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Preface

This Ph.D. thesis investigates the formation and evolution of the Solar System’s

earliest building blocks. Chondrites are recognised as archives of protoplanetary

disk processes, extending the geosciences’ conventional disciplinary boundaries to

link astrophysics and cosmochemistry. Despite decades of study, the formation of

chondrites components—particularly chondrules and refractory inclusions—remains

unresolved. This work addresses open questions regarding carbonaceous chondrites

and the record of protoplanetary disk processes. The thesis is structured around

distinct research efforts, which integrate analyses of natural samples with experimental

petrology and laboratory activities. Chapter 1 provides a comprehensive overview of

chondrites and their components, establishing the fundamental petrological context

for the research. In Chapter 2, I propose a review of the classical rock cycle,

extending this concept to a cosmic scale. Chapter 3 presents the analysis of natural

meteorite samples. The principal investigations detailed in this chapter include the

classification of a new carbonaceous chondrite (NWA 16768), the study of Wark-

Lovering (WL) rims on two exceptionally well-preserved Calcium-Aluminum-rich

Inclusions and the characterization of melt inclusions in chondrules. Finally, Chapter

4 presents a diverse set of experimental investigations and their implications for

planetary science. The principal studies detailed in this chapter include an evaluation

of the prebiotic potential of carbonaceous chondrites, the design and preliminary

testing of the VF-Smelt (Vacuum Furnace for Space Melts) experimental apparatus

and a Brillouin spectroscopy study on natural and complex volcanic glasses to

determine the role of divalent cations.
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•

“Rocks are records of events that took place at the time they

formed. They are books. They have a different vocabulary, a

different alphabet, but you learn how to read them.”

— John McPhee, Annals of the Former World, 2000

·

“The carbonaceous chondrites have been around for more than 4

billion years; I suspect they will remain enigmatic, at least in part,

for a few more years.”

— Edwin Roedder, Fluid inclusions, 1981

·

“Geology is the study of planets, asteroids, comets, stardust, giant

molecular clouds, stars and supernovae. Geology is the study of

anything with rocks in the Universe.”

— Matthew Genge, London Lecture - Geology in Space:

Meteorites and Cosmic Dust, 2014

•
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Chapter 1

Introduction

Chondrites represent the oldest known rocks and the most pristine evidence of

the formation of the Solar System. They are sedimentary rocks, composed of a

heterogeneous mixture of components that formed while free-floating in the solar

nebula and accreted during the first million years of the protoplanetary disk’s

evolution [1]. Their bulk chemical composition closely matches that of the solar

photosphere, indicating that they preserve the primitive composition of the solar

nebula. Having escaped large-scale melting and differentiation, chondrites retain

their primary mineralogical, chemical, and isotopic signatures, recording processes

that occurred 4.56 billion years ago.

Petrology allows us to reconstruct the processes that led to the formation of rocks.

However, to correctly interpret these processes, it is also essential to understand their

broader geological context. Unfortunately, this is not possible for the components

of chondrites, as their original environment is no longer accessible. Theoretical

and numerical models, as well as simulations of protoplanetary disc evolution, have

advanced significantly, thanks to increasing computational power. But only in the

past decade, next-generation instruments have made it possible to obtain high-

resolution observations of the gas and dust structures surrounding young stars.
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CHAPTER 1

Instruments such as the Very Large Telescope of the European Southern Observatory

and the Atacama Large Millimeter/submillimeter Array, both located in the Atacama

Desert of Chile, allow observations at visible, infrared, and millimeter wavelengths,

revealing the thermal emission from dust grains in protoplanetary disks and, in some

cases, even planets in formation (Fig. 1.1). These spectral observations have led to

significant advances in numerical models and simulations; however, they still remain

limited by their relatively coarse resolution.

Figure 1.1: Telescope observations of protoplanetary disk formation and evolution. (a)
Hubble Space Telescope survey of 30 protoplanetary disks in the Orion Nebula; credit:
NASA/ESA and L. Ricci (ESO). (b) High-resolution ALMA observations from the Disk
Substructures at High Angular Resolution Project revealing detailed annular gaps, dust
rings, and spiral structures in protoplanetary disks, indicative of ongoing planet formation;
credit: ALMA (ESO/NAOJ/NRAO), S. Andrews et al.; NRAO/AUI/NSF, S. Dagnello.
(c) The PDS 70 system: left panel shows an overview of the disk, while on the right a
detail panel reveals the in-situ formation of a Jupiter-mass protoplanet PDS 70c within
the disk gap; credit: ALMA (ESO/NAOJ/NRAO)/Benisty et al.

By applying the principle of actualism, formulated by James Hutton and Charles

Lyell, we can regard these systems as modern analogues of the protoplanetary

disk from which the components of chondrites in our early Solar System formed.

Astrophysics constrains meteoritics as much as meteoritics constrain astrophysics
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CHAPTER 1

[2]. In this context, chondrite components serve as in situ probes, providing direct

access to the physicochemical conditions within protoplanetary disks at microscopic

scales that will always remain beyond the reach of any telescope.

Among chondrite components, refractory inclusions are the first solids (exclud-

ing ices) to condense out of a gas of solar composition, as predicted by thermodynamic

models [3, 4]. They are primarily divided into two main types: Calcium-Aluminum-

rich Inclusions (CAIs) and Amoeboid Olivine Aggregates (AOAs). CAIs are composed

of high-temperature Ca–Al–Ti minerals, stable above 1127 °C (1400 K), such as

corundum (Al2O3), hibonite (CaAl12O19), grossite (CaAl4O7), perovskite (CaTiO3),

spinel (MgAl2O4), melilite (a solid solution of gehlenite, Ca2Al2SiO7, and åkermanite,

Ca2MgSi2O7), Al-diopside (Ca(Mg,Al)(Si,Al)2O6), and anorthite (CaAl2Si2O8). CAIs

are considered the starting point of the Solar System’s birth and have been dated

to have formed around 4567.3 ± 0.2 Ma [5]. AOAs, in contrast, are aggregates

dominated by forsteritic olivine with embedded refractory minerals similar to those

found in CAIs, but they are generally less refractory and formed at slightly lower

temperatures. The textures of CAIs are divided into two broad groups: fine-grained

and coarse-grained inclusions [6]. Fluffy-shaped, fine-grained CAIs are widely con-

sidered to be direct condensates from the solar nebula. In contrast, CAIs that are

coarse-grained with spheroidal shapes and igneous textures probably formed from

fine-grained inclusions through melting and crystallization. As a consequence, CAIs

provide direct evidence for high-temperature events, including evaporation, conden-

sation, and melting that occurred in the early solar system. An exemplary structure

of this are Wark-Lovering (WL) rims: thin, multi-layered mineral sequences that

testify to a complex, multi-stage formation history involving repetitive flash-heating,

evaporation, melting, and condensation events [7]. These structures provide a unique

record of the high-temperature and dynamic conditions present in the early solar

13



CHAPTER 1

nebula, offering clues about the formation and evolution of the first solids in the

solar system. Multiple models have been proposed for WL rim formation, but several

aspects have not yet been resolved. Among all chondrites, as shown in Table 1.1, pris-

tine Vigarano-type carbonaceous chondrites (CV3) exhibit the highest abundance of

CAIs (∼3 area% [8]) and contain some of the largest CAIs, reaching centimetre-scale

diameters. Consequently, CAIs in CV3 chondrites are the most extensively studied

[9, 10]. However, due to the scarcity of this group, which represents only ∼1% of all

known meteorite finds, classifying new CV specimens is required.

Table 1.1: Calcium-aluminum-rich inclusion (CAI) abundances in various chondrites groups.

Carbonaceous chondrites

CI CM CO CV CK CR CH CBa CBb

CAIs (area%) <0.01 1.21 0.99 2.98 0.2 0.12 0.1 <0.1 0.1

Ordinary chondrites Enstatite chondrites Others

H L LL EH EL R K

CAIs (area%) 0.01–0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Modal abundances of calcium-aluminium-rich inclusions (CAIs), determined by Hezel et al.
2008 and expressed as area percent. Reported values represent the observed range or
upper limits, as indicated. CV chondrites are highlighted in bold, reflecting their
characteristically high refractory inclusion content and status as the carbonaceous
chondrite group with the highest CAI abundance.

Chondrules are signature objects of chondrites. They were first identified in

1802 by Edward Howard as ”rounded globules”, but they were not the subject of

detailed scientific study. Only in 1863 did Henry Sorby provide detailed microscopic

descriptions that led him to famously describe them as ’drops of fiery rain’ [11].

Today, chondrules are described as sub-millimetre mafic silicate (± metal and sulfide)

spherules, formed from molten or partially molten free-floating droplets between 0

and 4 million years after CAIs. By the late 20th and early 21st centuries, consensus
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CHAPTER 1

shifted toward chondrule formation by transient brief high-temperature events such

as shock waves, bow shocks, or impacts that melted fine-dust aggregates in the

protoplanetary disk. The textural variety of chondrules arises from differences in

their initial composition and thermal history, as illustrated in Fig. ??. The main

textural classifications are broadly subdivided into porphyritic and non-porphyritic

textures. Among porphyritic textures, there are porphyritic olivine chondrules (PO),

porphyritic pyroxene chondrules (PP), and the more common porphyritic olivine-

pyroxene chondrules (POP). Non-porphyritic chondrules have textures in which

olivine and pyroxene grains are elongate, a sign of rapid crystal growth. An iconic

and common texture is the barred olivine chondrule (BO), which shows subparallel

plates of olivine with a common optical crystal orientation. Among the less common

textures are glassy chondrules (GC), cryptocrystalline chondrules (CC), and radial

pyroxene chondrules (RP).

Figure 1.2: Optical micrographs in cross-polarized light showing characteristic chondrule
textures from meteoritic samples. (a-c) Barred olivine (BO) chondrules displaying varia-
tions in bar morphology and crystallographic properties. (d-e) Porphyritic olivine-pyroxene
(POP) chondrules exhibiting characteristic crystal frameworks. (f) Fragment of a radial
pyroxene (RP) chondrule showing distinctive spherulitic texture.
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The dating of chondrules and the presence of multiple generations of recycled

chondrules suggest that chondrule formation was a more prolonged process rather

than a single event. Among the various proposed mechanisms are: nebular lightning,

X-wind, planetesimal collisions, and nebular shock waves. The debate is ongoing, but

there is a consensus that the thermal histories of chondrules—such as the heating rate

of the precursor material, the peak temperatures reached, the duration of heating,

and the cooling rate—can constrain or test these models and must, therefore, be

decoded from chondrule chemistry and textures.

Carbonaceous chondrites are also an important topic in astrobiology, as they

contain prebiotic organic compounds and hydrated minerals. Thus, these

meteorites represent a potential environment for the formation and evolution of

the building blocks of life. Experiments that simulate the aqueous alteration of

meteoritic minerals and organic matter can therefore shed light on the processes that

govern the formation and evolution of prebiotic compound in the cosmos.

1.1 Aims of the Project

This thesis is built on the premise that the protoplanetary disk was a definable

geological environment whose processes are recorded in the rocks we can hold in our

hands. Here, petrology is the discipline capable of deciphering the history of rocks

(as illustrated conceptually in Fig. ??). Significant gaps remain in our understanding

of meteoritic components, necessitating further investigation, data acquisition, and

interpretation. This thesis aims to build a bridge between astrophysical observations

of protoplanetary disks, by extending the classical rock cycle to a cosmic scale as a

new conceptual framework, improve the record of CV3 chondrite classification and

identification, analyze the microscopic petrological record preserved in chondritic
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meteorites to constrain the physical and chemical conditions within the early Solar

System’s protoplanetary disk, focusing on Calcium-Aluminum-rich Inclusions (CAIs)

and chondrules and develop experiments to investigate the origin of life processes

that may have occurred within chondrite parent bodies, the origin of chondrules with

a novel furnace and the application of a new Brillouin spectroscopy technique that

could be useful for space mission. The work presented here is a compilation of the

information I have gathered and the research questions I have posed, which I believe

deserve future exploration concerning the puzzle of these fascinating rocks.

Figure 1.3: The chondrite meteorite is conceptualized as a physical recording medium
(analogous to a vinyl disc) of protoplanetary disk processes. In this analogy, petrology acts
as the analytical stylus required to resolve and interpret the microscopic record grooves.
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Chapter 2

Extending the Rock Cycle to a

Cosmic Scale

Published in 2025 in Geosciences by Andrea Vitrano, Nicola Mari, Daniele

Musumeci, Luigi Ingaliso and Francesco Vetere.

Figure 2.1: Visual abstract.

19



CHAPTER 2

Abstract

The rock cycle, a cornerstone of geosciences, describes rock formation and trans-

formation on Earth. However, this Earth-centric view overlooks the broader history of

rock evolution across the cosmos, with two fundamental limitations: (i) Earth-centric

paradigms that ignore extraterrestrial lithogenesis, excluding cosmically significant

rocks and processes, and (ii) disciplinary fragmentation between geological and

astrophysical sciences, from the micro- to the macroscale. This review proposes an

extension of the rock cycle concept to a cosmic scale, exploring the origin of rocks and

their evolution from interstellar space, through the aggregation of solid materials in

protoplanetary disks, and their subsequent evolution on planetary bodies. Through

systematic analysis of igneous, metamorphic, and sedimentary processes occurring

beyond Earth, we identify four major domains in which distinct dynamics govern the

rock cycle, each reworking rocks with domain specific characteristics: (1) stellar and

nebular dynamics, (2) protoplanetary disk dynamics, (3) asteroidal dynamics, and

(4) planetary dynamics. Here we propose the cosmic rock cycle as a new epistemic

tool that could transform interdisciplinary research and geoscience education. This

perspective reveals Earth’s rock cycle as a rare and invaluable subset of rock genesis

in the cosmos.

Keywords: Rock cycle; planetary geology; teaching geosciences; philosophy of

geology.

2.1 Introduction

The rock cycle is a cornerstone of geological science; however, surprisingly, no formal

definition has been established. Early ideas from Leonardo da Vinci (1452–1519) and

Steno (1638–1686), later improved by Hutton (1726–1797) and Lyell (1797–1875),

have described how the interactions between the atmosphere, hydrosphere, biosphere,
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and geological processes shape and transform rocks on Earth [1–3]. This concept

experienced a perspective shift with the formulation of plate tectonics, evolving

from a fixist view to a mobilist model [4–6]. To introduce the concept of the rock

cycle at a cosmic scale, one must first extend the definition of rocks. The widely

accepted definition of “rocks” as “solid, naturally occurring aggregates of minerals” is

pragmatically useful but suffers from both scientific and conceptual limitations. For

example, referring to rock as only an aggregate of minerals fails to account for rocks

composed substantially of glass or mineraloids. Providing a formal definition of rock

is beyond the scope of this paper. We consider it more philosophically productive

to engage with the concept of rock, rather than to pursue a universal, possibly

unattainable, definition.

The informal idea of “rocks” often excludes other crystalline aggregates, such as

water ice or even CO2 and CH4 ices, nitrogen ices, and even mixtures of different ices

or mixed ices with rocky materials, despite their clear lithological significance in the

outer Solar System and beyond. Another clear and illustrative example of a persistent

misconception about the definition of rocks is the conventional distinction between

“stony” and “iron” meteorites—as if iron meteorites were somehow not considered

“rocks”. In reality, iron meteorites are composed of minerals such as taenite and

kamacite and should therefore be regarded as true rocks. Of course, geoscientists

recognize that ices and metals meet petrological criteria, yet a terrestrial-centric

perspective often implicitly excludes these lithologies from the concept of “rock”.

Planetary geoscientists need to think more broadly about their concept of rocks

to include naturally occurring metals and ices, as they represent lithologies no less

significant than commonly intended rocks and are widespread throughout the Solar

System and beyond.

The rock cycle, as traditionally defined, describes Earth’s system of interacting

endogenic and exogenic processes that continuously reshape rocks. Endogenic
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processes are driven by internal heat—primarily from radioactive decay—which

leads to the melting of rocks into magma, later crystallizing into igneous rocks.

Mantle convection and tectonics drive rocks through different temperature and

pressure conditions, causing metamorphism, metasomatism, or re-melting. Exogenic

processes modify rocks through complex interactions between the lithosphere

and atmosphere, hydrosphere, cryosphere, and biosphere—mainly powered by solar

radiation and gravity. Although they involve only the Earth’s crust, which represents

a smaller volume than planet Earth, these processes produce a wide variety of

rocks and involve numerous interconnected processes depending on the climate,

the duration of the action of the exogenous agents, and the chemical/petrological

characteristics of the rock. These dynamics operate via two fundamental mechanisms:

weathering and erosion.

Weathering is the in situ physical and chemical breakdown of rocks and minerals

at or near Earth’s surface, occurring without material transport. It includes physical

weathering and chemical weathering. Physical weathering involves the fragmentation

of rocks into smaller particles without altering their mineralogical composition.

Common mechanisms include thermal expansion, where repeated heating and cooling

induce stress fractures; frost wedging, in which water infiltrates rock fractures,

freezes, and expands, exerting mechanical force; and root wedging, whereby plant

roots penetrate and widen cracks. Chemical weathering alters the original minerals

in rocks through water- and atmosphere-driven reactions influenced by factors such

as pH and redox conditions. Water–rock interactions can promote processes like

dissolution and hydrolysis, which break down minerals into ions and secondary

products. Atmosphere–rock interactions can also cause changes in mineral oxidation

states, as well as other reactions such as carbonation. Chemical weathering processes

are most active in warm, humid climates.

Erosion refers to the suite of processes responsible for the removal of rock and
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mineral fragments from exposed outcrops, as well as their transport toward deposi-

tional environments. Any dynamic flow interacting with the Earth’s surface (e.g.,

air, water, ice, or gravity) can act as an erosive agent. These agents mobilize and

displace surface materials through mechanisms such as aeolian abrasion (wind-driven

sandblasting), fluvial entrainment and cavitation (in turbulent water), glacial pluck-

ing and scouring (by moving ice), and mass wasting (e.g., landslides). The erosive

capacity of these flows depends on their velocity and density, and the physical prop-

erties of the materials involved. Collectively, these processes generate a continuous

flux of sediment, redistributing particles from source areas to sedimentary basins.

The activity of the different life forms on Earth, such as plants, fungi, lichens, and

microorganisms, can significantly enhance both erosion and weathering. Over time,

the buried sediments may undergo diagenesis, a combination of physical, chemical,

and biological processes including compaction, cementation, and recrystallization,

that lithifies them into sedimentary rocks. However, these newly formed rocks may

later be re-eroded, metamorphosed, or even melted. The Earth’s rock cycle is too

complex to fully describe because it involves several physicochemical processes, and

the above-mentioned are only the most well-known. In this paper, we aim to extend

this complex network of Earth’s processes beyond planet Earth.

Today, after 80 years, the rock cycle is considered established knowledge and is not

often revisited in light of current knowledge. A new perspective is needed to solve two

key problems in the traditional rock cycle. (i) First, the Earth-centered perspective

of the rock cycle is now outdated. In the last century, studies in cosmochemistry

and planetary geology have shown that geological processes extend beyond Earth’s

boundaries with analogue processes or very exotic ones. The proliferation of data and

materials from distant worlds is exponentially increasing. (ii) Second, astronomy and

planetary and Earth-based sciences are still considered distinct scientific fields due

to differences in methodologies, terminologies, research approach, and dissemination
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platforms [7]. This rift requires an integrated approach that reconciles microscopic

analysis of rocks, the mesoscale processes of planetary geology, and the cosmic scale

of astrophysical and astrochemical phenomena [8]. Scientists have underlined the

importance of applying this vision together from perspectives such as the astrobio-

logical [9] or geochemical [10]. This approach, based on a flexible view of disciplinary

paradigms, makes the boundaries less rigidly dependent upon epistemological models,

leading to continuous intersections between knowledge [11], as happens for example

between geophysics and medicine [12].

The rock cycle, in its various simplified graphic representations [13], is composed

of the three main rock types—sedimentary, igneous, and metamorphic—and the

processes that drive their transformations. This picture can be viewed as a functional

pedagogical tool. Over the last century, diagrams have been considerably implemented

in scientific research to such an extent that they have increasingly taken on an

epistemic function. It is no coincidence that today they are considered true tools for

thinking because they are, for all intents and purposes, elements of research [14].

They serve to outline the phenomenon being examined; the relationships, constant

and variable, that explain their genesis; and the mechanisms that determine them [15].

2.2 The Four Domains of the Rock Cycle

To explain the formation and transformation of rocky materials, we identify four

main lithogenic domains characterized by different physical and chemical conditions,

resulting in distinct rock-forming mechanisms. The following sections discuss the

four key domains of the cosmic rock cycle: (1) stellar and nebular dynamics, (2)

protoplanetary disk dynamics, (3) asteroidal dynamics, and (4) planetary dynamics.
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2.2.1 Stellar and Nebular Dynamics

Stars do more than shine; they are the cosmic factories that create the building

blocks for planets and rocks [16]. Obviously, the rock cycle requires the presence

of “rock-forming elements” in specific abundances. When a star reaches the end of

its life as a supernova, it scatters rock-forming elements into the surrounding space.

This process enriches the interstellar medium, paving the way for the formation of

possible new stars, planets, and other celestial bodies. In this way, the star life

cycle determines the available elements for the creation of rocks. Looking back in

time, one question arises: “What was the first mineral in the cosmos [17]?” In the

early stages, stars were primarily made up of hydrogen and helium, so it is plausible

that only after the formation of carbon and oxygen, graphite and ices—such as water,

methane, and carbon monoxide—or their polymorphs may have been among the

first minerals to form in space [18]. The element abundances and chemo-physical

characteristics of a nebula are also shaped by external factors such as stellar winds,

cosmic rays, and supernova explosions, which “sculpt” the chemistry of molecular

clouds, clearing low-density gas and creating denser regions, influencing planetary

system formation [19, 20]. Those dynamic interactions resemble geological processes

on Earth, such as selective erosion, transport, and accumulation. The mineralogical

evidence that interstellar minerals expelled from ancient stellar systems become the

starting material for new stellar systems lies in what we call presolar grains—small

bits of solid interstellar matter that formed in the outflows or explosions of ancient

stars [21, 22]. These stardust particles made of silicon carbide (SiC), diamond, and

graphite survived the voyage through space and time. Their age predates the Solar

System by up to 7 billion years [23], proving that their origin does not derive from

our much younger Solar System. In any cyclic system, the choice of a starting point

is arbitrary. Within the framework of a cosmic-scale rock cycle, we choose interstellar
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grains as a pragmatic reference, as they represent the mineralogical evidence that can

be confidently identified and characterized. More broadly, the onset of the cosmic

rock cycle lies in the transition from stellar processes to the formation of minerals in

the interstellar medium.

Thus, stellar and nebular dynamics constitute the indispensable first stage of the

rock cycle, seeding the interstellar medium with rock-forming elements and minerals,

and governing subsequent rock-forming processes.

2.2.2 Protoplanetary Disk Dynamics

As gravity pulls nebular material inward, it forms a protoplanetary disk around a

young star, where gas, dust, and ice will be mixed and processed to rocks. Proto-

planetary disks host a wide range of physical and chemical processes, many of which

remain only partially understood and continue to be the focus of active research.

What we know about this environment has improved through the study of chondritic

rocks and astrophysical modeling, and only recently directly imaged [24, 25]. The

chemistry of protoplanetary disks is not merely a continuation of interstellar chem-

istry but is processed by the radial and vertical gradients in temperature and density,

accretion, and turbulent mixing [26–28]. The main first protoplanetary disk process,

consisting of formation of a chemical dichotomy marked by the snow line [29,

30], beyond which temperatures are low enough for volatile compounds like water,

methane, and ammonia to freeze into ice while rocky materials still in the hot inner

regions [31]. This process is recorded in rocks with distinct lithological characteristics:

carbonaceous chondrites from the icy outer disk and non-carbonaceous chondrites

from the dry inner disk [32, 33].

Chondrite components preserve a micrometric record of early Solar System

processes. Intense heating from viscous dissipation and irradiation from the pro-
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tosun vaporize pre-existing dust. As cooling progresses, condensation of minerals

occurs. Refractory inclusions (e.g., calcium-aluminum-rich inclusions) are high-

temperature mineral assemblages condensed from a gas of solar composition and

represent the oldest known rocks in the Solar System [34, 35]. These tiny rocks

consist mostly of refractory Ca, Al, Mg, and Ti minerals thermodynamically stable

in a gas of solar composition above the condensation temperature of forsterite, at a

total pressure of 10−4 bar [36, 37]. Refractory inclusions also underwent multistage

processes, driven by transient heating events, including partial or complete melt-

ing, evaporation, and reactions with nebular gas [38]. Those igneous-like processes

happened in restricted regions near the protosun; then, refractory inclusions were

transported radially outward to the chondrite-accretion regions [39]. Micrometric

dust in the early solar nebula coalesced into larger clumps through electrostatic at-

traction and adhesion between solid dust grains. These aggregates were subsequently

heated, partially or fully melted, and shaped into spherical droplets by surface tension,

forming chondrules—millimeter-sized igneous rocks. Although there is no complete

consensus regarding the process that led to the melting of the precursors of chondrules,

several hypotheses have been proposed [40, 41]. These hypotheses could all represent

potential melting processes that occurred within our Solar System, or, possibly, in

other stellar systems. Shock-wave heating, driven by eccentric planetesimals and

protoplanets perturbed by Jovian and secular resonances, is a leading candidate

for chondrule formation in the solar nebula [42]. Compound chondrules consist

of two or more chondrules welded together formed through interactions between

crystallized chondrules and melted chondrules [43]. Fine-grained dust rims are

matrix-like materials surrounding chondrules [44]. These rims may have acted as

a “velcro”, facilitating the accretion of rimmed chondrules into centimeter-sized

aggregates to asteroid formation [45]. Meanwhile, chondrules with dust accretionary

rims floating free in space can undergo additional flash heating events that melt the
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surrounding dust. The petrographic evidence of this early Solar System process is

directly observable in the chondrule textures, known as igneous rims [46]. Refractory

inclusions, chondrules, and fine-grained dust follow a complex rock-cycle path, as

exemplified in 2.1. Those components undergo a wide spectrum of collisional pro-

cesses, including sticking, bouncing, mass transfer, cratering, erosion, abrasion, and

fragmentation. Such processes have been characterized, modeled, and experimentally

constrained, and in many cases quantitatively parameterized in terms of velocity- and

energy-dependent thresholds [47, 48], as well as through theoretical and numerical

models [48, 49]. Additionally, thermal processes, like melting or flash heating and

chemical reaction in the protoplanetary disk environment, further modify these mate-

rials. Finally, refractory inclusions, chondrules, presolar grains, and matrix materials

accreted and were processed in planetesimals to form chondrites, the oldest known

sedimentary rocks in the Solar System [40]. The accretion of chondrite components

into chondrites marks the fading of processes dominated by the protoplanetary disk

and the onset of asteroidal processes.

Ultimately, we offer an example that highlights how the early formation of planets

influenced processes within the protoplanetary disk. Observations of diverse exo-

planetary systems and numerical models indicate that planetary formation perturbs

the evolution of the protoplanetary disk through planet–disk interactions [50–54].

Such interactions can modulate turbulence, as well as radial and vertical mixing,

thereby significantly contributing to the redistribution of solid material. In the

early Solar System, for instance, it has been proposed that proto-Jupiter created

a gravitational barrier that restricted the inward drift of carbonaceous chondrite

material, limiting mixing between the two reservoirs [33, 55]. However, this barrier

was not entirely impermeable, as Jupiter’s orbital migration scattered carbonaceous

chondrite material into the inner disk [56, 57], highlighting that early planetary

formation, alongside the establishment of the snow line, is an important process in
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planetary evolution and must be considered in the rock cycle.

All the above-illustrated processes play a role in the formation of planetary

materials. In the protoplanetary disk, rocks are cyclically reprocessed, representing a

turbulent, chaotic, and highly energetic “factory” of rock formation in the early Solar

System. As the rock cycle describes the environment in which rocks form, including

the protoplanetary disk dynamics into the rock cycle is mandatory.

 

Scheme 2.1: This flowchart illustrates the complex chondrule rock cycle within the proto-
planetary disk, showing how chondrules and fine-grained dust evolve through various thermal
and collisional processes. Rounded rectangles represent products (e.g., chondrule, fine dust),
and sharp-cornered rectangles represent processes (e.g., melting, fragmentation, dust accre-
tion). Red = high-energy processes (melting, flash heating); Yellow = mid-energy processes
(fragmentation, collisions); Blue = low-energy processes (sticking, accretion). Purple= the
potential final stage of protoplanetary disk dynamics.

2.2.3 Asteroidal Dynamics

As chondritic pebbles accreted into asteroids, their increasing mass enabled the

retention of internal heat. The main heat source in early asteroids was short-lived
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radioactive isotopes, particularly 26Al. Chondritic material underwent progressive

thermal metamorphism, causing chemical equilibration of chondrules and ma-

trix, matrix crystallization, and ultimately chondrule destruction with complete

recrystallization [58]. This thermal gradient, observed as a continuum in chondritic

meteorites, supports the onion-shell model structure, where the most metamor-

phosed chondrites originate from the asteroid’s deeper layers, closer to the heat

source [59]. Shock metamorphism, resulting from hypervelocity collisions on their

parent bodies, is a known exotic metamorphic process that can occur on a progressive

scale of intensity [60]. Shock impact can also act as a melting process, producing

melt veins [61, 62].

Moreover, some asteroids underwent aqueous alteration [63, 64], as evidenced

by the presence of phyllosilicate minerals in carbonaceous chondrites. The process

consists of a chemical reaction between anhydrous silicates and co-accreted water

ice, melted by heat from radioactive decay or impacts [65]. Variations in the

degree of aqueous alteration among chondrite specimens reflect differences in the

relative abundances of initially co-accreted water ice, chondrules, and matrix [66]. In

addition to short-lived radioisotopes, models (e.g., [67]) also suggest that water–rock

interactions can lead to serpentinization, an exothermic process that can significantly

contribute to the heat budget of asteroids.

Collisional grinding among planetesimals was extensive during early Solar System

evolution. Those impacts can cause brecciation [68]. Some clasts may have been

transported over significant distances before their incorporation, as evidenced by

carbonaceous xenoliths found within ordinary chondrite hosts [69], indicating mixing

between hydrous (e.g., phyllosilicate-rich) and anhydrous rocks that were subsequently

incorporated into other forming planetesimals. Moreover, the asteroids Ryugu, Bennu,

and Itokawa exhibit a rubble-pile structure, testifying to the continuous impact

fragmentation and re-accumulation of these rocks. Obviously, the asteroids’ rubble-

30



CHAPTER 2

pile structure is composed of different lithologies and thus consist of polygenetic

materials [70] and also of different types occasionally. Thus, fragmentation and

re-accretion into second-generation bodies can lead to further aqueous alteration [71]

and metamorphism as illustrated in Fig. 2.2. Petrographic evidence from the global

meteorite collection indicates that aqueous alteration, metamorphism, brecciation,

and re-accretion cyclically characterise asteroidal dynamics. Aqueous alteration

followed by thermal metamorphism and also retrograde aqueous alteration has been

reported (e.g., [71–73]). In line with previous work, Elephant Moraine 96029 is

a representative CM chondrite that exhibits evidence of unusually mild aqueous

alteration followed by a later phase of heating in its parent body [74]. The authors

identify it as a regolith breccia because it is characterised by distinct lithologies

mixed through impacts and re-accreted. Similarly, the exceptional finding of the

Winchcombe meteorite shows eight distinct lithological units plus a cataclastic

matrix [75]. The authors report significant heterogeneity in aqueous alteration across

the specimen, ranging from intensely to moderately altered domains. The authors

state that grain size and texture analyses indicate disruption of the original parent

asteroid, with subsequent re-accretion forming a poorly lithified body. Sample-return

missions on Ryugu (Hayabusa2) and Bennu (OSIRIS-REx) reinforced with petrologic

evidence that the asteroids experienced thermal metamorphism, aqueous alteration,

brecciation, and gravitational re-accretion, showing a complex geologic evolution

(e.g., [76–80]). The growing body of evidence on petrogenetic processes in asteroidal

environments—derived from both the meteoritic record and direct sampling through

space exploration—demands the development of a robust framework linking rock

textures and compositions to their formative asteroidal processes. Establishing such

a framework is essential for recognizing that asteroidal evolutionary pathways of

meteorites involve complex geological cycles and that decoding the mineralogical

and petrographic record of these rocks is key to understanding how these processes
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operate within the broader rock cycle of the Solar System.

Asteroidal differentiation was widespread among planetesimals in the early

Solar System. It occurred through a spectrum of metamorphic to igneous processes

driven by the decay of short-lived 26Al, impacts, formation time, accretion duration,

chemical heat sources, and accretion models [81]. Asteroidal magmatism, well

recorded in meteorite samples, ranges from limited partial melting to extensive

magmatic activity, including the generation of basaltic and, in rare cases, more

evolved lithologies. A well-documented example is provided by the HED meteorites,

which are widely interpreted as products of magmatic differentiation on asteroid

4 Vesta [82]. Similarly, iron meteorites offer insights into the crystallisation of

iron melts and point to an additional category of magmatism: ferromagmatism,

that extends into planetary-scale evolution. Asteroid 16 Psyche is an excellent

candidate for investigating geological processes involving iron melts, including the

hypothesized phenomenon of ferrovolcanism recently proposed [83–86]. This emerging

hypothesis shows how molten iron beneath an asteroid’s crust rises and erupts onto

the surface, like how silicate magma behaves on Earth. Ferrovolcanism may explain

the anomalously low bulk density of asteroid 16 Psyche despite its metallic surface,

by suggesting that iron lava flows cover an underlying rocky mantle. Intrusive

ferromagmatism has been proposed as the formation mechanism for pallasites—

meteorites comprising olivine crystals within an iron–nickel matrix. A new avenue of

research has emerged to better understand ferrovolcanism, focusing on constraining

the volatile gas content and temperature of the melts, as well as the stress state

governing fracture mechanics in the asteroid’s crust. NASA’s Psyche spacecraft,

scheduled to arrive at asteroid 16 Psyche in 2029, promises to deliver groundbreaking

insights into these enigmatic metallic worlds.

Weathering, in the classical rock cycle on Earth, is commonly illustrated as a

main agent of erosion that produces sediments. Similarly, in non-Earth environments,
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space weathering is a process that alters the exposed surface of airless planetary

bodies in open space, driven by cosmic ray exposure, solar wind irradiation, and

micrometeoroid bombardment [87]. Space weathering can lead to significant surface

modifications in different ways. Such effects include the formation of nanophase

metallic iron, amorphization of silicate, and the darkening of asteroid surfaces, which

masks the original rock composition and complicates spectral analysis [88, 89].
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Figure 2.2: The cosmic rock cycle. This diagram shows the cosmic rock cycle across four
interconnected domains: nebular, protoplanetary disk, asteroidal, and planetary. At its
center, Earth’s processes are driven by the atmosphere, hydrosphere, lithosphere, biosphere,
and magnetosphere, which shield against space weathering. However, Earth is an open
system, influenced by meteoritic flux. This implies that the rock cycle extends beyond
Earth, and the triangle of igneous, sedimentary, and metamorphic rocks can be applied
on a cosmic scale, incorporating processes not considered in the conventional rock cycle.
The cycle begins with interstellar grains spread by stellar processes. Then, chondritic
components form in the protoplanetary disk and accrete into chondritic rocks. These
rocks undergo metamorphism, aqueous alteration, impacts, and re-accretion in the asteroid
parent body. Asteroids merge to form planetesimals, protoplanets, and eventually planets,
which experience volcanism, tectonics, surface weathering, and material transport. Impact
events eject material back into space, where it can be recycled onto other bodies. At
the end of a star’s life, mineral material is scattered into the cosmos, providing the raw
ingredients for a new rock cycle.
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Petrologic evidence from meteorites, supported by experiments and models,

reveals that asteroids have experienced complex and recurrent cycles of fragmen-

tation, accretion, alteration, metamorphism, and melting, highlighting the unique

characteristics of the rock cycle in the asteroidal dynamics.

2.2.4 Planets Dominance

In classical conceptualizations of the rock cycle, Earth is often conceptualized as

a closed system. However, the mass of our planet, which is commonly perceived

as stable, is subject to a continuous small variation. A recent study has estimated

that approximately 5.2 × 107 kg of interplanetary particles reach Earth’s surface

annually [90]. Although this amount represents only a minimal contribution to

Earth’s mass today, it was significantly more substantial during the earliest formative

period of the planet’s evolution—when the influx of extraterrestrial material had

significant influence [91, 92].

With this perspective, continuing the cosmic rock cycle, this section presents an

overview of how rocks can be incorporated in planets, entering a new stage of the

rock cycle: the planetary domain. The way planets form resembles a summary of

the classical rock cycle, where pre-existing rocks—dust, meteoroids, and asteroids—

gradually assemble together, undergoing melting, crystallization, metamorphism,

and erosion over and over again until the planet becomes dynamically dominant

in its orbital zone. Planet accretion is much studied and debated in the literature

regarding the accretionary models of the Earth, for which we have more extensive

information [93–96]. But the models can be applied broadly as universal models [97].

The two main proposed accretionary models are the homogeneous accretionary model

and the heterogeneous accretionary model, involving different timescales and leading

to diverse outcomes [98]. Indeed, the birth of a planet can be seen as partly analogous
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to the formation of a rock, which is why planetary accretion belongs in a cosmic rock

cycle.

Once the planetary formation phase is over (since no universal threshold separates

formation from evolution) a planet can be conceptualized as having obtained a mainly

closed rock cycle that occurs through its own endogenic and exogenic processes, or

at least that internal planetary processes govern the evolution of a planet’s rock

cycle more than external influences. While this may hold true for Venus, Earth, and

Mars, it does not necessarily apply to other worlds in Solar System and beyond,

where both surface and internal processes are currently influenced by dynamics

beyond their planetary boundaries—such as tidal forces, cosmic radiation, and other

phenomena that will be discussed in this subsection. Thinking about the rock cycle

at a cosmic scale allows us to question the idea of complete isolation of Venus, Earth,

and Mars from geological processes triggered from beyond their planetary boundaries

(e.g., [99–103]) and to explore these processes in the context of their evolution over

time (e.g., [104–106]).

In this review, we choose to not discuss those processes on other planetary bodies

that are essentially analogous to those on Earth (e.g., volcanic eruption, magma

crystallization, contact or regional metamorphism, wind erosion, etc.). Instead, we

focus on more exotic processes that have never been considered in the classical

cycle. In this way, we highlight how many processes are excluded from the canonical

conceptualization of the Earth-centered rock cycle. Although Earth’s rock cycle is

well-known, it represents just one model among many lithogenetic processes operating

throughout the Solar System. On Earth, the rock cycle is driven by both endogenic

and exogenic forces, including interactions with the atmosphere, hydrosphere, and

biosphere. However, not all planetary bodies in the cosmos share these features;

some possess only a subset, while others lack them entirely. The vast majority of

known planetary bodies, like Venus and Mercury, have long been considered to follow
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a one-way rock cycle, in which primordial magma oceans crystallize to form igneous

rocks without significant rock recycling processes [107–109].

The efficiency of rock-processing mechanisms varies from planet to planet, de-

pending on intrinsic factors such as gravity, composition, internal energy sources,

and proximity to other celestial bodies. These mechanisms are also subject to

change over time. For instance, Earth’s rock cycle is highly dynamic due to its

still-active plate tectonics, in stark contrast to Mars, where today tectonic activity is

limited and the rock cycle correspondingly subdued [108, 110]. During the Noachian

and early Hesperian periods, however, the Martian rock cycle was more complex

due to the widespread presence of liquid water and a more active hydrological sys-

tem [111]. Magmatic activity generated igneous rocks which, under the influence

of water, could undergo weathering, erosion, transport, and deposition, leading

to the formation of sedimentary rocks. Additionally, localized thermal or shock

metamorphism could modify both igneous and sedimentary precursors, with the

possibility—unlike today—of reinitiating the sedimentary cycle through renewed

surface processes. In contrast, the Amazonian period is characterized by colder,

drier conditions and limited surface water activity, restricting the rock cycle to

mainly unidirectional paths: either magma → igneous rocks → thermal or shock

metamorphism, or direct alteration and cementation into sedimentary rocks without

the possibility of recycling through aqueous processes. This results in a fragmented

and incomplete rock cycle in the Amazonian terrains. Furthermore, Mars exhibits

a partially decoupled geochemical cycle compared to Earth, with limited exchange

between surface and subsurface reservoirs and sparse active recycling. Recent work

highlights outstanding questions regarding element mobilization, preservation of

redox gradients, and the long-term fate of volatiles and organics on Mars [112]. These

unresolved issues are central to understanding both the geological evolution and the

planet’s past habitability. Reconstructing the Martian sedimentary cycle attracted
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attention (e.g., [113]), with orbital spectroscopy providing critical regional context

for aqueous mineral distributions [114]. Recent in situ rover analyses document past

rock cycle processes on Mars. For example, fracture-associated alteration halos in

mudstones and sandstones—identified in Gale Crater—underwent multiple aqueous

stages, including acidic leaching followed by mineral precipitation (e.g., [115]). Simi-

larly, the Perseverance rover investigated Jezero crater’s floor, revealing mafic igneous

rocks modified by fluid-mediated reactions (e.g., [116]). Despite orbital and in situ

data, reconstructing rock cycling and its temporal evolution remain challenging.

A comparative planetary perspective is essential to correctly interpret planetary

geological processes.

Contrary to the view that many planetary bodies across the Solar System are

considered “geologically dead” [117] when compared to Earth, evidence of tectonic

structures and other resurfacing processes reveals ongoing dynamism in their rock

cycles. This subsection will explore some of the mechanisms that drive rock cycles

in the planetary domain. Planetary surface age dating—by crater chronology,

stratigraphy, and investigations of resurfacing processes—has long been an attractive

area of research. The extensive literature produced in this field proves that the rock

cycle is not exclusive to Earth’s plate tectonics, but rather operates across the Solar

System through a variety of mechanisms [118, 119]. For example, lobate scarps and

wrinkle ridges on Mercury and the Moon are surface expressions of endogenic forces,

reflecting global shrinking due to interior cooling [120–123] or tidal despinning. On

the airless planetary surface, as mentioned for the asteroid domain, space weathering

occurs as an exogenic force. A striking example of its impact is the formation of

hollows on Mercury, which illustrates how intense and transformative these processes

can be [124].

Tidal heating is a significant energy source in some planetary systems, capable

of inducing rock melting and sustained volcanic activity. Jupiter’s moon Io serves
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as a prime example, where intense tidal forces from Jupiter and neighboring moons

generate substantial internal heat, leading to widespread volcanism [125–127]. This

tidal heating mechanism is not exclusive to Io; it affects various objects in the Solar

System and may represent a widespread phenomenon across the cosmos [128, 129].

Tidal forces and tidal heating can have significant consequences on icy worlds.

The observed complex surface morphology of icy moons like Europa and Dione

suggests that the surfaces of these worlds may have undergone tectonic cycles similar

to Earth’s Wilson cycles [130, 131]. This Earth-like tectonic process is referred to as

cryotectonics and has opened a new chapter in planetary geology. The way the

icy crust, the possible underlying liquid ocean, and a possible rocky core interact

with one another, and their respective thicknesses and characteristics raise a wide

spectrum of geologic possibilities. Surface structures even strongly suggest subduction

processes, indicating that the icy crust can be recycled into the interior. Additionally,

cryovolcanism, observed on or suspected for numerous icy bodies across the Solar

System—such as Europa, Enceladus, and Titan—plays a significant role in shaping

the surfaces of icy worlds [132]. Cryovolcanism involves the eruption of ammonia-

water or other volatile-rich fluids from a deep cryomagma reservoir onto the surface,

mimicking terrestrial volcanism. Cryoeruptions contribute to the resurfacing of icy

bodies by transporting fresh material from the interior to the surface, facilitating

material recycling and crustal renewal. Erupted cryolava subsequently undergoes

“weathering” through sublimation or radiation-driven breakdown, exemplifying a

possible “icy rock cycle.” On Titan, for example, the presence of cryovolcanoes such

as Sotra Facula suggests active geological processes involving the eruption of slushy

ice or other materials from the interior to the surface [133]. These cryovolcanic

activities contribute to the geological evolution of these icy bodies. Similarly, Europa’s

surface and subsurface are chemically linked through dynamic processes including

cryovolcanism, tectonics, and melting. Cryovolcanic activity can transport reduced
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compounds (e.g., H2, CH4) from the interior to the surface, while oxidized species—

generated by sulfur implantation from Io and radiolytic processing of the ice shell—are

transported downward via tectonic subduction, melting, and brine migration [134–

136].

On small bodies, both volcanic and cryovolcanic plumes can escape due to low

gravity and tenuous or absent atmospheres, dispersing material into space [137].

In some cases, this material may even be deposited onto neighboring planets or

moons [138, 139] mixing allogenic planetary material with local geology. Such

interplanetary material exchanges represent geological processes operating on a truly

cosmic scale.

The water cycle on Earth is a primary driver of the rock cycle, but other dif-

ferent types of hydrospheres and atmospheres exist in planetary environments

across the cosmos. On Titan, Saturn’s largest moon, a methane-based hydrosphere

actively sculpts the landscape through rainfall, rivers, and lakes involved in complex

photochemical–meteorological–hydrogeochemical processes [140]. Recent radar studies

have revealed detailed information about the chemical composition and physical char-

acteristics of Titan’s hydrocarbon seas, indicating active tidal currents and ripples near

estuaries [141]. The presence of rivers, lakes, and dunes formed by methane and ethane

suggests a complex hydrological cycle analogous to Earth’s, albeit with different sub-

stances [142].

Gas giant planets, both within our Solar System and among known exoplanets,

present a different kind of challenge. Though lacking solid surfaces, their gravitational

dominance influenced the formation of the protoplanetary disk and continues to

regulate material flow between the inner and outer Solar System [143]. As previously

mentioned, they also influence nearby moons through tidal forces. While traditionally

seen as irrelevant to lithogenesis, gas giants exhibit extreme atmospheric conditions

that can induce mineral formation, including the precipitation of diamonds [144].
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Some exoplanets may undergo even more processes, such as the precipitation of

molten metals [145]. As Earth’s atmosphere actively shapes surface geology and drives

the rock cycle, extreme planetary atmospheres should also be recognized as key agents

in lithogenetic processes in the cosmos. Micrometeorites are a record of atmospheric

entry melting, showing that ablation constitutes an additional igneous process capable

of producing silicate melts on planets with substantial atmospheres [146].

Collisions are among the most widespread transformative processes in the cosmic

rock cycle, capable of initiating a broad spectrum of geological effects. These include

mechanical erosion, high-energy transport of materials, impact metamorphism, and

the generation of melt through impact shock [147, 148]. On solid planetary surfaces,

collisions with asteroids or comets can breach the crust and excavate deep lithological

layers, ejecting rock fragments into interplanetary space [149]. The blanketing effect

of ejecta, which deposits vast amounts of impact-derived material over large areas,

contributes substantially to the surface lithological evolution of rocky planets in their

early ages by redistributing and mixing crustal compositions. The energy released

during impacts can generate localized vaporization or melting, producing impact

melt rocks, breccias, and high-pressure polymorphs such as coesite or stishovite.

In some cases, impacts may form large basins or initiate long-lasting tectonic or

volcanic activity by redistributing stress in the lithosphere [147, 149]. The excavation

of massive canyons or rift-like features can also result from the directional force of

high-velocity impact streams [150]. On a larger scale, collisions have even shaped

planetary systems themselves, as hypothesized for the Moon’s formation through

a giant impact [151]. Observations of other star systems, such as HD 23514 in the

Pleiades cluster, reveal hot dust likely resulting from catastrophic collisions between

rocky bodies, suggesting that such processes are common in planetary formation [152].

Therefore, collision-related processes are not only key to shaping individual plan-

ets, but also central to material redistribution and transformation on a system-wide
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or even interstellar level. These ejected materials may travel as meteoroids, eventu-

ally falling onto other planetary bodies, contributing to cross-planetary lithological

exchange. This is exemplified by the records of lunar and Martian meteorite samples

found on Earth. Conversely, it is also plausible that meteorites originating from Earth

may be present on the surfaces of other planetary bodies [153, 154]. Rocks formed

on their parent planet may be ejected and travel through space for extended periods

before arriving on a new planetary surface (potentially experiencing atmospheric

ablation). Once deposited, the meteorite becomes part of the host planet’s rock cycle,

undergoing subsequent chemical alteration and physical modification. Interstellar

objects are rocky bodies that have left their original stellar systems and travel

through interstellar space [155–157]. In a theoretical scenario, they could potentially

collide with planets in other stellar systems, re-entering a new rock cycle. Similarly,

rogue planets ejected from their original systems may experience comparable fates.

The planetary dynamics outlined here demonstrate diverse efficiencies of rock

processing, including mechanisms absent from Earth’s rock cycle—such as interior

shrinking, space weathering, tidal volcanism, cryotectonics and cryovolcanism, ex-

tensive collisional metamorphism, and intense impact-driven surface reshaping. The

Solar System reveals an extraordinary variety of pathways through which rocks are

transformed, inviting speculation on the yet-unknown processes that may operate on

unexplored worlds across the universe.

2.3 Life and Death

The biosphere plays a fundamental role in the rock cycle, modulating global biogeo-

chemical cycles and mediating atmosphere–hydrosphere interactions. Living organ-

isms contribute to chemical alteration, transport, and sedimentation processes and,

in some cases, are directly responsible for rock formation. For example, cyanobacteria
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contributions dramatically altered Earth’s geochemistry during the Great Oxidation

Event (˜2.4 Ga), generating the deposition of banded iron formations (BIFs) and fun-

damentally reshaping planetary mineral evolution [158], and corals and foraminifera

are extensive constituents of sedimentary rocks [159]. Furthermore, Homo sapiens

has introduced “artificial rocks”—cements, ceramics, alloys, and polymers [160]. We

do not aim to assess Homo sapiens’ role in the rock cycle but simply note its ability

as a life-form, moving away from an anthropocentric perspective. The DART mission

demonstrated that human activity—as a biological process—can actively alter plane-

tary surfaces through impact cratering and orbital deviation [161], and also transport

rocks between previously isolated planetary environments [162]. Active research on

asteroid mining suggests that microbial processes could facilitate extraterrestrial

resource extraction, spreading, in this way, biosphere processes out from earth [163].

If similar biogeological processes occur elsewhere, the role of the biosphere in the rock

cycle could be a universal phenomenon, influencing unexplored worlds. Moreover,

the biosphere of one world might have the potential to spread to others.

As life dies, it returns into a biogeochemical cycle, including the rock cycle. As

stars die, such as in a supernova, dust, rocks, and minerals are scattered across

the universe, serving as raw material for new planetary systems [164]. Impact or

gravity interaction may produce interstellar asteroids or launch into the cosmos rogue

planets, transferring geological matter across stellar boundaries.

2.4 Conclusions

A comprehensive summary of all cosmic processes involving rocks is beyond the

scope of this study. We focus on a particularly relevant subset to challenge the

Earth-centric view of the rock cycle, emphasizing effects recorded in the petrologic

record. Exotic igneous processes can arise from stellar and protoplanetary disk
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processes (e.g., chondrules and CAIs) to asteroidal and planetary processes (e.g., iron

magmatism or tidal heating, impact and ablation melting). Sedimentary processes like

alteration, erosion, transport, and sedimentation are not only linked to hydrosphere

and atmosphere interactions but also include space weathering, a type of weathering

not previously considered in the classic rock cycle. Metamorphic processes on

Earth are attributed mainly to plate tectonics; however, in a cosmic context, shock

metamorphism occurs due to hypervelocity impacts, a process that could be more

frequent during the early epoch of planet formation.

The progress of geoscience depends on its integration with other sciences such as

physics, chemistry, astronomy, and biology. The interdisciplinary approach allows

us a multilayer view of the problem: it is a methodology already in use that is

being resemantized using current knowledge. The goal is to create wider approaches

of understanding reality that include increasingly broader classes of phenomena.

Contrary to “hard sciences”, geological explanations are never univocal, but compos-

ite: multiple causes, agents, and energies simultaneously contribute to generating

phenomena. For this reason, the role of geoscientists is to develop a broad, integrative

perspective on natural systems and to critically reassess and refine models in light of

new knowledge, continuously reshaping it to reflect advancing understanding. Indeed,

the rock cycle, from both a scientific and a science popularization and teaching

perspective, can be considered as a case of Big Ideas: a tool of thinking that can

function as general models to explain complex aspects of reality and, at the same

time, can be used for the solution of other problems that gravitate around their

theoretical core, offering very original solutions [165].

Extending the rock cycle to a cosmic scale may appear conceptually straight-

forward, no more extraordinary than adding newly discovered geological aspects.

However, it poses a true challenge in planetary science. Only by reconstructing the

complex pathways of rocks across time and through diverse environments, deciphering
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their continuous physical and chemical transformations, can we begin to address

some of the field’s most fundamental questions. An illustrative example of the power

of this interdisciplinary framework is provided by Lugaro et al. ([16]), who reviewed

the meteoritic short-lived radionuclide evidence, combined with their production in

stars, applied to a galactic chemical evolution model. Their approach shows how

the evolution of radionuclide abundances in the Milky Way Galaxy has important

consequences for the thermo-mechanical and chemical evolution from a stellar nursery

to thermal and chemical evolution of planetesimals, influencing early differentiation

and potential habitability.

More open questions feed an active scientific debate and underscore the imperative

for collaborative, interdisciplinary approaches that integrate diverse expertise. Indeed,

despite increasing sophistication in analytical techniques, from remote sensing to

petrography, mineralogy, elemental and isotopic geochemistry, experimental petrology,

and modeling, results are often fragmented or contradictory. These inconsistencies

highlight the absence of an integrative framework.

In addition to encouraging critical thinking, the cosmic rock cycle idea aims

also to resolve the problem of fragmentation between micro- and macro-scale re-

search. The increasing frequency of sample return missions provides microscopic

insights into asteroidal and planetary processes, while remote sensing in the Solar

System and observational studies of exo-solar systems contribute to a macroscopic

understanding of planetary evolution and exoplanetary system formation. These

processes are deeply interconnected, necessitating interdisciplinary collaboration and

cross-domain knowledge transfer among scientists in planetary science, meteoritics,

and astrophysics. Expanding the rock cycle to a cosmic scale is now essential for

establishing a unified theoretical framework that integrates microscale processes

with planetary and astrophysical phenomena and bridges isolated fields like geology,

astrophysics, and planetary science.
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The rock cycle has historically been developed through the study of the Earth,

but these crystallized ideas are now limiting its scope, making it obsolete today and

representing a missed opportunity for students and early career researchers to think

about rocks in a broader context. This review reframes the rock cycle by moving

beyond an Earth-centric perspective, situating Earth’s geologic processes within

a cosmic scale as ones among myriad environments where rocks are continuously

shaped and transformed.

Therefore, we propose that this conceptual cosmic framework be formally rec-

ognized in the rock cycle. The rock cycle describes the petrogenetic processes that

drive the continuous transformation of rocks—anywhere in the universe.

It conceptualizes the dynamic interaction between endogenic and exogenic forces,

connects igneous, metamorphic, and sedimentary processes, encompasses microscopic

and macroscopic scales, begins with the death of stars, participates in the formation

and evolution of planetary systems, and coexists and evolves with possible biospheres.

Going beyond the meaning attributed so far, the significance of the rock cycle

is now portrayed as a connecting ring, bridging the “stellar cycle” and the “life

cycle”; it unifies fundamental processes across time, space, and disciplines, overcoming

fragmented knowledge and affirming its epistemic dignity as a tool for interdisciplinary

understanding.
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Chapter 3

Analysis of natural meteorite

samples

3.1 Classification of Northwest Africa 16768

Abstract. We classified a meteorite from North West Africa. A comprehensive

investigation—including petrographic analysis, scanning electron microscopy (SEM),

and electron probe micro-analysis (EPMA)—suggested characteristics typical of the

Vigarano-type chondrites group. We classified this meteorite as a CV3 carbonaceous

chondrite. CV3 chondrites are rare finds within the meteorite record; thus, the

finding and classification of such a specimen provide a significant contribution to

the scientific community. The classification has been approved by the Nomenclature

Committee with the official name of NWA 16768 on 26 Jun 2025. A specimen

fragment was donated to the Museo Nazionale dell’Antartide in Siena (MNA-SI),

ensuring its availability for future scientific study.
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3.1.1 Introduction

The meteoriteNorthwest Africa 16768 (NWA 16768) has been formally classified as

a CV3 carbonaceous chondrite. This classification was approved by the Nomenclature

Committee (NomCom) of the Meteoritical Society on 26 June 2025, with formal

publication scheduled for the Meteoritical Bulletin, no. 114 (in preparation, 2025).

CV3 chondrites are relatively rare (less than 1% of all meteorites belong to the CV

group), with only 510 approved specimens worldwide, placing NWA 16768 among a

select group of 10,373 officially approved meteorites from Northwest Africa, out of a

total of 78,159 valid meteorite names.

3.1.2 Specimen details and curation

The specimen was find in 2022 and purchased from dealer Säıd Yousfi in February

2023. The material studied for classification is a 22.3 g endcut exhibiting a glossy black

fusion crust (Figure 3.1a) and a cut surface rich in chondrules and refractory inclusions

(Figure 3.1b). A 7.7 g chip was removed from the main mass for analytical purposes.

A polished thin section was prepared from this sample by Domenico Mannetta at

the Laboratorio Macinazione e Sezioni Sottili Petrografiche, Dipartimento di Scienze

della Terra, Sapienza Università di Roma. A 5.12 g fragment has been donated

and is now curated at the Museo Nazionale dell’Antartide in Siena (MNA-SI), in

accordance with the requirements of the Meteoritical Society.

3.1.3 Classification procedure

The classification of NWA 16768 as a CV3 carbonaceous chondrite is supported by

petrographic and mineralogical analyses. As emphasized by Weisberg et al. [1], ”the

vast majority of meteorites are characterized based on their petrology alone”, and

accordingly, petrographic features were central to this classification. The meteorite
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(a) Fusion crust view of NWA 16768 endcut. (b) Cut surface view of NWA 16768 endcut,
showing chondrules and CAIs.

Figure 3.1: Two views of the 22.3 g endcut of the CV3 carbonaceous chondrite
Northwest Africa 16768. The cut surface reveals the interior components.

sample was first analyzed through preliminary visual inspection, followed by stereomi-

croscopic observation of the entire sample to assess its general texture and structure.

A petrographic analysis was then conducted using a transmitted light polarized

petrographic microscope, focusing on features such as undulose extinction in silicate

minerals and the clarity and isotropy of the mesostasis to determine petrologic type,

shock stage, and weathering grade. For the assessment of shock stage, I adopted

the criteria established by Stöffler et al. [2] and Scott et al. [3]. The evaluation of

terrestrial alteration followed the weathering scale proposed by Wlotzka [4].

A preliminary SEM (Scanning Electron Microscope) investigation was carried out

at the Department of Life Sciences, San Miniato (Via Aldo Moro, 2), in collaboration

with Prof.ssa Giovanna Giorgetti. A more detailed SEM analysis and quantitative

mineral analyses were conducted using EPMA (Electron Probe Micro-Analysis) at

the University of Hannover in collaboration with Dr. Renat Almeev. Based on the

results of this investigation, a detailed classification report—including mineralogical

descriptions, petrographic observations, chemical data, and supporting images—was

compiled and submitted to the NomCom. Following review, the proposed CV3

classification was formally accepted, leading to the assignment of the official name,

NWA 16768 [5].
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3.1.4 Petrography

The meteorite is dominated by an abundant slightly porous, dark, fine-grained

matrix (∼ 72 vol%), homogeneous in color with a grain size of approximately 1-4

µm. Well-defined, unequilibrated chondrules range in size from 40µm to 2mm in

diameter, with a mean chondrule diameter of 722±404µm (±1σ, n = 18 chondrules).

A variety of textures are present, including barred olivine (BO), porphyritic olivine-

pyroxene (POP), radial pyroxene (RP) and also armoured, and compound chondrules

(Figure 3.3). Greyish CAIs are observed, up to approximately 0.5mm in diameter,

exhibiting both compact and fluffy textures.

In many chondrules, the mesostasis is no longer entirely clear or glassy; instead,

it is partially devitrified. Troilite and Fe-Ni metal are present and show minor

oxidation. Matrix shows evidence of Fe-rich alteration fronts (Figure 3.5) and

in CAIs are foundend pervasive alteration products, although still recognizable.

These observations are interpreted as products of fluid-assisted alteration, recording

low-temperature aqueous processes on the parent body.

A notable observed petrofabric feature of this meteorite is the preferential long

axis orientation of chondrule (see Figure 3.1b). Petrographic observations, including

transmitted light photomicrographs and Back-Scattered Electron (BSE) images, are

shown in Figures 3.2 and 3.4.

Mineral chemistry and geochemistry

The mean composition of olivine grains in chondrules and chondrule fragments is

Fa1.7±1.4 (Fa0.2−6.6, n = 12). The mean composition of low-Ca pyroxene in chondrules

and chondrule fragments is Fs5.4±6.0 (Fs0.6−18.3, n = 5), Wo0.8±0.3 (Wo0.6−2.0, n =

5).Results of electron microprobe analyses of olivines, low-Ca pyroxenes, and metal

grains are presented in Table 3.1 and Table 3.2.
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Figure 3.2: Cross-polarized light (XPL) petrography of chondrules in NWA 16768 CV3
carbonaceous chondrite. (a) Porphyritic olivine-pyroxene (POP) chondrule exhibiting
abundant euhedral to subhedral olivine and pyroxene microcrysts set in a feldspathic
mesostasis, poikilitically enclosed crystals are presents probably formed by epitaxial growth
during chondrule crystallization. The distinct interference colors reveal crystallographic
orientations. (b) Barred olivine (BO) chondrule showing characteristic parallel growth of
olivine bars with uniform extinction positions, (c) BO with skeletal olivine morphology
and abundant interstitial glassy mesostasis. (d) Composite chondrule texture showing
porphyritic texture, suggesting complex formation history. The fine-grained carbonaceous
matrix exhibits typical dark under cross-polarized conditions.
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Figure 3.3: Back-scattered electron (BSE) images showing detailed petrographic features in
NWA 16768. (a) Compound chondrule show fusion of two chondrule during formation. (b)
Well-developed dust accretionary rim surrounding a chondrule, indicating gentle accretion
of fine-grained material onto the chondrule surface in the solar nebula.

Table 3.1: Electron microprobe analyses (wt.%) and forsterite (Fo) contents (mol.%) of
olivine from NWA 16768.

Olivine analysis

Oxide composition (wt.%)

1 2 3 4 5 6 7 8 9 10 11 12

SiO2 42.45 42.44 41.40 42.17 58.22 42.21 42.29 41.65 41.82 41.78 42.14 42.40

TiO2 0.08 0.05 0.08 0.08 0.14 0.18 0.12 0.07 0.04 0.02 0.11 0.05

Al2O3 0.17 0.15 0.52 0.08 0.65 0.13 0.08 0.07 0.01 0.09 0.24 0.11

Cr2O3 0.18 0.17 0.19 0.29 0.71 0.11 0.08 0.26 0.32 0.15 0.27 0.16

FeO 0.37 0.58 2.37 1.14 0.98 1.78 1.02 3.15 4.44 3.37 0.35 0.35

MnO 0.01 0.04 0.00 0.10 0.08 0.07 0.05 0.15 0.20 0.04 0.00 0.06

MgO 56.23 56.11 54.89 55.78 37.65 55.25 56.10 54.31 52.89 54.08 56.41 56.46

CaO 0.49 0.45 0.55 0.35 1.54 0.27 0.26 0.34 0.25 0.46 0.48 0.39

Total 99.98 99.99100.00 99.99 99.97100.00100.00100.00 99.97 99.99100.00 99.98

End-member composition (mol.%)

Fo 99.63 99.42 97.63 98.87 98.56 98.22 98.99 96.85 95.51 96.62 99.66 99.65

Fa 0.37 0.58 2.37 1.13 1.44 1.78 1.01 3.15 4.49 3.38 0.34 0.35

Fo = forsterite (Mg2SiO4); Fa = fayalite (Fe2SiO4). Analysis n.5 is a pyroxene and is
excluded from compositional statistics. Mean composition: Fa1.7±1.4 (Fa0.2−6.6, n = 12).

64



CHAPTER 3

Figure 3.4: Back-scattered electron (BSE) images of chondrules in NWA 16768 CV3
carbonaceous chondrite showing atomic number contrast, where brighter phases indicate
higher average atomic number. The bright spots within chondrules are Fe-Ni metal and
troilite (FeS), frequently concentrated at chondrule edges. These metal blebs represent
immiscible sulfide-metal liquid separation during cooling. The matrix appears light gray
due to its Fe-rich composition compared to the Mg-rich chondrules. (a) Porphyritic olivine-
pyroxene (POP) chondrule exhibiting a distinct enstatite-rich igneous rim (dark gray),
formed by flash heating events and melt-gas exchange. (b) Two fused chondrules, likely
resulting from a low-velocity impact under supersolidus conditions. A terminal iron-rich
rim is emblematic of formation under subsolidus conditions following gentle collision of
the two chondrules and subsequent crystallization.(c) (d) Two barred olivine chondrules
exhibiting clear orientation of olivine bars (dark gray) and mesostasis (light gray).
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Figure 3.5: Elemental distribution maps of NWA 16768 obtained by EPMA. The large
overview shows the heterogeneous distribution of major elements including Ca, Mg, Fe,
and Si, highlighting chondrules, CAIs, and matrix components. Mesostasis alteration and
CAI modification are evident from the elemental redistribution patterns, consistent with
moderate aqueous alteration on the parent body.
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Table 3.2: Electron microprobe analyses (wt.%) and end-member compositions (mol.%) of
pyroxene from NWA 16768.

Pyroxene analysis

Oxide composition (wt.%)

1 2 3 4 5

SiO2 54.90 57.72 57.67 55.65 54.91

TiO2 0.71 0.29 0.38 0.12 0.16

Al2O3 2.65 2.38 1.75 1.84 2.80

Cr2O3 0.78 0.60 0.66 1.25 1.53

FeO 0.52 0.47 0.76 7.68 7.65

MnO 0.16 0.06 0.08 0.20 0.19

MgO 23.89 36.62 37.18 31.93 31.19

CaO 16.37 1.85 1.52 1.33 1.55

Na2O 0.00 0.00 0.00 0.01 0.01

K2O 0.01 0.01 0.00 0.00 0.00

Total 100.00 100.00 100.00 100.00 100.00

End-member composition (mol.%)

Wo 32.65 3.48 2.82 2.56 3.03

En 66.29 95.74 95.96 85.57 84.94

Fs 1.06 0.77 1.22 11.85 12.00

Note: Wo = wollastonite (CaSiO3); En = enstatite (MgSiO3); Fs = ferrosilite (FeSiO3).
Mean composition of low-Ca pyroxenes: Fs5.4±6.0 (Fs0.6−18.3, n = 5), Wo0.8±0.3 (Wo0.6−2.0,
n = 5).
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3.1.5 Conclusion

Collectively, these petrographic and mineral chemical features confirm the meteorite’s

classification as a carbonaceous chondrite (CV3), S2, W low. The classification has

been formally approved by the Meteoritical Society Nomenclature Committee under

the name NWA 16768 on 26 June 2025, as published in the online Meteoritical

Bulletin database https://www.lpi.usra.edu/meteor/metbull.cfm?code=85214

and to be published in Meteoritical Bulletin, no. 114 (in preparation, 2025).
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3.2 CAIs high-temperature rims as traces of neb-

ular processes: evidence from the NWA 12800

meteorite.

Submitted to Meteoritics & Planetary Science , on January 10, 2025

Authors: A. Vitrano, R. Almeev, A. Pisello, C. Viti, F. Holtz, F. Vetere.

Abstract. Calcium-aluminum-rich inclusions (CAIs) recorded the most primor-

dial processes inside the protoplanetary disk, but aqueous alteration often poses

challenges in their study. We describe the mineralogy and petrography of two very

pristine CAIs from the NWA 12800 CV3 carbonaceous chondrite using a scanning

electron microprobe. Both CAIs have a diopside ± spinel core with high-temperature

rims composed of melilite ± anorthite replacing, spinel + perovskite, ± olivine, and

diopside. Although CAIs displays rims consistent with the classic Wark-Lovering

rims (WL rims), the other exhibits a sequence of those rims that deviates from the

sensu strictu WL definition but still reflects condensation, melting, evaporation, and

re-crystallization processes analogous to those involved in WL rim formation. As the

diversity of these rims in CAIs is essential to understanding the protoplanetary disk

processes, the description of CAIs with differing rim characteristics is needed.

Key words: Ca,Al-rich inclusions, Wark-Lovering rims, High-temperature rims,

CV chondrites.

3.2.1 Introduction

Understanding protoplanetary disks processes has become critical area of focus in

planetary science over the past few decades, offering key insights into the mechanisms

underlying the formation of other solar systems (e.g., [1]). However, the question

69



CHAPTER 3

remains: how can we reconstruct the early evolutionary history of our own solar

system with greater precision? What methodologies or technological advancements

could enhance the spatial and temporal resolution required to probe the processes of

the solar system’s formative epochs? Petrological type 3 chondrites provide a valuable

window into this primordial era. Among their components, calcium-aluminum-rich

inclusions (CAIs) stand out as the earliest solids formed in the solar nebula, dating

to approximately 4.567 billion years ago. These inclusions are critical markers,

preserving essential information about the initial stages of the protoplanetary disk

and offering a baseline for understanding the conditions and dynamics during the

solar system’s nascent phase [2].

CAIs exhibit morphological diversity that reflects their formation history. “Fluffy”

CAIs, with irregular, nodular structures, likely formed through gas-solid condensation

in the early solar nebula. In contrast, “Compact” CAIs are spherical, indicating they

underwent complete melting in a microgravity environment, followed by cooling and

solidification [3, 4]. However, the formation and evolution of CAIs extend beyond this

simplified dichotomy. [5] were the first to identify and analyze concentric, monomin-

eralic rims encircling CAIs. These rims provide a detailed record of subsequent

thermal and chemical reprocessing events prior to the inclusions’ incorporation into

their parent bodies. These processes include episodic heating, evaporation, interac-

tions with nebular gas, melting, and recrystallization [6]. Variations in the intensity

and conditions of these events result in diverse mineral parageneses, reflecting the

thermodynamic environments encountered during their history and underscoring the

complexity of CAI genesis.

Later, Wark and Boynton refined the characterization of these structures, defining

the “classic” Wark-Lovering (WL) rims as a sequence of spinel, melilite, and diopside

layers, consistently arranged from the CAI core outward [7]. This precise stratigraphy

offers further insight into the physicochemical processes within the protoplanetary
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disk during CAI evolution. Variations in mineralogical sequences within CAIs reflect

a diversity of nebular conditions, many of which remain poorly constrained [8].

Investigating CAIs and their associated rims poses significant challenges due to

their fine-grained textures and susceptibility to alteration processes. Consequently,

it is imperative to focus on chondrites that have escaped substantial metamorphic

events, as such alterations can obscure the original records of CAI formation and

evolution.

Specific meteorite groups demonstrate varying degrees of alteration:

1. CM and CI chondrites exhibit extensive histories of aqueous alteration [9–11]

2. CB and CH chondrites were affected by impact-generated plumes, complicating

the interpretation of their primary components [12, 13]

3. Non-carbonaceous chondrites often experienced extensive secondary miner-

alization, including pervasive fluid-assisted thermal metamorphism on their

asteroidal parent bodies [14]

In contrast, CV chondrites stand out for their relative abundance and large size of

CAIs, making them the most extensively studied group. However, even CV chondrites

are not immune to metasomatic alteration, as evidenced by multiple studies [15–17].

Nevertheless, some CV chondrites have largely escaped these processes, preserving

mineralogically pristine CAIs that are of exceptional scientific value.

This study focuses on two pristine CAIs from the NWA 12800 CV3 meteorite,

which feature distinctive reheating rims. These well-preserved inclusions provide

a unique opportunity to investigate high-temperature events and processes that

occurred in the early solar nebula. Through detailed mineralogical, textural, and

chemical analyses, these CAIs offer critical insights into the thermal and chemical

dynamics of the protoplanetary disk.
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3.2.2 Starting material and analytical methods

NWA 12800 belongs to the CV3s group, with low shock stage (S = 2) and low

weathering grade (W = 1). The original mass was 250 g. By using a high precision

diamond saw, 5.73g slice was cut and mounted on a thin section for further analytical

studies. The thin section preparation procedure followed as closely as possible the

procedures recommended by NASA [18].

Electron probe microanalysis was performed using a JEOL JXA-iHP200F Hyper

Probe equipped with a field emission gun. A focused beam of a few units of µm

was set for all mineral phase analyses with 15 kV and 15 nA. Standardization was

done at the beginning of each measuring day on well-known minerals and certified

standards, with an acceptable deviation of less than 1%. Results are reported in

Table 3.3 and Table 3.4 and in supplementary materials (Table S1 and S2). Two

CAIs were identified and analyzed. Image analysis was performed by the software

Mountains Lab Premium 10 (Digital Surf, Besancon, France) to quantify the solid

phases (details are provided in the Results section). Even if very much care was used

during the samples preparation processes, unfortunately, both CAIs exhibit holes,

likely attributed to the loss of materials.

3.2.3 Results

CAI 1 Description

CAI 1 (Fig. 3.6) is an irregular, nodular object approximately 400 × 170 µm in

size, primarily composed of diopside, spinel, melilite, and olivine. The chemical

composition of the minerals is summarized in Table 3.3. The core is composed largely

of anhedral pure diopside CaMgSi2O6 hosting numerous poikilitic anhedral spinel

grains (please refer to Tab. S1 for details). Diopside shows chemical zoning (Tab.

S1) with core showing Al2O3 increasing from 1.65 to 4.81 wt%. TiO2 follows the Al
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Figure 3.6: Backscattered electron (BSE) images of CAI 1 from NWA 12800. (a) Overview
showing the irregular, nodular shape and complete rim sequence. (b) Detail of the spinel
rim with perovskite inclusions. (c) Interstitial melilite between diopside core and spinel
rim. (d) Outer rim sequence showing forsterite with 120◦ triple junctions and diopside
rim. Mineral abbreviations: Di - diopside, Sp - spinel, Mel - melilite, Fo - forsterite, Pv -
perovskite.
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trend although with a slight increase from 0.22 to 0.58 wt% while Cr2O3 (0.04 wt%)

and MnO (0.02 wt%) are negligible (Table 3.3). Interstitial anhedral melilite (Åk>60;

Table 3.3 and S1) are found between the diopside and spinel (Fig. 3.6c). Melilite

show slight evidence for anorthite replacement.

Table 3.3: Electron microprobe analyses (wt.%) of mineral phases in CAI 1 from NWA
12800.

Diopside core 1° Melilite rim Spinel rim 2° Melilite rim Olivine rim Diopside rim

Inner Outer Inner Outer Inner Outer Inner Outer Inner Outer

SiO2 54.02 52.22 34.46 16.32 0.17 0.35 24.88 24.90 42.01 42.32 50.69

TiO2 0.27 0.61 1.38 1.58 0.15 0.14 1.27 0.74 0.01 0.01 0.21

Al2O3 1.99 4.75 27.56 49.36 70.68 70.60 39.12 37.78 0.07 0.08 1.43

FeO 0.33 0.27 1.78 3.78 1.58 0.88 0.54 0.54 0.50 0.74 1.23

MnO 0.00 0.01 0.02 0.03 0.01 0.02 0.02 0.02 0.01 0.02 0.00

MgO 18.46 17.43 15.99 18.82 27.14 27.54 20.04 24.62 56.93 56.22 26.69

CaO 24.86 24.66 18.63 9.80 0.11 0.27 13.66 10.62 0.36 0.59 19.66

Na2O 0.02 0.01 0.01 0.04 0.00 0.00 0.01 0.00 0.01 0.00 0.01

K2O 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 0.05 0.03 0.17 0.26 0.15 0.22 0.46 0.77 0.10 0.02 0.08

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Minerals compositions (oxides wt.%) for CAI 1. Here we show the average values of the
representative compositions of the various minerals present in CAI 1. Complete set of data
are reported in Tab. S1.

Surrounding the CAI’s core is a continuous, monomineralic rim of anhedral spinel

MgAl2O4, approximately 15 µm thick (Fig. 3.6a). The spinel chemical composition

is homogeneous showing very low Cr2O3 (<0.1 wt%) content as well as low TiO2

(0.11–0.16 wt%) and FeO (0.76–2.0 wt%). The Fe/(Fe + Mg) ratio decreases outward

from 0.6 to 0.2. Rare micrometric inclusions of nearly pure perovskite CaTiO3

are occasionally observed within the spinel (Fig. 3.6c). Although their size is too

small (<2 µm) for quantitative electron microprobe analysis, they were identified via
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energy-dispersive spectroscopy (EDS).

Covering the spinel rim is a layer of melilite (Åk>50; Fig. 3.6d and Table 3.3 and

S1). Then, nearly pure forsteritic olivine (FeO <1 wt.%; Table 3.3) rim exhibits

well-developed 120◦ triple junctions (Fig. 3.6d). The olivine FeO increase outward

(0.42 to 0.93 wt%) while the MgO content is slightly higher on the core of the crystals

(please refer to Table S1 data olivine rim spots 48 and 49). CaO is <0.41 wt%, MnO

negligible (<0.06 wt%) and Cr2O3 vary from 0.18 to 0.24 wt%.

As it is possible to see from the BSE image presented in Figure 3.6d, soon after

the forsterite rim a thin layer of a continuous (<10 µm) diopside rim is present. It

shows compositions with CaO ranging from 15.39 to 24.28 wt%, Al2O3 from 0.97 to

1.92 wt%, TiO2 from 0.15 to 0.27 wt% and, finally the FeO from 0.89 <1.59 wt%.

CAI 2 Description

CAI 2 is nodular, irregular shape (Fig. 3.7) with size ∼500 × 230 µm composed by

diopside, spinel and melilite. Olivine is absent. The core is predominantly composed

of anhedral pure diopside CaMgSi2O6 (Table 3.4). It shows a chemical variation

from inward to outward with Al2O3 ranging from 1.07 to 3.61 wt% that positively

correlate with the FeO (0.01–0.14 wt%) and CaO (25.84–26.04 wt.%) and TiO2

(0.15–0.55 wt%). Cr2O3 (<0.05 wt%) and MnO (<0.03 wt%) are negligible (Table

3.4 and S2).

Anhedral melilite is localized between the Ca-px and spinel. Composition are

åkermanitic (Ak31) near Ca-px and more gehlenitic (Ak9 to Ak2) close to spinel.

Anhedral anorthite, CaAl2Si2O8 (Table 3.4 and S2), occurs between pyroxene core

and melilite rim (Fig. 3.7b).

Approximately 30 µm anhedral spinel MgAl2O4 (Table 3.4), hosting rare inclusions

of micrometric perovskite (Fig. 3.7b). Increase from inward to outward, the spinel

composition shows slight variation: Cr2O3 (0.1–0.3 wt%), TiO2 (0.29–0.42 wt%) and
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FeO (0.67–1.24 wt%). The Fe/(Fe + Mg) ratio does not show appreciable variation.

Covered spinel rim is a layer consists of intergrowths of melilite with anorthite

replacing pointing to a slight to moderate alteration. This cope with the enrichment in

FeO (1.62 wt%), and the MnO absence. Following the melilite, a rim of homogeneous

diopside is present (Table 3.4).

The outer diopside rim of both studied CAIs has an irregular thickness and covers

more the concave side then the convex side of bowl-shaped CAIs (as you can see on

Fig. 3.6a and Fig. 3.7b).

Figure 3.7: Backscattered electron (BSE) images of CAI 2 from NWA 12800. (a) Overview
showing the irregular shape and rim sequence, note the absence of olivine. (b) Detailed
view showing melilite localization between diopside core and spinel rim, with anorthite
occurrence. (c) Spinel rim with perovskite inclusions and melilite-anorthite intergrowths.
Mineral abbreviations: Di - diopside, Sp - spinel, Mel - melilite, An - anorthite, Pv -
perovskite.

76



CHAPTER 3

Table 3.4: Electron microprobe analyses (wt.%) of mineral phases in CAI 2 from NWA
12800.

Diopside core Melilite rim Spinel rim Melilite rim Diopside rim

Inner Outer Inner Outer Inner Outer Anorthite Inner Outer

SiO2 54.27 52.30 25.61 27.30 0.10 0.12 38.29 53.86 52.97

TiO2 0.15 0.55 0.01 0.06 0.29 0.42 0.08 0.28 0.67

Al2O3 1.07 3.61 34.00 26.81 70.98 70.64 39.74 1.41 2.52

FeO 0.01 0.14 0.18 0.14 0.66 1.22 1.63 0.52 0.77

MnO 0.02 0.03 0.00 0.02 0.01 0.00 0.00 0.02 0.00

MgO 18.56 17.25 1.41 4.01 27.72 27.19 1.93 18.45 17.85

CaO 25.91 26.07 38.73 41.58 0.13 0.12 18.16 25.41 25.17

Na2O 0.01 0.00 0.05 0.07 0.00 0.00 0.05 0.00 0.00

K2O 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00

Cr2O3 0.01 0.04 0.00 0.01 0.10 0.29 0.11 0.05 0.05

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Minerals compositions (oxides wt.%) in CAI 2. Values of the innermost and outermost
phases compositions in CAI 2 are shown. Detailed data are reported in Tab. S2.

77



CHAPTER 3

3.2.4 Discussions

The two studied CAIs have not been significantly altered by Earth or parent body

processes. The lack of MnO, low FeO content in the CAI’s outermost rim, the absence

of secondary minerals (e.g., nepheline and sodalite), and the composition of melilite

and pyroxene are indicative of significantly almost pristine conditions compared, for

instance, with the similar Allende CAIs [19]. The irregular shapes of CAIs, as those

presented in this study, are often interpreted as a result of condensation, suggesting

an unlikely igneous origin. However, it has been experimentally demonstrated that

crystal-bearing melts are more viscous than crystal-free melts [20, 21] and, as a result,

the shapes of CAIs studied here may be the results due to the partially crystallised

melts deformation. These irregular shapes may also be generated (or in concomitance

with the above-mentioned process) by aerodynamic gas drag [22, 23].

Furthermore, the inclusions studied here show high temperature rims surrounding

CAIs as first reported by [5]. Three layers, from interior to exterior are described by

[5]: (1) spinel with perovskite inclusions, (2) melilite (± anorthite), and (3) diopsidic

pyroxene (often zoned Ti-Al-rich on the interior, becoming diopside towards the

exterior) [5, 7]. Following the previously described WL rims we also have tried to

collect new information by deeply studying the rim sequence in our samples.

The minerals that make up CAIs 1 and 2 rims, along with their sequence and

chemical composition, indicate a complex, high-temperature, multi-stage history.

This process, as suggested by Wark and Lovering [5], likely involved evaporation,

melting, and gas-solid reactions. We will now examine in detail how these minerals

could have been formed and we propose a possible formation/petrologic history for

the two CAIs.

Spinel nodules within the core of the CAI suggest that spinel formed prior to

the pyroxene core. This is consistent with equilibrium condensation calculations as
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proposed by Ebel and Grossman [24]. However, as shown by the equilibrium diagram

proposed by Scott [25], the spinel likely did not condense directly from the solar gas

but instead formed through reactions involving earlier phases, such as hibonite or

melilite. The absence of these phases in the core indicates that they were consumed

during the formation of spinel and later diopside as these reactions progressed.

Melilite and diopside have highly irregular and curved grain boundaries, suggest-

ing disequilibrium conditions for their formation [26]. Condensation calculations

predicted that melilite should condense at temperature and pressure ranging from

10−5 to 10−3 [24]. In such a scenario, the decrease in åkermanitic contents of melilite,

in the mantle edge towards the WL rim, would have resulted from a gradual drop

down of the total gas pressure during its condensation [27].

In CAI 1, the first melilite rim forms a thin, discontinuous layer beneath the

spinel (Fig. 3.6b), whereas in CAI 2, it is continuous and much wider. Melilite is

clearly enclosed within the spinel rim (Fig. 3.7b) resembling an intergrowth between

these two phases. This implies a successive condensation event or, more probably,

flash heating that produced melilite from diopside core with a vapor-melt interaction

in the solar nebula [28]. Gehlenitic melilites in both CAIs also require that the onset

of melilite crystallization occurred at temperatures higher than 1400 K.

Melilite mantles are produced not only during cooling of a melt but can also

be produced by isothermal heat treatment given sufficient evaporation. Thus, in

this scenario the formation of melilite, or their absence, might be due to different

evaporation rates of Mg and Si from the surface of the partially molten droplets

relative to their diffusion rates in the melt [29].

Gehlenitic to åkermanitic compositional zoning forms when melilite crystallizes

from a high-Al melt and is conventionally referred to as ‘normal zoning’ [30]. CAI 2

shows normal zoning. These features are typically observed in Type B CAIs and are

evidence for inward growth of molten droplets that cooled by radiation of heat from
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their surfaces (e.g., [27, 31]).

Anorthite, only present in CAI 2, is minor and discontinuous (Fig. 3.7b), but

its highly embayed and scalloped interfaces with underlying melilite suggest that

melilite was replaced by anorthite after pyroxene formation.

Due to the textural contact between melilite and the coarse spinel rim (Fig. 3.7),

we suggest a very intense and prolonged heating triggering Ca loss by evaporation and

producing the thick rim of spinel from a melt, likely formed by rapid crystallization

from a melt enriched in Ca and Al.

Forsterite condensed directly from the nebular gas at 1375 K [26, 32]:

2Mg(g) + SiO(g) + 3H2O(g) = Mg2SiO4(s) + 3H2(g) (3.1)

Grain boundaries in CAI 1 display 120◦ triple junctions (Fig. 3.6d), a character-

istic also observed in amoeboid olivine aggregates (AOAs) from CV3 chondrites, as

noted by [19]. This feature suggests high-temperature nebular (1375 K) annealing

with minimal melting [26]. The compact texture of olivine grains with triple junctions

can form through sub-solidus heating lasting only a few hours, without requiring

partial melting [33–37].

The lower concentrations of CaO and Cr2O3 in forsterite have been attributed

by some authors to forsterite condensation from a residual gas that was depleted

in refractory elements after the condensation of refractory-rich minerals, with a

subsequent isolation from the gas before Cr could condense [38, 39]. The increase in

FeO content toward the outer regions is minimal and may result from overlap with

the surrounding CAI matrix or minor Mg-Fe exchange occurring within the parent

body.

The diopside rim possibly formed as a result of gas condensation at ∼1435 K

and 10−3 bar on the surface of already-solid coarse-grained igneous CAIs [22, 26, 40].
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Two textural occurrences of low-Ca pyroxene rims around forsterite may indicate its

formation by two mechanisms as noted [32]. In details, they suggest an interaction

between forsterite and gaseous SiO as shown in the following reactions (eq. 3.2

and 3.3):

Mg2SiO4(s) + SiO(g) + H2O(g) = 2MgSiO3(s) + H2(g) (3.2)

and by direct gas–solid condensation,

Mg(g) + SiO(g) + H2O(g) = MgSiO3(s) + H2(g) (3.3)

Different thicknesses in the convex and concave sides of CAIs could have resulted

from the temperature and pressure gradients due to the ablation of the frontal part of

the CAIs [22, 41]. This is further supported by the observation that the CAI 1 and 2

rims are thicker in the concave regions than in the convex areas due to aerodynamic

gas drag [22].

The proposed formation sequences for both CAIs are illustrated in Figures 3.8

and 3.9, showing the stepwise development of rim layers through different nebular

events. These schematic representations synthesize our interpretation of the complex

petrogenetic history, highlighting the key differences in rim formation between the

two inclusions while maintaining consistency with established condensation sequences

and experimental constraints on high-temperature nebular processes.

3.2.5 Conclusions

The pristine condition of the NWA12800 CAIs analyzed in this study offers valuable

insights into their origins, often concealed by secondary metasomatic and metamor-

phic processes typical in CV3 CAIs [42]. Our results suggest that the textures of
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Figure 3.8: Schematic illustration of the stepwise formation of rims on CAI 1, explaining
the process across different nebular events. The core of the inclusion consists of diopside
(Di). During the first event (t1), flash heating causes the formation of a rim of melilite
(Mel) and spinel (Sp) through the evaporative loss of silicon (Si), magnesium (Mg), and
calcium (Ca) from the diopside. In the second event (t2), nebular conditions drive the
condensation of melilite onto the spinel rim. A third event (t3) results in the condensation
of forsterite (olivine, Ol), forming triple junctions indicative of thermal annealing, alongside
additional diopside. Mineral abbreviations: Mel = melilite; Sp = spinel; Di = diopside; Ol
= olivine.

Figure 3.9: Schematic illustration of the stepwise formation of rims on CAI 2, explaining
the process across different nebular events. The core of the inclusion consists of diopside
(Di). During the first event (t1), flash heating causes the formation of a rim of melilite
(Mel) and spinel (Sp) through the evaporative loss of silicon (Si), magnesium (Mg), and
calcium (Ca) from the diopside. In the second event (t2), nebular conditions drive the
condensation of melilite onto the spinel rim. Unlike CAI 1, CAI 2 does not exhibit a rim
of olivine (Ol). However, the final rim of diopside (t3) is present and is notably thicker in
concave regions than in convex ones, indicating a state of viscosity and gas drag during its
formation. Mineral abbreviations: Mel = melilite; Sp = spinel; Di = diopside; Ol = olivine.
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these CAIs cannot be explained solely by simple condensation mechanisms. Based

on these observations, we conclude that the WL rim formation was initiated by

flash melting and extensive evaporation of the original inclusion edge, followed by

subsequent gas-solid reactions under highly dynamic conditions. Mineralogical ob-

servations reveal that CAIs 1 and 2 underwent a complex thermal history involving

high-temperature episodes. The reconstructed sequence of their formation includes:

1. flash heating of the inclusion edges, resulting in the initial formation of melilite;

2. evaporative Ca-loss during crystallization, leading to the development of the

spinel rim;

3. subsequent condensation of melilite from the nebular gas;

4. formation of the olivine rim via gas-solid condensation followed by thermal

annealing;

5. condensation of the final diopside layer from the solar nebula;

6. final accretion of the CAIs onto the parent body.

This sequence illustrates a complex history of gas-solid condensation, evaporation,

and re-condensation within the early solar nebula. Variations in temperature,

pressure, and gas composition contributed to the formation of distinct mineral layers

encasing the CAI core. Each rim layer likely formed in response to changing nebular

conditions, marking separate episodes of mineral condensation during the evolution

of these ancient inclusions. Based on mineralogical and textural evidence, these rims

appear to result from flash heating events exceeding 2500 K for durations under 2

seconds [7]. The formation of these rims necessitated a multi-stage, high-temperature

history involving transient heating processes, including evaporation, melting, and

gas-solid reactions. Each rim layer developed sequentially, around 2 million years
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after their host CAI [8]. The well-preserved, rimmed CAIs offer critical insights into

early solar nebula conditions, providing a rare glimpse into the processes that shaped

the formation and evolution of the first solid bodies in the solar system.
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3.3 Melt Inclusions in Chondrules: A Window

into Early Solar System Processes

Abstract. Melt inclusions, commonly studied in volcanic rocks, have long been a

key tool for investigating magmatic processes. However, their role in understanding

chondrules—small, spherical components of meteorites—remains poorly explored

and presents significant challenges. Chondrules formed in a unique physicochemical

environment compared to Earth’s magmatic systems. They crystallized at temper-

atures above 1400 ◦C as free-floating droplets in microgravity, under a pressure of

approximately 10−3 bar, cooling at rates of hundreds to thousands of ◦Ch−1, inter-

acting with nebular vapor. This section highlights the importance of melt inclusions

in chondrules as valuable insights into the conditions of the early solar system. Using

an electron microprobe, olivine grains containing melt inclusions (with diverse shapes

and compositions) were analytically examined. The analysis reveals that these melt

inclusions exhibit diverse chemical compositions, including Al-rich, Na-poor and

Al-rich, Na-rich glasses. The proposed scenario for the formation of this chondrule,

is based on the chemistry of melt inclusions and the enstatite rim surrounding the

isolated olivine grain. This possibly mirrors a splashing impact while the chondrule

was still partially molten, followed by gas–melt interaction, during which the melt

reacted with the surrounding nebular gas.

3.3.1 Introduction

Melt inclusions (MIs) are tiny glassy pockets hosted in minerals and formed by

trapping melts during crystallisation. The composition of an MI is usually in

equilibrium with its host at the temperature of the liquidus [1, 2]. Thus, MIs can

preserve clues to the conditions and dynamics during melt crystallization. Isolated
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olivine grains (IOGs) are euhedral to subhedral forsteritic crystals found embedded

in the matrix of carbonaceous chondrites [1]. The origin of IOGs remains debated,

with two principal formation mechanisms proposed: direct condensation from the

solar nebula [1, 3–5] and fragmentation of pre-existing chondrules [6, 7].

According to the literature, MIs in type I chondrule olivines are classified into

three compositional groups [2, 4, 5, 8]. Primary MIs form from the original melt

during the crystallization of olivine and include two main compositional types:

(1) Al-rich (SiO2: 39–52 wt.%, Al2O3: 22.7–28.8 wt.%, high CaO: ∼21.7 wt.%)

and (2) Al-poor (SiO2 >55 wt.%, Al2O3 <21 wt.%), both characterized by low

alkali contents. Secondary inclusions form when fluids heal pre-existing fractures

in a crystal, after its crystallization; thus, they provide no information about the

crystal’s original growth conditions. In contrast, pseudosecondary inclusions form

from residual melt trapped within healing micro-fractures during the growth of the

host crystal. This results in a third compositional group, identified as the Ca-poor,

Na-rich subgroup of the Al-rich glasses (Na2O: 4.5–14.7 wt.%, low CaO: 0.9–8.5

wt.%). This classification of MIs compositional groups is summarized in Table 3.5.

A comprehensive dataset of MIs compositions in chondrules is currently lacking.

For comparison, representative average compositions of chondrule glasses from the

literature are shown in Table 3.7. A subset of MIs hosted in iron-rich olivine

crystals exhibits highly evolved compositions with high SiO2 contents (> 60 wt.%)

that are incompatible with olivine equilibrium, leading to crystal dissolution at the

melt-crystal interface [9]. These evolved melts show compositional ranges (SiO2 =

58.1–74.5 wt.%, Al2O3 = 7.7–17.4 wt.%, FeO = 1.8–8.5 wt.%, Na2O = 0.0–10.3

wt.%, MgO = 0.04–14.8 wt.%, CaO = 1.0–28.3 wt.%) that significantly exceed the

majority of studied MIs. Those inclusions are excluded from further discussion in

this chapter to focus on the more representative, less fractionated melt inclusion.

The study of MIs applied to IOGs has led to the formulation of several competing
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Table 3.5: Resume of MIs compositional groups from Kurat et al. 1997 [4] and Varela et
al. 2002 [5]

Group SiO2 Al2O3 CaO Na2O

Al-rich 39–52 22.7–28.8 15–26 ≤0.5

Na-rich subgroup 46–55 23.8–29.6 0.9–8.5 4.5–14.7

Al-poor >55 <21 6.7–19 0.02–2.6

Data are presented in weight percent (wt.%).

hypotheses regarding their formation. Fuchs et al. [1] first identified glass blebs

enclosed within isolated olivine grains in the Murchison meteorite. They observed

that the chemical compositions of these glasses are not in equilibrium with olivine

at liquidus temperatures and concluded that the glasses cannot represent melts

trapped during magmatic crystallization. Following this study, subsequent early

models proposed a nebular origin for such inclusions, suggesting that both the glass

inclusions and their host olivine grains represent high-temperature condensates [1,

3]. The condensation-origin model for IOGs was later refined through the Vapor–

Liquid–Solid (VLS) growth model [4, 5], which explains the euhedral shape of IOGs

and interprets MIs as the trapped liquid layer formed during this growth process. In

the VLS model, olivine grains grow in a melted droplet, which interfaces directly

with the nebular gas. The growth is sustained by condensable elements from the

vapor onto the liquid film. This continuous interaction enriches the liquid and allows

olivine growth to continue.

In contrast to direct condensates, some authors have interpreted IOGs as frag-

ments of pre-existing chondrules formed during subsolidus fragmentation (e.g.[6]).

Others have proposed that IOGs originated from a melt, with MIs as droplets of the

IOGs parental melt trapped during fractional crystallization [8]. This interpreta-

tion was further developed by the suggestion that IOGs are products of chondrule
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Table 3.6: Evolution of genetic models for isolated olivine grains and MIs in carbonaceous
chondrites.

Works IOGs Origin Model MIs Origin and Genetic Significance

Fuchs et al. 1973
[1]

First description of IOGs; suggested nebu-
lar condensation.

Glass inclusions interpreted as high-
temperature condensates.

Olsen & Gross-
man 1978 [3]

IOG origin discussed as direct condensa-
tion.

Analyze MIs and favor an origin by direct
condensation.

McSween 1977 [6] Fragmentation model: IOGs as broken
pieces of chondrules; based on chondrules
compositional similarities.

Melt inclusions (MIs) represent trapped
parental melts from fractional crystalliza-
tion, just as the chondrule mesostasis,
is considered the complementary residual
melt.

Roedder 1981, 1984
[8] [2]

(non-planetary origin; non-condensate ori-
gin) Two-Stage Formation: Olivine crys-
tals nucleated from a very ”olivine-rich
melt” (Stage 2) derived from the melting
of refractory primitive materials condensed
from the nebula (Stage 1).

MIs are trapped remnants of melts that
evolve during fractional crystallization.

Jones 1992 [7] Recycling/Fragmentation: IOGs de-
rived from the recycling of chondrule frag-
ments that underwent partial re-melting
and crystallization, evidenced by the pres-
ence of pyroxene rims.

MIs are analyzed, and the literature is re-
viewed, but no original MIs genetic model
is proposed.

Kurat et al. 1997
[4]

VLS condensation: Euhedral olivines
grown by vapor-liquid-solid process from
nebular gas.

MIs as trapped liquid layer from VLS
growth; unfractionated trace elements sup-
port condensation.

Varela et al. 2002
[5]

Updated VLS Condensation model from
Kurat et al. 1977 work; IOGs are nebular
condensates.

Refined MIs Chemical Classification:
Al-rich (primary high-T condensate), Al-
poor (primary low-T), Na-rich (metasoma-
tized). Updated VLS growth mechanism.

Libourel et al. 2006
[10]

Gas-Melt Interaction:IOG not discussed;
focuses on chondrules, arguing they formed
from pre-existing solids with extensive gas-
melt interaction, a mechanism; extensible
to IOGs.

MIs record open-system gas-melt interac-
tions during chondrule formation.

Faure et al. 2012
[11]

Planetesimal magmatism: This study
utilizes dynamic crystallization experi-
ments to test the origin of chondrules and
melt inclusions. The authors’ experiments
support an origin from a splash impact
event on a molten planetesimal; extensi-
ble to IOGs.

Authors propose that silica-rich MIs are re-
licts of the primary, unfractionated magma
of a planetesimal.

Florentin et al.
2018 [12]

Planetesimal magmatism: IOGs are not
discussed, but Type I olivines are discussed
as crystallized slowly within a molten plan-
etesimal interior before being excavated by
an impact; extensible to IOGs

First ever 3D chemical images of chon-
drule MIs; multi-stage MIs origin; Primary
MIs were trapped during slow magmatic
growth inside the planetesimal. After a
splash impact, the olivine grain traps a
residual melts, which re-equilibrated dur-
ing an open-system interaction by gas-
melt interactions in the nebula as a proto-
chondrule.

Jacquet et al.
2020 [13]

”Splash” model: IOGs expelled from par-
tially molten chondrules during collisions;
explain the pyroxene rim.

MIs in IOGs show chemical mofidication
from gas-melt interactions post-ejection.
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recycling and fragmentation [7]. To explain the igneous origin of IOGs, as opposed

to a condensation origin, recent experimental work [11] supports that Al-rich glass

inclusion compositions can be reproduced by the slow crystallization of a magma

ocean, implying a planetary magmatic setting. However, this model requires large-

scale melting on planetesimals. Diverse MI compositions have also been explained

through impact processes involving molten planetesimals [12], although the origin of

IOGs was not explicitly addressed.

Table 3.7: Average compositions of chondrules glasses from various studies (wt.%).

[1] [6] [3] [7] [10] [5]

SiO2 50.8 50.1 69.1 52.0 46.2 51.2

TiO2 0.8 – 0.1 0.9 1.1 1.0

Al2O3 22.2 19.6 15.7 24.4 24.4 22.9

FeO 1.5 5.9 0.6 0.3 0.5 1.2

MnO 0.03 – – – 0.04 0.05

MgO 4.3 5.6 3.2 4.2 4.4 3.7

CaO 18.5 12.9 9.8 17.5 21.4 15.8

Na2O 0.3 5.6 1.0 1.2 0.2 1.8

K2O 0.05 0.1 0.03 0.02 – 0.1

Cr2O3 0.2 – 0.1 0.3 0.3 0.3

P2O5 – – – – – 0.2

Total 98.7 99.8 99.6 100.8 98.8 98.7

CaO/Al2O3 0.83 0.66 0.62 0.72 0.88 0.69

Data sources: [1] Fuchs et al. (1973) (Average n=14); [6] McSween et al. (1977) (Average
n=7); [3] Olsen et al. (1978) (Average n=8); [7] Jones et al. (1992) (Average n=2); [10]
Libourel et al. (2006) (Average n=4); [5] Varela et al. (2002) (Average n=33). All data
verified in Appendix Table 3.13. – = not analyzed.

Condensation, sub-solidus recycling, fragmentation, and planetesimal melting

have all been proposed as possible processes for IOG formation. Further constraints

are needed to reconcile these scenarios with detailed MI studies. More recently, the

planetary impact hypothesis has been re-scaled into a ”chondrule collision–splash”
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model [13], in which IOGs are interpreted as fragments expelled from partially

molten chondrules during collisions. Their MIs show evidence of subsequent chemical

modification resulting from gas–melt interactions after ejection. In this model,

IOGs form through a supra-solidus “splash” collisional mechanism during chondrule

formation [13]. In this scenario, a molten droplet begins crystallizing olivine, and

while it remains mostly molten, a collision separates the early-formed crystals from

the parent droplet. The isolated crystal then continues to crystallize with its adhered

residual melt and may further interact with the surrounding gas, forming reaction

rims. The enstatite rim develops when the isolated olivine grain reacts as an

independent object with a SiO2-enriched gas, promoting pyroxene crystallization at

the expense of olivine through a gas–melt–solid interaction. A summary of all these

competing genetic hypotheses is provided in Table 3.6.

In this work, we present preliminary analyses of MIs within chondrules from

the NWA 12800 CV3 carbonaceous chondrite, with particular focus on a pristine

isolated IOG that exhibits different type of MIs, an enstatite rim, and Fe-Ni metal

blebs. This assemblage could provide useful insights into the formation of chondritic

components in the early Solar System.

3.3.2 Materials and Methods

Petrographic and geochemical analyses were conducted on an isolated olivine grain

from the NWA 12800 (CV3) carbonaceous chondrite. Initial petrographic char-

acterization employed polarized light microscopy to identify IOG and chondrules

(Fig. 3.10). High-resolution imaging and quantitative major-element analyses were

performed at the Institute of Mineralogy, Leibniz University of Hannover. Imaging

was carried out using a JEOL JSM-6700F field-emission scanning electron microscope

(SEM) operating in back-scattered electron mode at 15 kV accelerating voltage, and
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analyses were obtained using a JEOL JXA-iHP200F field emission electron micro-

probe. Operating conditions were 15 kV accelerating voltage, 15 nA beam current,

and a focused beam diameter of approximately 2 µm. To minimize alkali migration,

sodium and potassium were analyzed first in the measurement sequence. Calibration

utilized well-characterized natural and synthetic standards, with analytical accuracy

maintained below 1% deviation throughout each analytical session. ZAF corrections

were applied to account for atomic number, absorption, and fluorescence effects.

Metal blebs associated with the studied olivine grain were analyzed using identical

EPMA conditions to characterize their Fe-Ni compositions.

3.3.3 Result and Discussion

Petrographic examination of NWA 12800 CV3 chondrite reveals that in most chon-

drules, particularly barred olivine types, MIs size are typically below the analytical

resolution limit for quantitative electron microprobe analysis (Figure 3.10). An

isolated olivine grain (IOG) was selected because it contains analyzable-size MIs (

above ≈ 12µm in diameter), to assess the relationship between the melt composition

and the olivine host.

The chosen IOG represents a single, porphyritic equidimensional sub-euhedral

olivine microphenocryst with a mean apparent diameter of 840 µm (Fig. 3.11). The

grain exhibits no undulose extinction under cross-polarized light, indicating minimal

shock deformation. Several irregular fractures cross-cut the grain, potentially related

to post-formational stress events. Under polarized light microscopy, the IOG displays

two distinct crystallographic orientations of olivine (see Fig. 3.10a). Microprobe

analyses reveal that the IOG is predominantly forsteritic, exhibiting compositional

zoning from core to rim (Table 3.9). The core region has a highly magnesium

composition (Fo99.3) with FeO content of 0.68 wt.%, while the outer region shows
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slight iron enrichment (Fo95.3) with 4.73 wt.% FeO. This zoning pattern suggests

either growth from an evolving melt or subsequent diffusional exchange.

Figure 3.10: Petrographic overview of chondrules in the NWA 12800 meteorite, containing
MIs. All images were acquired using transmitted light microscopy. (a) An isolated olivine
grain (IOG) under crossed polarizers, exhibiting two distinct optical orientation domains.
(b) The same IOG as in (a) under plane-polarized light, revealing numerous opaque
inclusions. (c) A porphyritic olivine-pyroxene (POP) chondrule under crossed polarizers,
showing a euhedral olivine crystal hosting numerous MIs. (d) A detailed view of a euhedral
olivine grain within a POP chondrule, hosting MIs under crossed polarizers. (e) A barred
olivine (BO) chondrule under crossed polarizers with MI, cross polarizers. (f) A detailed
view of numerous MIs enclosed in olivine bars under plane-polarized light.

The IOG is rimmed by a continuous enstatite rim of uniform composition

(Fs1.1Wo0.9), characterized by high MgO (38.82 wt.%) and low FeO (0.79 wt.%)

contents (Table 3.9). This rim could suggest either overgrowth from the residual melt

or reaction with the solar nebula during cooling. Experimental attempts to reproduce

the enstatite rim by fractional crystallization failed (e.g., [14, 15]). Petrographic

and chemical characteristics of the enstatite rim around the olivine grain could be

explained by gas-melt interaction under high SiO(g) partial pressures sourced from

the solar nebula [16, 17]. In carbonaceous chondrites, isotopic studies suggested that

olivines and their pyroxene rim are not co-magmatic and did not crystallise from

the same melt [18], but 2/3 of the oxygen in the low-Ca pyroxene originated from
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partially dissolved precursor olivine, while 1/3 was added by the reaction with SiO

from the surrounding gas via the reaction sequence:

SiO(gas) +
1
2
O2(gas) → SiO2(melt) (1)

Mg2SiO4 (olivine) + SiO2(melt) → Mg2Si2O6 (pyroxene) (2)

In high-temperature experiments, exposed partially molten, chondrule-like sam-

ples to high SiO(g) partial pressures reproduced the enstatite rim [17]. These high

SiO partial pressures could result from evaporation in a dust-rich environment of the

solar nebula [19, 20]. Gas-melt reaction might even occur in a regime of low SiO(g)

partial pressures if the IOG formed during multiple melting and cooling events [21].

Because Si is a network-forming element in silicate melts, deep diffusion of silica into

the chondrule melts is unfavored. Crystallization of enstatite stopped the interaction

of melts with nebula gas, preventing further gas–melt interaction [19]. No glass or

metal inclusions were observed within the pyroxene rim.

The measured composition of the metal blebs (Fe = 88.57 wt.%, Ni = 8.64

wt.%; Table 3.8) lies within the compositional field commonly attributed to high-Ni

kamacite rather than taenite.

Table 3.8: Composition of a metal bleb enclosed in the isolated olivine grain (wt.%).

Element Mass % Atom % ZAF Corrected

Fe 88.57 91.45 0.91

Ni 8.64 8.49 1.05

Other 0.08 0.06 -

Total 97.29 100.00 -

Moreover, the nearly spherical morphology and internal distribution of the blebs

support a mechanism of liquid immiscibility, by which Fe–Ni metal droplets segregated

from silicate melt during olivine crystallization under strongly reducing conditions.
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Alternatively, direct condensation from a nebular gas at ∼ 1350–1450 K is a plausible

source of metal, though this scenario requires sufficiently low oxygen fugacity and

possibly local dust enrichment to stabilize metallic Fe–Ni [22]. Finally, given the

relatively small scale of the metallic blebs, possible Ni diffusion at low temperatures

and shock-induced re-equilibration remain non-negligible uncertainties that must be

assessed.

Table 3.9: Compositional traverse across the isolated olivine grain and its enstatite rim
(wt.%).

Ol-core Ol-mid Ol-outer En-rim

SiO2 41.94 41.75 41.03 58.58

TiO2 0.02 0.09 0.00 0.09

Al2O3 0.20 0.42 0.07 0.73

FeO 0.68 1.00 4.73 0.79

MnO 0.00 0.04 0.10 0.09

MgO 56.85 56.27 54.16 38.82

CaO 0.31 0.05 0.08 0.45

Na2O 0.00 0.14 0.02 0.02

K2O 0.00 0.01 0.01 0.00

P2O5 0.29 0.53 0.24 0.53

Total 100.30 100.31 100.43 100.09

Multiple MIs of varying morphology are distributed throughout the olivine host,

including spherical, elongated, and irregular forms. Elemental mapping clearly

distinguishes the MIs from the host olivine through pronounced color contrasts, with

the inclusions exhibiting elevated Al and Ca signatures compared to the Mg-rich

olivine host (Fig. 3.11). The locations of the spot analyses of MIs within the isolated

olivine grain (IOG) are shown in Figure 3.12, and the corresponding analytical results

are reported in Table 3.10.

No MIs observed in this study fit the criteria for the Al-poor group defined in

Table 3.5. MI-2 is classified as an Al-rich primary inclusion (Table 3.11). MI-2 is

characterized by low SiO2 (43.79 wt.%) and exceptionally high CaO (25.49 wt.%),

which is at the upper end of the established range for this group (15–26 wt.%). Most
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Figure 3.11: Elemental mapping of the isolated olivine grain (IOG). (a) Back-scattered
electron image showing the IOG with enstatite rim and surrounding matrix. (b) False-color
elemental map highlighting the distribution of major elements (see Chapter 3.1 Fig. 3.5a
for color key). Dark green areas correspond to pyroxene, while violet regions indicate melt
inclusion compositions.

notably, Na2O content is below the detection limit (0.01 wt.%), consistent with the

definition of primary Al-rich inclusions. The Al2O3 content is 19.17 wt.%, slightly

lower than the reference range, but the overall chemical signature—high CaO and

near-zero Na2O—strongly aligns it with the primary Al-rich type.

Figure 3.12: Close-up BSE image of the isolated olivine grain, highlighting the locations
of analyzed melt inclusions (MI-1 to MI-4) and metal blebs. The Fe-Ni metal bleb and
multiple melt inclusion analysis points are annotated, with their compositions reported in
Tables 3.8 and 3.10.

MI-1, MI-3, and MI-4 are classified within the Al-rich, Ca-poor, Na-rich,
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subgroup (Table 3.5), interpreted to be pseudosecondary [5]. These Na-rich inclusions

exhibit a strong inverse correlation between Na2O and CaO, alongside a positive

correlation between Na2O and SiO2. All exhibit low (subchondritic) CaO/Al2O3

ratios (0.27–0.44) with respect to the chondrite ratio (∼ 0.6–0.8), as shown in Table

3.10. In sharp contrast, the Al-rich primary MI-2 presents an elevated CaO/Al2O3

ratio of 1.33 (Table 3.11). The coexistence of these chemically distinct inclusions

within the same olivine grain suggests distinct genetic histories for the two inclusion

types.

Table 3.10: Representative compositions of MIs hosted in the IOG (wt.%).

MI-1 MI-2 MI-3 MI-4 (a) MI-4 (b)

SiO2 48.13 43.79 47.45 46.78 47.15

TiO2 1.22 0.85 0.95 1.01 0.99

Al2O3 24.39 19.17 23.48 23.64 24.02

FeO 0.30 0.27 2.33 5.46 4.63

MnO 0.04 0.00 0.00 0.02 0.02

MgO 3.50 10.90 5.01 2.44 3.07

CaO 10.84 25.49 8.38 6.44 6.62

Na2O 12.28 0.00 11.91 13.31 13.07

K2O 0.12 0.00 0.76 0.55 0.60

P2O5 0.05 0.04 0.10 0.20 0.20

Total 100.88 100.52 100.36 99.84 100.37

CaO/Al2O3 0.44 1.33 0.36 0.27 0.28

Notably, MI-4 is a large pocket of melts, texturally more similar to a chondrule

mesostasis rather than a melt inclusion sensu strictu. Two distinct spots were

analyzed within this feature: MI-4 (a) and MI-4 (b), representing compositional

variations within the same melt pocket. In stark contrast to the MI-1 and MI-3

Na-rich inclusions, MI-4 is a Na-rich inclusion characterized by high FeO content

(4.63–5.46 wt.%), which is significantly higher than that of MI-1 (0.30 wt.%) and

MI-3 (2.33 wt.%). The FeO content, combined with the lowest MgO values in the

dataset (2.44–3.07 wt.%), suggests MI-4 represents a evolved residual melt.

The Fe-Mg partition coefficient value at equilibrium in magmatic systems is
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Table 3.11: Classification of melt inclusions based on compositional groups [5].

MI name SiO2 Al2O3 CaO Na2O CaO/Al2O3 Classification and origin

(wt.%) (wt.%) (wt.%) (wt.%) ratio

MI-1 48.13 24.39 10.84 12.28 0.44 Al-rich, Na-rich subgroup,
pseudosecondary

MI-2 43.79 19.17 25.49 0.00 1.33 Al-rich primary: Low SiO2,
high CaO, very low Na2O,
contemporaneous with host
crystallization

MI-3 47.45 23.48 8.38 11.91 0.36 Al-rich, Na-rich subgroup,
pseudosecondary

MI-4 (a) 46.78 23.64 6.44 13.31 0.27 Al-rich, Na-rich subgroup,
pseudosecondary

MI-4 (b) 47.15 24.02 6.62 13.07 0.28 Al-rich, Na-rich subgroup,
pseudosecondary

0.30± 0.03. This value is applicable even under the highly reducing redox conditions

characteristic of chondrules (e.g., buffered near IW) since crystalline olivine almost

exclusively accepts Fe2+, and under these reducing conditions, the melt contains

virtually solely Fe2+. Consequently, the standard KD formula utilizing the total

analyzed iron (FeOtot) remains highly accurate, eliminating the need for complex

oxidation state corrections for Fe3+/Fe2+ partitioning.

The KFe-Mg
D is formally defined as:

KFe-Mg
D =

XOl
Fe ·XMelt

Mg

XOl
Mg ·XMelt

Fe

For practical application using the total measured weight percent (wt.%) of iron

and magnesium oxides, the calculation is performed as:

Calculated KFe-Mg
D =

(FeO/MgO)Ol-core

(FeO/MgO)MI

The calculated KFe-Mg
D values (Table 3.12) indicate a significant disequilibrium

state for all analyzed MIs relative to the Ol-core (KD ≈ 0.005 to 0.483). The majority

of MIs (MI-3, MI-4a, MI-4b) yield extremely low KD values, a strong indication of
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extensive post-entrapment crystallization (PEC). Future work will require PEC

correction to retrieve the true liquid composition at the time of entrapment.

Table 3.12: Calculated KFe-Mg
D values between the Olivine Core and Melt Inclusions (MI).

Sample MI-1 MI-2 MI-3 MI-4 (a) MI-4 (b) Olivine Core

FeO (wt%) 0.30 0.27 2.33 5.46 4.63 0.68

MgO (wt%) 3.50 10.90 5.01 2.44 3.07 56.86

(FeO/MgO) 0.086 0.025 0.465 2.238 1.508 0.0120

KFe-Mg
D 0.140 0.480 0.0258 0.00536 0.00795 –

Note: The partition coefficient is calculated as KFe-Mg
D =

(FeO/MgO)Olivine
(FeO/MgO)Melt

. The expected equilibrium range for

KFe-Mg
D is 0.30± 0.03 [2]. Values significantly lower than this range suggest a lack of equilibrium.

The low SiO2, high CaO, high CaO/Al2O3 ratio of 1.33 (well above the chondritic

ratio ≈ 0.6–0.8) and near-zero alkali content of MI-2 (Table 3.10) strongly indicate

that the IOG initially crystallized from a highly refractory, Al-, Ca-, and Mg-rich

melt that was severely depleted in volatile alkali concentrations. Probably the

high temperatures prevented the condensation and incorporation of Na and K into

the earliest melt. The very low FeO content of the IOG core (0.68 wt.%, Table

3.9), along with this Al-rich melt inclusion, suggest first step of formation in a

highly reducing, high-temperature environment. Thus, MI-2 records the early

crystallization conditions of the IOG. Conversely, the pervasive occurrence of Al-rich

pseudosecondary inclusions (MI-1, MI-3, MI-4a-b) reveals a significant gas reaction

during successive crystallization events. The diverse chemistry of the MIs, coupled

with the presence of the enstatite rim, strongly supports an open-system model

involving gas–melt interaction during transient high-temperature events, where the

partial pressures of elements such as Si and Na enabled rapid exchange and reaction

with the residual melt.

According to Jaquet et al. model [13], we resume the sequence of events to

explain this IOG history in Fig. 3.13:
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Figure 3.13: Sketch of the proposed formation scenario for Isolated Olivine Grains (IOGs).
The process involves: (a) Initial crystallization of olivine phenocrysts within a molten
chondrule. (b) A Collisional Splash Event expels olivine fragments with adhered residual
melt. (c) The Ejected IOG interacts with the surrounding SiO2-enriched nebular gas.
(d) Enstatite Rim Formation results from gas-melt-solid interaction, completing the IOG
structure.

1. Initial Chondrule Crystallization: Formation started when the chondrule-

precursor aggregates melted during brief high-temperature events. Few forsteritic

olivine crystallized inside a proto-chondrule melt, trapping primary Al-rich,

Na-poor MIs (e.g., MI-2) that represent the primary magmatic compositions

[5, 11].

2. Micro-Scale Impact and Ejection: While the chondrule was still partially

molten, it experienced a kinetic event (e.g. collision). This event led to the

fragmentation of the droplet and the ejection of a single or few olivine crystals

with small amounts of adhering melt.

3. Post-Ejection Crystallization and Melt Modification: Isolated in the

nebular environment, the expelled olivine continued to grow, and the residual

melts evolved due to fractional crystallization and gas-melt interaction in the

solar nebula. Olivine trapping new MI interstitially between the growing

crystal from a chemically evolving system. This process is not at equilibrium

because the impact may have altered the chemical equilibria, and the nebular
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environment may also have modified the composition. In this case, trappings

of Na-rich olivines such as MI-1 formed through interaction with the nebular

vapour, likely involving Ca-Na exchange processes.

4. Rim formation: The outermost surface of the crystal, still coated with melt,

interacted with SiO-rich nebular gas. Olivine reacted with the melt and SiO

from the surrounding gas to form enstatite rim around the olivine grain [10].

The FeO zonation in the olivine likely could reflects re-equilibration during

this late-stage processing.

3.3.4 Concluding remarks and future works

We report preliminary results from isolated olivine grain in NWA 12800 suggesting

evidence for a multi-stage, open-system formation history in the nebular environment.

These analyses should be considered preliminary, as the quality of the studied MIs

was often compromised by analytical challenges, including small size, the presence of

post-entrapment fractures, daughter crystals, and shrinkage bubbles. Consequently,

a follow-up study with advanced micro-analytical techniques, such as NanoSIMS,

is required. The presence of an early-trapped, refractory Al-rich, Na-poor inclusion

with a high CaO/Al2O3 ratio and later Al-rich, Na-rich inclusions suggest that the

IOG interacted with a volatile-rich nebular gas. Despite the compelling constraints

provided by our petrographic and compositional data, the analysis of chondrule

melt inclusions remains challenging due to their minute size and the extreme, non-

terrestrial conditions of their formation. While state-of-the-art computational tools,

such as MIMiC and Melts, are invaluable in terrestrial petrology, their application

to these exceptional, high-temperature, open-system nebular conditions is currently

limited, precluding the inclusion of quantitative modeling results in this study.

The enigmatic nature of MIs in chondrules thus persists, representing a significant
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challenge and a fruitful avenue for future investigations in modern petrology.

3.3.5 Appendix
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Figure 3.14: Compositional variation diagram of CaO versus Al2O3 (in wt.%) for melt
inclusions (MIs) in carbonaceous chondrites. Shaded fields represent compositional groups.
The dashed line marked CI indicates the bulk chondritic CaO/Al2O3 ratio (0.8). Our
data are shown as solid red squares (■). Literature data: Fuchs et al. [1] (▲, n=14);
McSween [6] (2, n=7); Olsen and Grossman [3] (■, n=1); Jones [7] (•, n=2); Varela et al.
[5] (♦, n=34); Libourel et al. [10] (◦, n=4).
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Figure 3.15: Compositional diagrams of MIs in carbonaceous chondrites. All oxides in
wt%. Symbols: Our data (■); Fuchs et al. [1] (▲); McSween [6] (2); Olsen and Grossman
[3] (■); Jones [7] (•); Varela et al. [5] (♦); Libourel et al. [10] (◦).
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Table 3.13: Complete electron microprobe analyses (wt.%) of all samples from various
studies. Blank cells indicate not analyzed or below detection limit.

Study Sample SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total

Fuchs et al. (1973) [1]

1a 48.20 0.90 27.40 0.20 0.20 0.00 6.70 17.00 0.01 0.00 100.60

1b 48.10 1.10 21.60 0.10 0.30 0.00 3.60 21.30 0.01 0.00 96.10

2 45.40 0.90 25.70 0.20 0.20 0.00 4.60 21.60 0.01 0.00 98.60

3 63.10 0.60 12.90 0.20 7.10 0.10 2.60 10.70 0.30 0.00 97.60

4a 45.40 1.00 25.20 0.20 0.10 0.00 3.30 22.90 0.00 0.00 98.10

4b 43.60 2.10 21.00 0.10 0.20 0.03 9.40 23.80 0.00 0.00 100.20

4c 54.70 0.30 25.00 0.00 0.10 0.00 1.60 17.30 0.20 0.00 99.20

5 44.90 0.90 28.00 0.20 0.20 0.00 3.80 20.40 0.00 0.00 98.40

6 53.10 0.60 23.70 0.30 0.20 0.00 4.00 17.40 0.00 0.00 99.30

7 49.40 0.60 24.10 0.10 0.10 0.00 3.70 21.10 0.03 0.00 99.10

8 74.20 0.40 8.70 0.20 2.00 0.10 2.20 9.00 1.40 0.20 98.40

9 57.30 0.50 17.30 0.30 0.10 0.03 7.50 17.40 0.50 0.10 101.00

10 47.70 0.80 24.60 0.30 0.20 0.03 3.70 20.90 0.03 0.00 98.30

11 53.70 0.80 16.50 0.03 6.80 0.10 1.70 12.80 1.80 0.40 94.60

Varela et al. (2002) [5]

R1 51.0 0.8 27.2 nd 0.5 0.1 3.5 15.1 0.0 nd 0.3 98.5

R2a 42.1 1.3 27.6 0.3 0.7 0.1 4.8 22.4 nf nf 0.3 99.6

R3a 41.6 1.3 27.7 0.3 0.6 nf 4.9 21.6 nf nf 0.3 98.3

R4 39.2 1.3 28.8 0.1 0.1 0.1 4.0 26.3 0.1 nd 0.3 100.2

R5a 44.7 1.8 26.1 0.4 0.9 nd 3.5 20.7 nd 0.0 nd 98.2

R6a 40.4 1.3 28.3 0.0 0.1 nd 3.9 28.3 0.0 nd 0.2 97.5

R7a 45.6 1.2 26.1 0.1 0.2 nd 3.9 22.5 nd nd 0.2 99.7

R8 45.0 1.5 27.0 nd 0.9 0.0 4.6 21.0 nd 0.1 0.5 100.5

R9 47.9 1.5 25.2 nd 0.7 0.2 3.4 19.4 nd 0.0 0.3 98.5

R10 44.0 1.2 26.4 0.2 0.1 0.0 3.3 24.2 nd nd nd 99.4

R11 49.9 1.0 22.7 0.5 1.7 0.2 4.0 17.8 0.4 0.0 nd 98.2

Acfer1 46.6 1.2 23.9 nd 0.8 nf 4.1 21.8 nf nd 0.0 98.5

Acfer3 51.6 1.3 22.8 0.7 1.5 nf 4.2 17.8 nf nf 0.1 99.9

Acfer4 43.7 1.3 28.1 0.1 0.7 0.0 3.9 22.2 nf nf nf 99.9

R12 46.2 2.0 27.0 0.1 3.9 nd 1.9 1.4 14.7 2.1 nd 99.2

R13 50.8 1.3 29.6 0.2 1.6 0.0 0.7 1.0 14.2 0.5 0.0 100.0

R14 55.1 0.9 27.7 0.6 0.6 nd 2.8 8.5 4.5 0.1 0.1 100.8

R15a 54.9 0.2 23.8 0.3 2.2 0.1 1.1 3.3 11.1 1.3 0.2 98.5

R16 55.0 1.1 20.5 0.4 0.5 nd 2.0 16.3 2.6 0.5 0.1 99.1

R17a 58.5 1.4 18.6 0.5 0.5 0.0 3.1 17.0 0.2 nd 0.3 100.0

R18 56.7 0.6 19.4 0.2 0.3 0.0 3.2 19.2 0.0 nf 0.2 99.9

R19 60.5 0.9 17.9 nd 2.5 0.0 3.5 14.6 nf 0.0 0.2 100.1

R20 60.3 0.7 17.3 0.5 0.7 0.2 3.7 15.3 0.0 0.0 nd 98.6

R21 61.5 0.6 15.5 nd 1.5 0.2 5.1 14.7 0.1 nd 0.1 99.4

R22 58.2 1.1 19.3 0.5 1.3 0.1 3.1 15.7 0.4 nd 0.1 99.9

R23 57.1 0.8 21.1 0.4 0.6 nd 2.7 16.4 0.6 0.2 0.2 100.0

R24 57.7 1.1 19.0 0.4 0.7 0.2 3.2 18.3 nd nd nd 100.5

R25 59.3 0.7 17.5 0.5 4.1 0.3 3.6 13.4 0.3 0.2 nd 100.0

R26 62.5 0.5 17.2 0.6 0.6 0.0 3.9 13.2 nd 0.0 nd 98.5

R27a 57.5 0.8 20.4 0.3 1.1 0.1 3.0 15.2 0.3 nd nd 98.8

Acfer2 66.2 0.6 13.6 nd 1.0 0.0 4.6 12.3 0.1 nd nd 98.3

Acfer5 57.5 1.1 19.8 0.3 1.1 0.1 4.3 16.0 0.1 nf nf 100.4

ED1 60.0 0.9 18.5 0.7 1.3 0.1 3.0 14.9 0.2 0.0 0.2 99.8

ED2 65.2 0.2 17.5 0.5 0.5 nf 3.0 13.1 0.1 nf nf 100.1
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Figure 3.16: Compositional relationships in melt inclusions from chondrules. (a) FeO/MgO
ratio versus Al2O3 content showing equilibrium relationships with host olivine (dashed lines
represent different KFe-Mg

D values). (b) CaO/Al2O3 ratio versus Na2O content illustrating
the three main compositional groups of melt inclusions. Symbols: Our data (■); Fuchs
et al. [1] (▲); McSween [6] (2); Olsen and Grossman [3] (■); Jones [7] (•); Varela et al. [5]
(♦); Libourel et al. [10] (◦).

Table 3.13: Complete electron microprobe analyses (wt.%) of all samples from various
studies (continued).

Study Sample SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total

Olsen (1978) [3] Average of n. 8 glasses

8gls. 69.10 0.10 15.70 0.10 0.60 3.20 9.80 1.00 0.03 99.60

Jones (1992) [7]

high-Si 59.90 0.57 20.90 0.33 0.34 <d.l. 4.40 12.40 1.88 0.04 100.76

low-Si 44.00 1.29 27.90 0.24 0.30 <d.l. 4.02 22.60 0.53 <d.l. 100.88

McSween (1977) [6]

K-1 mes 49.00 <d.l. 24.40 <d.l. 1.00 <d.l. 6.30 15.00 3.50 0.10 99.30

K-1 incl 52.10 <d.l. 22.00 <d.l. 1.10 <d.l. 6.30 13.80 3.30 0.10 98.70

K-6 mes 47.50 <d.l. 11.50 <d.l. 11.70 <d.l. 7.20 16.50 4.30 0.10 98.80

K-6 incl 50.60 <d.l. 11.40 <d.l. 10.70 <d.l. 6.70 15.00 4.00 0.10 98.50

L-2 mes 56.30 <d.l. 17.30 <d.l. 6.30 <d.l. 4.50 10.30 4.20 0.10 98.90

L-2 incl 58.10 <d.l. 17.40 <d.l. 5.70 <d.l. 4.70 9.40 3.80 0.10 99.20

K-3 incl 45.10 <d.l. 30.90 <d.l. 0.20 <d.l. 3.60 10.30 10.30 0.10 100.50

Libourel (2006) [10]

ch5 45.30 1.20 26.10 0.46 0.76 <0.07 4.70 19.70 <0.06 <0.04 98.30

ch5 42.40 1.30 27.50 0.27 0.62 <0.07 4.00 22.30 <0.06 <0.04 98.40

ch7 56.70 0.57 15.60 0.18 0.15 <0.07 4.70 20.90 0.09 <0.04 98.90

ch7 40.50 1.20 28.30 0.22 0.34 <0.07 4.10 22.60 0.75 <0.04 98.00
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Chapter 4

A laboratory approach to

astrogeological questions.

4.1 Prebiotic potential of carbonaceous chondrites

Abstract. The polymerization of simple organic matter is a key factor in as-

sembling the building blocks of life. However, in a water-rich environment, the

condensation of amino acids into peptides is thermodynamically disfavored, a conflict

known as the “water paradox”. Carbonaceous chondrites, which contain significant

amounts of organic compounds, phyllosilicates, and evidence of aqueous alteration

processes, provide a compelling geochemical context for investigating this challenge.

Here, the catalytic potential of carbonaceous chondrites was investigated in driving

glycine oligomerization under two distinct scenarios: wet-dry cycling and impact-

induced mechanochemistry. Our preliminary finding demonstrate that carbonaceous

chondrites provide significantly better catalytic activity than montmorillonite in

facilitating peptide bond formation. These findings suggest that the parent bodies

of carbonaceous chondrites represent efficient environments for overcoming the water

paradox and promoting the molecular assembly of early prebiotic compounds.
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4.1.1 Introduction

The detection of organic matter in meteorites has given rise to a long-standing

scientific debate about the origin of life’s building blocks. Their history can be

described as a continuum of chemical evolution across distinct formation environments,

from interstellar space to protoplanetary disk formation, to asteroidal and finally

planetary processes, as shown schematically in Figure 4.2. Since the pioneering

abiotic-synthesis experiments by Miller and Urey in 1953 [1], decades of research

have argued that water–rock interaction is a necessary condition for the formation

of complex organic molecules (e.g., [2–4]). Water–rock interaction contributes in

several ways: minerals release ions through dissolution, while components such as

metallic iron, silicates, and sulfides can act as catalysts. Furthermore, textural

characteristics, especially porosity, concentrate reactants and provide sheltered micro-

environments [5–7]. Consequently, mineral surfaces, particularly phyllosilicates like

montmorillonite, are central to prebiotic chemistry hypotheses.

However, while water is indispensable as a solvent and reagent, its abundance

presents a well-known thermodynamic obstacle: the condensation of monomers into

polymers (e.g., peptide bonds) is thermodynamically unfavorable in a water-rich

environment. This conflict is known as the “water paradox”. Overcoming this

paradox likely required geochemical scenarios involving periodic wet–dry cycles [4,

8]. Following Bernal’s proposal, minerals surfaces promote peptide formation by

concentrating amino acids, protecting peptides from hydrolysis, acting as dehydrating

agents, and lowering the energy barriers for condensation [5, 9, 10]. These scenarios

often consider evolved planetary environments, such as pools, craters, lakes, oceans,

and hydrothermal systems [11–13]. However, defining the precise geochemical condi-

tions and the specific combinations of chemical processes that drove the transition

from monomers to the building blocks of life remains a key challenge. Therefore,
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the comprehensive characterization of these multiple, viable prebiotic systemse is a

central theme in modern astrobiological research. Within carbonaceous chondrites,

all the previously listed elements that may favour the polymerization of organic

matter are observed.

This study investigates the catalytic potential of carbonaceous chondrites as a in-

teresting geochemical environment for complex organic synthesis. Carbonaceous

chondritic meteorites are fragments of undifferentiated bodies, characterized by a

fine-grained porous matrix, mafic silicates (olivine and pyroxene), metallic alloys

(including Fe–Ni), sulfides, and organic matter (e.g [14]). These minerals are highly

thermodynamically unstable in aqueous solutions, creating a more favourable chemi-

cal environment for the condensation and polymerization of organic matter [6, 15].

Studies of meteoritic evidence report numerous examples of aqueous alteration in

such bodies, such as aqueous weathering fronts, iron-enriched rims, transformation

of primary anhydrous silicates (olivine, pyroxene) into phyllosilicates, oxidation of

sulfides and metals (e.g.[16, 17]).

Phyllosilicate formation is linked to aqueous alteration from melting ice inside

the parent body [17, 18]. Asteroids could trap ice that melts due to internal heating,

orbital changes, or impacts [19], allowing water to interact with minerals and organic

matter before potentially refreezing [20]. Phyllosilicates can retain and later release

this water [21], and subsequent impacts can remix material, redistributing water/ice

and initiating new hydration-dehydration cycles [22–24]. This sequence of processes

in icy planetesimals is schematically represented in Figure 4.2. Therefore, carbona-

ceous chondrites are investigated as providing a realistic geochemical setting to test

prebiotic peptide bond formation. Understanding organic synthesis through wet-dry

cycling within this geochemical “cocktail” helps decipher prebiotic chemistry in the

early Solar System.
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Figure 4.1: Pathway of organic matter: from astronomical to micrometric scales. This
schematic illustrates the journey of organic matter, showcasing its formation mechanisms
across various scales. The trajectory begins in astronomical contexts, such as interstellar
clouds and protoplanetary disks, and progresses to asteroidal processes, specifically impacts
and aqueous alteration. Traces of these events are observable at both the macroscale (e.g.,
via space missions) and the micrometric scale recorded within meteorites.

Figure 4.2: (Left) Micro-scale aqueous environment within a primitive icy planetesimal,
where interstitial water ice undergoes melting and re-freezing cycles, leading to the formation
of secondary phases. (Right) Macro-scale scheme illustrating how solar irradiation and
impact processing drive ice sublimation and the mixing of hydrated and anhydrous materials
within a planetesimal. Schematics from Ota et al. (2023) [20].
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This research investigates the prebiotic synthesis of oligoglycine on carbonaceous

chondrites, examining the role of wet-dry cycles and mechanochemistry. It directly

compares their performance against montmorillonite. The oligomerization of glycine

was tested using diverse carbonaceous chondrite samples under two distinct prebiotic

scenarios: 1) wet-dry cycles and 2) mechanochemical activation due to impact events.

Following this introduction, the methodology is detailed, the key results of the

comparative experiments are presented, and the findings are discussed in terms of the

implications for the role of carbonaceous chondrite materials in prebiotic chemistry.

4.1.2 Materials and methods

Meteorite samples

Meteorite samples investigated in this study were provided by the Museo Nazionale

dell’Antartide (MNA), Siena, Italy. All procedures involving sample handling and

preparation were conducted following strict contamination-control protocols, with

complete documentation maintained throughout all experimental stages. Meteorites

were manipulated exclusively using powder-free gloves and stainless-steel laboratory

tools. All selected samples belong to the class of carbonaceous chondrites and are

summarized in Table 4.1. The investigated set includes two CV chondrites (DAG 533,

DAG 521), one CO chondrite (FRO 99040), and one CM chondrite (RKP 17075).

In addition, three samples from a private collection were employed exclusively in

preliminary experiments aimed at optimizing experimental conditions: NWA 16768

(CV3), NWA 11545 (CV3), and NWA 11085 (CO3).

Sample preparation

Meteorite samples were gently powdered using an agate mortar and pestle in order

to minimize contamination (Fig. 4.3). For each sample, an aliquot of powdered
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Table 4.1: Inventory of carbonaceous chondrites used in this study.

Sample Classification Source Material Form Mass (mg)

MNA Collection

FRO 99040 CO3 MNA Powder 90

RKP 17075 CM1 MNA Powder 90

DAG 533 CV3 MNA Powder 90

DAG 521 CV3 MNA Powder 60

Private Collection

NWA 16768 CV3 Private Powder 90

NWA 11545 CV3 Private Powder, chips, raw Various

NWA 11085 CO3 Private Powder 50

material was reserved for mineralogical characterization by X-ray powder diffraction

(XRPD). The remaining material was weighed using an analytical balance and stored

in aluminum foil until use. All preparation tools were thoroughly cleaned with

acetone between samples to avoid cross-contamination.

Each powdered meteorite was subjected to wet–dry cycling experiments, mechanochem-

ical treatments, or both. For each sample, two aliquots were selected: one untreated

and one subjected to solvent processing and pyrolysis following the procedure de-

scribed by Saladino et al. [25]. The resulting products were subsequently analyzed

by chromatographic and spectrometric techniques.

To evaluate the influence of textural properties on experimental outcomes, chips,

coarse powder, and fine powder from sample NWA 11545 were tested independently.

This approach allowed direct comparison between experiments performed on intact

material and homogenized powders.
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Figure 4.3: Grinding process of meteorite samples.

Mineralogical and petrological characterization

XRPD analyses were performed at the X-ray Diffraction Laboratory of the Depart-

ment of Physical Sciences, Earth and Environment (DSFTA), University of Siena

with Dr. Andrea Scala. Diffraction patterns were collected using a Philips X’Pert

PRO PW 3050 diffractometer operating in Bragg–Brentano geometry, with Cu Kα

radiation (40 kV, 30 mA). Data were acquired over the 3◦–80◦ 2θ range. Samples were

mounted on silicon zero-background holders to maximize the signal-to-noise ratio,

particularly for limited material quantities. The mineralogical phases identified by

XRD analysis for the respective meteorite samples are summarized in Table 4.2. Rep-

resentative thin sections, as shown in Figure 4.4, illustrate the typical petrographic

context of these meteorites.

Scanning electron microscopy (SEM) analyses were conducted on polished petro-

graphic thin sections at the Department of Life Sciences, University of Siena (San

Miniato, Italy). Imaging and energy-dispersive X-ray spectroscopy (EDS) analyses

were performed using a FEI Quanta 400 environmental scanning electron microscope

operating at an accelerating voltage of 20 kV and equipped with an EDS detector.

Samples were carbon-coated prior to analysis to ensure adequate surface conductivity.

Back-scattered electron (BSE) images, exemplified in Figure 4.5, were acquired to

117



CHAPTER 4

Table 4.2: Meteorite sample information and identified mineral phases

Sample Name Class Identified Minerals

FRO 9940 CO3 Forsterite; Olivine; Clinoenstatite;
Clinopyroxene

RKP 17075 CM1 Fayalite; Lyzardite; Antigorite; Cron-
stedtite; Pyrrhotite

DAG 533 CV3 Forsterite; Olivine; Clinoenstatite;
Magnetite

DAG 521 CV3 Not analyzed

NWA XXX CV3 Forsterite; Clinoenstatite

NWA 11545 CV3 Forsterite; Olivine; Clinoenstatite;
Hematite

Pyr. CV3 Forsterite; Fayalite; Clinoenstatite

Pyr. + solv. CV3 Forsterite; Fayalite; Clinoenstatite

NWA 11085 CO3 Forsterite; Olivine; Enstatite; Cli-
noenstatite; Magnetite; Chromite

The table lists the official meteorite names and their petrological classifications. The abbreviation
Pyr. indicates samples that underwent pyrolysis treatment to investigate whether the organic
matter removal process also affects the mineralogical composition. Pyr. + solv. refers to samples
subjected to combined pyrolysis and solvent extraction. The minerals listed in the right column
were identified from diffraction peaks obtained by X-ray diffraction analysis.
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highlight compositional contrasts between mineral phases, reflecting variations in

average atomic number.

The heterogeneous texture, characterized by chondrules embedded within a

fine-grained matrix (Fig. 4.4), constitutes an interesting interfacial region. This

mineralogical heterogeneity offers a wide range of catalytic surfaces and redox cou-

ples capable of driving prebiotic chemistry in the presence of water. In contrast to

the CV3 and CO3 samples, which are dominated by primary anhydrous silicates

(forsterite, clinoenstatite) and oxides (magnetite, chromite) and represent less aque-

ously altered, more pristine materials, the detection of secondary serpentine-group

minerals (lizardite, antigorite) and cronstedtite in the CM1 meteorite RKP 17075

(Table 4.2) confirms extensive low-temperature aqueous alteration on its parent

body. This alteration process is visually suggested by the greenish phases in thin

section (Fig. 4.4). Moreover, the presence of metallic Fe–Ni phases and sulphides,

clearly visible and dispersed in the BSE image (Fig. 4.5), is particularly significant.

These phases are potent reductants that could drive chemical reactions relevant to

astrobiology when interacting with aqueous fluids.

These preliminary results describe the rationale underlying our astrobiological

experiments, although further studies will be necessary to fully unravel the detailed

mechanisms linking specific mineralogical assemblages to the observed catalytic

activity.

Reagents and organic compounds

All reagents were of analytical grade and used without further purification. Glycine

(GLY, 98.0%), 2,5-piperazinedione (DKP, 99%), glycylglycine (Gly2, ≥ 99%), glycyl-

glycylglycine (Gly3, ≥ 99%), 1,8-dihydroxynaphthalene (DHN, 95.0%), horseradish

peroxidase (HRP, 15 U mL−1), hydrogen peroxide (≥ 30%), montmorillonite K-10,

and sodium 1-pentanesulfonate were purchased from Sigma-Aldrich. Potassium

119



CHAPTER 4

Figure 4.4: Exemplifying photomicrographs in transmitted light of thin sections from
meteorites used in the experiments. The characteristic chondritic texture is heterogeneous,
comprising chondrules and a fine-grained matrix, with distinct dust accretionary rims. The
interface between the chondrules and the matrix fosters a significant mineralogical diversity,
providing varied substrates for reactions involving water, minerals, and organic compounds.
Of particular note is the green mineral in the RKP 17075 sample likely consisting of
serpentine-group minerals.

120



CHAPTER 4

Figure 4.5: Backscattered electron (BSE) image of a meteoritic sample, detailing the
textural context. The distribution of metallic and sulphide phases is clearly resolved,
appearing both within the chondrules and encircling their peripheries. This image further
accentuates the complex interface between chondrules and the surrounding matrix, a place
of mineralogical heterogeneity which facilitates a range of potential geochemical interactions
relevant to aqueous alteration and organic-inorganic reactions.
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dihydrogen phosphate (99.5%) and calcium chloride (granular, 92%) were purchased

from Carlo Erba. PolyDHN was synthesized enzymatically following an established

procedure. Briefly, 200 mg of DHN was dissolved in methanol and suspended in

125 mL of 0.1 M phosphate buffer (pH 7). HRP (11.5 mg) and 150 µL of H2O2 were

added under vigorous stirring and the reaction was allowed to proceed for 24 h. The

mixture was acidified to pH 3, centrifuged (7000 rpm, 10 min, 4◦C), washed, and

lyophilized, yielding 136 mg of polyDHN.

Wet–Dry cycling experiments

Wet–dry experiments were performed by mixing 10 mL of 0.1 M glycine solution

with 10 mg of catalyst (polyDHN + montmorillonite K-10 or polyDHN + powdered

meteorite). Control experiments without catalyst were conducted under identical

conditions. Samples were heated until complete evaporation of water, stored at room

temperature for 10 min, and subsequently rehydrated with 10 mL of water. This

cycle was repeated for a predefined number of iterations. After the final cycle, 4 mL

of 0.1 M CaCl2 solution was added to promote oligopeptide release [26]. Samples

were sonicated, stirred for 2 h, and centrifuged. The supernatant was analyzed by

ion-pairing high-performance liquid chromatography (IP-HPLC), while the solid

residue was characterized by mass spectrometry.

Mechanochemical experiments

Mechanochemical reactions were conducted using a Fritsch Pulverisette 23 vibratory

mill. Glycine (37.5 mg) was mixed with 5 mg of meteorite powder and processed for

7 h at the maximum oscillation frequency (50 Hz). Experiments were carried out for

selected meteorite samples. After milling, residues were cooled to room temperature

and treated with 2 mL of 0.1 M CaCl2. Following sonication and stirring for 2 h,

samples were centrifuged and analyzed by IP-HPLC and MALDI-MS.

122



CHAPTER 4

Analytical techniques

IP-HPLC analyses were performed using Agilent 1100 and Shimadzu SPD 10AV

systems (Figure 4.6) equipped with UV–Vis detectors and a Phenomenex Sphereclone

ODS column (250 × 4.6 mm, 5 µm). Calibration was achieved using authentic

standards (glycine, DKP, Gly2, Gly3).MALDI-MS analyses were conducted on a

Sciex 4800 MALDI ToF/ToF instrument using 2,5-dihydroxybenzoic acid as matrix.

Spectra were acquired in positive reflectron mode over the m/z 100–4000 range

(laser frequency: 4500 Hz), accumulating 1000 laser shots per spectrum. UV–Vis

and ATR–FTIR spectra were recorded using Jasco V-730 spectrophotometer and

Nicolet 5700 spectrometer (in transmission mode, scanning the 400–4000 cm–1 range

at a resolution of 4 cm–1), respectively.

Figure 4.6: The IP-HPLC apparatus (Agilent 1100 and/or Shimadzu SPD 10AV) employed
for the separation and quantification of glycine, DKP, and oligopeptides.

4.1.3 Results

The catalytic activity of carbonaceous chondrites in glycine oligomerization was

investigated under two distinct prebiotically plausible conditions: wet-dry cycling

and mechanochemistry. As shown in Fig. 4.7, during wet-dry cycling, a progressive
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darkening of the glycine-meteorite solution was observed over successive wet-dry

cycles, with the colour changing from brown to dark brown.

Figure 4.7: Photographic sequence of wet-dry cycling experiments performed on sample
NWA 11545. Panels show the physical evolution of the sample (prepared as millimeter-sized
chips and unground powder) during successive hydration (left) and desiccation (right)
phases.

Initial control experiments established the baseline for glycine oligomerization

under wet-dry cycling conditions (150 ◦C, 14 cycles, 24 hours). As shown in Table 4.3,

glycine alone yielded 69 ± 8% unreacted starting material, with diketopiperazine

(DKP) as the primary oligomerization product (0.56 ± 0.08%). The addition of

montmorillonite or polyDHN as reference catalysts resulted in complete consumption

of glycine and significantly increased DKP yields to 3.22 ± 0.01% and 2.89 ± 0.41%,

respectively. Analysis of solid residues by MALDI-MS showed that the longest

oligomers, up to GLY11, formed with polyDHN, while montmorillonite and glycine

alone produced oligomers up to GLY7 and GLY5, respectively.

Under identical wet-dry cycling conditions, all five meteorite samples tested
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catalyzed glycine oligomerization (Table 4.4). The CV3 chondrites NWA11545,

NWA16768, and DAG533 exhibited the most efficient glycine consumption, with

residual glycine concentrations of 9.39 ± 0.69%, 12.11 ± 0.81%, and 17.2 ± 0.5%,

respectively. In contrast, the CM1 and CO3 chondrites RKP17075 and FRO99040

showed higher residual glycine levels of 64 ± 3% and 65 ± 2%. The CV3 chondrites

also produced the highest yields of GLY3, particularly NWA16768 (1.42 ± 0.11%)

and DAG533 (0.90 ± 0.09%). MALDI-MS analysis detected oligomers up to GLY12

in the solid residue from NWA11545, while the other meteorites produced oligomers

up to GLY9-GLY10.

Table 4.3: Control experiments: Analysis of glycine oligomers formed under wet-dry cycling.

IP-HPLC Analysis (Supernatant) (%, mol/mol)a

Glycine Glycine + Glycine +

montmorillonite polyDHN

GLY 69± 8 n.d. n.d.

DKP 0.56± 0.08 3.22± 0.01 2.89± 0.41

GLY2 0.05± 0.01 0.17± 0.02 0.21± 0.05

GLY3 0.70± 0.02 0.90± 0.04 1.14± 0.11

MALDI-MS Analysis (Solid Residue) (% w/w)b

Solid yield 32.3± 0.9 22.8± 0.8 23.5± 0.8

Max. oligomer GLY5 GLY7 GLY11

aYields expressed as molar percent (mol of product per 100 mol of initial glycine). n.d. = not detected.
bYields expressed as weight percent (mass of solid residue per 100 g of initial material).
Experimental conditions: 150 °C, 14 cycles, 24 hours. Each experiment was run in triplicate and data are reported
as average ± SD.

In mechanochemical experiments (50 oscillations per second, 7 hours), the mete-

orites demonstrated different catalytic profiles (Table 4.5). NWA11545 dust showed

the highest residual glycine level (45.5 ± 3.2%), while the other samples exhibited

more substantial glycine consumption, with residual levels between 11.0 ± 0.9% and

15.7 ± 1.6%. DKP yields were generally lower than in wet-dry experiments, ranging
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Table 4.4: Meteorite experiments: Analysis of glycine oligomers formed under wet-dry
cycling.

IP-HPLC Analysis (Supernatant) (%, mol/mol)a

NWA11545 NWA16768 DAG533 RKP17075 FRO99040

(CV3) (CV3) (CV3) (CM1) (CO3)

GLY 9.39± 0.69 12.11± 0.81 17.2± 0.5 64± 3 65± 2

DKP 0.78± 0.05 0.43± 0.01 0.50± 0.01 0.42± 0.03 0.49± 0.03

GLY2 0.32± 0.04 0.34± 0.05 0.50± 0.02 0.36± 0.01 0.42± 0.02

GLY3 0.67± 0.07 1.42± 0.11 0.90± 0.09 0.92± 0.07 1.01± 0.08

MALDI-MS Analysis (Solid Residue) (% w/w)b

Solid yield 26.6± 2.7 26.2± 1.9 29.6± 3.1 23.6± 2.8 24.6± 2.4

Max. oligomer GLY12 GLY10 GLY9 GLY9 GLY9

aYields expressed as molar percent (mol of product per 100 mol of initial glycine).
bYields expressed as weight percent (mass of solid residue per 100 g of initial material).
Experimental conditions: 150 °C, 14 cycles, 24 hours. Each experiment was run in triplicate and data are reported
as average ± SD.

from 0.04 ± 0.01% to 0.24 ± 0.03%. Analysis of the solid residues from DAG533,

RKP17075, and FRO99040 revealed oligomer formation up to GLY11, GLY9, and

GLY9, respectively, with corresponding solid yields of 11.1 ± 2.5%, 6.82 ± 2.7%,

and 9.88 ± 3.4%.

4.1.4 Discussion

This study tests the hypothesis that phyllosilicate minerals, abundant in many

carbonaceous chondrites, act as primary drivers of prebiotic organic polymerization.

Contrary to this expectation, the results reveal the opposite: the most effective

catalysts for glycine oligomerization are meteorites characterized by low phyllosilicate

content. For instance, the CV3 chondrites (NWA 11545, NWA 16768, DAG 533)

demonstrate superior catalytic performance under wet-dry cycling conditions (Ta-

ble 4.4), consuming 83–91% of initial glycine and producing oligomers up to GLY12.
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Table 4.5: Mechanochemistry experiments: Analysis of glycine oligomers formed under
ball milling conditions.

IP-HPLC Analysis (Supernatant) (%, mol/mol)a

NWA11545 NWA16768 DAG533 RKP17075 FRO99040

(CV3) (CV3) (CV3) (CM1) (CO3)

GLY 45.5± 3.2 15.7± 1.6 13.1± 1.1 11.0± 0.9 12.9± 0.7

DKP 0.24± 0.03 0.04± 0.01 0.12± 0.02 0.05± 0.01 0.11± 0.02

GLY2 0.23± 0.03 0.17± 0.01 0.13± 0.02 0.07± 0.01 0.10± 0.02

GLY3 0.14± 0.03 0.13± 0.01 0.20± 0.03 0.10± 0.02 0.17± 0.01

MALDI-MS Analysis (Solid Residue) (% w/w)b

Solid yield 11.1± 2.5 6.82± 2.7 9.88± 3.4

Max. oligomer GLY11 GLY9 GLY9

aYields expressed as molar percent (mol of product per 100 mol of initial glycine).
bYields expressed as weight percent (mass of solid residue per 100 g of initial material).
Experimental conditions: 50 oscillations per second, 7 hours. Each experiment was run in triplicate
and data are reported as average ± SD. n.d. = not determined.

In contrast, the phyllosilicate-rich CM1 chondrite (RKP 17075) shows significantly

lower reactivity, leaving 64% of glycine unconsumed and producing oligomers only

up to GLY9.

A progressive darkening of the glycine–meteorite solution was observed during

wet–dry cycling, evolving from light brown to dark brown over successive cycles.

In atmospheric chemistry, similar browning is attributed to the formation of light-

absorbing ”humic-like” and ”fulvic-like” oligomers, commonly referred to as brown

carbon (BrC). This process involves the condensation and oxidation of simple or-

ganic precursors, a transformation frequently catalysed by mineral dust surfaces,

particularly those containing redox-active metals such as Fe, Ni, or Mn [27–30]. It is

therefore proposed that glycine undergoes surface-mediated polymerisation, form-

ing complex macromolecules with extended conjugated chromophores that absorb

strongly in the visible range. An analogous mechanism is highly plausible in the
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present experiments. The meteorite dust provides reactive mineral surfaces that can

catalyse the oligomerisation of glycine, leading to the formation of brown carbon-type

products. Although the meteoritic material contains reduced metals and sulfides,

and wet–dry cycling could promote the formation of iron oxidation products (e.g.,

Fe2O3, FeOOH), their contribution to colour could be likely minor compared to

that of the organic chromophores. Consequently, the most probable origin of the

darkening is the heterogeneous catalytic formation of organic oligomers, analogous to

atmospheric brown carbon. This optically derived hypothesis is tested and supported

by the chemical analyses presented in the following section.

The comparative analysis between montmorillonite and carbonaceous chondrites

reveals distinct catalytic profiles. Montmorillonite demonstrates exceptional ef-

ficiency in glycine consumption, achieving complete conversion (Table 4.3) and

significantly outperforming all chondrites, which leave substantial residual glycine

(9–65%; Table 4.4). In contrast, for oligomerization capability, the CV3 chondrites

NWA 11545 and NWA 16768 surpass montmorillonite, producing longer peptide

chains (GLY12 and GLY10, respectively) compared to GLY7 with montmorillonite.

This suggests that while montmorillonite excels at initial activation and consumption

of glycine, certain chondrites possess superior capability for promoting extended

peptide chain growth, indicating complementary rather than uniformly superior

catalytic mechanisms.

The CO3 chondrite FRO 99040 retains 65% of unconsumed glycine, a value

comparable to the CM1 sample RKP 17075. However, the CO3 chondrite produces

slightly higher yields of GLY3 (1.01 ± 0.08% versus 0.92 ± 0.07%) than the CM1.

The similarly low catalytic efficiency between the phyllosilicate-rich CM1 and the

CO3 chondrite is notable and requires explanation. One potential justification is

their shared Antarctic provenance, which suggests that post-recovery terrestrial alter-

ation might influence catalytic activity more than intrinsic mineralogical differences.
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Although all samples were pyrolyzed before experiments to eliminate native organic

matter and terrestrial contamination, other alteration pathways, such as changes in

the oxidation state of iron, could affect reactivity.

Notably, the exceptional catalytic activity of the CV3 chondrites strongly coincides

with the presence of Fe3+ from hematite (α-Fe2O3). As suggested by Mazzaro [31], the

proposed mechanism involves hematite functioning as a potent Lewis acid catalyst,

efficiently activating carbonyl groups and facilitating peptide bond formation through

condensation reactions. This mechanism provides a more robust explanation for

the observations than phyllosilicate-mediated catalysis alone, particularly given

the enhanced formation of longer oligomers (up to GLY12) in the presence of

these Fe3+-rich phases, as evidenced by MALDI-MS analysis (Table 4.4). This

could explain the higher efficacy of CV3 compared to CM1 chondrites. Therefore,

attributing the catalytic differences solely to the total available iron content may

be insufficient. A more nuanced factor than mere abundance is likely at play. The

initial iron oxidation state is also an unlikely sole explanation, as all iron phases

(metal, Fe3O4 (magnetite), or Fe2O3 (hematite)) were likely fully oxidized during

the wet-dry experiments. Instead, the reactivity and accessibility of the iron from

specific host minerals may be the critical factor. To verify this, detailed mineralogical

microanalysis of the post-reaction solid residues is essential.

Mechanochemistry experiments (Table 4.5) reveal substantial glycine consumption

across all meteorites, with residual glycine levels ranging from 11.0% to 45.5%.

Notably, NWA 11545 shows the highest residual glycine (45.5 ± 3.2%) despite

being among the most effective catalysts in wet-dry cycling, suggesting different

catalytic mechanisms operate under mechanical activation. DAG 533 produces the

longest oligomers (GLY11) and shows the highest solid yield (11.1 ± 2.5%) among

samples with measured solid residues in mechanochemistry. NWA 16768 achieves the
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most efficient glycine consumption (15.7 ± 1.6% residual) among CV3 samples. In

contrast, the CM1 and CO3 chondrites (RKP 17075 and FRO 99040) show limited

oligomerization capacity in mechanochemistry, producing only up to GLY9 with

solid yields of 6.82 ± 2.7% and 9.88 ± 3.4%, respectively.

The maximum oligomer length in mechanochemistry reaches only GLY11 com-

pared to GLY12 in wet-dry cycling. Moreover, soluble oligomer yields in mechanochem-

istry are substantially lower than in wet-dry experiments, with DKP yields of 0.04–

0.24% versus 0.42–0.78% in wet-dry experiments. These differences suggest that

while mechanical energy efficiently promotes glycine consumption, it favors different

reaction pathways, possibly due to the absence of solvent-mediated reorganization

and thermal cycling which may limit progression to longer peptide chains. Accord-

ingly, the lower solid yields in mechanochemistry (6.82–11.1%) versus wet-dry cycling

(23.6–29.6%) further support weaker polymerization efficiency in the mechanical

method. This reduction could stem from material loss on the steel milling support or

from fundamentally less efficient polymerization under dry conditions. Despite these

differences, mechanical activation significantly enhances glycine consumption for

CM1 and CO3 chondrites and maintains the catalytic efficiency hierarchy observed in

wet-dry experiments: CV3 > CO3 > CM1. This consistency across different reaction

conditions strengthens the hypothesis that intrinsic mineral properties, rather than

the specific activation method, determine catalytic performance.

The persistence of CV3 superiority across both experimental approaches reinforces

the conclusion that phyllosilicate content alone cannot explain catalytic efficiency.

The unique mineral assemblage of CV3 chondrites provides exceptional catalytic

properties for prebiotic peptide synthesis under various environmental conditions.

Limitations of this study should be acknowledged. The sample set, while diverse,

represents only a fraction of carbonaceous chondrite varieties. Furthermore, the
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complex interplay between different mineral phases within chondrites matrix makes

definitive assignment of catalytic activity to specific components challenging. Future

work should address these constraints through multiple approaches: (1) correlated,

post wt-dry cycles, SEM-FIB-TEM analyses to precisely characterize mineral-organic

interfaces in experimentally altered materials, particularly focusing on spatial relation-

ships between iron or iron-oxides and oligomer products; (2) experiments conducted

under reducing (or inert) atmosphere or vacuum; and (3) systematic variation of the

water-to-mineral mass ratio to optimize the hydration-dehydration cycles that drive

condensation reactions.

4.1.5 Conclusion

Our findings show the prebiotic catalytic potential of carbonaceous chondrites for the

oligomerization of simple life’s building block. Experimental investigation under both

wet-dry cycling and mechanochemical conditions reveals that CV3 chondrites (NWA

11545, NWA 16768, DAG 533) consistently exhibit superior performance, consuming

83–91% of initial glycine and facilitating oligomer formation up to GLY12. In

contrast, CM1 and CO3 chondrites show significantly lower reactivity. This finding

presents an apparent paradox: the most catalytically active chondrites in these

experiments are those with lower phyllosilicate content, whereas the most extensively

aqueously altered, phyllosilicate-rich CI chondrites in the literature contain the most

complex soluble organic matter.

We suggest that the pristine mineral assemblage of less-altered chondrites—containing

phases susceptible to aqueous alteration such as fayalite and metal blebs—acts as a

potent source of Lewis acidic catalysts (e.g., Fe3+) during the initial alteration stages.

This would make parent bodies represented by CV3 chondrites active sites for the

synthesis of complex organic molecules. Conversely, extensively altered CI chondrites,
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while organically rich, may represent the end product of this process, having largely

exhausted their reactive mineral reservoirs and thus their catalytic potential for

further synthesis. Furthermore, the mechanochemical experiments demonstrate that

energetic processing, analogous to impact events during accretion, serves as a viable

alternative pathway for oligomerization.

While consistent with our data, the model has limitations. Our sample set

doesn’t cover all chondrite varieties, the CO3 chondrite’s catalytic role is unclear.

Future work employing correlated micro-analytical techniques (e.g., FIB-TEM) on

post-experiment residues is necessary to directly characterize the mineral-organic

interfaces and test the hypothesized mechanisms.

In summary, carbonaceous chondrites emerge as highly effective catalysts for

prebiotic peptide synthesis, outperforming standard phyllosilicate catalysts like mont-

morillonite in promoting extended chain growth. Their catalytic potential appears

intrinsically linked to a dynamic petrological history, where accretion, aqueous alter-

ation, and associated geochemical evolution create a transient, reactive environment

uniquely conducive to organic synthesis in the early Solar System.
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4.2 VF-Smelt: Vacuum Furnace for Space Melts

4.2.1 Experimental Apparatus

A new high temperature furnace-vacuum system for space melt (VF-Smelt) was

built in-house using a Carbolite Gero tube furnace. A schematic of the overall

system is shown in Fig. 4.9. The system is built around a Carbolite Gero TF1

16-60-180 tube furnace, with a 60 mm work tube and silicon carbide heating elements

(maximum power output of 2.5 kW). The maximum operating temperature is 1600

◦C, with a 100 mm uniform hot zone (±5 ◦C) located within the 180 mm heated

length. The support structure was assembled from Bosch Rexroth aluminium strut

profiles (4 x 5 mm, Robert Bosch GmbH, Stuttgart, Germany). A 30 × 10 × 30

cm Al block was machined to form the prechamber and pressure connection. The

vacuum system, comprising a Pirani KP370NT gauge with a piezoresistive sensor

and a vacuum pump, is connected to the prechamber via a 60 mm in diameter

flexible high-vacuum hose. The samples are contained within graphite crucibles (the

fabrication of which is illustrated in Fig. 4.8), which are themselves nested inside

a platinum crucible (capacity: two samples). This crucible assembly is introduced

through the prechamber, lowered into the hot zone, and secured at the ”hot stop”

position by a platinum wire. The Al flexible hose and the smaller Al2O3 tube (60/8

mm ID, respectively) enable more effective and rapid vacuum generation.

A dedicated air inlet line, comprising a precision metering valve and a porous

diffusion stone, allows for a safely controlled return to atmospheric pressure following

high-temperature vacuum experiments. The Al2O3 tube could be vertically adjusted

(up to 600 mm) using quick-release screws on the Bosch profile, enabling precise sample

positioning at the furnace hot spot. Two vents on the top of the Al2O3 tube dissipated

heat during high-temperature runs. Thermal ramps were controlled via PC software

Eurotherm iTools (Eurotherm, UK) with an EPC3016P1 controller. Temperature
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Figure 4.8: This sequence illustrates the in-house production of graphite crucibles using
ultra-pure graphite rods drilled with a vertical bench drill. Shown on the right is a cross-
section of a crucible containing a glass product synthesized during the experiments.

Figure 4.9: Schematic diagram of the VF-Smelt furnace. The illustration shows the
Carbolite Gero furnace body, prechamber block, and high-vacuum components (Al2O3

vertical tube, Pirani KP370NT gauge, and pump). A cross-sectional detail of the furnace
core illustrates the silicon carbide heating elements. A close-up of the prechamber highlights
its connection to the alumina tube and the vacuum gauge. Finally a close-up of sample
loading.
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measurements were performed using a type S thermocouple (Pt/Pt90Rh10) positioned

at the hot spot. The temperature at the hot spot, measured by the thermocouple,

exhibited a deviation of approximately -36 ◦C from the temperature regulated by the

controller. The maximum achievable heating rate, the faster cooling rate (upon power

cut-off), and the target 1000 °C/h cooling rate were determined experimentally from

thermocouple measurements. The resulting temperature-time profiles are presented

in Figure 4.10. The slight non-linear trajectory observed is attributed to the thermal

inertia and retained heat within the furnace column.
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Figure 4.10: Temperature-time profiles for two vacuum experiments showing identical
heating (1000 ◦C/h) and dwell (30 min, 1400 ◦C) phases. Blue line: furnace quench.
Red dashed line: 1000 ◦C/h cooling. The red shaded band indicates the Tmax range
(1364–1400◦C).

4.2.2 The aims of experimental petrology laboratory

The experimental petrology laboratory is dedicated to experimental studies of crys-

tallization in vacuum, conducted on both natural rock samples and laboratory-

synthesized glasses. Earth is a planetary forge with an astonishing diversity of
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magmas and lavas. However, explorations beyond our planet reveal that other worlds,

in their unique way, forge igneous rocks. Many of these worlds lack an atmosphere

where lavas cool and crystallize in the vacuum of space (Figure 4.11). Petrological

experiments conducted under vacuum or near-vacuum conditions are indispensable to

decoding and constraining the igneous processes in airless and low-pressure planetary

environments.

(i) Calcium–aluminum-rich inclusions (CAIs) and chondrules formed in the earliest

stages of solar system evolution, under extremely low total pressures (< 10−4 bar) [1–

3]. To constrain their origin, experiments that reproduce the conditions are necessary

for quantifying evaporation kinetics, isotopic fractionation, and melt textures under

such nebular conditions for modeling these cosmochemical processes [4–9].

(ii) Impact melts originate when a high-velocity impactor strikes a planetary

body, generating extreme temperatures that melt and vaporize both the impactor

and target rocks. As the resulting vapor plume expands and cools, molten droplets

condense and solidify into glassy or crystallized spherules. The size and chemical

characteristics of these spherules depend on factors such as impactor size, velocity,

target lithology, planetary atmosphere, and vapor plume dynamics [10, 11]. Impact

glasses, such as tektites found on Earth, record these factors and can also form

on other rocky bodies, as evidenced by glassy spherules on the Moon (e.g., [12,

13]) or Mars (e.g., [14, 15]). Glasses formed in airless conditions, however, are

expected to have different chemical signatures from those formed on bodies with

atmospheres. This prediction can be tested experimentally and then verified by

measuring actual lunar samples or martian samples [14]. Similarly, micrometeorites

also experience short-lived melting events during atmospheric entry on planets with

atmospheres, recording information about atmosphere composition [16–18]. Vacuum

and low-pressure experiments are therefore useful to constrain the oxygen fugacity

or elements devolatilization that occur under these specific conditions [19].
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Figure 4.11: Crystallization of lavas in the vacuum of space, a common process on planetary
bodies without a significant atmosphere.
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(iii) For early planetesimals and planets, such as 4 Vesta, the interaction between

a magma ocean and tenuous atmosphere was a key process, governing volatile

outgassing, atmospheric formation, and the chemical and isotopic signatures of

planetary surfaces [20–23].

(iv) Investigating lava flows on bodies without dense atmospheres, such as the

Moon, Mercury, Mars and Io, is useful for interpreting orbital and lander data. In

these environments, lava loses heat primarily through radiation rather than convec-

tion. This dominant radiative cooling process profoundly affects lava morphology,

vesiculation, and eruptive dynamics (e.g., [24]). Furthermore, small volatile concen-

trations can drive explosive volcanism under vacuum due to the lack of an atmosphere,

even minor amounts of volatiles have the potential to cause explosive eruptions in

lunar mafic magmas as they approach the surface [25]. The ubiquitous presence of

volcanic materials solidified under vacuum across Solar System bodies makes the

experimental investigation of magma cooling under such conditions a relevant topic

in planetary igneous petrology.

(v) Finally, characterizing silicate melts under vacuum has direct applications

for space exploration and technology. In-Situ Resource Utilization (ISRU) is a main

topic of space exploration and consist on the practice of leveraging local materials for

space missions. Recent designed ISRU techniques include the 3D printing of lunar

regolith for construction and the extraction of resources such as water and metals

from moon rock [26, 27].

4.2.3 Applications

FIRST: THE JOURNEY OF A BASALT IN VACUUM

The first question I wanted to investigate was to experiment with different cooling

rates on chondrule formation. Before investigating typical chondrule compositions,
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we began experimenting with the B100 composition of Icelandic basalts, to compare

the data obtained in vacuum with previously studied at ambient pressure in previous

work [28].

Starting materials.

Natural Iceland basalt (B100) was used as the starting material (the same of [28]).

The rock was crushed and then melted in air at 1600 °C for 4 hours in platinum

crucibles. The resulting melt was quenched by pouring it onto a cold metal plate to

form a glass. To ensure chemical homogeneity, the glass was subsequently crushed

and re-melted under identical conditions (1600 °C for 4 hours in air), followed by a

second quenching step. The resulting glass was finely ground into a homogeneous

powder using a steel ball mill. For sample containment, ultrapure graphite rods

were machined into cylindrical crucibles measuring approximately 7 mm in height.

A central cavity with a 4 mm inner diameter and 5 mm depth was drilled into each

cylinder using a vertical axial drill press. The basaltic glass powder was loaded into

these graphite containers and compacted using steel tools. Finally, the graphite

capsule assembly was placed within a platinum crucible, preparing the sample for

furnace experiments. After vacuum experiments, the recovered run products are

typically spheroidal due to the silicate melt’s high surface tension and poor wettability

on graphite crucibles, as shown in Figure 4.12.

Experimental strategy and techniques.

The experimental strategy was designed to investigate nucleation and crystal-

lization behavior by employing different cooling rate. The experimental strategy

investigated nucleation and crystallization by varying the cooling rate under vacuum

conditions. A reference experiment (R0) was conducted at atmospheric pressure with

a peak temperature of 1600 ◦C. A series of experiments in vacuum were conducted

where B100 glass was heated from ambient temperature to a peak temperature of
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1400 ◦C at a rate of 1000 ◦C/h, held at Tmax for a specified dwell time, and then

cooled to room temperature at various linear cooling rates. All experiments were

performed at a constant pressure of approximately 7× 10−5 bar. Runs R1 and R2

employed a rapid quench with a 30-minute dwell to assess reproducibility. Runs R3

quench with dwell times of 10 minutes, to study the effects of dwell time on volatile

loss. Runs R5 and R6 applied slower SSLC rates of 100 and 10 °C/h, respectively,

to systematically study crystallization kinetics. Analyses on glass or residual glass in

wt% were performed by using a JEOL JXA - iHP200F Hyper Probe at the Institute

of Earth System Sciences (IESW), Leibniz University of Hannover (DE).

Figure 4.12: Graphite crucible and post run products mounted on the support for resin
embedding. Millimeter paper in the background serves as scale.

Preliminary results.

The chemical composition of the glasses produced from the B100 is summarised in

Table 4.6. Comparison of the Na2O content in the vacuum runs R1–R4 (1.67± 0.17 wt%,

1.82 ± 0.07 wt%, 1.04 ± 0.65 wt%, and 1.49 ± 0.13 wt%, respectively) with that at

atmospheric pressure R0 (1.81 ± 0.05 wt%) shows no statistically significant sodium
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loss. Additionally, varying the dwell time at the peak temperature from 10 minutes

(R3) to 30 minutes (R2) does not yield a significant difference in the final Na2O

content when the analytical uncertainty is considered. The variations in major oxide

contents across all experiments are shown in Figure 4.13. General BSE views of the

post-run products from all experiments are shown in Figure 4.14

Table 4.6: Chemical composition in wt% of glasses and residual glasses.

Sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3

R0 47.68 0.95 15.63 9.70 0.13 9.51 13.04 1.81 0.06 0.05

0.40 0.03 0.15 0.11 0.02 0.09 0.08 0.05 0.01 0.02

R1 46.89 0.96 15.23 10.89 0.13 9.89 13.34 1.67 0.06 0.06

0.44 0.04 0.20 0.36 0.03 0.12 0.14 0.17 0.01 0.02

R2 46.82 0.94 15.24 10.81 0.14 9.82 13.27 1.82 0.05 0.05

0.33 0.04 0.13 0.28 0.03 0.11 0.08 0.07 0.01 0.02

R3 47.41 0.96 15.46 11.00 0.14 9.86 13.33 1.04 0.07 0.06

0.71 0.04 0.28 0.27 0.04 0.11 0.10 0.65 0.02 0.02

R4 47.62 0.97 15.47 10.32 0.15 9.84 13.35 1.49 0.05 0.05

0.66 0.03 0.21 0.43 0.03 0.08 0.16 0.13 0.01 0.02

R5 53.71 1.10 17.74 0.71 0.13 10.98 15.20 0.85 0.04 0.03

0.66 0.06 0.61 0.64 0.03 0.80 0.46 0.21 0.01 0.02

Note: All compositions in wt% (averages of 20 microprobe points; small font values are
1σ standard errors). R0: starting glass (Pt crucible, air, 1600°C). Runs R1–R5 conducted
at 10−5 bar and 1400°C: R1 (30 min, quench); R2 (30 min, quench); R3 (10 min, quench);
R4 (30 min, 1000 ◦C/h); R5 (40 min, 100 ◦C/h).

Experiments cooled at 1000 ◦C/h show bulk glass FeO contents that are not

significantly different (Table 4.6). However, backscattered electron imaging reveals

the onset of onset of metallic iron (Fe0) exsolution (Fig. 4.15), suggesting that the

process initiates locally but does not progress sufficiently to measurably change the

average composition of the residual glass. A markedly different result is observed

for the slowly cooled run R5 (100 ◦C/h). In this sample, the FeO content of the

glass drops dramatically to 0.71 ± 0.64 wt% (Table 4.6). The BSE images for this
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Figure 4.13: Comparison oxide compositions in B100 experimental glasses. Square: atmo-
spheric reference glass R0 (1600°C). Circles: vacuum runs (10−5 bar, 1400°C). Conditions
(dwell time at Tmax, cooling): R1,R2: 30 min, quench; R3: 10 min, quench; R4: 30 min,
1000 ◦C/h; R5: 40 min, 100 ◦C/h. Blue shading: R0 ±1σ range.
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run (Fig. 4.15) confirm a more advanced and widespread iron exsolution texture.

Determining whether this efficient iron reduction and loss is primarily driven by the

low-pressure environment or the reducing conditions imposed by the graphite capsule

requires further experimentation at ambient pressure.

Figure 4.14: Backscattered Electron (BSE) images of post-run products.

Discussion and future perspectives.

Comparison with literature data at air fugacity [28] reveals notable discrepancies

due to the reducing conditions in our experiments, which in turn, point to the role of

fugacity in modelling silicate crystallisation processes in extraterrestrial environments

or in particular Earth System magmatic scenarios. Specifically, increasing oxygen fu-

gacity (fO2) has been shown to decrease crystallization rates [29], although our data

correspond to a system investigated under a shear rate of 0 s−1. Conversely, crystal-

lization of reducing basalt fibers has been reported to initiate at lower temperatures

[30], which is consistent with the trends observed in our study.
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Figure 4.15: Backscattered electron images showing iron exsolution in B100 experimental
glasses. From top to bottom: R3 (10 min dwell at Tmax, quench), R4 (30 min dwell at Tmax,
1000 ◦C/h cooling), and R5 (40 min dwell at Tmax, 100

◦C/h cooling). All experiments
conducted at 10−5 bar and 1400°C. The extent of iron exsolution increases with slower
cooling rates, with R5 showing the most advanced development of iron-rich phases.
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SECOND: CHONDRULES COOLING RATE

Chondrules are signature objects of chondrites. First identified as ”rounded globules”

by Howard in 1802, they were later described in detail by Sorby (1863), who famously

characterized them as ”drops of fiery rain” [31]. Today, chondrules are described

as sub-millimeter mafic silicate (± metal and sulfide) spherules that formed as free-

floating, molten or partially molten droplets in the protoplanetary disk, approximately

1–3 million years after calcium-aluminum-rich inclusions (CAIs) [32, 33].

The textural variety of chondrules arises from differences in their initial composi-

tion and thermal history, as illustrated in Fig. 4.16. The main textural classifications

are broadly subdivided into porphyritic and non-porphyritic textures. Among por-

phyritic textures, there are porphyritic olivine chondrules (PO), porphyritic pyroxene

chondrules (PP), and the more common porphyritic olivine-pyroxene chondrules

(POP). Non-porphyritic chondrules have textures in which olivine and pyroxene

grains are elongate, a sign of rapid crystal growth. An iconic and common tex-

ture is the barred olivine chondrule (BO), which shows subparallel plates of olivine

with a common optical crystal orientation. Among the less common textures are

glassy chondrules (GC), cryptocrystalline chondrules (CC), and radial pyroxene

chondrules (RP). Despite their significance, the origin of chondrules remains a major

unresolved problem in cosmochemistry today. Extensive research involving models,

experiments, and constraints from natural samples has led to numerous proposed

formation mechanisms, including lightning, magnetic reconnection, energetic phenom-

ena from young Sun, planetesimal collisions, and nebular shocks. By the late 20th

and early 21st centuries, consensus shifted toward chondrule formation by transient

brief high-temperature events such as shock waves, bow shocks, or planetesimal

impacts.

The canonical chondrule formation model postulates that fine-grained dust precur-
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Figure 4.16: Optical micrographs in cross-polarized light showing characteristic chondrule
textures from meteoritic samples. (a-c) Barred olivine (BO) chondrules displaying varia-
tions in bar morphology and crystallographic properties. (d-e) Porphyritic olivine-pyroxene
(POP) chondrules exhibiting characteristic crystal frameworks. (f) Fragment of a radial
pyroxene (RP) chondrule showing distinctive spherulitic texture.

sors undergo transient, flash-heating to achieve melting or partial melting, followed

by rapid crystallization of the free-floating melt droplets. The presence of multiple

generations of recycled chondrules suggest that chondrule formation was a more

prolonged process rather than a single event. The debate is ongoing, but there is a

consensus that the thermal histories of chondrules—such as the heating rate of the

precursor material, the peak temperatures reached, the duration of heating, and the

cooling rate—can constrain or test these models and must, therefore, be decoded from

chondrule chemistry and textures. To evaluate these different chondrule formation

models requires crystallization experiments. Each proposed formation mechanism

must be consistent with specific cooling rate profiles. VF-Smelt experiments inves-

tigate three principal thermal models [34]: single-stage linear cooling, two-stage

cooling (fast-to-slow), two-stage cooling (slow-to-fast), and non-linear cooling.

Here, we present preliminary results from a non-linear cooling experiment,
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achieved by rapidly shutting down the furnace power supply to induce its fastest

possible cooling rate.

Starting materials.

The starting material had an average composition (in wt%) of 44.54% SiO2,

13.37% Al2O3, 17.82% MgO, 12.68% FeO, 9.63% CaO, 0.55% TiO2, 0.06% Na2O,

0.05% K2O, 0.01% MnO, and 0.01% Cr2O3. Analyses on glass or residual glass in

wt% were performed by using a JEOL JXA - iHP200F Hyper Probe at the Institute

of Earth System Sciences (IESW), Leibniz University of Hannover (DE).

Preliminary Results.

The run-product from the CHR7 vacuum experiment exhibits a distinct spherical

shape, as documented by stereomicroscopy images (Fig. 4.17, Fig. 4.18). This

spheroidal morphology is attributed to the high surface tension of the silicate melt

and its low wetability on the graphite crucible. Stereomicroscopy further reveals the

presence of metallic inclusions contained within the translucent silicate portion of

the bead. Furthermore, the recovered sample is strongly attracted to a hand magnet,

confirming the formation of a significant quantity of Fe metal phase or magnetite

during the experiment. Backscattered electron (BSE) imaging showing a large,

high-contrast metallic bleb (Fig. 4.19). The chemical compositions of the starting

synthetic chondrule glass and the phases crystallised in the CHR7 experiment are

reported in Table 4.7. The composition of the post-experiment glass is enriched

in SiO2, increasing from 44.54 wt% in the starting glass to 53.58 wt%. Similarly,

Al2O3 increases from 13.37 wt% to 19.46 wt%, and CaO increases from 9.63 wt%

to 14.19 wt%. The TiO2 concentration shows a minor increase from 0.55 wt% to

0.77 wt%. In stark contrast, FeO is strongly depleted, decreasing from 12.68 wt% to

0.42 wt%. The MgO content also decreases, from 17.82 wt% to 11.91 wt%.

Discussion and future perspectives.
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Table 4.7: Chemical compositions (wt%) of phases in CHR7 experiment and starting
material.

Phase/Sample SiO2 TiO2Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 Total

Starting synthetic chondrule glass (atmospheric)

Starting glass 44.42 0.51 13.26 13.06 0.04 17.89 9.58 0.04 0.06 0.01 98.85

Starting glass 44.60 0.58 13.37 12.56 0.00 17.94 9.65 0.06 0.06 0.02 98.82

Starting glass 44.56 0.54 13.06 12.77 0.02 17.88 9.64 0.06 0.03 0.01 98.57

Starting glass 44.95 0.60 13.56 12.53 0.00 17.78 9.65 0.05 0.06 0.00 99.17

Starting glass 44.32 0.51 13.25 12.78 0.01 17.92 9.46 0.06 0.04 0.00 98.35

Starting glass 44.38 0.58 13.40 12.73 0.01 17.68 9.65 0.07 0.04 0.00 98.54

Starting glass 44.46 0.56 13.41 12.75 0.02 17.88 9.70 0.08 0.08 0.03 98.97

Starting glass 44.45 0.54 13.47 12.52 0.00 17.82 9.69 0.07 0.04 0.02 98.61

Starting glass 44.96 0.54 13.44 12.67 0.01 17.70 9.64 0.07 0.02 0.00 99.05

Starting glass 44.29 0.56 13.48 12.40 0.00 17.64 9.61 0.08 0.07 0.05 98.17

Avg ± 1σ 44.54 0.55 13.37 12.68 0.01 17.82 9.63 0.06 0.05 0.01 98.71

0.21 0.03 0.15 0.19 0.01 0.11 0.07 0.01 0.02 0.02 0.28

CHR7 olivine

CHR7 ol 42.61 n.d. 0.20 0.35 0.02 56.77 0.21 n.d. n.d. 0.02 100.18

CHR7 ol 42.90 n.d. 0.19 0.53 0.00 56.70 0.20 n.d. n.d. 0.01 100.54

CHR7 ol 43.55 n.d. 0.27 0.32 0.04 56.61 0.24 n.d. n.d. 0.00 101.03

Avg ± 1σ 43.02 n.d. 0.22 0.40 0.02 56.69 0.22 n.d. n.d. 0.01 100.58

0.47 0.04 0.11 0.02 0.08 0.02 0.01 0.43
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Table 4.7: Chemical compositions (wt%) of phases in CHR7 experiment and starting
material (continued).

Phase/Sample SiO2 TiO2Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 Total

CHR7 clinopyroxene (vacuum)

CHR7 px 46.38 0.38 8.34 0.57 0.00 39.31 5.09 0.00 0.01 0.01 100.09

CHR7 px 54.05 0.81 20.93 0.41 0.02 8.57 14.67 0.02 0.02 0.00 99.50

CHR7 px 45.55 0.30 6.73 0.63 0.00 43.47 4.19 0.00 0.02 0.01 100.91

CHR7 px 53.92 0.85 20.77 0.46 0.03 7.66 15.46 0.00 0.02 0.00 99.16

CHR7 px 50.17 0.60 15.04 0.54 0.00 23.33 10.39 0.00 0.02 0.01 100.09

CHR7 px 49.56 0.47 13.54 0.63 0.03 28.48 8.22 0.00 0.02 0.02 100.98

CHR7 px 52.36 0.66 17.67 0.46 0.02 17.06 11.64 0.00 0.02 0.02 99.93

CHR7 px 53.80 0.71 20.57 0.51 0.00 9.89 14.13 0.02 0.00 0.01 99.64

CHR7 px 54.64 0.88 21.74 0.08 0.02 5.96 15.50 0.00 0.02 0.00 98.84

CHR7 px 51.99 0.70 18.79 0.12 0.01 13.70 12.91 0.00 0.03 0.01 98.26

Avg ± 1σ 51.24 0.64 16.41 0.44 0.01 19.8411.22 0.00 0.02 0.01 99.74

3.43 0.19 5.32 0.20 0.01 12.96 4.23 0.01 0.01 0.01 0.74

CHR7 glass (vacuum)

CHR7 glass 53.72 0.93 19.54 0.47 0.02 10.26 14.78 0.02 0.05 0.00 99.80

CHR7 glass 54.08 0.74 19.73 0.37 0.06 11.01 14.55 0.01 0.03 0.03 100.61

CHR7 glass 52.03 0.69 17.85 0.61 0.00 14.75 13.29 0.00 0.03 0.06 99.32

CHR7 glass 52.55 0.73 18.43 0.52 0.04 13.72 13.94 0.05 0.03 0.00 100.01

CHR7 glass 53.41 0.78 19.03 0.41 0.02 12.43 14.34 0.00 0.06 0.00 100.46

CHR7 glass 54.26 0.78 21.07 0.40 0.00 9.10 14.62 0.03 0.01 0.03 100.30

CHR7 glass 54.11 0.82 20.25 0.37 0.01 10.46 14.45 0.01 0.02 0.00 100.50

CHR7 glass 54.11 0.83 20.42 0.62 0.00 9.89 14.76 0.00 0.02 0.03 100.69

CHR7 glass 53.54 0.78 18.45 0.22 0.00 14.16 13.69 0.02 0.02 0.00 100.87

CHR7 glass 53.03 0.65 19.80 0.20 0.07 13.22 13.52 0.00 0.00 0.04 100.52

Avg ± 1σ 53.58 0.77 19.46 0.42 0.02 11.9114.19 0.01 0.03 0.02 100.41

0.75 0.08 1.03 0.14 0.02 1.92 0.50 0.02 0.02 0.02 0.54

Note: n.d. = not detected. Starting glass: atmospheric reference. CHR7 phases formed
under vacuum (10−5 bar, 100◦C/h cooling). Olivine: forsteritic (Fo99.3). Clinopyroxene:
bimodal (diopside: high-Mg; augite: high-Al). Glass: shows extreme Fe depletion (12.68%
→ 0.42%) and enrichment in SiO2, Al2O3, CaO.
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Figure 4.17: Stereoscopic micrograph of experimental spherules.
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Figure 4.18: Higth quality stereoscopic micrograph of R8.
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Figure 4.19: BSE image of R7.
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We successfully produced a large metal bleb and skeletal olivine crystals with

oriented growth patterns similar to barred olivines (BO) found in natural chondrules.

The severe depletion of FeO in the residual glass (from 12.68 to 0.42 wt.%) is diagnostic

of in-situ reduction and metal segregation driven by the reducing conditions imposed

by the graphite crucible, which buffered the oxygen fugacity near the IW. The olivine

is highly forsteritic (Fo99.3, ∼0.4 wt.% FeO), and the clinopyroxene contains very low

Fe (<0.6 wt.% FeO). Therefore, the extreme FeO depletion observed in the residual

glass cannot be explained by the crystallization of the observed silicates. The skeletal,

dendritic morphology of the olivine is a classic indicator of rapid growth under high

degrees of undercooling, consistent with the applied rapid cooling rate (∼3000–1000

◦C/h). Skeletal forsterite crystals are oriented in a pattern that closely mimics

the parallel-barred texture characteristic of many barred olivine (BO) chondrules.

Furthermore, the metal occurs as a single, large isolated bleb, analogous to those

found in some chondrules and armored chondrule rims. The composition of the

residual glass closely matches the typical mesostasis composition find in natural

barred olivine chondrules.

Our experiment thus likely captures the initial stage of chondrule formation—rapid

crystallization under highly reducing conditions.
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4.3 Brillouin spectroscopy of natural and chem-

ically complex volcanic glasses: The role of

divalent cations

This collaboration enabled me to further strengthen my expertise in high-temperature

techniques for glass preparation. This aspect of experimental work is particularly

significant, as virtually all petrological experiments conducted under high-pressure

and high-temperature conditions rely on glasses as starting materials. Equally critical

is the ability to homogenize silicate systems, thereby eliminating compositional

heterogeneities that could influence nucleation behaviour or bias the crystallization

pathways of the starting material. In particular, achieving complete melting and

controlled quenching is essential to ensure chemical homogeneity while minimizing

the incorporation of bubbles or microcrystals that might act as unintended nucleation

sites. Thus, a critical cooling rate must be applied in order to obtain homogeneous

glass starting material. These procedures were complemented by systematic analytical

characterization—using techniques such as electron microprobe analysis to verify the

homogeneity and structural integrity of the produced glasses. This rigorous approach

not only improved the reproducibility of subsequent high/low-pressure experiments

at high/low temperature but also contributed to a more reliable interpretation of

phase equilibria and crystal-melt interactions within complex silicate systems.

Abstract This work investigates using Brillouin light scattering (BLS) spec-

troscopy the relationship between chemistry and longitudinal (or pressure) sound-wave

propagation on a large dataset of alkaline to sub-alkaline silicate glasses. Results

show that the frequency fB of the Brillouin peak decreases with the silica content and

the Silica vs. Calcia - Ferrous oxide - Magnesia (SCFM) parameter, while it increases

with the degree of polymerization expressed by the ratio of nonbridging oxygens to
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tetrahedral cations (NBO/T). It is possible to infer that the values of both fB and

the real part of the longitudinal elastic modulus M ′ are tightly related to the content

of divalent cations (M2+) participating in the silicate network. Our findings suggest

that alkaline earth metals and Fe2+ linearly speed up the longitudinal acoustic waves

in silicate glasses. This might open a new window on the possibility of using the BLS

technique for rapid and accurate determinations of physical and chemical properties

of natural glasses present on Earth and other planetary bodies.
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A B S T R A C T

This work investigates using Brillouin light scattering (BLS) spectroscopy the relationship between chemistry and 
longitudinal (or pressure) sound-wave propagation on a large dataset of alkaline to sub-alkaline silicate glasses. 
Results show that the frequency fB of the Brillouin peak decreases with the silica content and the Silica vs. Calcia - 
Ferrous oxide - Magnesia (SCFM) parameter, while it increases with the degree of polymerization expressed by 
the ratio of nonbridging oxygens to tetrahedral cations (NBO/T). It is possible to infer that the values of both fB 
and the real part of the longitudinal elastic modulus M’ are tightly related to the content of divalent cations 
(M2+) participating in the silicate network. Our findings suggest that alkaline earth metals and Fe2+ linearly 
speed up the longitudinal acoustic waves in silicate glasses. This might open a new window on the possibility of 
using the BLS technique for rapid and accurate determinations of physical and chemical properties of natural 
glasses present on Earth and other planetary bodies.

1. Introduction

Magmas are natural silicate melts with high compositional vari
ability which in turn influence petrogenetic, volcanic and viscoelastic 
rheological properties and processes (Dingwell, 1996; Giordano et al., 
2008; Gonnermann and Manga, 2007). Most physical properties of sil
icate melts reflect their elemental abundance and related molecular 
arrangement, resulting from an interplay between network-forming el
ements (four-fold coordinated cations like Si, Al, Ti, ferric Fe and, to a 
lesser extent, B and P) and network-modifiers, which are mainly Mg, Ca 
and ferrous Fe (Bansal and Doremus, 2013; Giordano et al., 2008; Mysen 
and Richet, 2005; Neuville et al., 2022; Radica et al., 2024). Although 
the liquid and glassy states are different (Webb, 1992), silicate glasses 
maintain the structure (SRO: short range order) of their supercooled 
liquid (Zanotto and Mauro, 2017). In this respect, many studies have 

employed a variety of calorimetric and spectroscopic techniques to 
investigate the relationship between physical properties and chemical 
composition of silicate glasses (Behrens and Zhang, 2009; Cassetta et al., 
2021; Di Genova et al., 2015; Di Muro et al., 2009; Hess and Dingwell, 
1996; Kress and Carmichael, 1991; Le Losq and Neuville, 2013; Le Losq 
and Sossi, 2023; Vetere et al., 2014).

Brillouin light scattering (BLS) spectroscopy is a rapid and non- 
destructive technique based on the inelastic scattering of light (pho
tons) by thermally-induced acoustic waves (thermal phonons) that al
lows one to access the elastic constants of materials in the GHz range of 
frequencies (Scarponi et al., 2017). BLS has been used to characterize 
geologically relevant solid materials in both crystalline and glassy states 
(see Speziale et al., 2014 for a review). For what concerns silicate 
glasses, most literature focuses on simplified and iron-free compositions 
(Galeener et al., 1984; Jabraoui et al., 2016; Scannell et al., 2016; Vaills 
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et al., 1993; Weigel et al., 2016; Wu et al., 2017). Therefore, information 
on crucial properties of magmas (density, compressibility, sound ve
locities, etc.) and related processes (melt migration in the Earth’s mantle 
and crust) rely on the correlation between vibrational and elastic 
properties of melts obtained on chemically simple or iron-free multi
component systems (Hushur et al., 2013; Schilling et al., 2001; Whit
tington et al., 2012), with few exceptions on SiO2-poor melts (Malfait 
et al., 2011; Wu et al., 2017). More recently, studies on peridotitic (Di 
Genova et al., 2023) and natural (Cassetta et al., 2021) multicomponent 
glasses have been conducted to gain a more comprehensive under
standing of the properties of silicate melts in nature.

Importantly, the viscosity of melts can be estimated from BLS mea
surements through the ratio of bulk to shear moduli of the parental 
glasses. Recently, Cassetta et al., 2021, 2023 observed that this param
eter correlates linearly with the amount of SiO2 in very different silicate 
glasses (both volcanic and technical), suggesting that determining the 
elastic properties of glasses can provide insights into their chemical 
composition. Moreover, a BLS study of synthetic aluminosilicates has 
shown that the structural rearrangement caused by charge- 
compensating cations substitution results in a substantial change of 
elastic moduli (Weigel et al., 2016).

In this work, we extend the application of BLS spectroscopy to 
investigate the most abundant and common glasses with multicompo
nent chemical compositions by considering different series of natural 
silicate glasses, either SiO2-poor and SiO2-rich, as well as with low and 
high amounts of alkalis.

2. Methods

2.1. Starting material and preparation

Silicate glasses were produced by melting and mixing end members 
(one mafic and one felsic) from various volcanic areas having different 
types of compositional affinity: the first three series were produced and 
reported in Pisello et al. (2022a, 2022b) and they come from Snake River 
Plain (SRP; USA see Morgavi et al., 2013), presenting a subalkaline af
finity, Etna (Italy, see Corsaro and Métrich, 2016) with a sodium-rich 
alkaline affinity, and Vulcano (Italy, see De Astis et al., 1997) with a 
potassium-rich alkaline affinity. Moreover, another sub-alkaline series 
from Vetere et al. (2013) and Vetere et al. (2015a), obtained by mixing 
basalt from Iceland and rhyolite from Lipari, was used. In dthis work, we 
will refer to the sets of glasses produced for each location as follows, 
respectively: Subalkaline series (SRP), Na-alkaline series (Etna), K- 
Alkaline series (Vulcano) and Subalkaline -A series, obtained by mixing 
basalt from Iceland and rhyolite from Lipari (Table 1).

Glasses from the natural samples were produced following the pro
cedure used in Vetere et al. (2013). Each end-member was crushed, 
melted at superliquidus temperature (1500 ◦C) in a platinum crucible for 
four hours, and rapidly quenched by placing the crucible at room tem
perature. The operation was repeated twice to obtain homogeneous 
crystal-free glasses. Afterwards, each glassy end-member was ground to 
powder (grain size <500 μm) and mixed in the desired weight pro
portions, as listed below, to produce glasses with intermediate compo
sitions. The mixtures were remelted again two times following the same 

Table 1 
Weight percent of the main oxides measured by EMPA. Results for the series which were produced for this study (Subalkaline, K-alkaline and Ca-alkaline) are reported 
as the mean value and standard deviation of multiple repetitions. For the other samples, EMPA compositions are taken from their relative studies: 1 Vetere et al., 2015a, 
2015b, 2Iezzi et al., 2011, 3Iezzi et al., 2011, 4Tamic et al., 2001.

Series Sample SiO2 TiO2 Al2O3 Total Fe 
as FeO

MnO MgO CaO Na2O K2O P2O5

Subalkaline

B 48.32 1.82 16.23 11.70 0.18 7.62 10.81 2.57 0.36 0.34
St.dev. 0.15 0.05 0.08 0.10 0.03 0.05 0.07 0.05 0.02 0.03
B8 53.06 1.60 15.52 10.34 0.15 6.14 8.88 2.69 1.22 0.29
St.dev 0.11 0.04 0.09 0.08 0.05 0.04 0.07 0.07 0.04 0.03
B6 57.75 1.35 14.94 8.80 0.13 4.68 7.08 2.83 2.08 0.24
St.dev 0.16 0.04 0.08 0.11 0.03 0.05 0.08 0.06 0.04 0.03
B4 62.68 1.11 14.26 7.23 0.10 3.19 5.26 2.91 2.97 0.22
St.dev 0.21 0.04 0.09 0.12 0.02 0.05 0.07 0.07 0.06 0.03
B2 67.49 0.88 13.71 5.60 0.08 1.70 3.42 3.05 3.84 0.17
St.dev 0.17 0.03 0.06 0.11 0.02 0.03 0.05 0.06 0.07 0.02
RB 72.13 0.65 13.20 4.02 0.04 0.25 1.62 3.17 4.75 0.14
St.dev 0.10 0.03 0.06 0.08 0.03 0.01 0.03 0.05 0.05 0.02

K-alkaline

S 54.23 0.69 16.02 7.94 0.17 4.13 7.68 5.34 3.11 0.49
St.dev 0.20 0.03 0.11 0.11 0.04 0.05 0.09 0.14 0.04 0.03
S7 67.57 0.29 14.28 3.89 0.10 1.40 3.09 4.49 4.51 0.17
St.dev 0.11 0.02 0.09 0.09 0.03 0.03 0.05 0.06 0.05 0.02
S5 63.83 0.39 14.78 5.06 0.12 2.17 4.44 4.68 4.08 0.27
St.dev 0.24 0.02 0.09 0.08 0.03 0.03 0.07 0.27 0.07 0.03
S3 60.38 0.51 15.37 6.12 0.14 2.94 5.71 4.84 3.63 0.29
St.dev 0.20 0.02 0.08 0.14 0.02 0.04 0.10 0.09 0.05 0.03
RS 73.25 0.12 13.53 2.11 0.07 0.25 1.12 4.17 5.13 0.05
St.dev 0.08 0.02 0.08 0.07 0.02 0.02 0.03 0.06 0.05 0.02

Na-alkaline

M 48.50 1.53 14.53 10.90 0.18 7.82 12.13 2.61 1.23 0.45
St.dev 0.18 0.04 0.08 0.11 0.02 0.07 0.13 0.04 0.03 0.03
M5 55.36 1.36 15.64 8.23 0.17 4.58 7.62 4.34 2.20 0.37
St.dev 0.14 0.05 0.12 0.16 0.02 0.05 0.11 0.07 0.02 0.03
V 63.25 1.20 17.11 5.05 0.17 1.45 3.18 4.92 3.22 0.35
St.dev 0.25 0.04 0.05 0.08 0.03 0.03 0.05 0.16 0.05 0.04

Subalkaline-A 1

B100 48.26 0.98 15.67 10.28 0.18 9.47 13.26 1.80 0.04 0.06
B80 53.50 0.81 15.13 8.62 0.15 7.65 10.89 2.20 1.03 0.02
B60 58.43 0.66 14.74 7.01 0.13 5.86 8.53 2.61 2.01 0.04
B40 63.46 0.47 14.21 5.48 0.12 4.06 6.14 2.98 3.06 0.02
B20 68.80 0.29 13.77 3.74 0.11 2.21 3.68 3.33 4.04 0.02
R100 73.84 0.12 13.46 2.06 0.08 0.44 1.36 3.74 4.88 0.03
AMS 2 57.67 0.40 19.04 4.67 0.10 1.51 4.38 3.85 8.18 0.20
FRB 2 56.21 0.61 18.68 6.46 0.10 2.24 5.62 4.46 5.26 0.36
DPP 3 58.59 0.59 17.26 6.91 0.18 4.14 7.74 2.46 1.97 0.15
EDF 4 76.90 0.11 12.74 0.68 0.07 0.08 0.58 4.06 4.78
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procedure as before at superliquidus temperature (1500 ◦C) to obtain 
compositionally homogeneous products (Vetere et al., 2013, 2015a).

The Subalkaline series was produced by mixing the mafic and felsic 
end-members in the following weight proportions: 100 % basalt, 80 % 
basalt and 20 % rhyolite, 60 % basalt and 40 % rhyolite, 40 % basalt and 
60 % rhyolite, 20 % basalt and 80 % rhyolite, and 100 % rhyolite 
(referred to as B, B8, B6, B4, B2, RB, respectively; see Table 1). For the K- 
alkaline series, the following weight proportions were produced: 100 % 
shoshonite, 70 % shoshonite and 30 % rhyolite, 50 % shoshonite and 50 
% rhyolite, 30 % shoshonite and 70 % rhyolite, and 100 % rhyolite 
(referred to as S, S7, S5, S3, RS, respectively; see Table 1). In the Na- 
alkaline series the proportions were: 100 % hawaiite, 50 % hawaiite 
and 50 % benmoreite, and 100 % benmoreite (referred to as M, M5, V, 
respectively; see Table 1). In total, 14 glasses with different composi
tions were produced, plus the 6 samples produced in Vetere et al. 
(2015a).

To further test the results, we also considered additional samples 
from other studies: four silicate glasses – namely, EDF from Tamic et al. 
(2001), AMS and FRB from (Iezzi et al., 2008), DPP from (Iezzi et al., 
2011) – and pure commercial silica glass (see Table 1 for details on 
chemical compositions).

2.2. EMPA analyses

Chemical compositions for the Subalkaline, K-alkaline and Na- 
alkaline series were determined at the Department of Earth- and Envi
ronmental Sciences, University of Munich LMU (Germany), with a 
Cameca SX100 electron microprobe analyzer (EMPA). Samples were 
embedded in epoxy resin, polished, and then covered with a 13 nm 
carbon coating. Analyses were performed using an acceleration voltage 
of 15 kV and an electronic beam current of 20 nA, with a defocused 
beam of 10 μm on the sample. Standards used for calibration were 
orthoclase (Al, K), albite (Si, Na), wollastonite (Ca), periclase (Mg), 
ilmenite (Ti), iron (II) oxide (Fe), and chromium oxide (Cr). The 
chemical homogeneity of the glasses was tested by performing five 
chemical analyses for each sample.

2.3. Iron speciation

Ferrous–ferric ratio depends on the glass composition and the P-T- 
fO2 conditions at which the melting process occurs. In this study, glasses 
were always prepared at air oxygen fugacity. The iron oxidation state 
determination was performed using a wet chemical micro-colorimetric 
method (Schuessler et al., 2008). 7–10 mg of glass chips were dis
solved in concentrated HF with the addition of a solution of ammonium 
vanadate in 5 M sulfuric acid. The released ferrous iron reacts with V5+

and forms V4+ and ferric iron (for details, see ref. Schuessler et al., 2008
and Vetere et al., 2014). After complete dissolution, boric acid was 
added to bind fluorine, and the pH value was increased by adding 
ammonium acetate so that Fe2+ was formed again. The concentration of 
bivalent iron was measured spectrometrically after complexation with 
bipyridyl, using a 1 cm transmission cell in a UV/VIS spectrometer 
Shimadzu UV 1800. To calculate the total iron concentration (Fetot), 
hydroxylamine hydrochloride was added to the solution to reduce Fe3+.

2.4. Brillouin light scattering measurements

The BLS experiment detects light inelastically scattered by acoustic 
modes that propagate within the material with wavevector q =
4π n

λ sin(θ/2), where λ is the wavelength of the incident laser light, θ the 
scattering angle, and n the refractive index of the material. Measure
ments were performed on 3–6 mm-sized fragments of glass, not cut nor 
polished, in air and at ambient temperature, using λ = 532 nm, with the 
incident and scattered light polarizations selected perpendicular to the 
scattering plane (VV scattering), in backscattering geometry (θ = 180◦). 

In this configuration, the scattering signal of transverse modes is 
extinguished, and only the detection of longitudinal modes is allowed. 
The scattered light was frequency analyzed by a high resolution and 
high contrast Sandercock-type tandem 3 + 3 pass Fabry–Pérot inter
ferometer at the Department of Physics and Geology of the University of 
Perugia (Italy) (Scarponi et al., 2017). The interaction of light with 
longitudinal acoustic modes is responsible for a frequency shift of ± fB, 
that gives rise to a couple of peaks (Brillouin doublet) in the spectrum of 
the scattered light, I(ω), on the left and right of the Rayleigh central line. 
Multiple scattering contributions do not affect the data analysis (Corezzi 
et al., 2018). I(ω) was described in a restricted region around the Bril
louin peaks with a damped harmonic oscillator function, I(ω)=R(ω) ⨂ 
I0/π{ωB

2ΓB/[(ω2-ωB
2
)
2 + ω2ΓB

2
] }, where R(ω) is the instrumental resolution 

function, ⨂ indicates the convolution operator, fB = ωB/2π and ΓB 
correspond, respectively, to the frequency position and full-width-at- 
half-maximum of the Brillouin peaks, and I0 is an amplitude factor 
that depends on the scattering cross-section. The Brillouin frequency fB 
is related to the velocity vL of the longitudinal acoustic waves, and then 
to the real part M’ of the longitudinal elastic modulus through the 
following relationships: of the longitudinal elastic modulus through the 
following relationships: 

vL =
ωB

q
(1) 

M’ = ρ v2
L (2) 

where ρ is the mass density. Notice that in backscattering geometry, the 
sound velocity in the material is related to the Brillouin frequency by: 

vL =
λfB

2n
(3) 

i.e., the measured fB scales inversely with the incident laser wavelength 
λ.

3. Results

The chemical compositions of the analyzed glasses are reported in 
Table 1 and graphically portrayed on the total alkali-silica (TAS) dia
gram in Fig. 1 (Le Bas et al., 1986). The two subalkaline series show the 
most significant variation of SiO2 content between end-members 
(48–72 wt% in Subalkaline; 47–74 wt% in Subalkaline-A), covering 
both K-alkaline (54–73 wt%) and Na-alkaline series (48–63 wt%). 
Alkaline content ranges from 1.9 wt% (in the SRP basalt B) to 9.3 wt% 
(in the Vulcano rhyolite RS); the Fe2+/Fetot ratio varies between 0.59 
and 0.72 (Table 2). Concerning the four additional glasses that do not 
belong to the series mentioned above, we provide their chemical 
composition and structural descriptors in Tables 1 and 2, respectively. 1) 
DPP has an andesitic composition which lies within the Subalkaline-A 
series, while the other samples fall outside the previously considered 
compositional range; 2) FRB is a trachyandesite with an alkali content 
higher than the K-alkaline series; 3) AMS is classified as a teph
riphonolite, with even higher alkali content (~12 wt%); 4) EDF is a 
rhyolite whose SiO2 content (~77 %) is the highest among the investi
gated glasses.

Fig. 2 shows the Brillouin spectra for the four series of glasses, 
normalized to the maximum intensity to better visualize the frequency 
shift of the Brillouin peaks with changes in glass composition. Glass 
homogeneity was verified by repeating the measurements in at least four 
different points of each sample. The Brillouin frequency fB, the refractive 
index n and the theoretical density ρ of all samples, along with the 
corresponding values of sound velocity vL (Eq. 3) and elastic modulus M’ 
(Eq. 2), are reported in Table 3.

The Brillouin frequency of all samples is reported versus SiO2 and 
alkaline content in Fig. 3a and b, respectively. The two subalkaline series 
display the most significant change of fB (~8 GHz) and a similar and 
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considerable variation of SiO2 (~25 wt%) and alkaline content (5–7 wt 
%). Concerning alkaline glasses, a fB change of ~5 GHz is associated 
with a change of ~15 wt% of SiO2 and ~ 4 wt% of alkalis in the Na- 
alkaline series; in contrast, in the K-alkaline series a fB change of only 
~3 GHz is associated with a substantial change of SiO2 (~19 wt%) 
combined with a minimal change of alkalis (~1 wt%). Within each se
ries, fB has the highest value in the mafic end-member and decreases 
linearly with the increase of SiO2 (Fig. 3a).

n and ρ values are calculated based on glass composition, following 
(Huggins and Sun, 1943) and (Kloess, 2000) and presented in Table 3. 
The density (ρ) ranges between 2.35 g/cm3 (for AMS, the most felsic 
product) and 2.76 g/cm3 (for B100, the most mafic product) and, within 
each series, reasonably decreases with increasing the SiO2 content. We 
can compare the results of theoretical ρ with the observed bulk-ρ (Radica 
et al., 2024; Vetere et al., 2013) for the Subalkaline-A series (see 
Table 4). For the mafic endmember B100, the model underestimates the 
observed bulk-ρ of about 1.6 %. Conversely, with increasing silica, the 
theoretical-ρ values progressively overestimate the observed ones up to 
5.6 % for the R100 sample. The mismatch between theoretical and 
observed densities is likely due to differences in the conceptualization of 
the atomic packing factor used in the calculations. Specifically, the 
theoretical density assumes ideal packing, where atoms are spaced ac
cording to their ionic radii. However, this idealized packing does not 
apply to real-case glasses. In glasses, especially the silica-rich ones, 
larger atomic rings form, and these larger rings are often empty. As a 
result, the packing efficiency deviates from the expected values derived 
by averaging the atomic ionic radii.

Table 3 also reports values of M’, which range from 118.4 GPa to 
78.2 GPa, showing generally lower values for more silicic glasses. M’ is 

Fig. 1. Compositions of all glasses considered in this study, plotted on a TAS diagram, after Le Bas et al., 1986.

Table 2 
Values of iron speciation, NBO/T (Eq. 4), and SCFM (Eq. 5). 1Calculated as the 
mean of the values measured in the other members of the same series. 2Assumed 
value.

Series Sample FeIII/ Fe Tot NBO/T SCFM

Subalkaline

B 0.61 2.19 0.68
B8 0.63 1.68 0.74
B6 0.70 1.26 0.80
B4 0.641 0.89 0.85
B2 0.641 0.57 0.90
RB 0.59 0.31 0.95

K-alkaline

S 0.691 0.92 0.78
S3 0.71 0.71 0.85
S5 0.72 0.53 0.89
S7 0.71 0.36 0.92
RS 0.61 0.15 0.97

Na-alkaline

M 0.66 2.02 0.67
M5 0.65 1.16 0.79
V 0.61 0.61 0.91

Subalkaline-A

B100 0.66 2.47 0.64
B80 0.58 1.80 0.70
B60 0.59 1.29 0.77
B40 0.57 0.86 0.84
B20 0.55 0.49 0.90
R100 0.61 0.20 0.97
AMS 0.52 0.53 0.88
FRB 0.52 0.77 0.84
DPP 0.52 1.27 0.79
EDF 0.52 0.07 0.99
Silica – 0.00 1.00
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determined from values of ρ and vL (Eq. 2), and we can compare values 
of M’ determined from calculated densities and from measured densities 
(Table 4), again resulting dependent on silica content: the discrepancies 
range from an underestimation of 1.7 % for B100 toward an over
estimation of 5.5 % for R100.

Noting that the discrepancies between measured and calculated 
values are silica-dependent and given that R100 is the most silica-rich of 
the natural synthetic glasses considered in this study, we graphically 
present the discrepancy determined for R100 in all figures related to ρ or 
M’.

4. Discussion

On a first basis, the results in Figs. 3a indicate that the Brillouin 
frequency of silicate glasses depends on their chemical composition, of 
which SiO2 is the most abundant component. This observation is in 
general agreement with previous studies (Malfait et al., 2011). However, 
the differing slopes observed for the various series of glasses suggest 
varying sensitivities to silica and, presumably, alkali content across the 
different series. This is evident for the K-alkaline series, where fB has the 
narrowest shift of Brillouin peak (Fig. 2) that results in a lower slope of 
the behavior, plotted in Fig. 3a. Therefore, silica is not in itself a unique 
descriptor for the Brillouin frequency of the investigated systems, but 
other chemical and structural descriptors govern the shift of Brillouin 
peaks.

However, Vis- and Deep UV-Raman and FTIR spectra of volcanic 
glasses (in particular the subalkaline ones) suggest that the network 

connectivity is non-linearly related to the SiO2 wt% (Cassetta et al., 
2024; Radica et al., 2024). Indeed, the analysis of the Qn units suggests 
that the modification of the macroscopic elastic response of the medium 
is directly related to the polymerization degree (Benzine et al., 2021). 
Concerning the relationship between the elastic properties of glasses and 
their chemical composition, the existing studies on simulant iron-free 
(Malfait et al., 2011) and natural volcanic glasses (Cassetta et al., 
2021a) indicate how introducing network modifier cations within the 
structure increases elastic moduli like the bulk modulus (K′) or the shear 
modulus (G’). In our case, Si4+ cations are certainly the most crucial 
network formers; the fact that fB continually shifts toward lower values 
with increasing silica content is coherent with a decrease in the longi
tudinal elastic modulus M’ (Eq. 2 and Eq. 3) and in agreement with the 
cited previous studies, being both G’ and K′ linked to M’ by a linear 
relationship. Nevertheless, since our case study involves glasses with a 
complex chemical composition, we must consider that other elements 
could potentially act as network formers under specific conditions: 
mostly Al3+ but also Fe3+, Ti4+ and P5+ cations might form Ts (Di 
Genova et al., 2016; Mysen and Richet, 2005; Wu et al., 1999). This 
happens because alkalis, such as Na and K, act as charge balancers for 
cations like Fe3+ and Al3+ that require one electron to be stable in co
ordination with four oxygen atoms. Therefore, the generally lower 
Brillouin frequencies observed in our alkaline series (Fig. 3a) could be 
due to the above-mentioned ability of alkali to increase the number of 
actual network-forming cations. To provide an approximate description 
of the glass structure by using only the chemical composition, we 
correlate fB with two chemical descriptors: i) NBO/T (Mysen and Richet, 

Fig. 2. Brillouin spectra of the four series of glasses investigated, as indicated in the legend.
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2005) describing the depolymerization of the tetrahedral network and ii) 
SCFM which is a phenomenological chemical index proposed by Walter 
and Salisbury (1989). Both parameters have been used as proxies for the 
structural configuration and the chemical character of silicate glasses 
(Cooper et al., 2002; Morlok et al., 2021; Pisello et al., 2019, 2022b, 
2023). The NBO/T parameter quantifies the ratio of non-bridging oxy
gens per tetrahedron, indicating how many oxygens are not shared by 
two Ts. It conceptually describes the inverse of the development of the 
mentioned three-dimensional network. Thus, NBO/T values are high in 
mafic compositions and low in felsic compositions. Assuming that all 
oxygen atoms are engaged in either non-bridging (T-O) or bridging (T-O- 
T) bonds, this parameter is given by: 

NBO
T

=
2 • O − 4 • T

T
(4) 

Here, NBO is represented by 
∑i

i=1 nMn+
i , with Mn+ representing the 

moles of network-modifying cations, whilst T represents the total moles 
of network former cations and O represents the total moles of oxygens. 

NBO/T parameter is calculated following (Prata et al., 2018), that 
considers as T the moles of cations of Si4+, Ti4+, and P5+. Moreover, if 
there is an excess in alkalis for charge balance, also Al3+ and Fe3+ are 
assigned the role of T. The NBO/T parameter ranges from 0 in a fully 
polymerized glass/melt, where all oxygen atoms in each tetrahedral unit 
TO4 are linked to adjacent tetrahedra, to 4 in an ideal, fully depoly
merized structure.

The SCFM parameter, instead, is defined as: 

SCFM =
SiO2

SiO2 + FeO + CaO + MgO
(5) 

where the oxide abundances are expressed in weight per cent. Table 2
reports the measured Fe2+/Fetot ratio and the calculated NBO/T and 
SCFM parameters for all the investigated glasses.

Indeed, NBO/T is advantageous because it considers all chemical 
species but does not account for the coordination states of intermediate 
elements such as Fe3+or Al3+. On the other hand, SCFM is useful because 
it includes only a single species that can change its coordination state 
(Fe2+, which can shift from 6- to 5-fold) but does not consider other 
chemical and structural components.

Fig. 3b reports the variation of fB as a function of SCFM. The plot 
shows that the datapoints of the four investigated series collapse into a 
master curve described by a linear function (Table 5).

Fig. 3c shows the strong positive correlation between fB and NBO/T. 
In this plot, the data from different sample series do not appear scattered 
like in Fig. 3a but follow the same curve, along which the value for pure 
silica (star) aligns better if compared to Fig. 3a. The fB and NBO/T 
relationship is described by a linear function whose parameters are re
ported in Table 5.

Since the shift of fB serves as a proxy for the sound velocity behavior 
(Eq. 3), the results in Fig. 3 indicate that the propagation of longitudinal 
sound waves in silicate glasses also correlates with the development of a 

Table 3 
Elastic and optical properties of glasses: Density ρ calculated following (Kloess, 
2000), refractive index n calculated following (Huggins and Sun, 1943), Bril
louin frequency fB, longitudinal acoustic velocity vL (Eq. 2), and real part of the 
longitudinal elastic modulus M’ (Eq. 3).

Series Sample ρ (g/cm3) n fB (GHz) vL (m/s) M’ (GPa)

Subalkaline B 2.75 1.62 39.14 6443 114.0
B8 2.68 1.60 37.64 6272 105.4
B6 2.61 1.58 36.46 6146 98.6
B4 2.54 1.55 35.35 6103 94.7
B2 2.48 1.53 34.21 5976 88.4
RB 2.41 1.51 32.93 5793 81.0

K-alkaline S 2.63 1.57 35.51 6068 96.8
S7 2.55 1.55 34.41 5899 88.7
S5 2.50 1.54 33.82 5854 85.8
S3 2.46 1.52 33.35 5830 83.5
RS 2.39 1.50 32.35 5742 78.6

Na-alkaline

M 2.75 1.62 38.81 6382 112.1
M5 2.63 1.58 36.11 6091 97.5
V 2.50 1.53 33.87 5874 86.1

Subalkaline- 
A

B100 2.76 1.61 39.75 6554 118.4
B80 2.67 1.58 38.02 6383 108.9
B60 2.60 1.56 36.49 6209 100.2
B40 2.53 1.54 35.10 6056 92.6
B20 2.45 1.52 33.75 5908 85.7
R100 2.37 1.50 32.33 5746 78.2

​ AMS 2.52 1.52 33.69 5882 87.3
​ FRB 2.57 1.53 34.59 6002 92.4
​ DPP 2.58 1.54 36.01 6231 100.1
​ EDF 2.35 1.49 32.76 5866 80.8
​ Silica 2.20 1.46 32.91 5993 79.0

Fig. 3. Brillouin frequency fB as a function of chemical and structural properties of the glass: a) SiO2 content expressed as weight percent, b) SCFM calculated 
according to Eq. 5, c) polymerization degree NBO/T calculated according to Eq. 4. In panels b) and c), the dashed lines represent the linear regression of the data for 
the four investigated series presented in Fig. 2 (see Table 5 for parameters).

Table 4 
Comparison between measured and calculated values of density (ρ) for the 
Subalkaline-A series, and corresponding values of longitudinal elastic modulus 
(M’).

Sample ρmeas (g/ 
cm3)

ρcalc (g/ 
cm)3

Difference 
(%)

M’ (ρ 
meas)

M’ (ρ 
calc.)

%err

B100 2.804 2.76 -1.6 120.4 118.4 -1.7
B80 2.648 2.67 +0,8 107.9 108.9 +0.9
B60 2.599 2.60 +0,0 100.2 100.2 +0.0
B40 2.460 2.53 +2.8 90.2 92.6 +2.6
B20 2.366 2.45 +3.4 82.6 85.7 +3.6
R100 2.238 2.37 +5.6 73.9 78.2 +5.5
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tetrahedral network, that can be described well by both NBO/T (molar 
ratio) and SCFM (calculated on weight %).

We have already mentioned how, in silicate glasses, introducing 
network modifiers should increase vL and M’. In our case, this behavior 
is shown in Fig. 4a and b, where vL and M’ are calculated from the values 
of fB, ρ and n, according to Eqs. 2 and 3 (Table 3). Surprisingly, Fig. 4a 
and b show that, in the range of variation of the quantities pertaining to 
silicate glasses of different compositional affinity, the dependence of M’ 
on the parameters NBO/T and SCFM remains qualitatively similar to 
that of fB. In fact, for both vL and M’, the data of all the synthetic 
magmatic series and pure silica are very well interpolated by a linear 
function vs. NBO/T and SCFM (Table 5). These results quantitatively 
confirm that the development of a tetrahedral network within the glass 
changes the elastic properties of the material; the parameters NBO/T 
and SCFM, even if differently defined, are both effective in describing 
such behavior. The relationships shown in Figs. 4b and 3c can be useful 
in retrieving NBO/T when the elastic modulus of natural silicate glasses 
is available, but a reliable chemical composition is missing. At the same 
time, the master curve generated by M’ as a function of SCFM demon
strates that the elastic modulus is also controlled by the ratio between 
the main network-former cation (Si4+) and the divalent network- 
modifiers (Fe2+, Ca2+, Mg2+). This could be explained by the fact that 
the cations involved have relatively high field strengths, which effi
ciently reduce the atomic packing density and increase in the elastic 

moduli (Rouxel, 2007). When complex natural compositions are 
considered, SCFM captures a simplified scenario by taking into account 
the contributions of Ca, Mg and ferrous Fe because i) they always act as 
network modifiers, ii) they have a relative high field strength and iii) 
together with Si, which is included in SCFM, they represent the 70–80 wt 
% of the total composition.

It is important to note that the similarity between the behavior of fB 
and M’ as a function of SCFM in Figs. 3b and 4a and as a function of 
NBO/T in Figs. 3c and 4b, suggests a linear relationship between M’ and 
fB, the same for all the investigated glasses, as shown in Fig. 5. Therefore, 
within the range of variation of the network structure and chemical 
composition of our silicate glasses the quadratic analytical dependence 
on fB, M’ = (ρλ2/4n2)fB2, can phenomenologically be replaced by an 
effective, linear relationship M’ = a + b⋅fB, with a and b common to all 
glasses. The values of the best-fit coefficients, for λ = 532, are reported 
in Table 5, which can be readily readapted to different λ values (see Eq. 
3). However, we emphasize that the same relationship does not apply to 
classes of glasses with very different compositions, such as industrial 
ones. Indeed, the compositions of magmatic rocks are heavily 

Table 5 
Parameters of the linear regression fit of the data for various properties of the 
investigated glasses (see Figs. 3, 4 and 5).

fB (GHz) ¼ a þ b * SCFM fB (GHz) ¼ a þ b * NBO/T
Adj. R-Square 0.97986 0.96469
Intercept (a) 53.79327 ± 0.59793 31.85924 ± 0.17583
Slope (b) −22.18159 ± 0.71079 8.11168 ± 0.3467

M’ (GPa) ¼ a þ b * SCFM M’ (GPa) ¼ a þ b * NBO/T
Adj. R-Square 0.97369 0.96349
Intercept (a) 190.83174 ± 3.30058 75.99337 ± 0.98313
Slope (b) −116.23106 ± 3.89777 42.4038 ± 1.89177

vL(m/s) ¼ a þ b * SCFM vL(m/s) ¼ a þ b * NBO/T
Adj. R-Square 0.94818 0.91774
Intercept (a) 7983.60641 ± 103.41834 5690.79315 ± 29.88761
Slope (b) −2321.01261 ± 124.29676 839.31517 ± 57.51071

M’ (GPa) ¼ a þ b * fB (GHz)
Adj. R-Square 0.99263
Intercept (a) −93.56004 ± 3.2892
Slope (b) 5.31586 ± 0.09348

Fig. 4. Real part of the longitudinal elastic modulus M’ (main panel) and longitudinal acoustic velocity vL (inset) plotted as a function of (a) SCFM and (b) NBO/T. 
Dashed lines represent the linear regression of the data for the four investigated series presented in Fig. 2 (see Table 5 for parameters).

Fig. 5. Real part of the longitudinal elastic modulus M’ plotted as a function of 
the Brillouin frequency fB. The dashed line is the linear regression fit of the data 
for the four investigated series presented in Fig. 2 (see Table 5 for parameters).
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constrained in natural volcanic environments, as chemical parameters 
do not vary independently of one another (Cox et al., 1979). Generally, 
as SiO2 content increases, the levels of FeO + Fe2O3, TiO2, MgO, and 
CaO tend to decrease, while K2O and Na2O typically increase (Whitaker 
et al., 2005). Therefore, the composition of volcanic rocks can only vary 
within certain ranges, representing a very specific type of glass.

As a validating test, we have measured fB for the four natural samples 
mentioned in the methodology section, namely FRB, DPP, AMS and EDF 
as well as the industrial SiO2 glass. As for the four investigated series, 
these datapoints show a very rough linear relationship between fB and 
SiO2, that collapses into the master curves represented by dashed lines in 
Fig. 3b and c. In Fig.s 4 and 5, we can observe that these natural samples 
fit well within the scenario of lab-made silicate glasses, even if we 
observe a more relatively scattered distribution of external data for vL.

Thus, we have collected data from other studies in order to observe if 
these relationships between chemical/structural features and physical 
properties can be verified and generalised. To do so, we retrieved values 
of M’, using Eq. 3, from various studies which calculated vL (Cassetta 
et al., 2021; Hushur et al., 2013; Malfait et al., 2011; Schilling et al., 
2001; Whittington et al., 2012) of natural and synthetic silicate glasses 
that were characterized in those and other studies (Di Genova et al., 
2015, 2017, 2020, 2023; Richet and Polian, 1998). To use Eq. 3, we 
calculated the density of the glasses produced for this study (Kloess, 
2000). Results are reported in Fig. 6 where we can observe how vL and 
M’ decrease with increasing SCFM and with decreasing NBO/T.

For what concerns SCFM (Fig. 6a), data from other studies generally 
follow the same trends as observed in Fig. 4a: vL and M’ decrease linearly 
with increasing SCFM, though a small discrepancy can be observed for 
peridotitic glasses investigated by Di Genova et al., 2023.

Regarding NBO/T, such discrepancy is even more evident, with the 
same dataset detaching from the general trend. It must be said that 
NBO/T values for all these data were calculated with the model pro
posed by Prata et al., 2018, but, as it is possible to see in Fig. 6b, peri
dotitic products (Di Genova et al., 2023) present NBO/T values larger 
than 4, which is conceptually impossible. In Prata et al., 2018, NBO/T is 
determined by taking into account a complex molar equilibrium of 
different cations: Si4+, Ti4+, and P5+ are always accounted as network 
formers, whereas Al3+ and Fe3+ are also accounted as network formers, 
but only in so far as there are Na+ and K+ cations to balance their charge; 
Fig. 6b shows how, in natural silicate glasses with silicic and mildly 
mafic compositions, this parameter efficiently represents the complex 
interplay of different elements and other factors that determine elastic 

properties of the material. Again, it is not particularly efficient when 
dealing with peridotitic compositions. Moreover, in simpler composi
tions showing non-natural compositions, like the ones by Schilling et al., 
2001, NBO/T determination is not efficient to exhaustively summarize 
such complex interplay when important components such as iron or 
alkalis, which are included in NBO/T calculations, are missing, other 
factors might arise to be more decisive in determining mechanical 
properties of the material. Thereby, the NBO/T calculation used in this 
study is probably not valid for all glasses, but it can only be used as a 
proxy for the mechanical properties of non-ultramafic natural silicate 
glasses.

It emerges that alkaline earth ions (M2+) play a crucial role in the 
propagation of longitudinal waves in silicate glasses. This significant 
effect can be attributed to their interaction with the tetrahedra present 
in the structure. Specifically, M2+ ions interact twice as much with NBO 
compared to M+ ions. These stronger interactions improve the connec
tivity and stiffness of the silicate framework, enhancing M’ and resulting 
in a greater resistance to deformation under compression (de Macedo 
et al., 2018; Hehlen and Neuville, 2020; Schilling et al., 2001; Weigel 
et al., 2016). Thus, the sound or mechanical longitudinal waves prop
agate more efficiently through the material, maintaining their energy 
and speed. In other words, the concentration of M2+ (Ca2+, Mg2+ and 
Fe2+) cations strengthens the structural matrix much better than M+

(Hehlen and Neuville, 2020), allowing for more efficient transmission of 
longitudinal waves. This observation is supported by experimental and 
literature data, which show distinct behavior in materials containing 
alkaline earths compared to those with only alkali also in terms of the 
cation size (de Macedo et al., 2018; Weigel et al., 2016). To sum 
everything up, the scenario emerging from this study shows that the 
elastic properties of different glasses having complex natural composi
tions respond to a general rule controlled by the structure (molecular 
arrangement) of the glass, which is determined by the composition of 
the glass. However, the development of this structure is not fully 
captured by the NBO/T parameter. Instead, the relative content of silica 
and main divalent cation oxides, represented by the SCFM parameter, is 
empirically more effective in describing the relationship between elastic 
properties and composition.

5. Conclusions

In this study we have applied Brillouin light scattering spectroscopy 
on natural silicate glasses and produced a systematic dataset of Brillouin 
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spectra, spanning a large range of chemical compositions of igneous 
rocks cropping out on the planet Earth and other terrestrial analogues. 
The frequency of Brillouin peaks depends on a complex interplay be
tween network-former and network-modifier cations. However, through 
parameterization and careful analysis, we have obtained the following 
results: 

• The Brillouin frequency fB quantitatively correlates with chemical 
composition, with more felsic glass exhibiting lower frequencies. 
This correlation is effectively parameterized by NBO/T and SCFM, 
for which two linear interpolation equations are proposed (Fig. 3c 
and d, Table 5).

• The relationship between M’ and NBO/T and SCFM (Fig. 4) is linear, 
implying that M’ and fB are also linearly related (Fig. 5). This linear 
dependence is highly relevant for analytical petro-geological appli
cations, as it holds for glasses with natural/complex chemical 
compositions.

• Comparison with data from other studies confirms the linear 
dependence of M’ on SCFM in silicate glasses. However, this rela
tionship does not hold for M’ and NBO/T in ultramafic and iron-free 
compositions. Overall, we find that technical silicate glasses (i.e., 
non-natural compositions) do not consistently follow the observed 
trends.

The shift in fB observed in alkaline-earth-rich glasses is likely due to 
the divalent cations, which induce coupled motion in the surrounding 
structure, whereas vibrations of alkali cations are primarily governed by 
the cation’s own movement. The coupled distribution of cation-network 
interactions may play a key role in modulating the propagation of lon
gitudinal sound waves, as evidenced by the linear correlation between 
SCFM and fB.

These findings have important implications for using Brillouin 
spectroscopy as a tool for studying Earth and planetary materials, 
enabling both the chemical characterization of glasses via fB and, 
conversely, the estimation of elastic properties from chemical compo
sition, as outlined in Table 5.

Potential applications of this study include the physical character
ization of scoriae, lapilli, pumices and ashes, where elasticity assessment 
is crucial. Due to the small laser spot size on the sample (less than 100 ×
100 μm), Brillouin spectroscopy enables micro-mapping of heteroge
neous elasticity at a fine scale. It can also be used to analyze stress dis
tribution in heterogenous materials, such as interfaces, profiles, 
filaments, and phase-separated regions, providing insights into local 
fragmentation, residual stresses, and elasticity evolution.

Furthermore, expanding the dataset to include additional composi
tions would provide a solid foundation for comparing potential data 
collected from planetary surfaces during future space missions equipped 
with Brillouin systems.
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A file containing all raw BLS spectra is provided. This file contains 
the spectral data which, after normalization, are reported in Fig. 2. 
Supplementary data to this article can be found online at [https://doi. 
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ported in Tables.

References

Bansal, N.P., Doremus, R.H., 2013. Handbook of Glass Properties. Elsevier.
Behrens, H., Zhang, Y., 2009. H2O diffusion in peralkaline to peraluminous rhyolitic 

melts. Contrib. Mineral. Petrol. 157, 765–780.
Benzine, O., Pan, Z., Calahoo, C., Bockowski, M., Smedskjaer, M.M., Schirmacher, W., 

Wondraczek, L., 2021. Vibrational disorder and densification-induced 
homogenization of local elasticity in silicate glasses. Sci. Rep. 11 (1), 1–12. https:// 
doi.org/10.1038/s41598-021-04045-6.

Cassetta, M., Di Genova, D., Zanatta, M., Boffa Ballaran, T., Kurnosov, A., Giarola, M., 
Mariotto, G., 2021. Estimating the viscosity of volcanic melts from the vibrational 
properties of their parental glasses. Sci. Rep. 11 (1), 1–14. https://doi.org/10.1038/ 
s41598-021-92407-5.

Cassetta, M., Mariotto, G., Daldosso, N., De Bona, E., Biesuz, M., Sorarù, G.D., 
Almeev, R., Zanatta, M., Vetere, F., 2023. Viscosity, Boson Peak and Elastic Moduli 
in the Na2O-SiO2 System. Minerals 13, 1166. https://doi.org/10.3390/ 
min13091166.

Cassetta, M., Rossi, B., Mazzocato, S., Vetere, F., Iezzi, G., Pisello, A., Zanatta, M., 
Daldosso, N., Giarola, M., Mariotto, G., 2024. Deep-UV Raman spectroscopy: a novel 
heuristic method to characterize volcanologically relevant glasses on Mars. Chem. 
Geol. 644, 121867. https://doi.org/10.1016/j.chemgeo.2023.121867.

A. Pisello et al.                                                                                                                                                                                                                                  



Chemical Geology 681 (2025) 122719

10

Cooper, B.L., Salisbury, J.W., Killen, R.M., Potter, A.E., 2002. Midinfrared spectral 
features of rocks and their powders. J. Geophys. Res. Planets 107, 1.

Corezzi, S., Comez, L., Zanatta, M., 2018. A simple analysis of Brillouin spectra from 
opaque liquids and its application to aqueous suspensions of poly-N- 
isopropylacrylamide microgel particles. J. Mol. Liq. 266, 460–466.
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