-temperature geological transformations. Studying different types of fulgurites
can shed light on the extreme conditions that lead to the formation of natural glasses. Fulgurites
can be used to study the properties of electrical pulses (e.g., lightning strikes) that created them
and, in turn, can help to elucidate quantitative information such as heat transfer, mineral
reaction kinetics and energy distribution at the boundary of material constituents. Several
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authors studied different types of fulgurite showing that the
original parent rock is morphologically and chemically altered and
high-temperature mineral phases and amorphous material are
produced (Jones et al. 2005; Martin Crespo et al. 2009; Pasek et al.
2012; Chen et al. 2017; Elmi et al. 2017; Elmi et al. 2018; Feng et al.
2019; Çalişkanoğlu et al. 2024; Morana et al. 2025).

Systematic characterization of fulgurites can provide significant
insights into shock metamorphism effects as well as into the
behaviour of lightning strikes (Pasek and Pasek, 2018; Roberts et al.
2019). Shocked samples are rare in Earth’s rock record, making
lightning-induced materials like fulgurites valuable analogues for
impact processes. These materials experience sudden increases in
pressure and temperature, similar in intensity and duration to
those generated by meteor impacts (Roberts et al. 2019). The
mineral phase transitions and recrystallization as well as the
chemical composition of fulgurites, their microstructure and
texture can elucidate the physical and mechanical damage
implications of a lightning strike on planetary and Earth materials.
The intense conditions during a fulgurite formation lead to sub-
stantial geochemical changes, including the loss of volatile ele-
ments and the retention of refractory elements (Pasek and Hurst,
2016). However, precise identification of crystalline and amor-
phous phases in the fulgurites complex systems require the use of
analytical methods that do not leave space for confusion. This
study applies X-ray powder diffraction (XRPD) and Rietveld
quantitative phase analysis to a fulgurite from the Outer Banks, NC
(USA), to extend the knowledge about the physicochemical con-
ditions under which fulgurites form. This paper provides the first
comprehensive mineralogical and physicochemical investigation
of the unique microfeatures of a fulgurite formed by CG lightning
strikes in the Southern Shores beach sand in the Outer Banks,
NC (USA).

2. Materials and methods

2.a. Geologic setting

The Outer Banks of North Carolina (USA) formed through the
combined effects of large-scale longshore sediment transport (spit
growth) and beach emergence. Located along a passive continental
margin, the Outer Banks were formed by global sea level changes
and the accumulation of a large volume of sediments, a range of
coastal features, including beaches, inlets, washover deposits,
estuaries or sounds, dunes and capes. The barrier islands of the
Outer Banks, NC, result from complex interconnected forces, such
as sediment availability, storm and wind intensity, and variations
in sea level. The areas located behind the Outer Banks are water
bodies protected from the open ocean by sandy barrier islands.
Inlets are formed when storm surges and high waves drive water
across the islands to the estuaries. Beach sand is continuously
moved offshore, onshore and along the prevailing longshore
currents. Hicks and Crosby (1975) observed that periodic cycles of
erosion and deposition occur alongside a longer-term trend of
rising sea levels. This gradual increase leads to the submergence of
beaches, shoreline retreat and the landward movement of barrier
islands. The barrier islands of the Outer Banks are made of
sedimentary layers primarily composed of medium-size quartz
sand, along with a small proportion of heavy minerals (e.g., zircon,
ilmenite, rutile, cordierite, sillimanite and garnet), gravel and shell
fragments (Dolan and Lin, 2000). Beach material is transported
and deposited in layers through storm overwash or the movement
of currents that flow through inlets. According to Moslow and

Heron (1978), saline water and sediment flow through the inlets
from the ocean side of the barrier islands to the sounds. Bedded
within the layers of beach material are units of well-sorted fine-
sized sands and silts that are transported by the wind. The deposits
that accumulate in these inlets make up approximately 20–25% of
the sediments found in the barrier islands (Dolan and Lin, 2000).

According to Dillon and Oldale (1978) peat deposits and tree
stumps, remnants of forest stand which generally occur on the back
side of barrier islands are presently being found on open ocean
beaches. Approximately 14 000 to 18 000 years ago, the melting of
glaciers led to a rapid rise in sea levels, triggering the Holocene
marine transgression. This process gave rise to extensive chains of
Holocene barrier islands in areas near Cape Hatteras, Southern
Shores, Colington, Nags HeadWoods, Avon, Frisco and Ocracoke.
As sea levels continue to rise nowadays, most of the Outer Banks
are shifting landward due to washover and inlet processes. Thus,
remnants of maritime forests that once occupied the back side of
the islands are being uncovered on the beach side.

2.b. Sampling location

In 2021, a solid sample that resembles a root and has a central
hollow tube was found on the sand beach in the Southern Shores
(36° 10 0 34.47″ N, 75° 44 0 52.98″ W) on the Outer Banks, North
Carolina (USA) (Figure 1a). The sample was found by Professor S.
Edwin Baird in loose sand between the dunes and the shoreline
(Figure 1b). The sample analysed is labelled NC-CH. The beach
sand was collected in the same area and labelled NC-sand. NC-CH
shows a medium grey colour, and it is an elongated, hollow, glass-
lined tube, surrounded by a fine-grained matrix of quartz sand
(Figure 2). The intense heat of lightning can vaporize the sand that
is struck by lightning, creating hollow glassy space inside the
fulgurite which represents the path of lightning propagation into
the target material.

2.c. X-ray powder diffraction (XRPD)

X-ray powder diffraction (XRPD) combined with Rietveld quanti-
tative phase analysis was selected as the primary analytical technique
due to its ability to provide quantitative and unambiguous identi-
fication of crystalline phases and X-ray amorphous abundance in
complex systems such as fulgurites. Rietveld refinement applies
least-squares whole-pattern fitting to quantify the wt.% of crystalline
phases and estimate X-ray amorphous abundance (Rietveld, 1969).
Amorphous materials in X-ray analysis are typically characterized
by the presence of nanometer-scale crystalline materials. As a result,
instead of producing sharp and well-defined diffraction peaks like
fully crystalline materials, they display broad humps with large full
width at half maximum (FWHM).

XRPD identified NC-sand and NC-CH mineralogical com-
position. X-ray diffractograms were collected at room temperature
using a Malvern PANalytical Empyrean diffractometer equipped
with an X’Celerator detector and CuKα radiation (45 kV/40mA) at
the Department of Geology and Environmental Science, James
Madison University. A Malvern PANAlytical Bragg-BrentanoHD

incident beam optical module improved the peak-to-background
ratio and the intensity. Analyses of the samples were carried out
with spinner-mode analysis (spin rotation at 1 second), a 2θ scan
range between 3° and 70°, a step size of 0.02° 2θ, a divergence slit of
0.5°, and incident beam anti-scatter slits of 0.25°. The fitted peak
width for collected data was about 0.01° 2θ. Mineral identification
was performed using Malvern PANalytical’s HighScore Plus
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version 4.9 software (Degen et al. 2014) and ICDD PDF-5þ
Powder Diffraction File database.

Quantitative phase analyses (Rietveld refinement) and deter-
mination of the X-ray amorphous material abundance with the K-
factor method after O’Connor and Raven (1988) were performed
using Malvern PANalytical HighScore Plus version 4.9 software
(Degen et al. 2014). Pure crystalline Al2O3 was chosen as an external
standard and was analysed under the same instrumental conditions
as the samples. Rietveld refinement (full-pattern fitting method)
uses all observed diffraction data, including peak positions, inten-
sities and shapes, to refine a structural model (Rietveld, 1969). This
approach ensures that every reflection in the diffractogram con-
tributes to the fit, eliminating ambiguity and preventing mineral
phasemisidentification caused by overlapping peaks (Rietveld, 1969;
Bish and Howard, 1988; Bish and Post, 1989; Howard and Preston,
1989; Bish and Post, 1993; Young, 1995). Analysis of mixtures
yielded high-precision results, with errors generally less than 1.0%
absolute (Bish and Howard, 1988; Howard and Preston, 1989). It is
worth noting that if an incorrect phase is introduced in the pattern,
the refinement fails to converge (Rietveld, 1969; O’Connor and
Raven, 1988; Bish and Post, 1989; Howard and Preston, 1989; Bish
and Post, 1993; Young, 1995; Toby, 2006). Therefore, the full-pat-
tern fitting method provides a robust basis for phase identification,
often making the use of additional techniques redundant for con-
firming minerals’ assemblages.

2.d. Optical microscopy and scanning electron microscopy
(SEM)

Polished thin sections (~30 mm thick) of NC-CH were initially
investigated with a petrographic microscope in plane-polarized
and cross-polarized light.

An uncoated polished slice of NC-CH (0.5 cm thickness) was
mounted on carbon tape attached to a stub and examined with a
ZEISS Gemini SEM 360VP Scanning Electron Microscope (SEM).
This instrument is equipped with a field emission gun and a
Gemini 1 electron optical column and is located in the Department
of Geology and Environmental Science at James Madison
University. Backscattered electron (BSE) images were collected
under high vacuum conditions at an accelerating voltage of 15 kV.
Data were processed using ZEISS SmartSEM software. An Oxford
Instruments Energy Dispersive X-ray spectrometry (EDS) detector
was used to determine the chemical composition of the minerals in
the samples.

3. Results

A concentric pattern of glassy material was observed both mac-
roscopically (Figure 2) and in thin section analysis via polarizing
microscope (Figure 3a) around the hollow, glass-lined tube in NC-
CH. The colour of the glass matrix could be ascribed to the melting

(a) (b)

Figure 1. (a) Satellite map showing the sampling location in the Southern Shores, North Carolina (USA) 36° 10 0 34.47″ N 75° 44 0 52.98″ W, elevation 6 m. Map generated with
Google Earth Pro 7.3.7.1155 (2026) (McClendon and Jones, 2026). Yellow pin in the map indicates sampling location. Blank map on the upper right adapted from (Dalet, 2026).
(b) Close-up view of the sampling site on the beach in Southern Shores, Outer Banks, North Carolina (USA). The arrows show the area where NC-CH and NC-sand were collected.
Photo credit: Professor S. Edwin Baird.

Figure 2. Sample NC-CH. Sample is shown in multiple ori-
entations to emphasize its morphological features. Sample’s
morphology consists of an elongated, hollow tube lined with
glass, encased in a fine-grained matrix of quartz sand and
some shell fragments.
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of iron-bearing minerals like biotite in the parent sand during the
intense heat of a lightning strike (Figure 3a). Polarizingmicroscopy
in cross-polar light showed that NC-CH displays very fine-grained
layers containing tiny, optically unidentifiable crystals as well as
quartz and residual chloritized biotite (Figure 3b). Quartz grains in
NC-CH are finely fractured and contain fluid inclusions
(Figure 3c). The morphology of quartz grains observed in NC-CH
(Figure 3b) is rounded, suggesting partial melting and subsequent
rapid cooling. Under crossed polarizers, albite lamellar twinning is
visible in a single residual plagioclase crystal found about 2 cm far
from the hollow tube rim (Figure 3d).

XRPD was chosen for mineralogical analysis because of its
inherent ability to analyse fine-grained and complex crystalline
mixtures such as fulgurites. High-resolution XRPD analysis was
coupled with Rietveld refinement, ensuring accurate identification
of minerals and their abundances. This rigorous approach supports
the reliability of the data presented in graphical form in Figure 4 and
shows the unique features of NC-sand and NC-CH (Figure 5).

The beach sand unaffected by the lightning strike (NC-sand) was
analysed using XRPD to determine themineralogical composition of
the parentmaterials that formed the fulgurite (Figure 5a). The XRPD
diffractogram of NC-sand revealed the presence of quartz, plagio-
clase, cordierite and biotite. NC-sand represents the dominant
mineralogical composition of the beach sand at the Outer Banks, NC
(USA). The XRPD diffractogram of NC-CH (Figure 5b) showed the
presence of quartz and stishovite as well as clinochlore, biotite and
calcite. XRPD results on NC-CH confirm thin section observations.

XRPD diffractograms of NC-CH showed a d001 peak near 14 Å,
consistent with clinochlore that was not observed in NC-sand
(Figure 5a). The peaks corresponding to d110= 2.97 Å, d101= 2.24 Å,
d110= 1.97 Å, that were not observed in NC-sand, are in agreement
with published data for stishovite (Holtstam et al. 2003). It is
important to note that the stishovite identification in NC-CH is
unequivocally supported by high-resolution XRPD coupled with
Rietveld refinement. Additional techniques such as transmission
electron microscopy (TEM), Raman spectroscopy or synchrotron-
based diffractionmethods were not required to confirm the presence
of stishovite in this study, as the Rietveld refinement provided robust
phase identification. Although these techniques could offer valuable
insights into the amorphous composition, since the Rietveld method
only quantifies amorphous abundance, their application falls outside
the scope of this work, which focuses on the physicochemical con-
straints controlling a fulgurite formation in a natural beach
environment.

The calcite in NC-CH was ascribed to residual shell fragments
embedded in the outside wall of the sample, as also observed with a
hand lens (Figure 2). The overall broadening of diffraction peaks
observed in NC-CH can be ascribed to a small average crystallite
size and general poor crystallinity.

The high X-ray amorphous abundance calculated via Rietveld
refinement (Figure 4) in NC-CH (85.3(4) wt%) compared to the
unaffected sand (49.3(2) wt%) suggests that the sand underwent
sudden Joule heating (i.e., conversion of electrical energy into heat as
lightning current passes through low-conductivity sand), which

(a)

(c) (d)

(b)

Figure 3. Cross-polarized light image of NC-CH showing: (a) concentric pattern of glassy material around the hollow, glass-lined tube rim. The colour of glass matrix is red owing
to themelting of iron-bearingminerals in parent sand; (b) rounded quartz grains as well as residual chloritized biotite observed in the centre of the sample about 2 cm far from the
hollow, glass-lined tube; (c) planar deformation features (PDFs) in a quartz crystal located inside glass-lined hollow tube; (d) single residual plagioclase crystal with typical albite
twinning observed in the centre of the sample about 2 cm far from the hollow tube rim.
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results in melting and partial melting of parent minerals such as
plagioclase, phyllosilicates and quartz. The limited vesicular texture
observed via SEM imaging suggests relatively slow cooling occurred
in the presence of a hydrous vapour phase. According to Pasek et al.
(2012) classification, NC-CH can be considered a type II fulgurite.

A coccolith was found in NC-CH embedded in the glass matrix
close to the fulgurite external wall, about 3 cm far from the hollow
glass-lined tube (Figure 6a). Remnant partially melted fragments of
quartz were found via SEM in the glassy matrix of NC-CH
(Figure 6b). Plagioclase was not detected via SEM in the glassy
matrix of NC-CH. SEM imaging in sample NC-CH revealed nano-
sized euhedral crystals of pyrite, each less than 1 μm in size
(Figure 6c, d), that was not found in thin section analysis, and it
was not shown in the XRPD diffractogram of NC-CH. The average
chemical composition of pyrite crystals was measured by EDS, and
the empirical formula calculated is (Fe0.881 Ti0.03 Ni0.03 Co0.04
Cu0.003 Zn0.002)∑0.986S2.

4. Discussion

The barrier islands and inlets of the Outer Banks, NC, experience a
mix of ocean water and freshwater from rivers and streams;

therefore, the salinity of water in these regions varies depending on
the specific location and water source. In estuarine and inlet areas,
salinity can range from 0 to 20 parts per thousand (ppt), occa-
sionally nearing the open ocean’s salinity of about 35 ppt (Giese
et al. 1985). The high salinity increases the conduction of electricity
more efficiently (Lewis and Perkin, 1981; Rusydi, 2018) and thus
can influence the number of lightning strikes in the area, especially
during the summermonths. Christian (2003) calculated an average
of 44 ± 5 lightning flashes (intracloud and CG combined)
occurring around the globe every second. Cecil et al. (2014)
measured via Optical Transient Detector (OTD) and Lightning
Imaging Sensor (LIS) that the mean global flash rate from the
merged climatology was 46 flashes/s from May 1995 to March
2000. Dare County, North Carolina, where the sample was col-
lected, recorded over 2000 lightning strikes in 2024, according to
the Storm Events Database of National Oceanic and Atmospheric
Administration (NOAA) (National Oceanic and Atmospheric
Administration, 2025). This averages approximately 5.5 lightning
flashes per day, underscoring the frequent lightning activity in the
Outer Banks region. The unique geological setting of the Outer
Banks, with their shallow highly saline waters and sandy beaches,
combined with frequent flash floods, not only favours fulgurite

Figure 4. Relative abundances ofmainmineral
phases (>1%) in NC-sand and NC-CH samples
calculated via Rietveld analysis.

Figure 5. (a) X-ray powder diffraction diffractogram for
NC-sand. Mineral abbreviations from Whitney and Evans
(2010): Qtz= quartz; Pl= plagioclase; Crd= cordierite; Bt
= biotite. (b) X-ray powder diffraction diffractogram for
NC-CH. Mineral abbreviations from Whitney and Evans
(Whitney and Evans, 2010): Pl = plagioclase; Qtz =
quartz; Crd = cordierite; St = stishovite; Clc = clino-
chlore; Bt = biotite; Cal = calcite.
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formation but also amplifies the effects of lightning-induced shock
waves, which record distinct physical and chemical features on
affected minerals.

Lightning generates a shock wave through rapid air expansion,
propelling compressed air outwards at supersonic speeds (Glass,
1974). As the shock wave expands, pressures decrease rapidly and,
when it meets a surface that is in line-of-sight of the point of
impact, it is reflected and amplified (Chipley et al. 2013). Shock
events such as lightning, meteor impacts, and explosions produce
extreme pressures and temperatures that drive rapid mineral
transformations, including phase transitions and vaporization
(Langenhorst, 2002; Stöffler et al. 2018). Lightning temperatures
often exceed quartz’s melting point (1600–2000°C), influenced by
moisture content (Chen et al. 2017; Elmi et al. 2017; Elmi et al.
2018). Genareau et al. (2020) linked lightning-induced textures in
volcanic ash to both thermal effects and shock wave expansion,
which can double the discharge channel radius. In sample NC-CH,
a lightning-induced shock wave in Outer Banks beach sand pro-
duced concentric glass layers radiating from a hollow centre
(Figures 2 and 3a). These glass layers formed during the transient
high-temperature and high-pressure conditions experienced
during a lightning strike.

The interactions of minerals in Earth materials with lightning
are essential for understanding the nature of the lightning envi-
ronment near and at the point of a direct strike. The thermal
impact depends on the material’s chemistry, temperature and
pressure rise, moisture and salinity levels, and time needed to melt
the beach sand. Mineral assemblages revealed via XRPD and
Rietveld refinement in NC-CH (Figure 5b) are essential for
reconstructing the physicochemical pathways under which the
fulgurite formed in the beach sands of the Southern Shore in the
Outer Banks, NC. The XRPD diffractogram of NC-sand
(Figure 5a) reveals the dominant mineralogical composition of
beach sand from the Outer Banks, NC (USA). Accurate identi-
fication of crystalline phases in the unshocked reference samples
was essential for recognizing residual shocked minerals in NC-CH.
Rietveld refinement was conducted on NC-sand and NC-CH by
fitting a calculated diffractogram to the observed data by adjusting
each of the variables to minimize the difference between the cal-
culated and observed XRPD diffractograms. The calculated high X-
ray amorphous abundance in NC-CH compared to the lower
amount in the unaffected sand (Figure 4) indicates that NC-sand
was subjected to the melting and partial melting of primary
minerals such as quartz, plagioclase, phyllosilicates and cordierite.

(a) (b)

(c) (d)

Figure 6. Scanning electron microscopy (SEM) images of NC-CH showing: (a) a coccolith embedded in the glass matrix found close to the fulgurite external wall; (b) fragments of
quartz found in the glassy matrix close to the hollow tube rim; (c) framboidal pyrite crystals less than 1 μm in size found embedded in vesicles in the glass matrix about 2 cm far
from the hollow tube rim and about 1 cm below the fulgurite external wall; (d) detail of the euhedral pyrite crystals.
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Comparison of the two diffractograms (Figure 5) and the Rietveld
refinement results (Figure 4) show a significant difference in X-ray
amorphous materials and the plausible presence of stishovite in
NC-CH, representing the first reported identification of this
mineral in a fulgurite.

Coesite and stishovite are key indicators of ultrahigh-pressure
metamorphism, with stishovite being more stable than coesite
above ~8–9 GPa and at temperatures ≥1200°C (Mosenfelder and
Bohlen, 1997; Stevens et al. 1997; Chen et al. 2010; Ono et al. 2017;
Folco et al. 2018). The combination of stishovite formation,
reduced amount of quartz and increased X-ray amorphous
abundance observed in NC-CH (Figure 4) suggests that NC-sand
underwent a high-energy, rapid shock from an arc discharge wave.
Stishovite is a metastable high-pressure polymorph of SiO2 at
ambient conditions; therefore, its presence (1.6(3) wt%) in NC-CH
is an indicator of a peak shock pressure that created the fulgurite
when lightning struck the beach sand.

XRPD data (Figure 5) coupled with Rietveld refinement results
(Figure 4) of NC-CH indicates distinct physical and chemical
conditions of shock-wave environments captured in the SiO2 pol-
ymorph stishovite. Fulgurites are rare and inherently heterogeneous
materials. Therefore, the rapid and highly localized heating asso-
ciated with their formation can result in significant variability in
mineral assemblages and textures, even between samples at the same
location. The occurrence of stishovite in NC-CH, particularly in
areas where the shock-wave rim is well preserved, provides
important insights into localized pressure–temperature conditions
and the transient processes governing mineral formation under
extreme, non-equilibrium conditions. High-temperature SiO2 pol-
ymorphs are stable between 1470°C and 1705°C, following the
sequence: α-quartz → β-quartz (573°C) → β-tridymite (870 °C) →
β-cristobalite (1470°C) (Pagliari et al. 2013). At room temperature,
α-cristobalite remains stable up to ~1.6 GPa, transitioning to
β-cristobalite above this pressure. (Downs and Palmer, 1994).
Temperatures above ~1000°C are needed to constrain the coesite–
stishovite equilibrium boundary (Zhang et al. 1996). Experiments at
10 GPa and 1000°C on silica glass–water mixtures produced
stishovite containing ~1.3 wt% structural water (Spektor et al. 2011).
While these conditions apply to pure SiO2 polymorphs, plagioclase
inNC-sand (Figure 5a) acts as a flux, lowering quartz’smelting point
to 1100–1200°C, especially in the presence of water (Darling et al.
1997; Dapiaggi et al. 2015; Yan and Zhou, 2015).

The formation and metastability of stishovite under shock
conditions were documented in impact structures, where the
interplay of conductive heating and shock reverberation contribute
to its preservation (Stähle et al. 2008). Litvin et al. (2024) showed
that stishovite can remain metastable under terrestrial conditions,
particularly when formed during high-pressure events such as arc
discharges or impacts. Shock compression experiments using in
situ X-ray diffraction showed that crystalline stishovite can
retransform during shock pressure release to quartz or become
amorphous to a dense glass at elevated temperatures (Tracy et al.
2018). Its ultrafast formation (<1 μs) was observed in short-
duration shocks (Mansfeld et al. 2017). These conditions suggest
that stishovite can both rapidly crystallize and be stable under
transient high-pressure conditions. The broad and low-intensity
peaks of stishovite observed in NC-CH (Figure 5b) suggest that the
arc discharge created conditions suitable for stishovite formation
and the rapid shock release preserved before complete reversion to
quartz or an amorphous phase could occur.

XRPD diffractogram of NC-sand (Figure 5a) showed the
presence of cordierite which was also found as a residual phase in

NC-CH (Figure 5b). Cordierite forms under stress conditions
similar to those in lower granulite facies metamorphism (Wynne-
Edwards and Hayi, 1962; Hess, 1969; Young et al. 1989), where it
can coexist with quartz. Seifert and Schreyer (1970) identified the
assemblage Al silicateþ chloriteþ quartz as optimal for cordierite
formation at <0.5 GPa water pressure and temperatures between
450°C and 1300°C. The coexistence of residual cordierite with
quartz and stishovite in NC-CH suggests a unique high-pressure,
high-temperature environment consistent with shock-impact
conditions. The mineral assemblage observed via XRPD and
Rietveld refinement in NC-CH suggests that the formation of NC-
CH occurred at temperatures ranging from 900°C to 1200°C and
pressures near or above 6 GPa.

SEM imaging of NC-CH revealed nano-sized euhedral pyrite
crystals within spherical voids in the glass matrix (Figure 6c,d),
undetected by XRPD. Their formation could occur under reducing
conditions during a lightning strike, driven by sulfidation of
ferromagnesian silicates (e.g., clinochlore, cordierite, biotite) in the
presence of H2S from anoxic organic matter decomposition
(Sassano and Schrijver, 1989). High temperatures (800–1200°C)
and water vapour can generate H2S, while CO acts as a reducing
agent (Yu et al. 2015), enhancing sulfurization reactions (Renggli
et al. 2018; Huang et al. 2020). During the combustion of organic
matter, aromatic carbon compounds and organosulfur complexes
can form, including SO2, H2S and sulphur-bearing organics
(Hussain et al. 2024). Framboidal pyrite may result from hydro-
carbon droplets in aqueous solutions trapped within vesicles in the
glass matrix. Data suggest that the formation of pyrite nanocrystals
in NC-CH (Figure 6c,d) was facilitated by the incorporation of CO
into sulfurization reactions involving ferromagnesian silicates (e.g.,
clinochlore, cordierite, biotite) in the presence of organic matter.

5. Conclusions

Shock-wave effects have been observed in common rock-forming
and some accessory minerals in rocks subjected to explosive
hypervelocity impacts. Lightning causes a rapid expansion of air,
generating a shock wave. The outcomes of this study provided new
insights into quantitative aspects of high current discharge proc-
esses on rocks and mineral phase transitions. The fulgurites from
the Outer Banks, NC (USA), exhibit textural, mineralogical and
chemical characteristics that are significantly different from those
of typical sand fulgurites formed by lightning strikes. Unlike the
predominantly glassy, tubular structures commonly observed,
these specimens display heterogeneous textures with crystalline
phases scattered within a fine-grained material. These distinctive
features have led to ongoing debate regarding the origin of the
fulgurite from the Outer Banks, NC (USA), questioning whether
they represent fulgurites or products of biological activity. In this
paper, XRPD combined with Rietveld refinement showed the
presence of stishovite, a mineral typically associated with impact
structures and extreme pressure conditions, alongside unexpected
secondary phases such as framboidal pyrite which crystal are less
than 1 μm in size within spherical void inside the fulgurite glassy
matrix. The application of XRPD combined with Rietveld
refinement provides a robust, quantitative approach for elimi-
nating ambiguity in phase identification and establishing the
combination of these two methods as a reliable standard for
characterizing complex mineral assemblages.

The mineralogical features of NC-CH from the Southern
Shores in Outer Banks, NC (USA), provide insights into the
physical–chemical effects occurring in rocks and sediments in
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response to shock-impact events such as a lightning strike. The
sample studied displays the effects of shock wave-related processes
owing to lightning impact on the shoreline beach fine-grained
sand, supporting the genesis of NC-CH. XRPD analyses of the NC-
CH sample revealed mineral assemblages that clarified the reac-
tivity and temperature range at which the fulgurite formed in the
beach sands. The association of quartz and high-pressure poly-
morph stishovite as revealed by Rietveld refinement is reliable
mineralogical evidence for a shock-impact origin of NC-CH. Data
suggest that NC-CH formed at temperatures between 900°C and
1200°C and pressures near or above 6 GPa. These conditions
suggest the transit of a shock wave that results in a shutter cone that
radiates from the point of impact with a sudden increase in
pressure and temperature followed by a rapid decrease.

The sulfurization reaction at temperatures exceeding 800°C in
the presence of ferro-magnesian minerals, combined with the
incorporation of hydrocarbons and CO from the burning of
organic matter trapped in bubbles, led to the precipitation of
framboidal pyrite. When lightning strikes the beach sand at the
Outer Banks, NC (USA), the combustion of organic matter could
lead to the formation of aromatic carbon compounds and orga-
nosulfur complexes. Sulphur present in organic matter can com-
bine carbon and hydrogen with the water vapour to create various
organosulfur compounds. Data indicate that interactions among
hydrocarbons, water vapour and organicmatter trapped within the
vesicles of NC-CH may promote the formation of organosulfur
compounds. These compounds can subsequently react with
melting clinochlore, biotite and cordierite, leading to the formation
of framboidal pyrite.
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