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Abstract: 

This thesis aims to give a comprehensive view on some natural glasses and summarize their 

magnetic properties. When exploring magnetism of glass, I will try to find connection between the 

history of natural glass and state of iron and highlight any chance for stable paleomagnetic record. 

For that reason, I will provide a summary of the origin, formation mechanisms, chemical 

composition and possible alteration by synthesizing research regarding these and related subjects. 

I will point out preferred state of iron along with its effect on magnetic behavior of glass and suggest 

directions for future research. 

 

 

 

 

 

 

 

 

 

 

 

Abstrakt: 

Tato bakalářská práce má za cíl poskytnout ucelený pohled na některá přírodní skla a shrnout jejich 

magnetické vlastnosti. Při zkoumání magnetismu skel se pokusím najít souvislosti mezi historií 

vzniku přírodního skla a preferovanou formou železa a upozornit na případnou možnost uchování 

stabilního paleomagnetického záznamu. Proto vypracuji přehled o jejich původu, mechanismech 

vzniku, chemickém složení a možných změnách a na základě syntézy dostupných výzkumů shrnu 

primární formy železa v daném skle, jeho magnetické vlastnosti a navrhnu směry pro budoucí 

výzkum. 
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Introduction  
 Natural glass is an unorganic material created without human intervention that lacks 

crystalline structure. This amorphous feature is usually obtained by rapid cooling of melts. The 

absence of time needed for nucleation of crystals is along with high temperature followed by rapid 

decrease crucial condition for their formation. After the cooldown, glass may besides the glassy 

matrix contain inclusions and crystals – either residual, developed during cooling or by later 

alteration and some of them might be able to carry record of magnetic field. Individual geological 

events may create their signature glass-type, but they all have something in common, namely that 

they are thermodynamically unstable and tend to alter. Their chemical composition and the 

environment they stay in play a big role in rates, in which will the process take place. Individual 

glass-types contain variable amounts of iron in different forms as a result of fast cooling or later 

change.  In geological practice, research of magnetics properties can be used for better 

understanding the evolution of inner glass structure, to separate disruptive, later created phases, that 

could possibly affect paleointensity determination or use them to specify conditions during past 

geological events.  
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1 Principles of rock magnetism 

Rock magnetism studies history and past events by investigating magnetic properties and 

magnetic record in rocks. The breakthrough observation was that rocks of same age recorded the 

same polarity which played a major role in studies of plate tectonics and behavior of Earth’s 

magnetic field. This geomagnetic field, generated by outer core, is present at all times and can be 

recorded by generally small percentage of minerals in rock. This magnetic memory comes from 

the capability of magnetic remanence ~ preserving magnetic field even with the absence of external 

field, whose qualities are primarily dependent on the intensity and orientation of external field, 

cooling rate and grain size. 

 When subjected to magnetic field, rock acquires magnetization (M), which is a sum of 

induced magnetization (Mi) and remanent magnetization (Mr) gained by individual mineral grains. 

Experienced induced magnetization disappears when magnetic field is no longer present but 

remanent magnetization can be preserved for millions of years, which is key for rock-magnetic 

investigations. How magnetized rock becomes and what type of remanence it acquires is 

determined by its formation process and population and size of magnetic minerals. Magnetic 

behavior of minerals mostly depends on the nature of individual atoms within the crystal lattice 

and their magnetic moments. Magnetic moments are small electrical charges inducing weak 

magnetic fields, that arise primarily from orbital and spin motion of electrons (especially unpaired 

electrons) which interact in different ways and their sum contributes to overall magnetization 

(Kobr, 1997, p. 48; Lowrie, 2007). 

1.1 Magnetic behavior 

Susceptibility () is one of the key magnetic parameters that describes the reaction of material 

to magnetic field by quantifying how magnetized it becomes. It is dimensionless and can reach 

wide range of values, by which we divide materials into several groups based on their expected 

susceptibility. The nature comes from magnetic moments around atoms and interactions between 

them. Free magnetic moments are absent in case of diamagnetic minerals and are present but 

randomized by thermal vibrations in paramagnetic minerals. 

For application in geology, the main concept is that diamagnetic minerals (such as quartz or 

calcite) have negative susceptibility (in the order of 10-6 SI units) and acquire weak induced 
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magnetization (Mi) in the opposite direction with respect to applied field, and lower net 

magnetization.  Paramagnetic minerals gain small and positive magnetization, that is parallel with 

the applied field. That results in a slight increase in net magnetization and small positive 

susceptibility. The nature of paramagnetism comes from temporary alignment of atomic moments 

that do not interact without external field. For both cases the degree of acquired magnetization is 

linearly dependent on the intensity of applied field  and magnetization completely disappears when 

the field is removed, which means that these materials don’t possess the capability to record 

magnetic field (Butler, 1992, p. 17; Dunlop and Özdemir, 1997, p. 22,23). 

Ferromagnetism is described by strong interaction between individual magnetic moments and 

high positive susceptibility. Ferromagnetic mineral reaches saturation magnetization (Ms), beyond 

which an increase in applied field will not increase magnetization any further. This value decreases 

with increasing temperature and completely disappears when reaching Curie temperature (Tc), 

which is characteristic for ferromagnetic minerals (675 C for hematite and 565 C for magnetite 

(Lowrie, 2007)). Ferromagnetic minerals (unlike dia- or paramagnetic ones) are able partially retain 

magnetization even in the absence of magnetic field – that is previously mentioned remanent 

magnetization (Mr), or for shortened, remanence. This kind of magnetic memory is key concept of 

rock magnetism and can be acquired in nature by several ways (see chapter 1.3).  

True ferromagnetism is associated with elemental iron, nickel, cobalt and few naturally 

occurring minerals. In this case, elements are close enough for direct exchange and their magnetic 

moments all align in the same direction yielding strong net magnetization (Fig.1a). In case of 

antiferromagnetic ordering, chemical composition and crystalline structure cause indirect 

exchange (super-exchange), which results in antiparallel ordering between magnetic sublattices, 

effectively canceling out each other with no net magnetization (Fig.1b). If the sublattices are 

antiparallel, but of different intensities, they yield weak magnetization in the direction of stronger 

component, which is termed ferrimagnetism (Fig.1c)(Butler, 1992, p. 20; Evans and Heller, 2003, 

p. 8,9; Kobr, 1997, p. 48; Lanza and Meloni, 2006, pp. 69–76).  
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Figure 1: graphics of magnetic ordering between sublattices, ferromagnetic ordering – a), 

antiferromagnetic ordering – b), ferrimagnetic ordering – c), with net magnetization (M) 

indicated on the right side  

 

 

1.2 Domain structure 

Uniformly magnetized ferromagnetic particle has a positive and negative pole with surface 

energy that comes from repulsive force between these poles, termed magnetostatic energy. As 

a means of minimizing this energy, ferromagnetic crystal is divided into magnetic domains. 

These domains are regions separated from each other by domain walls (Bloch walls) that lower 

magnetostatic energy by internal ordering that decreases the distance between positive and 

negative magnetic charges.  
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1.2.1 Multidomain grains  

Ferromagnetic grains with multiple magnetic domains are called multidomain (MD) grains. 

Individual domains in grain are always magnetically saturated yet their random orientation 

mutually compensates for their intensity and lowers net magnetization below saturation. When 

exposed to external field, domain in a favorable direction (parallel to external field) grows at 

expense of surrounding domains (which either shrink or completely disappear) or rotates in the 

direction of applied field. As the field intensity increases, more and more domains either grow 

or rotate until the whole crystal is one domain – that’s when saturation magnetization is reached. 

When the external field is removed, domains tend to reappear and return to their original 

position. However, this process is incomplete - due to lattice imperfections, cavities and 

bubbles, domains settle in a state of minimal energy which yields small remanent 

magnetization. This remanence is not very stable as the magnetization noticeably decays with 

time and is easily removed by rather weak magnetic field, which makes multidomain 

remanence insufficient for paleomagnetic record (Butler, 1992; Lowrie, 2007, p. 298,299). 

1.2.2 Single domain grains  

At a certain size, creating domain wall (which requires some energy) wouldn’t lower 

magnetostatic energy more than what is necessary for it to appear, so the domain remains whole 

as a single domain (SD) grain. If a grain favors a single domain state depends on its shape, size 

and magnetization ~ mineral with higher magnetization (magnetite) has higher magnetostatic 

energy and forms smaller SD grains than mineral with lower magnetization (hematite). SD 

grain is uniformly magnetized to saturation, which effectively makes it a small compass needle 

that can only change its magnetization by rotating. It is oriented in preferred state that requires 

low energy and resists reorientation due to anisotropies caused by crystalline structure and 

shape of magnetic grain. Acquiring magnetization by rotating is usually more energetically 

demanding than magnetization of multidomain grain but has much better resistance to 

reprinting by later fields and can last for millions of years which makes single domain 

remanence essential for paleomagnetic investigations (Butler, 1992; Lowrie, 2007, p. 298). 

1.2.3 Superparamagnetic grains  

Competence of single domain grain for stable long lasting magnetic record is primarily 

determined by its relaxation time. That is a time interval after which the magnetization of SD 
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grain flips due to thermal excitations. When stable single domain grain exceeds its 

characteristic critical temperature (often referred to as blocking temperature), its relaxation time 

dramatically decreases. As a result, this grain can no longer carry useful remanent 

magnetization, thus changing its nature from stable single domain grain to superparamagnetic 

one. Superparamagnetism is magnetic behavior mediated by superparamagnetic grains, that 

gradually lose their remanence for about 100 seconds after being removed from magnetic field, 

unlike conventional paramagnetism, where magnetization drops to zero almost instantaneously. 

Magnetic grains within the stable SD size range behave superparamagnetically under elevated 

temperatures (close to Tc), but as grains get smaller, even room temperature can be sufficient 

for them to be in a superparamagnetic state and not carry any useful remanence (Butler, 1992; 

Lowrie, 2007, p. 297). However, they may provide a trigger mechanism for synapsis in human 

brain as suggested by Kletetschka and Bazala (Kletetschka and Bazala, 2025). 

1.3 Magnetic record in rocks 

In most cases, magnetization of rock is acquired in geomagnetic field and if magnetically 

isotropic (same magnetic properties in all directions), gained magnetization is parallel with respect 

to the vector of Earth’s magnetic field (with some exceptions – see chapter 2.3.3) and its intensity 

is dependent on the strength of magnetic field at the moment of acquisition. This is the basic 

concept of paleomagnetism (Dunlop and Özdemir, 1997). In nature, there are many processes that 

can lead to magnetic acquisition. Magnetization that rock originally imprinted without human 

intervention is often referred to as natural remanent magnetization (NRM). NRM is parameter that 

can be composed of several magnetic vectors locked at different times, with variable orientations 

and created during distinct processes and because of this, its nature is often fairly complicated 

(Kobr, 1997, p. 54). Magnetic remanence acquired during the formation of rock (or close to it) is 

called primary magnetization and it is in most cases the target of paleomagnetic investigation. 

Remanence resulting from later processes of alteration or diagenesis is often referred to as 

secondary magnetization and is often taken as the unwanted/disruptive component that complicates 

the process of extracting useful magnetic information. Usual types of rock remanent 

magnetizations that can contribute to final NRM are: thermoremanent magnetization (TRM), 

chemical remanent magnetization (CRM), depositional remanent magnetization (DRM), viscous 

remanent magnetization (VRM) and isothermal remanent magnetization (IRM). 
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1.3.1 Thermoremanent magnetization  

 Thermal remanence is acquired when grains of magnetic minerals are cooled under their 

Curie temperature and their spontaneous magnetization appears. Its intensity is dependent on field 

strength, chemical composition, size and shape of magnetic grains. For the most cases, it is the 

main and the most stable component of NRM as it can be only erased by reheating to the 

temperature of magnetic acquisition (Kobr, 1997, pp. 55–56; Lowrie, 2007). It is important to 

highlight that only a part of thermal remanence (partial thermal remanence, pTRM) is gained if the 

material is exposed to magnetic field only for restricted time during cooling. pTRMs are altered 

when reaching the lower temperature of magnetic acquisition and completely disappear when the 

upper temperature during which magnetic field was present is exceeded. They also demagnetize 

independently, if added during different time-temperature intervals of magnetic acquisition and are 

one of the key concepts of paleomagnetism (Dunlop and Özdemir, 1997, p. 5,6). 

1.3.2 Chemical remanent magnetization  

 Chemical remanent magnetization (CRM) is acquired when magnetic minerals chemically 

alter or grow below their Curie/blocking temperature. During the mineral growth, orientation of its 

final remanence isn’t dependent on temperature as in case of TRM but rather on mineral size – 

when reaching critical size, magnetization of mineral freezes. In case of chemical remanence, 

magnetic grains can be altered during weathering or precipitate during diagenesis (hematite in 

redbeds), gain magnetization parallel to ambient magnetic field and for this reason CRM is 

typically carrier of secondary magnetization (Butler, 1992, p. 48; Lowrie, 2007, pp. 301–302). 

1.3.3 Depositional & post-depositional remanent magnetization  

 This type of magnetic remanence is typical for sedimentary rocks. It is created by 

accumulation, deposition and consolidation of eroded material. Material can be eroded from every 

rock type which essentially means that it is composed of different remanences of originally 

different orientations and intensities, thus can have characteristics of TRM, CRM or other 

remanences at the same time (Dunlop and Özdemir, 1997, p. 425). During deposition of material 

eroded from parent rock, magnetic grains tend to alight parallel to ambient geomagnetic field 

(similarly to compass needle), creating depositional/detrital remanent magnetization (DRM). This 

process usually takes place at constant temperature so disruption by later TRM/pTRM is often 
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absent, while mechanical forces are the driving factor. Mechanical forces from the compression of 

the overlaying material or possible waterflow between grains disrupt the original alignment 

effectively causing error in direction of recorded field in the later consolidated sediment, creating 

post-depositional remanent magnetization (PDRM). This model is appliable for most magnetite 

bearing sediments. Hematite bearing sediments, such as redbeds, have generally higher 

magnetization (one order of magnitude), but it is often suspected to be of secondary CRM origin 

(Kodama, 2012; Lowrie, 2007, pp. 300–301). Sedimentary rocks and their remanence are 

extremely important for studies as they often provide continuous record for long periods of time 

which allows us to study variations of geomagnetic field (Kodama, 2012, p. 1). 

1.3.4 Viscous remanent magnetization  

 While gaining viscous remanent magnetization (VRM), rocks undergo partial change of 

their original magnetization when exposed to magnetic field for long periods of time. The amount 

of viscous magnetization acquired grows logarithmically with time and is dependent on 

temperature and carriers of magnetic information. Typically, magnetically soft components like 

MD or superparamagnetic grains are ones to carry VRM. Viscous remanent magnetization can be 

frequently measured in samples previously exposed to magnetic field for long period of time and 

in paleomagnetic studies, it is usually unwanted and disruptive component (Dunlop and Özdemir, 

1997, pp. 262–263). 

1.3.5 Isothermal remanent magnetization 

 Isothermal remanence comes from short-time exposure to strong magnetic field at constant 

temperature thus it is only dependent on the intensity of magnetic field. Its occurrence in nature is 

mostly negligible, as isothermal remanence forced by geomagnetic field can be easily overprinted 

by later fields, with the exception of saturation isothermal remanence (SIRM) caused by lightning 

strikes (Butler, 1992, p. 61; Dunlop and Özdemir, 1997, p. 288).  
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2 Volcanic glasses 

Volcanic glasses are created by quenching of magma and their properties are dependent on their 

inner structure (inclusions, microcrystals, porosity) and chemical composition. Given that the final 

structure of glass is a function of its chemical composition and thermal history, we can determine 

(or at least assume to some degree) it’s past thermal experience (Wright et al., 1984). Compared to 

other glass types, volcanic glasses are by far the most widespread, with the total volume of several 

km3. They often have different origin and formation process and can be present in millimeter-scale 

layers in post-eruption tephra beds, from hair-like structures several tens of microns in diameter, 

but can also form units tens of meters thick (Cicconi and Neuville, 2019). That means there is a 

diametral difference in cooling rates when comparing for example tektites (104 K/min) and massive 

volcanic glasses (10-4 K/min). Such drastic differences in cooldown time along with different glass-

forming temperatures (2000 K for tektites and ~1000 K for volcanic glass) gives us the opportunity 

to study glasses created under fairly different conditions with diverse physical, structural and 

optical properties (Heide et al., 2003). 

 

2.1 Obsidian 

2.1.1 General information  

Obsidian is a hard (5.5 – 7 on Mohs scale (Ericson et al., 1974)) but brittle glassy material with 

conchoidal fracture that has been a subject of interest since prehistoric times. In the past, it was 

appreciated for its sharpness and used for making tools like arrowheads, daggers, knives and 

ceremonial blades. In modern days, obsidian became helpful in archeological studies where it’s 

used for mapping trade with this resource based on distribution of glass of similar chemical 

composition or hydration degree (Friedman et al., 1966; Liritzis and Laskaris, 2011; Stevenson et 

al., 2021). Other features like microlite size - micrometer(s) sized crystals embedded within glassy 

matrix (Tuffen et al., 2021), and spatial orientation have been a subject of interest in geology for 

better understanding of formation processes or lava flow directions. Obsidian is also glass of high 

chemical resistibility (Ericson et al., 1974) and is often accepted as an analogue for nuclear waste 

glass. For that reason, it’s hydrothermal alteration and corrosion rates have been studied (Rani et 

al., 2013, 2010). 
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2.1.2 Formation 

This natural glass is generally created by cooling of silica-rich magma with a wide range of 

composition. The conditions for fast enough cooling are usually met during extrusive events, but 

glass can also be present at the contact of intrusion bodies like sills or dykes since very slow crystal 

growth in silicic melts allows to form amorphous glass for hours or even days of cooling (Tuffen 

et al., 2021). The common occurrence has been prescribed to several tectonical environments: 

primitive island arcs, mature island arcs and active continental margins (which are related to 

subduction) and extensional zones in ocean basins (related to extension) (McDonald et al., 1992).  

Rather new theory about mechanism creating obsidian in pyroclastic flows suggests, that 

obsidian may have been formed inside the conduit by sintering of volcanic ashes in wide range of 

pressures (3-43 MPa) and temperatures (Gardner et al., 2017). This theory explains not only bands 

of xenocrystals present in obsidian but is also supported by studying microcrystals found in glass. 

Microlites that vary in shape and size throughout the glass, suggest slightly different origin and 

cooling conditions, which could be explained by fragments evolving separately before welding. 

Further support of this theory is their orientation seemingly correlating with the shape and 

orientation of vesicles and sheer deformation orientations (Aubin et al., 2023).  

 

2.1.3 Structure 

Obsidian may besides the dominant glassy matrix contain variable amounts of crystalline 

phases, which challenges the traditional view of obsidian as purely glassy material. Microcrystals 

can develop in glass after cooldown but can also form in pre-cooled melt. When the formation 

takes place, can significantly influence the eruption and emplacement event. In general, presence 

of nanolites (=nanomater(s) sized crystals) in magma increases its viscosity, although emphasis has 

to be given to the formation of iron-bearing nanolites in magma. They “extract“ iron from melt, 

which leads to enhanced polymerization - that means an increase in viscosity of melt and altering 

its dynamics. If present, small crystals also provide nucleation sites for the formation of gas bubbles 

which promote explosive eruptions – melts from Plinian eruptions generally contain more nanolites 

than those from Strombolian eruptions (Cáceres et al., 2024; Di Genova et al., 2018). Microcrystals 

are also (along with other micro heterogenities like bubbles and small fractures) the reason why 

obsidian is translucent, rather than fully transparent (Galoisy and Calas, 2021).  
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Obsidian is usually black or grey, but it can have different shades of colors depending on the 

inclusions and presence of different crystalline phases. We can sometimes observe banding or 

layering caused by planes of inclusions reflecting light. As pointed out by Manga (Gonnermann 

and Manga, 2005), these bands showing heterogeneity in crystallinity or vesicularity caused by 

different speed of degassing, could be a proof of repeated brittle deformation followed by welding 

of fragments with subsequent sheer (at this point viscous) deformation. The fact, that the alignment 

of microlites in glass is parallel to banding upholds the idea that layers in obsidian are indeed flow 

bands, so its internal structure can gives us valuable information about the kinematics of lava flow 

emplacement (Castro et al., 2002; Manga et al., 2018).  

2.1.4 Alteration 

Due to environmental and geological conditions, obsidian as thermodynamically unstable 

product of volcanic processes tends to alter with time. The naturally occurring weathering is mainly 

driven by changes due to chemical interaction of outermost layer with surrounding media, which 

includes hydration and physical changes of internal structure, often referred to as devitrification – 

process of internal structural change during which glassy matrix is lost at the expense of crystalline 

phases.  Better understanding of these events can give us additional information about long term 

evolution of glass with possible industrial applications as well as alternative way of studying 

archeological artifacts (Frahm, 2025; Rani et al., 2013). 

 The dominant glassy matrix isn’t completely homogenous as obsidian contains anomalies 

in a form of bubbles, small ruptures or regions with higher atomic ordering resembling quartz. 

These areas along with cation-depleted regions around Fe-oxide nanolites create localized changes 

in amorphous structure and its chemical composition and can support non-uniform devitrification 

(Kennedy et al., 2022; Kovács Kis et al., 2006; Mysen and Richet, 2019). Bubbles and 

microcrystals seem to be a favorable spot for nucleation and growth of spherules, which are 

characteristic devitrifying texture (Gimeno, 2003). The time and temperature dependent process of 

chemical alteration has been studied by Rani and collective (Rani et al., 2013, 2010) where different 

leaching speeds of some elements into the environment, along with formation of clay and weight 

loss was recorded. Event of relatively intense alteration seems to be moderated by formation of 

secondary impermeable layer of minerals. 
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Hydration – the process of incorporating molecular water into amorphous structure, is 

common in nature and plays an important role in glass alteration.  When hydrated, obsidian form 

hydration layer, which can be outlined with microscopic observations. This layer progressively 

thickens with time in rates roughly 1-10 m/1000 years (Friedman et al., 1966) and because of this 

has been suggested as an alternative method of archeological sourcing and dating obsidian artefacts 

(Liritzis and Laskaris, 2011; Stevenson et al., 2021). Widely accepted model for water diffusion 

mechanism proposed by Kuroda (Kuroda et al., 2018) suggests essential breaking of silica 

tetrahedra by hydroxyl group (OH-) effectively creating “pathways” by which the hydration 

proceeds (Fig.2). Besides the visible optical changes, it also influences glass properties such as 

crystallization rate (Wagstaff and Richards, 1966) which can be crucial for its attainability as 

nuclear waste disposal glass. 

 

Figure 2:  Model for water diffusion in obsidian (taken from Stevenson et al., 2021, after Kuroda 

et al., 2018) 

  

2.1.5 Magnetic properties - magnetite nanoparticles and Fe-clusters 

As stated before, obsidian may contain small crystals (microlites and nanolites), some of them 

containing iron. Even with relatively low abundance of iron (0.5-3 wt%) in obsidian-forming melts, 

there are many states in which it can occur. Magnetic properties of obsidian arise from presence of 

iron in non-crystalline and multiple crystalline phases (Schmidbauer et al., 1986). That leads to 
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coexistence of distinct magnetic behaviors, like for example paramagnetism associated with the 

presence of biotite or iron ions dispersed in vitrified groundmass, antiferromagnetism caused by 

iron-rich pyroxene or ferrimagnetism and superparamagnetism associated with magnetite 

nanoparticles (Mameli et al., 2016). Ferrimagnetic phase (if present) gives obsidian a chance to 

retain a weak remanent magnetization at a room temperature and its specific properties are related 

to shape, size and chemical composition of these crystals (Schmidbauer et al., 1986). In most cases, 

natural remanent magnetization (NRM) of obsidian is mainly thermal remanent magnetization 

(TRM). In this case, magnetization is gained during initial cooling, although in natural 

environment, obsidian’s magnetic signature of the original TRM can be altered if struck by 

lightning, reheated or by development of mineral phases during devitrification (Frahm and 

Feinberg, 2013).  The presence of crystalline magnetite has an influence on both magnetic and 

optical properties.  Schlinger and Smith (Charles M Schlinger and Smith, 1986) studied both light 

and dark obsidian shards extracted from the same volcanic tuff. They concluded dominant 

monomineralic (magnetite) magnetic phase with uniform spatial distribution in darker glass shards 

of higher susceptibility. They confirmed presence of magnetite nanoparticles (5 - 10 nm), created 

most likely during magma cooldown and correlated its presence with both superparamagnetism 

and optical properties of glass. Connection between nano-scale magnetite particles and optical 

properties was based on laboratory experiment, when prolong heating of light obsidian resulted in 

significant color change (darkening) and an increase in magnetic susceptibility suggesting 

development of superparamagnetic magnetite. Leading from this, we can state that temperature 

plays a crucial role in evolving of magnetite particles inside vitrified material. 

 Magnetite/titanomagnetite crystals have been observed in sizes ranging from a few 

nanometers to first hundreds of micrometers covering a whole scale of domain states – multidomain 

(MD), pseudo-single domain (PSD), single domain (SD) and superparamagnetic (SP) (Zanella et 

al., 2012). The presence of magnetite in obsidian has been established, but how it forms and how 

the glass evolves to create the first nanoparticles, especially when already solidified, is still unclear. 

Outside crystalline form, iron can be present in seemingly unorganized amorphous state in a form 

of Fe²⁺ and Fe³⁺ ions dispersed in glass, which exhibit paramagnetic behavior (Mameli et al., 2016). 

But there are reported cases of regions (clusters) with higher atomic and magnetic ordering - taken 

as relative ordering compared to surrounding mass, so the exact boundary is hardly defined. But 

yet we can recognize tendencies of Fe²⁺ and Fe³⁺ ions to group into small Fe3O4 amorphous particles 
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and it’s correlation with chemical composition as obsidians with higher Fe-component seem to 

contain more clusters (Chavez-Rivas et al., 1980; Régnard et al., 1981). These clusters of Fe ions 

forming chains and grouping in local heterogeneities with similar structure to magnetite have been 

proved to exhibit superparamagnetic behavior (in the same way magnetite nanoparticles do). In 

this case, superparamagnetism seems to be rising from within-cluster interaction, but not from 

interaction between individual clusters. As a result of this local arrangement of glass with 

magnetite-like structure, Fe-clusters are candidates for future nucleation and crystallization site for 

magnetite nanolites. This leads to conclusion, that with Fe-clusters, we are witnessing a state of 

transition of amorphous iron into crystalline form (Galoisy and Calas, 2021). 

 Obsidian can exhibit different types of magnetic behavior which is directly related to 

properties and composition of pre-erupted parent melt along with eruption style and thermal 

history. Obsidian forming melts are usually iron-depleted, but we know that obsidian glass often 

shows abundance of iron oxide crystals. We can observe different thermal histories in obsidians 

cooled in subaerial or marine environment as well as within individual flows where colling times 

vary by order of 4 magnitudes (Gottsmann and Dingwell, 2002; Scarani et al., 2022). These 

differences in thermal conditions significantly influence crystal nucleation and growth along with 

their final magnetic state. Single domain magnetite particles within the range 25 – 80 nm acquire 

stable remanent magnetization and can be reliable carriers of paleomagnetic information. On the 

contrary single domain grains <25 nm are in superparamagnetic state and do not provide useful 

magnetic record, as their orientations are randomized by thermal fluctuations. (Ferk et al., 2011; 

Reichel et al., 2017). Obsidian is able to carry high quality information about orientation and 

intensity of past magnetic field, although when investigating paleointensity things like possible 

alteration of glass, cooling time correction and magnetic anisotropy must be taken in account. For 

example, we could expect obsidian beds formed by separately evolved, later welded glass shards, 

to exhibit heterogenous magnetic properties. Different thermal histories would bring unique 

conditions for crystal nucleation and growth rates for each individual shard, which might result in 

non-uniform crystal size distribution and potentially influence capability as a reliable recorder of 

paleomagnetic field. Different magnetic properties, such as anisotropy of magnetic susceptibility, 

might be as well caused by post-emplacement processes. They are acceptable explanation to this 

phenomena through reorientation of magnetic crystals by ductile deformation of magma (Cañón-

Tapia and Castro, 2004; Manga et al., 2018). 
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2.2 Pele’s hair 

2.2.1 General information 

Pele’s hair are peculiar glassy form of pyroclastics named after Pele – Hawaiian goddess of fire 

and volcanoes (Westervelt, 1926). Their occurrence is tied to few places on Earth where the 

conditions meet the assumptions for their creation – Hawaii, Etna, Réunion (Andronico et al., 2009; 

Duffield et al., 1977; Heiken, 1972; Vlastélic et al., 2005). Their unique formation style along with 

almost instantaneous solidification gives this type of glass the power to capture specific moment 

during the eruption. This may give us background information about the eruption dynamics, 

magnetic field present at the time of solidification, unique inner structure to look at along with its 

evolution with time (weathering), but yet, Pele’s hair are not widely studied. 

2.2.2 Formation and structure 

Pele’s hair are typically created during subaerial eruptions of low-viscosity lava (Cannata et al., 

2019; Katsura, 1967). Popular idea is that they are result of rapid quenching of deformed lava 

strands extended by droplet of melt erupted along the volcanic surface. The droplets believed to be 

the true origin of Pele’s hair – as they stretch hair-forming melt from the surface during ejection, 

often break-off but sometimes can be found still attached to the hair (Duffield et al., 1977). Because 

of their characteristic shape, they are known as Pele’s tears (see later). Although there have been 

speculations about different eruption dynamics preferably creating Pele’s tears, resp. hair 

(Shimozuru, 1994), they are usually accepted as a related subject. 

When talking about the formation process, we must realize, that we are talking about 

extremely small volumes of material that creates very thin fibers (1-300 mm, (Duffield et al., 

1977)). Such small volumes undergo extremely fast cooling (102 – 104 K/min) which means 

dominant glassy component throughout the final product. Cooled down hair can be found in a form 

of almost perfect cylinder of solidified glass but can also contain crystals causing local thickening 

and vesicles of various shapes and sizes. Detailed look at vesicles present in glass can give us 

additional information about the formation dynamics and help us to distinguish different stages of 

magma development. As pointed out be Cannata (Cannata et al., 2019) the vesicularity of Pele’s 

hair (along with their thickness) can also be characteristic for individual event in a specific 
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environment. They seem to be an authentic indicator of deformation during cooldown, as we can 

see with elongated vesicles following hair’s long axes (Fig.3). During room pressure/temperature 

conditions, elongated vesicles contain partial vacuum, while they burst at higher temperatures 

releasing mostly H2O and CO2. Their deformed, often twisted shapes lead to conclusion, that 

bubble was already present in melt before the eruption, later dynamically deformed when stretched 

by droplet and blown off by wind (Cannata et al., 2019; Duffield et al., 1977). As highlighted by 

previous studies (Moune et al., 2007), we can deduce several things from the frequent presence of 

populations of spherical bubbles, mainly that: 

1) Secondary exsolution event took place after the eruption (~melt wasn’t fully 

degassed) (Fig.3), which means that gas exsolution may still be in progress even 

after the extrusion 

2) The process must have happened extremely quickly and directly after the eruption, 

since there is very short interval between the eruption and solidification 

3) Sphericity of bubbles hints little to no deformation after their formation  

Presence of bubbles in melt before eruption seems to significantly affect the viscosity of melt 

(Mader et al., 2013), thus influence chances to create the right condition for the stretching of hair. 

Besides viscosity, factors such as parent droplet size and ejection velocity influence the final form 

of glass fibers, if created (Cannata et al., 2019). Based on experimental work we can expect higher 

velocities to create Pele’s hair and lower ejection speed preferably forming Pele’s tears (Shimozuru, 

1994). 
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Figure 3: Schematic process of Pele’s hair inner evolution highlighting stretching of primary 

bubbles and secondary, post-eruption gas exsolution, from publication by Cannata and others 

(Cannata et al., 2019) 

 

2.2.2.1 Pele’s tear – mother of Pele’s hair 

These small drop-like pyroclasts are related to Pele’s hair, as they are too a result of 

eruptions of low viscosity basaltic magma with degree of explosivity that promotes surface 

disruption. Even though they can be found still bound together, their inner structure and formation 

differ. From detailed pioneering study of Porritt and others (Porritt et al., 2012) regarding Pele’s 

tears and spheres, this is what we know about their origin: 

When detached piece of melt is ejected from the surface, several things influence its 

behavior. One of the key factors is surface tension that increases with decreasing size – that is 

validated by observation, that smaller tears are almost perfectly round compared to relatively larger 

drop-shaped pieces, when lower surface tension yields to dynamics of the environment when 

ejected. Another observation is that solidified glass often contains vesicles (up to 30%). That might 

be an indication of post-eruptive exsolution of gases (similarly as in Pele’s hair). Interestingly 

enough, all of them seems to lack any indicators of deformation as even bubbles in prolonged glass 

pieces are almost perfect spheres. This suggests either their post-deformation nucleation and 

growth or environment that allows deformed bubbles to rearrange back to spheres before 

solidification, which must have been reached before landing as there is no evidence for impact 

deformation or compaction (Porritt et al., 2012). 
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Being of basaltic composition and such a small volume, Pele’s hair are sensitive to 

alteration (Karrata and Perruchotb, n.d.; Prause et al., 2022). Their chemical composition might be 

altered shortly after they form, thus obtaining fresh sample of trustworthy chemical composition is 

fairly complicated, as it should be right after the eruption. Chemical changes might be noticed by 

outer layers/rings of Si-richer glass, which may further support non-uniform devitrification (Moune 

et al., 2007; Mysen and Richet, 2019) and there is often layer of sublimates present, explained most 

likely by traveling thru the hot gases in conduit (Duffield et al., 1977). Pele’s hair and tears are 

created in very specific conditions which results in unique form of volcanic glass. By studying their 

morphology we can get a better idea about the eruption dynamics and along with chemical analysis 

(in this case for example the content of noble gases) of homogenous crystal free glass (Cogliati et 

al., 2021) we receive valuable information about magma degassing evolution. 

2.2.3 Magnetic properties of Pele’s hair 

Since I failed in every attempt to find any material regarding directly to the magnetic properties, 

I tried to make the most out of the information I was able to gather about Pele’s hair along with 

data from research of related and previously studied subjects. 

Pele’s hair undergoes extremely fast cooling, comparable to products of submarine 

explosive events, in estimated range of 102 – 104 K/s, which has crucial influence on its magnetic 

characteristics. Fast solidification creates dominantly glassy matrix with very little stable 

crystallization products, affecting the formation and size of magnetic minerals within the matrix 

suggesting that any magnetic minerals would be present as a very fine particles in either 

superparamagnetic state, without any useful remanence or as SD grains capable of stable magnetic 

remanence (Kirkpatrick, 1983). Almost instant solidification would “freeze” alignment of atomic 

moments of magnetic minerals with respect to Earth’s ambient field, creating record comparable 

to other rapidly cooled volcanic products (Smirnov and Tarduno, 2003), although thanks to its 

complex and very dynamic formation process, it's potential as a reliable recorded of paleomagnetic 

field may be limited (Duffield et al., 1977). 

Possibilities for useful paleomagnetic record meet certain limitations, such as an extreme 

cooling rates, that could not only moderate crystal evolution, but prevent their formation altogether 

(Tangeman and Lange, 1998). As a result, iron ions would be dispersed throughout the silicate 

matrix instead of forming magnetic crystalline phases (titanomagnetite), yielding fairly different 
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magnetic behavior (Berry et al., 2003; Coey and Khalafalla, 1972).The absence of long-range 

crystallographic order would likely result in predominantly paramagnetic or superparamagnetic 

behavior rising from presence of iron ions and/or Fe clusters rather than stable ferrimagnetic 

remanence at room temperature (Cottrell and Kelley, 2011; Mameli et al., 2016; Régnard et al., 

1981). Even presence of crystalline phase itself doesn’t necessarily mean useful information about 

magnetic field during the eruption as we might be witnessing phenocrysts, that could be 

distinguished by their orientation corresponding with the direction of intense stretching or later 

formed magnetically ordered phases created by intense heating of glass moderating 

superparamagnetic character (Manylov et al., 2013; Régnard et al., 1981; Xing et al., 2022). Based 

on previously mentioned information that summarize their formation process and evolution in 

dynamically changing environment with extreme cooling rates, it is possible that their magnetic 

properties would be controlled by local chemical environment and cooling dynamics rather than 

conventional magnetomineralogy, which brings considerable uncertainty regarding their reliability 

as a recorder of past magnetic fields (Pick and Tauxe, 1993). 

 

2.3 Pumice 

2.3.1 General information 

 Pumice is highly porous volcanic rock with dominantly amorphous structure mainly 

composed of SiO2. It is commonly produced during both subaerial and submarine volcanic 

eruptions and is often present in pyroclastic flows and volcanic sediments. Its key characteristics 

are dominant vesicle population (70-80%) which results in low density allowing pumice to float 

on water creating pumice rafts (Takeuchi et al., 2024; Thomas et al., 1994; Whitham and Sparks, 

1986). Studying pumice can provide insight into volcanic processes, such as magma degassing, 

magma mixing, emplacement dynamics and evolution of eruption style with time along with unique 

magnetic record. In commercial use it is appreciated in construction and material science for its 

light weight, good thermal insulating and sound absorption properties (Ersoy et al., 2010). Pumice 

is suitable material for water waste treatment thanks to its porosity and large specific surface area, 

which make it an excellent filtration medium (Çifçi and Meriç, 2016) but it could also play a 

significant role for developing and colonization of the earliest forms of life (Brasier et al., 2011; 

Elser et al., 2015). 
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2.3.2 Formation and structure 

 “Pumice” is general term used for natural glass that solidified in a state of magmatic foam 

without specific range of vesicularity. It is created during explosive events by intense vesiculation 

and rapid quenching of typically felsic/intermediate magma, but exceptions of basaltic pumice have 

been found. Vesicles are formed by extended gas bubbles released usually due to decompression 

during magma ascend (Redick, 2023 and articles within). Bubbles can be present in elongated, 

deformed form with some population of smaller spheric bubbles, indicating stretching and 

secondary exsolution of volatiles (similarly to Pele’ hair – see chapter 2.2.2). Dominantly spheric 

vesicles can be prescribed to non-deformed sections or less viscous magma that allows bubbles to 

re-round before solidification. Sometimes textural and color heterogeneities may me observed – 

even within pumice from one event, which may be indicative of certain eruptive style or setting in 

the conduit during magma ascent (Polacci et al., 2001). Intense vesiculation (≥75%) is in case of 

high-intensity (Plinian) eruptions causes rapid expansion and acceleration which is often 

accompanied by rapid strain rates that result in brittle deformation and fragmentation if tensile 

strength is exceeded (Klug et al., 2002). 

 Pumice is typically white, but can be also gray, pink, brown or even black. Its color is 

(similarly to other glasses) primarily related to abundance and distribution of iron-rich 

microcrystals and/or oxidation state of iron. This conclusion is based on optical microscopy as well 

as magnetic measurements (Paulick and Franz, 1997; Charles M. Schlinger and Smith, 1986). 

Color change due to oxidation of iron is dependent on its abundance but also cooling time. As 

highlighted in study by Tait and others (Tait et al., 1998) pumice smaller than 5 cm in radius were 

white and larger pieces were either pink or had pink core with white rims, which suggests that 

slower cooling of permeable pumice allowed high temperature oxidation (Tait et al., 1998). Rather 

complex inner structure of pumice is dominantly composed of amorphous matrix and  partially 

ordered layered SiO2 regions with cristobalite/tridymite-type structures, which differ from quartz-

type ordered tetrahedra typical for obsidian glass (Kovács Kis et al., 2006). Often present 

crystalline phases are plagioclase, amphibole, cristobalite and small percentage of Fe-Ti crystals 

(~1 vol.%), typically titanomagnetite and hematite-ilmenite crystals with chemical zonation that 

inflicts anomalous magnetic record (Bina et al., 1999; Kovács Kis et al., 2006; Polacci et al., 2001). 
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2.3.3 Magnetic properties – self reversed NRM and Santorini tephra 

In case of this highly porous volcanic rock, dominant magnetic carriers are titanomagnetite and 

hematite-ilmenite crystalline phases. Abundance of magnetic phases directly correlates with optical 

observations where susceptibility increases with darker coloring, as pumice shows denser 

population of Fe3+ rich oxides. Their population is dependent on thermal history as well as chemical 

composition, leading from experimental heating that shows increase in susceptibility, which is 

more intense in Fe-richer pumice (Bina et al., 1999; Charles M. Schlinger and Smith, 1986). Iron 

is present in both oxidation states and can not only be a part of crystalline structure but also can be 

embedded within the amorphous matrix, which would lead to paramagnetic behavior similar to 

other volcanic and impact glasses (see chapters 3.1.3 and 3.2.2). To my knowledge, no metallic 

iron has been reported (Bart et al., 1982; Burriesci et al., 1983; Mameli et al., 2016) 

In many studies, natural remanent magnetization of pumice has been discovered to be reversed 

with respect to Earth’s magnetic field. This phenomenon, often referred to as self-reversed natural 

magnetization (SR NRM), is quite rare in nature and it has been noticed for the first time by Nagata 

(Nagata, 1952). Its occurrence in pumice is prescribed mainly to the presence of hematite-ilmenite 

phase, that shows chemical zonation, which separates typically multidomain crystals into two 

regions with distinct magnetic behavior – ferrimagnetic and weakly 

ferromagnetic/antiferromagnetic phase. Even though the exact mechanism for acquiring self-

reversed magnetization is not well understood, often accepted model is based on different Curie 

temperatures (due to difference in chemical composition). Antiferromagnetic phase with higher Tc 

and very low net magnetization is essentially gaining normal remanence and induces antiparallel 

magnetic ordering at the border with second (ferrimagnetic) phase causing its reversed net 

magnetization. Stronger magnetization of ferrimagnetic phase dominates the original NRM, carried 

by antiferromagnetic phase, resulting in prominent self-reversed net magnetization (Bina et al., 

1999; Haag et al., 1990; Hoffmann and Fehr, 1996; Kennedy, 1981). 

2.3.3.1 Possible lightning magnetization effect on pumice  

 We studied magnetic properties of pumice from Santorini caldera tephra beds acquired 

during International Ocean Discovery program (IODP) 398. Pumice grains in tephra beds, as a 

common product of Plinian eruptions – high-eruption rate, gas-rich eruptions producing large 

volumes of erupted material, are expected to rise in volcanic column at speeds of first hundred m/s 

(Fisher and Schmincke, 1984). Rapid movement, collisions and friction between erupted ashes may 
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build up electric charge and result in volcanic lightning (Mather and Harrison, 2006), which 

induces magnetic field, that can be recorded in cooled-down material before its deposition in 

marine environment. Describing occurrence of volcanic lightning and its signature in nature is 

important subject when it comes to studying magnetic anomalies or recognizing lightning as an 

alternative source of magnetic acquisition (LIRM) for both terrestrial and extraterrestrial materials 

(Beard et al., 2009; Kaván et al., 2024; Kletetschka et al., 2003). 

Methods  

We measured natural remanence of a pumice sample using JR-6 spinning magnetometer, 

then used alternating field demagnetization with fields 2, 5, and 10mT and measured magnetization 

of a sample after each step. Next, we saturated sample in a pulse magnetizer in a field of 2 T and 

demagnetized again. The whole process took place at paleomagnetic laboratory at PřF UK, 

Albertov 6.  

We obtained ratio between NRM and SIRM (often referred to as REM or efficiency) to 

determine if pumice was previously saturated during exposure to strong magnetic field. REM ratio 

for rocks magnetized in geomagnetic field is expected to be around 0.01 (=1%). Values higher than 

expected ratio are thus candidates for magnetization in fields stronger than geomagnetic possibly 

generated by lightning (Banfield et al., 1994; Cisowski and Fuller, 1986; Kletetschka et al., 2003). 

Results 

 Efficiencies of pumice shards presented in Fig. 4 and Fig. 5. Some of the measured values 

exceed the expected ratio which indicates that some grains were previously saturated in strong 

magnetic field, possibly induced by lightning hit.  
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Figure 4: measured efficiencies of pumice clasts from sample 1595A 1H 7-8 cm with progressive 

demagnetizing – uppermost four lines (green, blue, dark grey and orange) showing anomalously 

high efficiencies/REM values 



 24 

 

Figure 5: measured efficiencies of pumice clasts from sample 1595A 1H 37-38cm with 

progressive demagnetizing – uppermost three lines (blue, brown, orange) showing anomalously 

high efficiencies/REM values 
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3 Impact glasses 

These glasses are formed during high energy impact events which is indicated by their inner 

structure and chemical composition. They are generally formed under higher temperatures than 

volcanic glasses by cooling material melted by impact, with higher SiO2 content and contain 

less crystal inclusions. They are often extremely water poor and highly reduced, with presence 

of unusual state of iron which affirms intense conditions.  

 

3.1 Fulgurite  

3.1.1 Formation process  

 Fulgurites are elongated glassy bodies that are formed by fusion and rapid cooling of 

material during cloud-to-ground lightning strike, commonly occurring in nature. They are typically 

created in unconsolidated sediment (sand/soil) but their occurrence in rock outcrops has also been 

reported (Grapes and Müller-Sigmund, 2010; Pasek et al., 2012). Formation of fulgurite is not 

guaranteed for every cloud-to-ground lightning hit as it is dependent of several factors such as 

lightning energy, chemical composition, along with preexisting structural damage and water 

content of the material within the area of impact (Çalişkanoğlu et al., 2024; Pasek et al., 2012). 

Initial water content seems to play an important role in case of sand fulgurites as water saturation 

would help to spread out the energy and result more likely in rapid vaporization of water and 

explosion of material, rather than preserving any structure (Kenneth Pye, 1982 and articles within 

). On the other hand, lack of water could minimize conductivity of the material and inhibit sufficient 

lightning propagation. Exposure to extreme temperatures of several thousands of degrees, almost 

instant fusion of material and volatile escape creates extremely reducing conditions, which have 

big impact of final structure of newly formed phases that are rarely observed in nature (see next 

chapter) (Essene and Fisher, 1986; Jones et al., 2005; Pasek et al., 2012).  

 

3.1.2 Chemical composition and inner structure of fulgurites 

  The newly formed tube has typically thin walls (few mm) which are often irregularly shaped 

as a result of pressure from surrounding material with dominant central void and secondary 

channels, that were proposed to be relict of escaping volatiles (Julien, 1901 and articles within). 
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Central part is typically smooth, shiny and lacking crystal impurities while the outer part with 

mostly rough surface is progressively richer in semi-fused grains with signs of heterogenous 

mixing of melt and adhering, partially melted/unmelted, grains (quartz, feldspar, plagioclase). In 

case of bubbles and vesicles of variable sizes (few m), they seem to be an entrapped air rather 

than vapor cavities and are abundantly distributed throughout the outer part – inner section (around 

the central lumen) is mostly vesicle-free (Castro et al., 2020; Julien, 1901). 

 Composition of fulgurite is highly dependent on chemistry of parent material as sand 

fulgurites can be extremely silica-rich (90 – 99% SiO2) and both sand and rock fulgurites share at 

least to some degree similarities with parent rock, although chemical changes are a part of fulgurite 

formation (Castro et al., 2020; Switzer and Melson, n.d.). Amorphous structure is in many cases at 

least partially composed of lechatelierite (almost pure SiO2 glass) showing little to no mixing with 

surrounding melt of variable composition, along with different forms of quartz ( quartz outer wall 

x  cristobalite inner wall), suggesting strong temperature gradient (Çalişkanoğlu et al., 2024; 

Essene and Fisher, 1986; Pasek et al., 2012). Overall intense conditions of fulgurite-producing 

lightning form a unique glass with parameters and structures that are rarely found in other glass 

types. 

First of all, fulgurite glass is extremely dry – water content is expected to be within the range 

of first hundreds of a percent, which is two orders of a magnitude lower, than in case of some 

volcanic glasses. This is most likely caused by extreme temperatures and rapid vaporization in 

material surrounding the lightning channel. This water poor nature is compensated by relatively 

fast hydration process forming “hydration ring” (outermost zone with noticeable uptake of meteoric 

water, that progressively thickens with time) and for that reason has fulgurite been considered as a 

tool for dating or exploring paleoclimate for long periods of time (Castro et al., 2020). 

Secondly, lightning creates environment of extreme reduction, creating Fe-Si metallic phases. 

These are present in a form of spherules that have been unmixed from Si-rich melt under 

temperature exceeding 2000K and highly reducing conditions that could be prescribed to the 

presence of organic carbon, pressure shockwave or simply instability of some oxides in high 

temperatures (Essene and Fisher, 1986; Roberts et al., 2019; Sheffer et al., 2006). The true origin 

still remains an unresolved mystery and past research of this topic meets some limitations as 

necessary presence of carbon has been excluded by Jones (Jones et al., 2005) and lack of high-
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pressure quartz phases isn’t in favor of shockwave theory either. Preferred state of iron is discussed 

in more detail in following chapter as its preferred state relates to the magnetic properties of glass. 

3.1.3 State of iron in fulgurites and their magnetic properties 

Due to reducing conditions, iron is often present in metallic state (Fe0) or in a form of Fe-Si 

spherules. That is in contrast with other fused glasses, for example Libyan dessert glass and tektites, 

where iron is more oxidized. This leads to conclusion, that fulgurites are formed under highest 

temperatures (~3500 K) and cooled fast enough to prevent subsequent reoxidation of iron (Essene 

and Fisher, 1986; Stefano et al., 2020; Weeks et al., 1980). Besides metallic spherules, iron is also 

present in crystalline form as Fe-rich detritic/skeletal/cross structures (most likely magnetite), that 

have been noticed by several authors in both natural and artificially produced fulgurites and can be 

explained as devitrification structures preserved by superfast cooling (Çalişkanoğlu et al., 2024; 

Grapes and Müller-Sigmund, 2010).  

Experimental work by Woods (Woods et al., 2023) gave a new insight into iron phase changes 

due to lightning which led to alteration of original magnetic behavior. Melting of impact material 

allowed iron ions in Fe-bearing phases to diffuse into newly formed melt, essentially increasing 

paramagnetic behavior. By melting and rapid cooldown of minerals with abundant ferrimagnetic 

inclusions, increased paramagnetism was often at expense of slight decrease in ferrimagnetism. 

Paramagnetic behavior could be subsequently lowered by nucleation and growth of crystalline 

magnetite structures (detritic/skeletal) during fast devitrification, although the whole idea of 

increased paramagnetism in fulgurites can be challenged, as reducing conditions may preferably 

form metallic iron rather than Fe2+/Fe3+, thus promote stronger net magnetization (Mameli et al., 

2016; Weeks et al., 1980; Woods et al., 2023). 

 

3.2 Tektites 

3.2.1 Formation conditions and structural properties of tektites 

Origin of tektites has been debated for long time but as of now, impact of meteoritic body has 

been explored to be a reasonable origin and is widely accepted by scientific community. High 

velocity impacts of extraterrestrial bodies carry enormous amounts of kinetic energy that is 

predominantly converted to intense heat that melts, fuses and vaporizes (at least partially) target 
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rock basement. Melted material can be ejected from the impact site and travel for hundreds of 

kilometers before deposition in almost purely amorphous phase (Dressler and Reimold, 2001; 

Glass, 1990). 

Studies suggest heating past 2500 K, which leads to complete dissolution of crystal phases 

(without the exception of iron bearing phases) and high pressures that create extremely dry (<0.02 

wt%) fused glass with high silica content (>65% SiO2). Silica-rich high-pressure environment is 

similarly to fulgurite confirmed by presence of lechatelierite (Friedman et al., 1960; Glass, 1990; 

Pasek et al., 2012). Further studies of PT and redox conditions were carried out using coordination 

numbers of Al and Fe and by retrieving ratio between ferric and ferrous iron (Giuli et al., 2002, 

2000). From obtained Fe3+/Fe2+ ratio around 0.02 – 0.12 (Fudali et al., 1987), we deduce that 

tektites are formed in extremely reducing conditions that may also bear upon ejecting material to 

outer space with minimal oxygen and only partial reoxidation in atmosphere after return and impact 

(Wang et al., 2013). Note that ferric to ferrous iron ratio could by a useful tool to resolve volcanic 

and impact origin, or further distance of ejection. 

Glass is often tear-shaped, elongated and deformed by cooling during flight with different color 

shades ranging from green to blueish (typical for Moldavites) caused by ferrous iron or dark brown 

coloring from the presence of submicroscopic iron spherules and/or fine magnetite particles 

(Thorpe and Senftle, 1964). 

3.2.2 Magnetism of tektites 

Magnetic behavior of tektites is characterized by dominantly paramagnetic nature confirmed 

by several authors (Rochette et al., 2015; Sigamony, 1944). Paramagnetism arises purely from iron 

ions incorporated in amorphous structure with major component of Fe2+ and minimal to no 

contribution of Fe3+, which again proves reduction of molten iron in high temperatures (Rochette 

et al., 2019; Rossano et al., 1999; Sigamony, 1944; Woods et al., 2023). 

 High temperature stability of molten iron and silica melt is preserved by presence of iron 

spherules (often metallic) with recorded overgrowing detritic magnetite within Fe-depleted 

vitrified groundmass. This results from exsolution of iron during rapid and oxygen poor quenching 

which forms reported ferromagnetic phase, that can be present but its occurrence isn’t guaranteed 

(Kleinmann, 1969; Rochette et al., 2015; Senftle et al., 1964; Senftle and Thorpe, 1959). Different 

results of magnetic measurement done on tektites of distinct origin, may depend on iron content in 
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parent material but also on the amount of energy released during the event and the extent of mixture 

and contamination from extraterrestrial impact body (Rochette et al., 2015). 

 

4 Discussion 

It is apparent from reviewed literature that the ability of natural glass to carry useful 

paleomagnetic record is highly influenced by cooling rate. Slowly cooled-down glasses (such as 

obsidian) often contain fine grained iron oxides in stable SD range, which makes them reliable 

recorders of TRM. On the other hand, glasses formed by extremely fast quenching, like Pele’s hair 

or tektites, are most likely to carry iron in either amorphous form or as superparamagnetic grains 

that influence their magnetic behavior bur won’t provide stable remanence. We know that even 

rapidly quenched glasses may contain crystalline magnetic phases, which are however result of 

later internal reordering due to long-term instability of glass (devitrification). 

Yet we cannot exclude Pele’s hairs capability of recording magnetic field due to lack of 

measurements as the glass itself was studied by few before but completely lacks any research 

related to its magnetic behavior. Magnetic behavior of amorphous iron in natural glasses and its 

transition into crystalline form are poorly understood and potential of remanence carried by 

products of rapid devitrification remains undiscovered while conditions for its formation are still 

unclear. 

Further research of Pele’s hair and other glasses should besides rather popular susceptibility 

measurements involve domain state identification along with analysis of the type of remanence and 

microscopic observations to directly confirm presence of superparamagnetic particles. Systematic 

measurements should be done on unexplored glasses such as Pele’s hair, tektites and fulgurites to 

clarify state of iron in glass and by comparing different results set range of expected outcomes. 

Future measurements of oxidation state of iron extended by experimental studies on both natural 

and synthetic glasses with emphasis on the effect of cooling rate, water content and oxidation 

conditions on the final form of iron could further widen our knowledge about individual glass 

types. Moreover, intense investigation on their remanence and its long-term stability might put 

some light in the details of processes they go through which could be beneficial for geological and 

geophysical research or be utilized in material science. 
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5 Conclusions 

  In this thesis I provide extensive literature review regarding some natural glasses and their 

magnetic properties. In the first chapter I aimed for quick introduction to magnetic behavior and 

domain theory to help reader develop intuitive apprehension for the mechanisms leading to 

magnetic acquisition and summarize some key aspects, that are curtail for reliable record. Later 

chapters illustrate different conditions and mechanisms that lead to formation of glass, where 

synthesis of research about different geological settings, unique glass evolution and related subjects 

outlines possible outcomes of cooling and connects formation mechanism with inner structure and 

occurrence of iron.  

 Natural glasses are fascinating yet poorly studied subject of geology, that could carry 

valuable information, which are not recorded in crystalline materials. For this reason, I believe that 

further study could benefit not only geology and paleomagnetism, but also fields such as material 

science studying nuclear waste disposal glass and amorphous alloys. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 31 

6 References 

Andronico, D., Cristaldi, A., Del Carlo, P., Taddeucci, J., 2009. Shifting styles of basaltic 
explosive activity during the 2002–03 eruption of Mt. Etna, Italy. J. Volcanol. 
Geotherm. Res. 180, 110–122. https://doi.org/10.1016/j.jvolgeores.2008.07.026 

Aubin, W.L., Gardner, J.E., Watkins, J.M., Lloyd, M.H., 2023. Construction of obsidian during 
explosive-effusive eruptions: insights from microlite crystals in obsidian pyroclasts. 
Front. Earth Sci. 11, 1183923. https://doi.org/10.3389/feart.2023.1183923 

Banfield, J.F., Wasilewski, P.J., Veblen, D.R., 1994. TEM study of relationships between the 
microstructures and magnetic properties of strongly magnetized magnetite and 
maghemite. Am. Mineral. 79, 654–667. 

Bart, J.C.J., Burriesci, N., Cariati, F., Cavallaro, S., Giordano, N., Petrera, M., 1982. Nature 
and distribution of iron in volcanic glasses : Mössbauer and EPR study of Lipari 
pumice. Bull. Minéralogie 105, 43–50. https://doi.org/10.3406/bulmi.1982.7586 

Beard, L.P., Norton, J., Sheehan, J.R., 2009. Lightning-Induced Remanent Magnetic 
Anomalies in Low-Altitude Aeromagnetic Data. J. Environ. Eng. Geophys. 14, 155–
161. https://doi.org/10.2113/JEEG14.4.155 

Berry, A.J., O’Neill, H.St.C., Jayasuriya, K.D., Campbell, S.J., Foran, G.J., 2003. XANES 
calibrations for the oxidation state of iron in a silicate glass. Am. Mineral. 88, 967–
977. https://doi.org/10.2138/am-2003-0704 

Bina, M., Tanguy, J.C., Hoffmann, V., Prévot, M., Listanco, E.L., Keller, R., Fehr, K.Th., 
Goguitchaïchvili, A.T., Punongbayan, R.S., 1999. A detailed magnetic and 
mineralogical study of self-reversed dacitic pumices from the 1991 Pinatubo 
eruption (Philippines). Geophys. J. Int. 138, 159–178. https://doi.org/10.1046/j.1365-
246x.1999.00865.x 

Brasier, M.D., Matthewman, R., McMahon, S., Wacey, D., 2011. Pumice as a Remarkable 
Substrate for the Origin of Life. Astrobiology 11, 725–735. 
https://doi.org/10.1089/ast.2010.0546 

Burriesci, N., Giordano, N., Cariati, F., Petrera, M., Bart, J.C.J., 1983. Characterization of iron 
distribution in various pumice grades and in the derived zeolites. Bull. Minéralogie 
106, 571–584. https://doi.org/10.3406/bulmi.1983.7736 

Butler, R.F., 1992. Paleomagnetism: magnetic domains to geologic terranes. Blackwell 
scientific publ, Boston. 

Cáceres, F., Hess, K.-U., Eitel, M., Döblinger, M., McCartney, K.N., Colombier, M., Gilder, 
S.A., Scheu, B., Kaliwoda, M., Dingwell, D.B., 2024. Oxide nanolitisation-induced 
melt iron extraction causes viscosity jumps and enhanced explosivity in silicic 
magma. Nat. Commun. 15, 604. https://doi.org/10.1038/s41467-024-44850-x 

Çalişkanoğlu, A.Z., Cimarelli, C., Dingwell, D.B., Camara, A.S.B., 2024. Experimental vs. 
natural fulgurite: A comparison and implications for the formation process. Am. 
Mineral. 109, 1682–1690. https://doi.org/10.2138/am-2023-9192 

Cannata, C.B., De Rosa, R., Donato, P., Donato, S., Lanzafame, G., Mancini, L., Houghton, 
B.F., 2019. First 3D imaging characterization of Pele’s hair from Kilauea volcano 
(Hawaii). Sci. Rep. 9, 1711. https://doi.org/10.1038/s41598-018-37983-9 



 32 

Cañón-Tapia, E., Castro, J., 2004. AMS measurements on obsidian from the Inyo Domes, 
CA: a comparison of magnetic and mineral preferred orientation fabrics. J. Volcanol. 
Geotherm. Res. 134, 169–182. https://doi.org/10.1016/j.jvolgeores.2004.01.005 

Castro, J., Manga, M., Cashman, K., 2002. Dynamics of obsidian £ows inferred from 
microstructures: insights from microlite preferred orientations. Earth and Planetary 
Science Letters 2002. 

Castro, J.M., Keller, F., Feisel, Y., Lanari, P., Helo, C., Mueller, S.P., Schipper, C.I., Thomas, 
C., 2020. Lightning-induced weathering of Cascadian volcanic peaks. Earth Planet. 
Sci. Lett. 552, 116595. https://doi.org/10.1016/j.epsl.2020.116595 

Chavez-Rivas, F., Régnard, J.R., Chappert, J., 1980. MÖSSBAUER STUDY OF NATURAL 
GLASSES : LIPARI AND TEOTIHUACAN OBSIDIANS. J. Phys. Colloq. 41, C1-275-C1-
276. https://doi.org/10.1051/jphyscol:1980196 

Cicconi, M.R., Neuville, D.R., 2019. Natural Glasses, in: Musgraves, J.D., Hu, J., Calvez, L. 
(Eds.), Springer Handbook of Glass, Springer Handbooks. Springer International 
Publishing, Cham, pp. 771–812. https://doi.org/10.1007/978-3-319-93728-1_22 

Çifçi, D.İ., Meriç, S., 2016. A review on pumice for water and wastewater treatment. 
Desalination Water Treat. 57, 18131–18143. 
https://doi.org/10.1080/19443994.2015.1124348 

Cisowski, S.M., Fuller, M., 1986. Lunar paleointensities via the IRMs normalization method 
and the early magnetic history of the Moon. Presented at the Origin of the Moon, pp. 
411–424. 

Coey, J.M.D., Khalafalla, D., 1972. Superparamagnetic γ-Fe2O3. Phys. Status Solidi A 11, 
229–241. https://doi.org/10.1002/pssa.2210110125 

Cogliati, S., Sherlock, S., Halton, A., Reid, K., Rymer, H., Kelley, S., 2021. Tracking the 
behaviour of persistently degassing volcanoes using noble gas analysis of Pele’s 
hairs and tears: A case study of the Masaya volcano (Nicaragua). J. Volcanol. 
Geotherm. Res. 414, 107212. https://doi.org/10.1016/j.jvolgeores.2021.107212 

Cottrell, E., Kelley, K.A., 2011. The oxidation state of Fe in MORB glasses and the oxygen 
fugacity of the upper mantle. Earth Planet. Sci. Lett. 305, 270–282. 
https://doi.org/10.1016/j.epsl.2011.03.014 

Di Genova, D., Caracciolo, A., Kolzenburg, S., 2018. Measuring the degree of 
“nanotilization” of volcanic glasses: Understanding syn-eruptive processes recorded 
in melt inclusions. Lithos 318–319, 209–218. 
https://doi.org/10.1016/j.lithos.2018.08.011 

Dressler, B.O., Reimold, W.U., 2001. Terrestrial impact melt rocks and glasses. Earth-Sci. 
Rev. 56, 205–284. https://doi.org/10.1016/S0012-8252(01)00064-2 

Duffield, W.A., Gibson Jr., E.K., Heiken, G.H., 1977. Some Characteristics of Pele’s Hair. Jour 
Res. US Geol Surv. 5, 93–101. 

Dunlop, D.J., Özdemir, Ö., 1997. Rock Magnetism: Fundamentals and Frontiers, 1st ed. 
Cambridge University Press. https://doi.org/10.1017/CBO9780511612794 

Elser, J.J., Bastidas Navarro, M., Corman, J.R., Emick, H., Kellom, M., Laspoumaderes, C., 
Lee, Z.M., Poret-Peterson, A.T., Balseiro, E., Modenutti, B., 2015. Community 
Structure and Biogeochemical Impacts of Microbial Life on Floating Pumice. Appl. 
Environ. Microbiol. 81, 1542–1549. https://doi.org/10.1128/AEM.03160-14 



 33 

Ericson, J.E., Makishima, A., Mackenzie, J.D., Berger, R., 1974. Chemical and physical 
properties of obsidian: a naturally occuring volcanic glass. J. Non-Cryst. Solids 1974. 

Ersoy, B., Sariisik, A., Dikmen, S., Sariisik, G., 2010. Characterization of acidic pumice and 
determination of its electrokinetic properties in water. Powder Technol. 197, 129–
135. https://doi.org/10.1016/j.powtec.2009.09.005 

Essene, E.J., Fisher, D.C., 1986. Lightning Strike Fusion: Extreme Reduction and Metal-
Silicate Liquid Immiscibility. Science 234, 189–193. 
https://doi.org/10.1126/science.234.4773.189 

Evans, M.E., Heller, F., 2003. Environmental magnetism: principles and applications of 
enviromagnetics, International geophysics series. Academic press, San Diego. 

Ferk, A., Leonhardt, R., Hess, K.-U., Dingwell, D.B., 2011. Paleointensities on 8 ka obsidian 
from Mayor Island, New Zealand. Solid Earth 2, 259–270. https://doi.org/10.5194/se-
2-259-2011 

Fisher, R.V., Schmincke, H.-U., 1984. Pyroclastic Rocks. Springer Berlin Heidelberg, Berlin, 
Heidelberg. https://doi.org/10.1007/978-3-642-74864-6 

Frahm, E., 2025. Archaeological obsidian sourcing: Looking from the first 60 years to the 
next. J. Archaeol. Sci. 177, 106200. https://doi.org/10.1016/j.jas.2025.106200 

Frahm, E., Feinberg, J.M., 2013. From flow to quarry: magnetic properties of obsidian and 
changing the scale of archaeological sourcing. J. Archaeol. Sci. 40, 3706–3721. 
https://doi.org/10.1016/j.jas.2013.04.029 

Friedman, I., Smith, R.L., Long, W.D., 1966. Hydration of natural glass and formation of 
perlite. Geol. Soc. Am. Bull. 77, 323. https://doi.org/10.1130/0016-
7606(1966)77[323:HONGAF]2.0.CO;2 

Friedman, I., Thorpe, A., Senftle, F.E., 1960. Comparison of the Chemical Composition and 
Magnetic Properties of Tektites and Glasses Formed by Fusion of Terrestrial Rocks. 
Nature 187, 1089–1092. https://doi.org/10.1038/1871089a0 

Fudali, R.F., Dyar, M.D., Griscom, D.L., Schreiber, H.D., 1987. The oxidation state of iron in 
tektite glass. Geochim. Cosmochim. Acta 51, 2749–2756. 
https://doi.org/10.1016/0016-7037(87)90154-2 

Galoisy, L., Calas, G., 2021. The unique speciation of iron in calc-alkaline obsidians. Chem. 
Geol. 559, 119925. https://doi.org/10.1016/j.chemgeo.2020.119925 

Gardner, J.E., Llewellin, E.W., Watkins, J.M., Befus, K.S., 2017. Formation of obsidian 
pyroclasts by sintering of ash particles in the volcanic conduit. Earth Planet. Sci. 
Lett. 459, 252–263. https://doi.org/10.1016/j.epsl.2016.11.037 

Gimeno, D., 2003. Devitrification of natural rhyolitic obsidian glasses: petrographic and 
microstructural study (SEM+EDS) of recent (Lipari island) and ancient (Sarrabus, SE 
Sardinia) samples. J. Non-Cryst. Solids 323, 84–90. https://doi.org/10.1016/S0022-
3093(03)00294-1 

Giuli, G., Pratesi, G., Cipriani, C., Paris, E., 2002. Iron local structure in tektites and impact 
glasses by extended X-ray absorption fine structure and high-resolution X-ray 
absorption near-edge structure spectroscopy. Geochim. Cosmochim. Acta 66, 
4347–4353. https://doi.org/10.1016/S0016-7037(02)01030-X 

Giuli, G., Pratesi, G., Corazza, M., Cipriani, C., 2000. Aluminium coordination in tektites: A 
XANES study. Am. Mineral. 85, 1172–1174. https://doi.org/10.2138/am-2000-8-908 



 34 

Glass, B.P., 1990. Tektites and microtektites: key facts and inferences. Tectonophysics 171, 
393–404. https://doi.org/10.1016/0040-1951(90)90112-L 

Gonnermann, H.M., Manga, M., 2005. Flow banding in obsidian: A record of evolving 
textural heterogeneity during magma deformation. Earth Planet. Sci. Lett. 236, 135–
147. https://doi.org/10.1016/j.epsl.2005.04.031 

Gottsmann, J., Dingwell, D.B., 2002. The thermal history of a spatter-fed lava flow: the 8-ka 
pantellerite flow of Mayor Island, New Zealand. Bull. Volcanol. 64, 410–422. 
https://doi.org/10.1007/s00445-002-0220-7 

Grapes, R.H., Müller-Sigmund, H., 2010. Lightning-strike fusion of gabbro and formation of 
magnetite-bearing fulgurite, Cornone di Blumone, Adamello, Western Alps, Italy. 
Mineral. Petrol. 99, 67–74. https://doi.org/10.1007/s00710-009-0100-3 

Haag, M., Heller, F., Allenspach, R., Roche, K., 1990. Self-reversal of natural remanent 
magnetization in andesitic pumice. Phys. Earth Planet. Inter. 65, 104–108. 
https://doi.org/10.1016/0031-9201(90)90079-D 

Heide, G., Müller, B., Kloess, G., Moseler, D., Frischat, G.H., 2003. Structural classification 
of natural non-crystalline silicates. J. Non-Cryst. Solids 323, 68–71. 
https://doi.org/10.1016/S0022-3093(03)00286-2 

Heiken, G., 1972. Morphology and Petrography of Volcanic Ashes. Geol. Soc. Am. Bull. 83, 
1961. https://doi.org/10.1130/0016-7606(1972)83[1961:MAPOVA]2.0.CO;2 

Hoffmann, V., Fehr, K.Th., 1996. Micromagnetic, rockmagnetic and mineralogical studies on 
Dacitic Pumice from the Pinatubo Eruption (1991, Phillipines) Showing self‐reversed 
TRM. Geophys. Res. Lett. 23, 2835–2838. https://doi.org/10.1029/96GL01317 

Jones, B.E., Jones, K.S., Rambo, K.J., Rakov, V.A., Jerald, J., Uman, M.A., 2005. Oxide 
reduction during triggered-lightning fulgurite formation. J. Atmospheric Sol.-Terr. 
Phys. 67, 423–428. https://doi.org/10.1016/j.jastp.2004.11.005 

Julien, A.A., 1901. A Study of the Structure of Fulgurites. J. Geol. 9, 673–693. 
https://doi.org/10.1086/620966 

Karrata, L., Perruchotb, A., n.d. Weathering of a Quaternary glass-rich basalt in Bakrit, 
Middle Atlas Mountains, Morocco. Comparison with a glass-poor basalt. 

Katsura, T., 1967. Pele’s hair as a liquid of Hawaiian tholeiitic basalts. Geochem. J. 1, 157–
168. https://doi.org/10.2343/geochemj.1.157 

Kaván, K., Kletetschka, G., Novotný, R., Kavková, R., Meier, V., Druitt, T., Kutterolf, S., 
Nomikou, P, Manga, M., Gertisser, R., Beethe, S., Berthod, C., McIntosh, I., Ronge, T., 
Tominaga, M., Clark, A., DeBari, S., Johnson, R., Mateo, Z., Peccia, A., Jones, C., 
Metcalfe, A., Bernard, A., CHen, H., Chiyonobu, S., Fernandez-Perez, T., Joshi, K.B., 
Koukousioura, O., McCanta, M., Morris, A., Polymenakou, P., Woodhouse, A., 
Yamamoto, Y., Wang, K., Lee, H., Li, X., Papanikolaou, D., Preine, J., Pank, K., 
Hübscher, C., 2024. Level of magnetization of tephra grains in the Mars return 
samples. Presented at the 86th annual meeting of The Meteoritical Society, 
Brussels. 

Kennedy, E., Sari, B., Scott, M.C., 2022. Chemical and Structural Alterations in the 
Amorphous Structure of Obsidian due to Nanolites. Microsc. Microanal. 28, 289–
295. https://doi.org/10.1017/S1431927621013957 



 35 

Kennedy, L.P., 1981. Self-reversed thermoremanent magnetization in a late Brunhes dacite 
pumice. J. Geomagn. Geoelectr. 33, 429–448. https://doi.org/10.5636/jgg.33.429 

Kenneth Pye, 1982. Sem Observations on Some Sand Fulgurites from Northern Australia. 
SEPM J. Sediment. Res. Vol. 52. https://doi.org/10.1306/212F80A8-2B24-11D7-
8648000102C1865D 

Kirkpatrick, R.J., 1983. Theory of nucleationin silicatemelts. 
Kleinmann, B., 1969. Magnetite bearing spherules in tektites. Geochim. Cosmochim. Acta 

33, 1113–1120. https://doi.org/10.1016/0016-7037(69)90067-2 
Kletetschka, G., Bazala, R., 2025. Magnetite particle size and spatial distribution may 

modulate neural oscillation in the human brain. Sci. Rep. 15. 
https://doi.org/10.1038/s41598-025-07988-2 

Kletetschka, G., Kohout, T., Wasilewski, P.J., 2003. Magnetic remanence in the Murchison 
meteorite. Meteorit. Planet. Sci. 38, 399–405. https://doi.org/10.1111/j.1945-
5100.2003.tb00275.x 

Klug, C., Cashman, K., Bacon, C., 2002. Structure and physical characteristics of pumice 
from the climactic eruption of Mount Mazama (Crater Lake), Oregon. Bull. Volcanol. 
64, 486–501. https://doi.org/10.1007/s00445-002-0230-5 

Kobr, M., 1997. Petrofyzika, 1. vyd. ed. Karolinum, Praha. 
Kodama, K.P., 2012. Paleomagnetism of Sedimentary Rocks: Process and Interpretation, 

1st ed. Wiley. https://doi.org/10.1002/9781118384138 
Kovács Kis, V., Dódony, I., Lábár, J.L., 2006. Amorphous and partly ordered structures in 

SiO2 rich volcanic glasses. An ED study. Eur. J. Mineral. 18, 745–752. 
https://doi.org/10.1127/0935-1221/2006/0018-0745 

Kuroda, M., Tachibana, S., Sakamoto, N., Okumura, S., Nakamura, M., Yurimoto, H., 2018. 
Water diffusion in silica glass through pathways formed by hydroxyls. Am. Mineral. 
103, 412–417. https://doi.org/10.2138/am-2018-6208 

Lanza, R., Meloni, A., 2006. The earth’s magnetism: an introduction for geologists. Springer, 
Berlin ; New York. 

Liritzis, I., Laskaris, N., 2011. Fifty years of obsidian hydration dating in archaeology. J. Non-
Cryst. Solids 357, 2011–2023. https://doi.org/10.1016/j.jnoncrysol.2011.02.048 

Lowrie, W., 2007. Fundamentals of Geophysics, 2nd ed. Cambridge University Press. 
https://doi.org/10.1017/CBO9780511807107 

Mader, H.M., Llewellin, E.W., Mueller, S.P., 2013. The rheology of two-phase magmas: A 
review and analysis. J. Volcanol. Geotherm. Res. 257, 135–158. 
https://doi.org/10.1016/j.jvolgeores.2013.02.014 

Mameli, V., Musinu, A., Niznansky, D., Peddis, D., Ennas, G., Ardu, A., Lugliè, C., Cannas, C., 
2016. Much More Than a Glass: The Complex Magnetic and Microstructural 
Properties of Obsidian. J. Phys. Chem. C 120, 27635–27645. 
https://doi.org/10.1021/acs.jpcc.6b08387 

Manga, M., Voltolini, M., Wenk, H.-R., 2018. Microlite orientation in obsidian flow measured 
by synchrotron X-ray diffraction. Contrib. Mineral. Petrol. 173, 58. 
https://doi.org/10.1007/s00410-018-1479-9 



 36 

Manylov, M.S., Gutnikov, S.I., Pokholok, K.V., Lazoryak, B.I., Lipatov, Y.V., 2013. 
Crystallization mechanism of basalt glass fibers in air. Mendeleev Commun. 23, 
361–363. https://doi.org/10.1016/j.mencom.2013.11.021 

Mather, T.A., Harrison, R.G., 2006. Electrification of volcanic plumes. Surv. Geophys. 27, 
387–432. https://doi.org/10.1007/s10712-006-9007-2 

McDonald, R., Smith, R.L., Thomas, J.E., 1992. Chemistry of Subalcalic Silicic Obsidians, 
U.S. Geological Survey Professional Paper 1523. 

Moune, S., Faure, F., Gauthier, P.-J., Sims, K.W.W., 2007. Pele’s hairs and tears: Natural 
probe of volcanic plume. J. Volcanol. Geotherm. Res. 164, 244–253. 
https://doi.org/10.1016/j.jvolgeores.2007.05.007 

Mysen, B., Richet, P., 2019. Properties of Aluminosilicate Systems, in: Silicate Glasses and 
Melts. Elsevier, pp. 263–300. https://doi.org/10.1016/B978-0-444-63708-6.00008-9 

Nagata, T., 1952. Reverse Thermo-Remanent Magnetism. Nature 169, 704–705. 
https://doi.org/10.1038/169704a0 

Pasek, M.A., Block, K., Pasek, V., 2012. Fulgurite morphology: a classification scheme and 
clues to formation. Contrib. Mineral. Petrol. 164, 477–492. 
https://doi.org/10.1007/s00410-012-0753-5 

Paulick, H., Franz, G., 1997. The color of pumice: case study on a trachytic fall deposit, 
Meidob volcanic field, Sudan. Bull. Volcanol. 59, 171–185. 
https://doi.org/10.1007/s004450050184 

Pick, T., Tauxe, L., 1993. Holocene paleointensities: Thellier Experiments on submarine 
basaltic glass from the East Pacific Rise. J. Geophys. Res. Solid Earth 98, 17949–
17964. https://doi.org/10.1029/93JB01160 

Polacci, M., Papale, P., Rosi, M., 2001. Textural heterogeneities in pumices from the 
climactic eruption of Mount Pinatubo, 15 June 1991, and implications for magma 
ascent dynamics. Bull. Volcanol. 63, 83–97. https://doi.org/10.1007/s004450000123 

Porritt, L.A., Russell, J.K., Quane, S.L., 2012. Pele’s tears and spheres: Examples from 
Kilauea Iki. Earth Planet. Sci. Lett. 333–334, 171–180. 
https://doi.org/10.1016/j.epsl.2012.03.031 

Prause, S., Weisenberger, T.B., Kleine, B.I., Monien, P., Rispoli, C., Stefánsson, A., 2022. 
Alteration of basaltic glass within the Surtsey hydrothermal system, Iceland – 
Implication to oceanic crust seawater interaction. J. Volcanol. Geotherm. Res. 429, 
107581. https://doi.org/10.1016/j.jvolgeores.2022.107581 

Rani, N., Shrivastava, J.P., Bajpai, R.K., 2013. Obsidian: Alteration Studypunder 
Hydrothermal-Like Conditions for its Assessment as a Nuclear Waste Glass. 
Procedia Earth Planet. Sci. 7, 725–728. https://doi.org/10.1016/j.proeps.2013.03.024 

Rani, N., Shrivastava, J.P., Bajpai, R.K., 2010. Corrosion Mechanism in the Obsidian and its 
Comparison with the Nuclear Waste Glass for Long-Term Performance Assessment 
in the Geological Repository~!2009-08-04~!2009-10-08~!2010-03-16~! Open Corros. 
J. 3, 16–27. https://doi.org/10.2174/1876503301003010016 

Redick, N.R., 2023. Review of Pumice Raft Formation Environments, Saturation, and 
Dispersal Mechanisms. McGill Sci. Undergrad. Res. J. 18, B19–B25. 
https://doi.org/10.26443/msurj.v18i1.187 



 37 

Régnard, J.-R., Chavez-Rivas, F., Chappert, J., 1981. Study of the oxidation states and 
magnetic properties of iron in volcanic glasses : Lipari and Teotihuacan obsidians. 
Bull. Minéralogie 104, 204–210. https://doi.org/10.3406/bulmi.1981.7457 

Reichel, V., Kovács, A., Kumari, M., Bereczk-Tompa, É., Schneck, E., Diehle, P., Pósfai, M., 
Hirt, A.M., Duchamp, M., Dunin-Borkowski, R.E., Faivre, D., 2017. Single crystalline 
superstructured stable single domain magnetite nanoparticles. Sci. Rep. 7, 45484. 
https://doi.org/10.1038/srep45484 

Roberts, S.E., Sheffer, A.A., McCanta, M.C., Dyar, M.D., Sklute, E.C., 2019. Oxidation state 
of iron in fulgurites and Trinitite: Implications for redox changes during abrupt high-
temperature and pressure events. Geochim. Cosmochim. Acta 266, 332–350. 
https://doi.org/10.1016/j.gca.2019.08.021 

Rochette, P., Bezaeva, N.S., Kosterov, A., Gattacceca, J., Masaitis, V.L., Badyukov, D.D., 
Giuli, G., Lepore, G.O., Beck, P., 2019. Magnetic Properties and Redox State of 
Impact Glasses: A Review and New Case Studies from Siberia. Geosciences 9, 225. 
https://doi.org/10.3390/geosciences9050225 

Rochette, P., Gattacceca, J., Devouard, B., Moustard, F., Bezaeva, N.S., Cournède, C., 
Scaillet, B., 2015. Magnetic properties of tektites and other related impact glasses. 
Earth Planet. Sci. Lett. 432, 381–390. https://doi.org/10.1016/j.epsl.2015.10.030 

Rossano, S., Balan, E., Morin, G., Bauer, J.-P., Calas, G., Brouder, C., 1999. 57 Fe Mössbauer 
spectroscopy of tektites. Phys. Chem. Miner. 26, 530–538. 
https://doi.org/10.1007/s002690050216 

Scarani, A., Vona, A., Di Genova, D., Al-Mukadam, R., Romano, C., Deubener, J., 2022. 
Determination of cooling rates of glasses over four orders of magnitude. Contrib. 
Mineral. Petrol. 177, 35. https://doi.org/10.1007/s00410-022-01899-5 

Schlinger, Charles M, Smith, R.M., 1986. Superparamagnetism in volcanic glasses of the 
KBS Tuff: Transmission electron microscopy and magnetic behavior. Geophys. Res. 
Lett. 13, 729–732. https://doi.org/10.1029/GL013i008p00729 

Schlinger, Charles M., Smith, R.M., 1986. Superparamagnetism in volcanic glasses of the 
KBS Tuff: Transmission electron microscopy and magnetic behavior. Geophys. Res. 
Lett. 13, 729–732. https://doi.org/10.1029/GL013i008p00729 

Schmidbauer, E., Mosheim, E., Semioschkina, N., 1986. Magnetization and 57Fe 
Miissbauer Study of Obsidians. 

Senftle, F.E., Thorpe, A., 1959. Magnetic susceptibility of tektites and some other glasses. 
Geochim. Cosmochim. Acta 17, 234–247. https://doi.org/10.1016/0016-
7037(59)90098-5 

Senftle, F.E., Thorpe, A.N., Lewis, R.R., 1964. Magnetic properties of nickel-iron spherules in 
tektites from Isabela, Philippine Islands. J. Geophys. Res. 69, 317–324. 
https://doi.org/10.1029/JZ069i002p00317 

Sheffer, A.A., Dyar, M.D., Sklute, E.C., 2006. Lightning Strike Glasses as an Analog for 
Impact Glasses: 57Fe Mössbauer Spectroscopy of Fulgurites. Presented at the 37th 
Annual Lunar and Planetary Science Conference, p. 2009. 

Shimozuru, D., 1994. Physical parameters governing the formation of Pele’s hair and tears. 
Bull. Volcanol. 56, 217–219. https://doi.org/10.1007/bf00279606 



 38 

Sigamony, A., 1944. The magnetic behaviour of a tektite. Proc. Indian Acad. Sci. - Sect. A 20, 
15–17. https://doi.org/10.1007/BF03048955 

Smirnov, A.V., Tarduno, J.A., 2003. Magnetic hysteresis monitoring of Cretaceous submarine 
basaltic glass during Thellier paleointensity experiments: evidence for alteration and 
attendant low field bias. Earth Planet. Sci. Lett. 206, 571–585. 
https://doi.org/10.1016/S0012-821X(02)01123-8 

Stefano, C.J., Hackney, S.A., Kampf, A.R., 2020. The occurrence of iron silicides in a 
fulgurite: Implications for fulgurite genesis. Can. Mineral. 58, 115–123. 
https://doi.org/10.3749/canmin.1900019 

Stevenson, C.M., Rogers, A.K., Novak, S.W., Ambrose, W., Ladefoged, T.N., 2021. A 
molecular model for obsidian hydration dating. J. Archaeol. Sci. Rep. 36, 102824. 
https://doi.org/10.1016/j.jasrep.2021.102824 

Switzer, G., Melson, W.G., n.d. ROCK FULGURITE GLASS. 
Tait, S., Thomas, R., Gardner, J., Jaupart, C., 1998. Constraints on cooling rates and 

permeabilities of pumice in an explosive eruption jet from colour and magnetic 
mineralogy. J. Volcanol. Geotherm. Res. 86, 79–91. https://doi.org/10.1016/S0377-
0273(98)00075-4 

Takeuchi, S., Ishige, K., Uesawa, S., Suwa, Y., 2024. Unsinkable, long-drifting, millimeter-
sized pumice of the 2021 eruption of Fukutoku-Oka-no-Ba submarine volcano. Prog. 
Earth Planet. Sci. 11, 47. https://doi.org/10.1186/s40645-024-00652-9 

Tangeman, J.A., Lange, R.A., 1998. The effect of Al 3+ , Fe 3+ , and Ti 4+ on the 
configurational heat capacities of sodium silicate liquids. Phys. Chem. Miner. 26, 
83–99. https://doi.org/10.1007/s002690050164 

Thomas, N., Jaupart, C., Vergniolle, S., 1994. On the vesicularity of pumice. J. Geophys. Res. 
Solid Earth 99, 15633–15644. https://doi.org/10.1029/94JB00650 

Thorpe, A.N., Senftle, F.E., 1964. Submicroscopic spherules and color of tektites. Geochim. 
Cosmochim. Acta 28, 981–994. https://doi.org/10.1016/0016-7037(64)90045-6 

Tuffen, H., Flude, S., Berlo, K., Wadsworth, F., Castro, J., 2021. Obsidian, in: Encyclopedia of 
Geology. Elsevier, pp. 196–208. https://doi.org/10.1016/B978-0-12-409548-9.12527-
8 

Vlastélic, I., Staudacher, T., Semet, M., 2005. Rapid Change of Lava Composition from 1998 
to 2002 at Piton de la Fournaise (Réunion) Inferred from Pb Isotopes and Trace 
Elements: Evidence for Variable Crustal Contamination. J. Petrol. 46, 79–107. 
https://doi.org/10.1093/petrology/egh062 

Wagstaff, F.E., Richards, K.J., 1966. Kinetics of Crystallization of Stoichiometric SiO2 Glass 
in H2O Atmospheres. J. Am. Ceram. Soc. 49, 118–121. 
https://doi.org/10.1111/j.1151-2916.1966.tb15387.x 

Wang, L., Yoshiasa, A., Okube, M., Hiratoko, T., Hu, Y., Arima, H., Sugiyama, K., 2013. Local 
structure of iron in tektites and natural glass: An insight through X-ray absorption fine 
structure spectroscopy. J. Mineral. Petrol. Sci. 108, 288–294. 
https://doi.org/10.2465/jmps.130212 

Weeks, R.A., Nasrallah, M., Arafa, S., Bishay, A., 1980. Studies of fusion processes of 
natural glasses by electron magnetic resonance spectroscopy. J. Non-Cryst. Solids 
38–39, 129–134. https://doi.org/10.1016/0022-3093(80)90406-8 



 39 

Westervelt, W.D., 1926. Hawaiian historical legends. Fleming H. Revell Co, New York, New 
York. 

Whitham, A.G., Sparks, R.S.J., 1986. Pumice. Bull. Volcanol. 48, 209–223. 
https://doi.org/10.1007/BF01087675 

Woods, T.W., Feinberg, J.M., Genareau, K., Park, C., Won, H., Hong, Y. ‐K., 2023. Magnetic 
Properties of Lightning‐Induced Glass Produced From Five Mineral Phases. J. 
Geophys. Res. Solid Earth 128, e2023JB026561. 
https://doi.org/10.1029/2023JB026561 

Wright, A.C., Desa, J.A.E., Weeks, R.A., Sinclair, R.N., Bailey, D.K., 1984. Neutron diffraction 
studies of natural glasses. J. Non-Cryst. Solids 67, 35–44. 
https://doi.org/10.1016/0022-3093(84)90139-X 

Xing, D., Chang, C., Xi, X.-Y., Hao, B., Zheng, Q., Gutnikov, S.I., Lazoryak, B.I., Ma, P.-C., 
2022. Morphologies and mechanical properties of basalt fibre processed at elevated 
temperature. J. Non-Cryst. Solids 582, 121439. 
https://doi.org/10.1016/j.jnoncrysol.2022.121439 

Zanella, E., Ferrara, E., Bagnasco, L., Ollà, A., Lanza, R., Beatrice, C., 2012. Magnetite grain-
size analysis and sourcing of Mediterranean obsidians. J. Archaeol. Sci. 39, 1493–
1498. https://doi.org/10.1016/j.jas.2011.12.030 

 
 
 


