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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 bakalatfska prace ma za cil poskytnout uceleny pohled na néktera ptirodni skla a shrnout jejich
magnetické vlastnosti. Pfi zkoumani magnetismu skel se pokusim najit souvislosti mezi historii
vzniku pfirodniho skla a preferovanou formou Zeleza a upozornit na ptipadnou moznost uchovani
stabilniho paleomagnetického zdznamu. Proto vypracuji piehled o jejich piivodu, mechanismech
vzniku, chemickém slozeni a moznych zménach a na zaklad¢ syntézy dostupnych vyzkumii shrnu
primarni formy Zeleza v daném skle, jeho magnetické vlastnosti a navrhnu sméry pro budouci

vyzkum.
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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.



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 (M;) and remanent magnetization (M;) 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 (k) 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 SI units) and acquire weak induced



magnetization (M) 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 Ozdemir, 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 (T¢),
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 (M), 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.



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



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 T¢), 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 Ozdemir, 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).



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 Ozdemir, 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 Ozdemir, 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



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 Ozdemir,

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 Ozdemir, 1997, p. 288).



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
km?. 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 (10* K/min) and massive
volcanic glasses (10 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).



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 (Céceres 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; Kovacs 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 um/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 (Wagstaft and Richards, 1966) which can be crucial for its attainability as

nuclear waste disposal glass.

Silicate Glass
(obsidian)

H20

\
Sl\ 0 -

120 OH !

_________ lS./
\Si/OH S./O ||
y 1

Figure 2: Model for water diffusion in obsidian (taken from Stevenson et al., 2021, after Kuroda
etal., 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 Fe?" and Fe*" 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 Fe** and Fe** ions to group into small FesO4 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 (Cafion-

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, (Duftield et al.,
1977)). Such small volumes undergo extremely fast cooling (10> — 10* 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 H>O and CO». 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 Peles 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
etal., 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 10> — 10* 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 SiO,. 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 (Cif¢i and Merig, 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 SiO» regions with cristobalite/tridymite-type structures, which differ from quartz-
type ordered tetrahedra typical for obsidian glass (Kovacs 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; Kovécs 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 Fe** 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 Tt
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; Kavan 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 PiF 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 15954 1H 7-8 cm with progressive

demagnetizing — uppermost four lines (green, blue, dark grey and orange) showing anomalously
high efficiencies/REM values
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Figure 5: measured efficiencies of pumice clasts from sample 15954 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 SiO> 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 Miiller-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 (Caliskanoglu 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 um), 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 SiO; glass) showing little to no mixing with
surrounding melt of variable composition, along with different forms of quartz (o quartz outer wall
x B cristobalite inner wall), suggesting strong temperature gradient (Caliskanoglu 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 (Fe®) 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 (Caliskanoglu et al., 2024;

Grapes and Miiller-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 Fe?'/Fe*’, 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% Si0O3). 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 Fe**/Fe?* 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 Fe?* and minimal to no
contribution of Fe*", 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.
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