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Alteration evolution of lightning fossils: Insights from natural fulgurite scars
and hydrothermal experiments

TZE YUAN CHEN1, LI-WEI KUO1,2,3,4,*, AND MATTHEW A. PASEK5,†

1Department of Earth Sciences, National Central University, Taoyuan 320317, Taiwan
2Earthquake-Disaster & Risk Evaluation and Management Center, National Central University, Taoyuan 320317, Taiwan

3Graduate Institute of Applied Geology, National Central University, Taoyuan 320317, Taiwan
4Institute of Earth Sciences, Academia Sinica, Taipei 11529, Taiwan

5School of Geosciences, University of South Florida, Tampa, Florida 33620, U.S.A.

ABSTRACT

Rock fulgurite is a high-temperature, high-pressure metamorphic rock that contains glass and is
attributed to transient extreme deformation events caused by lightning strikes. Their glassy nature
and susceptibility to weathering on Earth’s surface present significant challenges to their preservation
and recognition in the field, and the associated alteration processes are poorly constrained. Based on a
well-exposed outcrop containing both ancient and fresh rock fulgurite, this study aims to investigate the
evolution of rock fulgurite through alteration, integrating both natural observations and alteration
experiments. The latter were conducted on fresh fulgurite with simulated rainwater and deionized water
at temperatures ranging from room temperature to 300 °C and durations from 10 min to 117 days. The
altered rock was investigated by microanalytical methods, with results showing matrix dissolution,
element depletion, and the formation of hydrated minerals within the glassy layers. Chemical analysis
of the alteration solutions suggests that the glassy layers will completely dissolve on a thousand-year
scale. By integrating experimental results with field observations, this study establishes the evolution
of rock fulgurite under geological and temporal constraints and provides insights into the alteration
processes of rock fulgurite exposed at the surface. Our findings also offer applications for recognizing
rock fulgurite and the relevant remnants and, by extension, other rock-exposed regions with incomplete
lightning catalogs.
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INTRODUCTION

Cloud-to-ground (CG) lightning is a powerful natural phe-
nomenon that can have significant impacts on the environment.
Lightning can produce extreme deformation as a result of high
temperature and pressure, reflected in the geologic evidence of
CG lightning strikes as glassy rocks known as fulgurites. When
lightning strikes consolidated rocks, the typical occurrence of
fulgurite is a thin glassy crust on the rock surface (Julien
1901; Appel et al. 2006; Gieré et al. 2015; Elmi et al. 2017;
Kuo et al. 2021; Chen et al. 2022). Rock fulgurites may contain
high-pressure features below the glassy crust (Gieré et al. 2015;
Kenny and Pasek 2021). Kuo et al. (2021) reported the phase
transformation and the presence of exsolution lamellae in feld-
spar below the glassy layer after a lightning event. Additionally,
high residual stresses up to 1.5 GPa were also measured in
feldspar grains from Laue diffraction analyses, which show
the extremely high-temperature and high-pressure effects of
lightning on rocks.

Fulgurites can be used as indicators of paleoecology
(Navarro González et al. 2007), paleoclimate events (Castro
et al. 2020), lightning intensity, and energy dissipation (Pasek

and Hurst 2016). Lightning is also a geomorphic agent in a
region (Knight and Grab 2014). Due to their formation under
extreme conditions, fulgurites can contain rare materials, such
as native metals, silicides, and phosphides (Essene and Fisher
1986), fullerenes (Daly et al. 1993), or quasicrystals (Bindi
et al. 2023).

The glassy nature of rock fulgurites and their susceptibility
to weathering on Earth’s surface present a significant challenge
to our understanding of lightning physics and hazard assess-
ment, as well as the potential applications of fulgurites. In this
study, we investigate the weathering of rock fulgurite from a
well-exposed outcrop containing both ancient and fresh rock
fulgurites. To this end, we employ a combination of natural
observations and alteration experiments. The hydrothermal
experiments involved controlling temperature, duration, and
solution composition. Following the experiments, mineralogi-
cal, microstructural, and chemical composition analyses were
conducted on the resultant samples, alteration solutions, and
newly formed minerals. Our findings include an investigation
of the alteration process, a quantification of the alteration rate,
and the identification of distinctive features of altered fulgur-
ites. The experimentally altered fulgurites were compared with
fulgurite remnants from the same region to reconstruct the
weathering history of fulgurites. In addition, morphological
criteria for distinguishing residual fulgurites at various stages
of alteration were developed. The development of a fulgurite
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