




Abstract

This thesis deals with the characterization of mineral inclusions by means of
various non-destructive techniques. Two type of inclusions are analyzed: in-
clusions in diamonds and inclusions in metamorphic rocks, in particular the
host-inclusion pair quartz in garnet. The work on inclusion in diamonds focuses
on rare inclusions of magnetic minerals, such as iron oxides, and employs a
multi-analytical approach: X-ray diffraction, Raman spectroscopy, magnetome-
try, and X-ray tomography. Magnetic properties can help in the identification of
the composition of the inclusions and thus of the environment in which the host-
inclusion system grew. X-ray tomography was employed to locate the inclusions
in the samples, asses the presence of fractures, and support the identification
of the phases. The characterization of the quartz-in-garnet pair is focused on
the determination of the stress state of the inclusions and the influence of such
stress on the structure and properties of the system. It is shown how to charac-
terize the crystal structure of inclusions in-situ by means of X-ray diffraction.
A thorough characterization of the polarized Raman scattering of quartz as a
function of pressure and temperature was performed to guide the interpretation
of the results from inclusions. The high-pressure Raman experiment verifies
the validity of the approach based on the phonon-mode Grüneisen tensor to
calculate the pressure in the inclusions, also for the 𝐸 modes. Furthermore, it
points out that strong multiphonon interactions can contribute to the stability
of alpha-quartz at ambient conditions and provides new pressure calibrations.
The heating experiment performed in situ by Raman spectroscopy shows that
the quartz inclusion in garnet does not undergo the 𝛼-𝛽 phase transition. The
comparison of the free and trapped crystal data clearly shows a different response
to heating and the applied models cannot reproduce the experimental data. It
can be shown that the disagreement between the data and the prediction is due
to the elastic anisotropy of quartz, suggesting that at a new model taking into
account elastic anisotropy is needed.
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Preface

The aim of this PhD Thesis is to study mineral inclusions by means of non-
destructive techniques to identify and describe rock-forming processes and envi-
ronments. This approach is applied to two important group of mineral inclusions:
inclusions in diamond and inclusions of quartz in garnet in metamorphic rocks.
In the former case, an innovative characterization method, based on the com-
bination of multiple techniques, allows to extract information on the growth
environment of the host-inclusion pair without breaking the host diamond. In
the latter case, this thesis work focuses on the effect of non-hydrostatic stress that
might play amajor role in subduction zones as deviation from lithostatic pressure.

During my PhD, I worked on different minerals and different host-inclusion
systems, characterized by a combination of non-destructive techniques. The first
part of my work was devoted to diamonds. As described in chapters 2 and 3, I
characterized by means of X-ray diffraction and Raman spectroscopy inclusions
in alluvial diamonds fromGhana, performing the measurements and interpreting
the data. This information was combined with X-ray tomographic data collected
at the TOMCAT beamline at the Paul Scherrer Institute, Villigen, Switzerland. To-
gether with Dr. Marco Piazzi, I also performed magnetic measurements on some
magnetic inclusions at INRIM in Turin. I also worked on the characterization of
impact diamonds, performing X-ray diffraction measurements in-house at the
Material Science beamline at the Paul Scherrer Institute, Villigen, Switzerland, as
described in chapter 4. During the second part of my PhD I focused on inclusions
in metamorphic rocks and in particular on the quartz in garnet host-inclusion
system. Chapter 5 shows how I collected X-ray data from inclusions in situ us-
ing a micro source and synchrotron radiation at the XPress beamline at Elettra
Sincrotrone, Basovizza, Italia. Together with Dr. Ross Angel, I developed a work-
flow to measure inclusions on the beamline, import and treat the data. I spent
four months with an Eramsus Traineeship scholarship in the laboratory of Prof.
Boriana Mihailova at the Mineralogisch-Petrographisches Institut, University of
Hamburg, and the results obtained during this period abroad are summarized
in chapters 6, 7, 8. There I performed Polarized Raman spectroscopy at high
pressure and high temperature on free quartz crystals and on a quartz inclusion
in garnet, and the spectral fittings. An example of application of this techniques
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and methodologies is reported in chapter 9, to which I contributed the X-ray
tomography data. During my PhD, I also worked on structure determination by
X-ray diffraction and solved the structure of a new mineral and of two synthetic
hybrid perovskites, as reported in the appendices.

This PhD thesis is organized as follows.

Chapter 1 provides a general introduction and a theoretical background to the
study cases and techniques used in this thesis.

Part I is dedicated to inclusions in diamond and comprises three chapters. The
first chapter is dedicated to the development of a multi-analytical method-
ology, while the following chapters provide two case studies that require a
combination of different techniques and approaches.

Chapter 2 Multi-analytical characterization of Fe-rich magnetic inclusions in
diamonds describes the development and validation of a new method-
ology to characterize Fe-rich magnetic inclusions in diamonds. This
approach involves the use of non-conventional and non-destructive
techniques, such as magnetometry, to identify the mineral phases in
the inclusions and derive information on growth conditions, such as
oxygen fugacity. This chapter was published as an article in Diamond
and Related Materials Volume 98, October 2019.

Chapter 3 Primary inclusion of magnetite and quartz in Consolidated African
Selection Trust (CAST) diamonds from Akwatia, Ghana deals with the
application of non-destructive techniques to a rare and unusual set of
diamonds from Akwatia, Ghana. It focuses on the time of formation
of iron oxide inclusions with respect to the host diamond.

Chapter 4 provides another example of a case study requiring a combina-
tion of multiple techniques to investigate a rock-forming environment
characterized by non-hydrostatic stress, such as shocked meteorites.
In particular, it describes diamonds from ureilites and discuss their
origin either from static high pressure or impact shock.

Part II is dedicated to quartz inclusions in garnet from metamorphic rocks and
how to characterize the effect of non-hydrostatic stress on such inclusions.
The characterization is performed in situ by means of X-ray diffraction and
Raman spectroscopy at ambient and high temperature. This approach lies
in the framework of elastic geobarometry that exploits the difference in the
elastic properties between the host and inclusion minerals to back-calculate
the pressure of entrapment. Part II comprises four chapters, including an
example of application of a combination of non-destructive techniques
and elastic geobarometry to derive the pressure of entrapment of a quartz
inclusion in garnet.
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Chapter 5 describes the effect of the confinement within the host on the
crystal structure of the trapped minerals. It also describes a methodol-
ogy to collect X-ray data from inclusions in situ using a micro source
and synchrotron radiation to obtain reliable cell parameters, and thus
strains, and collect intensity data for structure refinement. Themethod
is validated against Density Functional Theory calculations.

Chapter 6 Quartz metastability at high pressure: what new can we learn from
polarized Raman spectroscopy? provides a comprehensive characteriza-
tion of quartz Raman scattering under hydrostatic condition at high
pressure to provide a standard reference to interpret data from inclu-
sions and validate the use of the Grünesein tensor approach to derive
the strain and stress from Raman measurements. This chapter was
published as an article in Physics and Chemistry of Minerals, volume
47, 2020.

Chapter7 describes the response of the Raman scattering of quartz to high
temperature, describing how the 𝛼−𝛽 phase transition can be detected
and analyzed by means of Raman spectroscopy. The chapter provides
fundamental information to interpret in situ heating experiments on
host-inclusion systems.

Chapter8 describes the characterization of a quartz inclusion in garnet
that was studied in situ at high temperature by means of Raman spec-
troscopy. Characterizing the temperature dependence of the Raman
scattering of quartz and garnet shows how the host and inclusion are
influenced by heating and that the alpha-beta quartz phase transition
does not occur in the inclusion.

Chapter 9 reports the application of elastic geobarometry and the tech-
niques used in this thesis to quartz inclusions in a garnet from the Mir
Kimberlite pipe. This chapter was published as a research article in
Geology, volume 48, 2020.

Chapter 10 Conclusions summarizes the main results of this thesis and highlights
possible future developments.

Appendices A and B are dedicated to one of the techniques used in this thesis,
X-ray diffraction, and its application to determine crystal structures. Two
examples are reported: a new mineral and synthetic hybrid pervoskites.
These appendices were published in Minerals, volume 3, 2019, and Journal
of Material Chemistry A, volume 8, 2020.





1 Introduction and theoretical background

Mineral inclusions are minerals trapped within larger crystals during either their
formation or their re-crystallization. Inclusions are ubiquitous in rocks, since
any mineral can in principle trap and preserve the phases present in their growth
environment. From the moment of their entrapment, inclusions are isolated
from most of the physico-chemical changes affecting rocks at depth and can
thus provide insights about the formation of the host crystal, the protoliths and
P-T paths of metamorphic rocks. This thesis is focused on two large groups of
inclusions: inclusions in diamond and inclusions in metamorphic rocks.

1.1 diamond: from deep earth to outer space

Diamond is one of the most interesting and sought-after minerals, thanks to its
physical properties and its economic value. From the geological point of view, dia-
mond has additional value, since it grows at depths from 130 to 700 km, and is one
of the oldest geological material known (e.g. Shirey et al., 2013). Since diamond is
chemically inert, the inclusions within are protected and can reach unaltered the
Earth’s surface. As a consequence, mineral inclusions in diamond provide pristine
samples from regions of the Earth that we cannot access directly, over a wide
range of geological times. It is thus not surprising that studies on mineral inclu-
sions in diamonds have played a fundamental role in our understanding of where
and when their diamond hosts form. The first studies were purely descriptive (e.g.
Stutton, 1921), till X-ray diffraction was introduced to identify unambiguously the
trapped minerals. The seminal work by Mitchell and Giardini (1953) was followed
by a series of more systematic studies on inclusions in diamonds from Russia
(Orlov, 1977) and South Africa (Harris et al., 1967). In the late Sixties studies of
diamond inclusions flourished thanks to the development of new approaches
and technologies. Criteria of identification were developed (Harris, 1968a, 1968b),
mostly focusing on a key aspect: the time of formation of the inclusions with
respect to the diamond. Inclusions in diamonds are classified as protogenetic,
syngenetic or epigenetic, whether their formation preceded, accompanied or
followed crystallization of their host diamonds. The traditional criterion to iden-
tify the time of formation is the observation of the morphology of the included
crystals. In fact, inclusions showing a cubo-octahedral morphology, irrespective
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of their crystal system, were thought to grow at the same time as diamond, which
could impose ismorphology. Analogously, protogenetic inclusionswere supposed
to show a shape determined by their own crystal system. From the technological
point of view, the introduction of the electron microprobe, which allowed to
perform chemical analyses on the inclusions despite their small dimensions (e.g.
Meyer, 1968; Sobolev et al., 1969), was a turning point for quantitative analysis
of diamond inclusions. This allowed to conduct a systematic characterization
of inclusions in diamond, including the compilation of large databases (Stachel
& Harris, 2008), that led to understand that minerals included in lithospheric
diamonds are associated to rock types characteristic of the mantle roots beneath
ancient cratons. In particular, three suites, peridotitic eclogitic,and websteritic,
are related to the main mantle source rocks and account for 65%, 33%, and 2%
of diamonds worldwide. The use of the electron microprobe also allowed to
estimate the condition of pressure and temperature of last equilibration from
non-touching pairs of different mineral species included in diamond, such as
garnet and olivine (O’Neill & Wood, 1979), garnet and clinopyroxene (Krogh, 1988),
garnet and orthopyroxene (Brey & Köhler, 1990; Harley, 1984). However, these
well-established approaches have recently shown some limitations. Firstly, the im-
position of morphology has be proven to fail in the case of olivine inlcusions that
were identified as protogenic, despite their cubo-octahedral morphology (Milani
et al., 2016; Nestola et al., 2014). Furthermore, geothermobarometric estimates
rely on the occurrence of certain mineral pairs assumed to be in equilibrium, and
require the extraction of the inclusions from the diamond host. On the contrary,
non-destructive techniques can be applied to have further insights on the time
and conditions of formation of the host-inclusions pair. Tomographic analyses
can detect the presence of fractures that suggest a late alteration for the inclu-
sions, while X-ray diffraction can identify not only the minerals comprising the
inclusions, but also epitaxial growth relationships between the inclusions and the
host diamond through crystallographic orientation relationships (Milani et al.,
2016; Nestola et al., 2014; Nimis et al., 2019). Elastic geobarometry represents a
non-destructive alternative to chemical thermobarometry. In this methodology,
the difference in elastic properties between the host and the inclusion is used to
derive the entrapment pressure and can be applied also to monomineralic inclu-
sions, since it does not rely on the assumption of equilibrium between mineral
pairs. More details on elastic geobarometry will be given the following sections.
Recent studies on diamond inclusions often employ a combination of techniques
and can also be coupled with theoretical calculations (e.g. Anzolini et al., 2019).
An approach involving multiple techniques is particularly useful in the case of
rare inclusions, poorly characterized and of unknown paragenesis, such as the
iron oxides inclusions described in Chapters 2] and 3.

Diamonds do not only grow in deep Earth. In fact, diamond can also form as
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a result of meteorite impacts on the Earth’s surface when shock waves generate
dynamically high pressures. Notable examples of impact sites where diamonds
were found are the Popigai impact structure in Russia (Koeberl et al., 1997), and
the Nördlinger Ries in Germany (Goresy et al., 2001). Diamonds also occur as
nanometric (Lewis et al., 1987) presolar dust grains of interstellar origin, and as
component of meteorites. The first meteorites where diamonds were found are
ureilites (e.g. Yerofeyev & Lachinov, 1888), a class of ultramafic metorites know to
contain relatively large amount of carbon as graphite, diamond and lonsdaleite
(Mittlefehldt et al., 1998; Vdovykin, 1970). The formation process of diamond in
these meteorite is still unclear and three main hypotheses are debated. Firstly,
diamonds in ureilites may form in an analogous way as terrestrial diamond grow:
under static high-pressure conditions in the interior of the ureilite parent body
(Urey, 1956). Alternatively, they may form by shock conversion of graphite as a
result of some impact, such as the one that caused the catastrophic breakup of
their parent body (Lipschutz, 1964). A third hypothesis suggests that diamond
may form at low pressure in the solar nebula by chemical vapor deposition (Fuku-
naga et al., 1987). Formation by impact shock has long been the most widely
accepted hypothesis, but has been recently questioned by Miyahara et al. (2015),
who supported the formation either by chemical vapor deposition or static high
pressure conditions, and Nabiei et al. (2018), who stated that diamonds in ureilites
formed under static high pressure conditions in a parent body of the same size
as Mercury or Mars. This controversy is addressed in Chapter 4, where three
diamond-bearing ureilite fragments, two from the Almahata Sitta polymict ure-
ilite (Jenniskens et al., 2009) and one from the NWA 7983 (Ruzicka et al., 2015)
main group ureilite, are thoroughly characterized.

1.2 inclusions in metamorphic rocks

Mineral inclusions play a fundamental role in the study of metamorphic rocks.
In fact, the discovery of coesite as inclusions in garnet from Dora-Maira, Italy
(Chopin, 1984), and in clinopyroxene from the Western Gneiss Region of Norway
(Smith, 1984), together with inclusions of microdiamonds in garnet from the
Kokchetav massif, Kazakhstan (Sobolev & Shatsky, 1990), led to a new field of
metamorphic petrology called ultrahigh-pressure metamorphism. Different the-
ories have been developed to explain the presence of ultrahigh-pressure phases
in crustal rocks, such as subduction of continental crust to depths of more than
100km in collisional orogens (Spear et al., 2016), tectonic overpressure (Schmalholz
& Podladchikov, 2014), local overpressurization at the grain scale (Tajčmanová
et al., 2015), and confined melting (Vrijmoed et al., 2009). In this context, mineral
inclusions can be of great interest, since they can provide insights on the condi-
tion of pressure, temperature and depth in which the host grew. As in the case
of diamond inclusions, the composition of inclusions trapped during growth
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have long been used to derive pressure and temperature conditions, but elastic
geobarometry is emerging as an alternative method that does not require equilib-
rium between the minerals, but relies on difference in elastic properties. Since
elastic processes are reversible by definition, any convenient path in PśT space
can be used for calculations of elastic stresses. A common choice is the isomeke,
a line along which the fractional volume change of the host and inclusion does
not change (Rosenfeld & Chase, 1961). The slope of an isomeke is given by:(︃

𝜕𝑃

𝜕𝑇

)︃
=

𝛼𝐼 − 𝛼𝐻

𝛽𝐼 − 𝛽𝐻
(1.1)

thus depends on the difference between the thermal expansion coefficients of
the inclusion and host, (𝛼𝐼 − 𝛼𝐻 ), and in volume compressibilities (𝛽𝐼 − 𝛽𝐻 ). it is
possible to define an entrapment isomeke that goes through the PśT conditions
of entrapment and the P and T points at which the inclusion remains at the
same pressure as the external pressure. This specific isomeke divides the PśT
space into two regions: one where the pressure in the inclusion will be higher
than the external pressure on the host, and, conversely, another one where the
pressure in the inclusion will be lower than the external pressure on the host. As
a consequence the inclusions will be over- or under-pressured, with respect to
the external pressure. This condition is determined by the bulk modulus defined
as:

𝐾 = −𝑉
𝜕𝑃

𝜕𝑉
=

1

𝛽
(1.2)

In particular, when the the host moves from the entrapment isomeke of 𝑑𝑃𝑒𝑥𝑡 ,
the pressure change in the inclusion is given by:

𝑑𝑃𝑖𝑛𝑐 =
𝐾𝑖𝑛𝑐

𝐾ℎ𝑜𝑠𝑡
𝑑𝑃𝑒𝑥𝑡 (1.3)

As a consequence, for a soft inclusion in a stiff host with 𝐾𝑖𝑛𝑐 < 𝐾ℎ𝑜𝑠𝑡 the pres-
sure will be between the external pressure and the pressure of the entrapment
isomeke, thus the inclusion will be over-pressured and will show a remanent
pressure 𝑃𝑖𝑛𝑐 > 𝑃𝑒𝑥𝑡 ≈ 0, while it will be at room pressure in the opposite case
of 𝐾𝑖𝑛𝑐 >Kℎ𝑜𝑠𝑡 . Till the system lies on the entrapment isomeke, the pressure of
the inclusion can be calculated from the equations of state of the two minerals,
giving the so called 𝑃𝑡ℎ𝑒𝑟𝑚𝑜. However, as soon as the system leaves the entrapment
isomeke, along which by definition 𝑃ℎ𝑜𝑠𝑡 = 𝑃𝑖𝑛𝑐 = 𝑃𝑒𝑥𝑡 , 𝑃𝑡ℎ𝑒𝑟𝑚𝑜 will become differ-
ent from the external pressure, causing a instantaneous elastic relaxationΔ𝑃𝑟𝑒𝑙𝑎𝑥
of the host-inclusion boundary that lowers the pressure difference between the
inclusion and the external pressure. These concepts can be applied on real host-
inclusion systems. The first step is the determination of the remanent pressure
𝑃𝑖𝑛𝑐 while the host is at room conditions from X-ray diffraction or Raman spec-
troscopy data. Then, 𝑃𝑖𝑛𝑐 is used to calculate Δ𝑃𝑟𝑒𝑙𝑎𝑥 and 𝑃𝑡ℎ𝑒𝑟𝑚𝑜 (Angel et al., 2017)
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that are in turn used to derive the entrapment isomeke at room temperature.
Combining it with the equations of state of the two minerals allows to calculate
the entrapment isomeke and the pressure of entrapment 𝑃𝑡𝑟𝑎𝑝. However, this
approach is limited by few underling assumptions. First, the inclusion is assumed
to be spherical and to fill completely the void in the host. The inclusion and the
host are also supposed to be under the same hydrostatic stress at the entrap-
ment. Finally, both phases are considered elastically isotropic. Finte elements
modeling allows to quantify and take in to account the inclusion shape (Mazzuc-
chelli et al., 2018) and other effects such as the proximity to the external surface
(Campomenosi et al., 2018). The assumption of elastic isotropy is indeed the most
problematic, since minerals, as any other crystals, are inherently anisotropic. As
a consequence, the inclusion-host boundary will always impose deviatoric stress
on the trapped mineral. Recently, Bonazzi et al. (2019) showed that calculating
𝑃𝑖𝑛𝑐 and 𝑃𝑡𝑟𝑎𝑝 from an hydrostatic calibration of Raman shifts leads to unreliable
results in the case of strains significantly different from those associated to hydro-
static conditions. Instead of using an hydrostatic calibration, the strains can be
calculated from the phonon-mode Grünesein tensor, since the fractional change
in the wavenumber −Δ𝜔𝑚

𝜔𝑚
0

of a phonon mode 𝑚 as a result of a strain 𝜀 is given by

the following relationship:

−Δ𝜔𝑚

𝜔𝑚0
= 𝛾𝑚 : 𝜀 (1.4)

where 𝛾𝑚 is the phonon-mode Grüneisen tensor (Angel et al., 2019). The strains
can then be used to calculate 𝑃𝑖𝑛𝑐 applying the elastic tensor of the mineral of
interest. It is worth noting that X-ray diffraction allows to directly obtain the
strains from the comparison of the measured unit cell parameters of the inclusion
with respect to those of a free crystal.

From this brief introduction, it is clear that elastic geobarometry require a
detailed characterization of the elastic properties and high pressure response of
the minerals of interest. This is the aim of Chapters 6 and 7, where a thorough
description of the high pressure and high temperature Raman scattering of quartz
and a validation again experimental data of the Grünesein tensor approach are
provided. Another important aspect to consider is the influence of deviatoric
stress. The response of crystal structures to the application of non-hydrostatic
stress is still poorly characterized, since it is difficult to generate and control it
during experiments. In this respect, host-inclusion pairs can act as model systems,
as in Chapters 5 and 8, where the effect of non-hydrostatic stress upon increasing
temperature and of the confinement within the host on the crystal structure
of quartz inclusions are described. Finally, an example of application of elastic
geobarometry to estimate the conditions of entrapment is reported in Chapter 9.
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abstract

Magnetic mineral inclusions, as iron oxides or sulfides, occur quite rarely in
natural diamonds. Nonetheless, they represent a key tool not only to unveil
the conditions of formation of host diamonds, but also to get hints about the
paleointensity of the geomagnetic field present at times of the Earth’s history
otherwise not accessible. This possibility is related to their capability to carry a
remanent magnetization dependent on their magnetic history. However, com-
prehensive experimental studies on magnetic inclusions in diamonds have been
rarely reported so far. Here we exploit X-ray diffraction, Synchrotron-based X-
ray Tomographic Microscopy and Alternating Field Magnetometry to determine
the crystallographic, morphological and magnetic properties of ferrimagnetic
Fe-oxides entrapped in diamonds coming from Akwatia (Ghana). We exploit
the methodology to estimate the natural remanence of the inclusions, associ-
ated to the Earth’s magnetic field they experienced, and to get insights on the
relative time of formation between host and inclusion systems. Furthermore,
from the hysteresis loops and First Order Reversal Curves we determine qualita-
tively the anisotropy, size and domain state configuration of the magnetic grains
constituting the inclusions.

2.1 introduction

Natural diamonds can provide unique information on the composition and
formation processes of the Earth’s interior as well as about many fundamental
phenomena involved in the geological history of our planet, as for example fluids
diffusion into the continental lithosphere (Bulanova, 1995; Haggerty, 1986; Stachel
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& Harris, 2009; Stachel & Luth, 2015; Tappert & Tappert, 2011). This distinctive
feature is related to diamond capability of traveling long distances inside the
Earth, from the depth of strata where they were formed, moving towards the
surface without being subjected to cracks or breakages. However, it is quite
difficult to recover directly from diamonds valuable information about their ages
and the pristine thermodynamic conditions and chemico-physical environment
present during their growth, because they act as chemically inert materials. In
most cases, these conditions and environments are traced back by characterizing
and analyzing the properties of mineral inclusions they entrapped (Harris, 1993;
Shirey et al., 2013; Stachel & Harris, 2008), which can reach us almost unaltered
thanks to the shielding action of diamonds. For the purpose of restoring this
information, many experimental techniques (Anzolini et al., 2018; Liu et al., 1990;
Nasdala et al., 2003; Nestola et al., 2016a; Nestola et al., 2016b) and numerical tools
have been developed in the last years allowing to identify the mineral phases
composing the inclusions and to relate, by means of analytical equations of state,
their crystalline properties to the depth, pressure and temperature of their ancient
nucleation and growth processes (Angel et al., 2015a; Angel et al., 2014; Angel et al.,
2015b; Milani et al., 2015). A key aspect that should be carefully addressed to avoid
incorrect conclusions on this topic is the ascertainment of the time of formation
of the inclusion with respect to the time of formation of the host diamond.
Syngenetic inclusions, contrary to proto- and epigenetic ones, are indeed the
only ones providing us with accurate information about the environment of
growth of the diamonds since they nucleate simultaneously with their host. Some
criteria, developed quite recently and looking at the relative lattice orientation
between the host and the inclusion structures (Nestola et al., 2017; Nestola et al.,
2014; Nimis et al., 2019) or at the presence of fractures into diamonds (Bulanova
et al., 1996; Meyer & McCallum, 1986), rather than at the morphology imposed by
the host only (Harris, 1968), resulted to be effective in distinguishing between the
proto-/syngenetic and the epigenetic class of inclusions.

In this context, very few studies have been reported so far about the magnetic
properties of mineral inclusions found either in kimberlitic diamonds (Clement et
al., 2008), in carbonados (Fitzgerald et al., 2006; Kletetschka et al., 2000) or in mix-
tures of kimberlite-source polycrystalline diamonds and carbonados (Collinson,
1998). These inclusions have been identified as iron sulfides (pyrrhotite) entrapped
in the deeper parts of the diamonds by Clement et al. (2008) and as iron ox-
ides (magnetite) for the kimberlite-source polycrystalline diamonds studied in
Ref. Collinson, 1998, while Fitzgerald et al. (2006) and Kletetschka et al. (2000) have
evidenced that the magnetic carriers responsible for the detected ferromagnetic
signals are present at the surface or in open pores, rather than in the bulk of the
examined carbonados. This kind of inclusions is able to carry a natural remanent
magnetization (NRM) which represents a signature of the geomagnetic field they
have been subjected to along their history. Therefore, magnetic inclusions can
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be regarded as geological objects of great interest since they might bring useful
data about the growth conditions of the host system (Gilder et al., 2011) and,
at the same time, about the paleointensity of the geomagnetic field present in
key geological eras, which would be otherwise not accessible. It is worth noting
that the latter information may be hindered if the inclusion has strong magnetic
anisotropy, as for example may happen when dealing with pyrrhotite (Clement
et al., 2008). In particular, the work by Clement et al. (2008) offers a complete
study about the magnetic characterization of pyrrhotite inclusions entrapped in
eleven diamonds of millimeter size coming from the Orapa kimberlite mine in
Botswana. The authors propose an experimental procedure to ascertain the main
magnetic properties of the inclusions based on: (i) progressive alternating field
demagnetization and isothermal remanent magnetization (IRM) measurements,
aimed at establishing the natural remanent magnetization carried by the system;
(ii) thermal demagnetization measurements, with the purpose of determining the
Curie temperature of the inclusions and their possible chemical alteration due
to heating processes; (iii) hysteresis loops acquisition at different orientations,
to investigate the coercive field, remanence and potential magnetic anisotropy
present in the system. The presence of quite regular shapes and distinct features
in their diamonds allowed the authors to perform a visual identification of the
inclusions. When present, such distinct features, as for example cleavage planes
and well visible fractures connected to the diamond surface and surrounding the
inclusions, allows also to visually distinguish epigenetic inclusions from proto-
/syngenetic ones. Unfortunately, in some cases natural diamonds do not show
these clear features and other analytical tools (e.g. optical microscopy, X-ray
diffraction, ...) are required to clearly identify the inclusions and to determine
their properties. As shown by Clement et al. (2008), thermal demagnetization can
help in identifying magnetic minerals through their Curie temperatures, but this
process may bring to undesired chemical alteration of the pristine inclusions.
Furthermore, the identification of a magnetic mineral only through thermal
demagnetization can be hard when dealing with multiple magnetic inclusions,
characterized by similar Curie temperatures, within a single diamond.

In this work we thus suggest an experimental procedure allowing to partially
overcome the above mentioned difficulties and we apply it to investigate the
crystallographic, morphological and magnetic properties, not accessible by op-
tical and visual means alone, of iron oxides inclusions entrapped in a series of
single-crystal diamonds coming from Akwatia (Ghana). This procedure exploits
several non-destructive, efficient and relatively fast techniques detailed in Sec. 2.2,
i.e. X-ray diffraction (XRD), Synchrotron-based X-ray Tomographic Microscopy
(SRXTM) and Alternating Gradient Field Magnetometry. In particular, XRD
allows to determine the crystal structure of the inclusions in a repeatable way
without altering them (Angel et al., 2016; Nestola et al., 2012; Nestola et al., 2011;
Pearson et al., 2014), while SRXTM is performed to establish which inclusions
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can be regarded as epigenetic by searching for the potential presence of fractures
connecting them to the surface all along the diamond interiors (Nimis et al., 2016).
SRXTM allows also to give a reasonable estimate of the linear size, volume and
shape of the host-inclusion system, which is an important piece of information
to determine more precisely the magnetization of the inclusions or to perform
numerical calculations. Finally, Alternating Gradient Field Magnetometry mea-
surements represent a quick and enough sensitive tool to investigate the magnetic
properties of the system. These properties may provide further constraints when
attempting to unveil the thermodynamic conditions of growth of the inclusions,
because of the pressure-temperature dependence of the magnetic response of
any material with magnetic order. In Sec. 2.3 we present the experimental results
obtained, while in Sec. 2.4 we propose their possible interpretation. Sec. 2.5 is
finally devoted to draw conclusions, proposing also some possible routes for
future works on this topic.

2.2 samples and methods

The series of diamonds investigated in our study, labelled as CAST2 (Figure 2.1a)
and provided us as a courtesy of Dr. H. J. Milledge from the University College of
London, were collected in the Birim River valley of Akwatia, in Ghana, in 1960-
1970. Unfortunately, it was not possible to recover the exact orientation of the
samples when they were extracted from the deposit, since alluvial diamonds are
randomly oriented in the alluvial valley. 15 diamonds of the series, clearly show-
ing the presence of inclusions, have been selected through optical microscopy
for subsequent measurements. Selected diamonds show quite different shapes
(Figure 2.1b, 2.1c, 2.1d), from clearly octahedral to irregular habit, and range in
size between ∼0.5mm and 1.5mm. Inclusions appear in most cases dark-gray or
black in color, although a clear identification of their distinctive features is made
difficult by the many reflexes present in diamonds and by the unclean surface.

To identify the mineral phases present as inclusions, estimate their sizes and
unveil the possible presence of fractures in the diamond host, all samples have
been analyzed combining XRD and SRXTM. 4 diamonds (CAST2-1, -6, -7, -12)
containing inclusions that we could identify as magnetic have also been chosen
to undergo magnetic characterization with an Alternating Gradient Force Mag-
netometer (AGFM) (Flanders, 1988), by acquiring IRM and backfield curves, and
complete hysteresis loops and First Order Reversal Curves (FORCs). The masses
of the samples have been measured to be 0.48mg, 2.32mg, 1.27mg, 1.85mg,
respectively, with an uncertainty of ∼ 2%. The combined knowledge of these
magnetic features should be sufficient for determining with high enough accuracy
the natural remanent magnetization of the inclusions and to interpret their mag-
netic behaviour in terms of the magnetic granulometry (single- or multi-domain
state) of their particles. Such interpretation, combined with the appreciation of
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(a) (b)

(c) (d)

Figure 2.1. (a) Diamonds belonging to the CAST2 series and optical images of: (b) CAST2-1;
(c) CAST2-5; (d) CAST2-13 samples chosen as examples. Diamonds show quite different
shapes; inclusions are in most cases distinguishable by their dark-gray, black color..

magnetic anisotropy, could permit to evaluate the intensity of the geomagnetic
field to which inclusions have been subjected to. This comparison actually goes
beyond the scope of the present paper and will be the subject of future works.

2.2.1 XRD acquisitions

XRD measurements have been performed with a Rigaku-Oxford Supernova
single-crystal diffractometer. The instrument mounts a Dectris Pilatus3 R 200K-
A detector and it is equipped with a molybdenum microfocus source (𝜆Mo ≃

0.71Å) and 4-circles K geometry. Diamonds were attached on brass pins with wax
and mounted on a goniometer head allowing for centering the crystal onto the
incoming X-ray beam (Figure 2.2a) and 𝜑 scans of few degrees, usually ∼ 40°ś50°
in steps of 0.5°, have been performed around each selected inclusion. The most
significant frames acquired in each scan have been first corrected by masking
the diffraction spots corresponding to the host diamond and then integrated
with CrysAlisPro software (Rigaku Oxford Diffraction, 2006), and finally merged
together by summing them up with the help of HighScore software (Degen et al.,
2014).
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2.2.2 SRXTM scans

Synchrotron radiation absorption-based tomographic microscopy has been per-
formed at the TOMCAT-X02DA beamline at the Swiss Light Source facility
of the Paul Scherrer Institut (Stampanoni et al., 2006). 2D radiographic projec-
tions of the samples have been collected by setting the X-ray beam energy to
20 keV and by using: (i) a 5.8 ➭m thick LSO:Tb scintillator; (ii) an Optique Peter
high-resolution microscope accommodating 10x, 20x and 40x Olympus UPLAPO
objectives; and (iii) a high sensitive, low noise, large field-of-view pco.Edge 5.5
optical camera, featuring a sensor size of 2560 × 2160 pixels with a pitch size of
6.5 ➭m. Tomographic volumes have been reconstructed at the facility by means
of a highly optimized software based on Fourier transform algorithms (Marone
& Stampanoni, 2012). Obtained 3D reconstructed volumes consist of 2160 slices
each, with a spatial resolution of ∼ 0.5 ➭mś2 ➭m depending on the objective used.
Reconstructed 3D images have been subsequently post-processed with Thermo
Scientific™ Avizo™ software to get an estimate of the shape, size and volume of
the diamonds and their inclusions.

2.2.3 AGFM meaurements

Magnetic characterization of inclusions, as detected in XRD measurements, has
been performed with a Lake Shore Cryotronics MicroMag 2900 AGFM. The
instrument allows to measure the scalar component of the magnetic moment of
a specimen, along the direction of an applied, uniform field 𝐻 , with a nominal
sensitivity of 10−11 Am2 and a resolution that in our acquisitions varied between
∼ 10−11 Am2 and ∼ 2.5 × 10−11 Am2 depending on the sample. The uniform and
constant flux intensity of the applied field 𝜇0𝐻 , with 𝜇0 = 4π · 10−7 Wb/(Am)

being the permeability of vacuum, can vary in the range (−2.2, 2.2) T in mini-
mum steps of ∼ 0.05 × 10−3 T, although the flux intensity of the field needed in
our experiments to achieve magnetic saturation of the samples did not exceed
1 T. Throughout the measurements, specimens have been centered into the gap
of the 2-probes electromagnet generating 𝐻 by means of a rod mounted on a
piezoelectric sensor (Figure 2.2b). Acquisitions have been performed by applying
a weak, non-uniform, alternating field 𝐻ac in the 𝑥-direction longitudinal to 𝐻
and setting 𝜕𝐻ac/𝜕𝑥 = 1.5 T/m.

For each selected diamond we acquired IRM and backfield curves, major
hysteresis loops and full sets of FORCs. As schematically depicted in Figure 2.3,
IRM curves are obtained by measuring the remanent magnetic moment of the
sample 𝑚IRM(𝐻) after application and subsequent removal of increasing fields
𝐻 , starting from 𝐻 = 0. It is worth noting that since 𝑚IRM(0), i.e. the first point
of the IRM curve, depends on the entire magnetic history experienced by the
sample prior to any magnetic treatment and it is irreversibly cancelled after
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(a) (b)

Figure 2.2. Setup of (a) diffractometer and (b) AGFM used for crystallographic and mag-
netic characterization. Diamonds are mounted on a pin in the diffractometer and on a
rod in the AGFM, indicated with arrows in the pictures.

measurement, its acquisition is a crucial step and it has to be accomplished prior
to any other measurements or treatments of the samples. Backfield curves are
acquired similarly to IRM ones but in this case decreasing the applied field from
the saturating value downward to 𝐻 = 0, applying then small reverse, negative
fields of increasing absolute intensity, and finally going back to 𝐻 = 0, when
the value of the remanent moment is measured. FORCs represent a full set of
minor branches, lying inside the unique major hysteresis loop characterizing a
given system, collected with a conventional procedure. Starting from the positive
saturation field 𝐻sat, above which the magnetic moment is essentially constant,
the magnetic field 𝐻 is decreased down to a reversal point −𝐻sat ≤ 𝐻rev ≤ 𝐻sat

and then increased up again to 𝐻sat. Magnetic moment (or magnetization) values
𝑚(𝐻; 𝐻rev) are recorded along the ascending branch of the loop 𝐻sat → 𝐻rev →

𝐻sat, therefore at all magnetic fields 𝐻rev ≤ 𝐻 ≤ 𝐻sat.

2.3 results

2.3.1 XRD

The XRD analysis shows that the inclusions in the 15 selected diamonds comprise
different mineral phases, that are present as both single crystal and polycrystalline
material. Only in two samples, CAST2-4 and CAST2-8, no magnetic phases have
been detected, while in the others both magnetic and non-magnetic phases were
present. Among the non-magnetic minerals, single-crystal olivine has been identi-
fied in most inclusions, while the presence of single-crystal quartz and garnet has
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tograms corresponding to the magnetic inclusions present in the 4 diamonds are
reported in Figure 2.4 and show that all the inclusions have been identified as
magnetite or magnesioferrite.

2.3.2 SRXTM

3D reconstructions of the tomographic projections for the four diamonds se-
lected for magnetic characterization are shown in Figure 2.5. Estimates of the
linear sizes of both inclusions and diamonds are reported for some arbitrarily
chosen sample orientation. From these estimates we can conclude that the inclu-
sion size ranges approximately between 100 ➭m and 700 ➭m, while the diamond
size is ∼ 0.5mmś1.5mm, in agreement with the outcomes of optical microscopy
analysis (see Figure 2.1). A careful analysis of 2D tomographic slices through the
reconstructed volume of the four diamonds allowed us to conclude that only
the CAST2-1 inclusion is fully entrapped into the diamond, while the inclusions
in the other three diamonds are connected to the external surroundings being
therefore epigenetic with respect to the host. Another possible explanation for the
appearance of fractures can arise whenever the inclusions have higher compress-
ibility with respect to the host and thus expand in volume more than diamond,
when travelling towards the Earth’s surface. In such a case, inclusions may also
be proto- or syngenetic with respect to the host diamond even in presence of
fractures.

2.3.3 AGFM

IRM curves have been first acquired on CAST2-1, -6, -7 samples, while backfield
curves have been later collected on CAST2-6, -7 and -12 samples. Resulting curves
are shown in Figure 2.6, while 𝑚IRM(0) and saturation 𝑚IRM (sIRM) values, the
latter reached for all samples at 0.15 T, are listed in Table 2.1. The same table
reports also the values of the coercivity of remanence 𝐻bf

c , which identify on
each backfield curve the magnetic fields for which 𝑚bf(𝐻

bf
c ) = 0.

After IRM and backfield curves, major hysteresis loops reporting the de-
tected magnetic moment 𝑚 as a function of the uniform applied field 𝐻 have
been acquired for all the four samples and are displayed in Figure 2.7. In the
loops, the magnetic moment is expressed in dimensionless units by dividing the
scalar component 𝑚measured with the AGFM by the saturation moment 𝑚sat,
which represents the value of 𝑚 reached at the saturation field 𝐻sat introduced
in Sec. 2.2.3. For 𝐻 ≥ 𝐻sat, hysteresis loops show a characteristic plateau and
no further magnetization processes due to domain wall motion, spin rotation
or spin reversal, occur anymore so that 𝑚 remains essentially constant. In the
present case, 𝑚sat values have been chosen as the maximum reached by 𝑚 for
each sample and are reported in Table 2.1. The values of the remanent magnetic
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(a)

(b)

(c)

(d)

Figure 2.5. 3D reconstructions of SRXTM images for: (a)CAST2-1; (b)CAST2-6; (c)CAST2-
7; (d) CAST2-12 samples. Inclusions are clearly visible in brighter colors since composed
by chemical elements heavier than carbon. Estimates of inclusions and diamonds sizes,
expressed in ➭m units, are shown for arbitrary fixed sample orientations in orange and
light-blue color, respectively..
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(a) (b)

(c) (d)

Figure 2.8. 2D FORC diagrams evaluated from full sets of FORCs acquired with the AGFM
on: (a) CAST2-1; (b) CAST2-6; (c) CAST2-7; (d) CAST2-12 samples. FORC distribution
values are expressed in dimensionless units as �̂� = (𝐻2

0/𝑚0)𝜌, where 𝜌, 𝐻0 and 𝑚0 are
defined in Sec. 2.3.3. Reversible contribution to �̂�, lying on the 𝐻 − 𝐻rev = 0 bisector, is
not included.
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2.4 discussion

The combination of XRD, SRXTM and magnetic data we acquired allows to
develop the following crystallographic, inner-structural and physical picture
about the inclusions present in the four diamonds we investigated. All samples
contain one magnetic phase, in some cases comprised in more than one inclusion
for each diamond, that XRD allows to determine as a polycrystalline iron oxide,
restricting the possibilities to magnetite or magnesioferrite. Furthermore, mi-
crotomography shows that only the CAST2-1 diamond has a fully entrapped and
isolated inclusion, while the other samples have fractures connecting the external
surface to the embedded magnetic oxides. Therefore, CAST2-1 is the only sample
that may comprise a proto- or syngenetic inclusion, although its sheet-like shape
is similar to that of the inclusions found in the fractured diamonds (Figure 2.5).
The knowledge of the saturation magnetic moment of the samples 𝑚sat from
AGFMmeasurements, combined with estimates of the volume of the magnetic in-
clusions 𝑉mag as extrapolated from SRXTM data, can then provide useful insights
to distinguish between magnetite and magnesioferrite phases. Indeed, these two
Fe-rich spinels have different saturation magnetization 𝑀sat = 𝑚sat/𝑉mag due to
the substitution of Mg for Fe2+ in the octahedral B sites and, partially, for Fe3+ in
the tetrahedral A sites of magnetite (pp. 178ś180 Cullity & Graham, 2009). For the
CAST2-1 sample, the analysis of tomographic data has shown that the volume
of the diamond alone is 𝑉diam ≃ 1227.8 × 10−13m3, the volume of non-magnetic
phases possibly present in negligible amount inside the diamond and of fractures
is 𝑉fract ≃ 3.2 × 10−13m3, while the magnetic phase comprised in the inclusion
has volume 𝑉mag ≃ 0.6 × 10−13m3. This means that the volume of the whole sam-
ple is 𝑉CAST2-1 = 𝑉diam + 𝑉fract + 𝑉mag ≃ 1231.6 × 10−13m3 and that the magnetic
inclusion volume 𝑉mag is about 0.05% of 𝑉CAST2-1. By combining 𝑉mag with the
𝑚sat = 27 × 10−9 Am2 value reported in Table 2.1, we obtain an estimate of the
saturation magnetization at room temperature for the CAST2-1 inclusion which
is 𝑀sat ≃ 486 × 103 A/m. Since the reported 𝑀sat values at 293K for magnetite
and magnesioferrite are 480 × 103 A/m and 120 × 103 A/m respectively (Cullity
& Graham, 2009, p. 183), we can conclude that CAST2-1 inclusion is most probably
magnetite. Similar reasoning may be applied to the inclusions within the other
samples in order to identify more precisely the magnetic phase composing them.

Magnetic signals detected with the AGFM by collecting IRM/backfield curves,
hysteresis loops and FORCs show a quite complex behaviour making the de-
velopment of a fully comprehensive physical interpretation quite difficult. IRM
curves (Figure 2.6) remarkably show that 𝑚IRM(0) values are different from zero
in all the samples, meaning that they all carry a detectable NRM. This important
outcome, holding as long as the exposure to magnetic fields other than the Earth’s
one 𝐻GMF can be ruled out as in our case, can provide interesting information
on the amplitude of 𝐻GMF at the time of formation of the inclusions, since the



52 Chapter 2

time history of 𝐻GMF influences the NRM recorded by the samples. It is worth
pointing out that information about the declination and inclination of 𝐻GMF is
instead not available from the kind of inclusions and measurements here pro-
posed, because of the random orientation that the diamonds we have investigated
had in the alluvial valley at the time of their eruption and subsequent extraction.
As a second remark, 𝑚IRM(0) and sIRM values span more than one order of
magnitude. Indeed, 𝑚IRM(0) is about 10−9 Am2 for CAST2-1 sample and of the
order of 10−8 Am2 for CAST2-6 and CAST2-7 samples. The same circumstance
occurs for sIRM values, that vary between ∼ 5 × 10−9 Am2 for CAST2-1 and
∼ 1 × 10−7 Am2 for CAST2-7 samples. Various reasons may explain the observed
quite large variations. The most obvious one is that inclusions comprise different
magnetic materials, but it does not apply to the samples here investigated because
of the XRD results. Another possibility is that magnetic inclusions vary in size and
volume from sample to sample and microtomographic images (Figure 2.5) show
that we can rely on these differences to partially explain the different outcomes
in the IRM behaviour. A final possibility, applying as well in our case, can be
that the magnetic moment of a specimen is a vector quantity, but the AGFM is
able to perform only scalar measurements. Understanding which of the last two
reasons play a major role in each sample we have investigated is a challenging
task deserving specific consideration in future works.

Hysteresis loop reflect the main properties of a magnetic system, as its mag-
netic anisotropy, magnetic susceptibility, coercive forces and saturation mag-
netization (Bertotti, 1998; Cullity & Graham, 2009), while the shape of FORCs
diagrams shed light on the microscopic magnetic configuration of the particles
composing a system, which is particularly interesting when dealing with natural
samples as mineral inclusions in host diamonds or rocks (Pike et al., 1999; Roberts
et al., 2000). In particular, hysteresis is a complex phenomenon strictly related in
our samples to the their magnetic granulometry, i.e. the relative distribution of
superparamagnetic, single-domain, or multi-domain magnetic particles accord-
ing to the composition, size and geometry of the included Fe-based crystallites
(magnetite or magnesioferrite), whose associated magnetization vectors can have
varied amplitudes pointing in different directions with relaxation times mainly
depending on their size. Detailed descriptions of such processes can be found
in many textbooks devoted to the subject (Bertotti, 1998; Dunlop & Özdemir,
1997). The loops we acquired on our samples (Figure 2.7) can offer a qualitative
information about the magnetic anisotropy and the microgranulometry of the
inclusions, encompassed in their behaviour close to the saturation field 𝐻sat and
to the coercive field 𝐻c. The behaviour of the loops close to saturation is known
to be closely dependent on an intrinsic factor, the magnetic anisotropy, with sys-
tems having lower uniaxial anisotropy constant 𝐾 being characterized by lower
𝐻sat values (pp. 218ś222 Cullity & Graham, 2009; Stoner & Wohlfarth, 1948, for a
detailed explanation) . According to this general observation and by assuming to
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deal with inclusions characterized by an effective uniaxial anisotropy constant
𝐾eff, encompassing both the effects of their crystal structure and of the strains,
dislocations, defects induced by the host diamond, we can conclude that CAST2-1
and CAST2-6 diamonds (𝜇0𝐻sat ≃ 0.2 T) shall most probably have lower 𝐾eff

with respect to CAST2-7 and CAST2-12 samples (𝜇0𝐻sat ≃ 0.5 T). Similarly, the
behaviour of the hysteresis close to 𝐻c gives insights about an extrinsic factor
which is the grain size of the magnetic particles composing the inclusions. In
this case, it is known that the higher the coercivity is, the lower the grain size of
the particles and more crystal defects are most probably present in the system
(pp. 360ś364 Cullity & Graham, 2009; Kneller & Luborsky, 1963; Luborsky, 1961).
Then, by looking at the 𝐻c values reported in Table 2.1, we can conclude that
CAST2-6 and CAST2-12 inclusions shall comprise finer grains with respect to
CAST2-1 and CAST2-7 samples, respectively. To get more quantitative results,
models of hysteresis must be developed to relate 𝐻c values to extrinsic parameters
such as the grain size of the particles.

The symmetry of the FORC diagrams (Figure 2.8) around the 𝐻rev+𝐻 = 0 axis
is to be expected for magnetic systems, due to the symmetry of ascending and
descending branches of the hysteresis loops around the origin (𝐻 = 0, 𝑀 = 0),
i.e. 𝑀desc(−𝐻) = −𝑀asc(𝐻) with 𝑀asc (𝑀desc) being the magnetization value
evaluated on the ascending (descending) branch of the loop. The shape of the
diagrams, appearing in all the cases slightly spread out in the 𝐻 − 𝐻rev = 0

direction, is due to the presence of single-domain magnetic particles with not
negligible local interactions among them, as exhaustively explained in Pike et al.
(1999) and Roberts et al. (2000). It is worth mentioning that when the particles
crystallize at different times, the presence of such coupling makes it more difficult
to establish at which point the NRM they carry can be ascribed to the action of
the Earth’s magnetic field. In particular, we see from Figure 2.8 that local coupling
plays a bigger role in CAST2-6 and CAST2-12 inclusions with respect to CAST2-
1 and CAST2-7 ones, since the contour plots of the former samples show less
sharp peaks. It is noteworthy that FORC diagrams did not evidence negative
peaks usually associated to interactions among different magnetic objects, or
inclusions, in the analyzed systems. Finally, the position of the 𝜌 distribution peaks,
defined as the point (�̄�, �̄�rev) at which the contour plot reaches its maximum,
provides an estimate of the mean value �̄�c of the distribution of coercive fields
and energy barriers that are associated to each magnetic particle of the inclusion.
By expressing the peak position as 𝐻peak =

(︁
�̄� − �̄�rev

)︁
/2, we can again gather

the samples into two groups: on the one side we have CAST2-1 and CAST2-7
samples, having 𝜇0𝐻peak ≃ 0.006 T and 0.017 T respectively, while on the other
side there are CAST2-6 and CAST2-12 samples, with peaks values at 𝜇0𝐻peak ≃

0.029 T and 0.026 T respectively. The difference in 𝐻peak values can be ascribed in
our case to variations in the grain size and in the orientation of the magnetization
within the particles belonging to the various samples. The latter explanation and
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the extrapolated �̄�c ∼ 𝐻peak values are is in agreement with the 𝐻c estimates
reported in Table 2.1.

2.5 conclusions

In the present paper we have proposed an efficient, non-destructive experimental
methodology to determine the inner structure, the crystallographic and the
magnetic properties of inclusions entrapped in a series of natural diamonds.
The methodology is based on the use of XRD, SRXTM and AGFM techniques
and has the potential to be successfully applied to any host-inclusion system of
mm/sub-mm size comprising magnetic phases with magnetic moments higher
than ∼ 10−9 Am2. It allows to build up a qualitatively comprehensive and robust
picture of the main chemico- and geophysical features of the samples under
investigation.

In particular, for the four diamonds we selected in our study, we have shown
that magnetic inclusions comprise polycrystalline iron oxides having ferrimag-
netic spinel structure identified as magnetite or magnesioferrite. We have demon-
strated the presence of fractures connecting the inclusions to the diamond surface
in all but one samples, thus suggesting that this kind of inclusions are epige-
netic and probably formed because of pre-existing Fe-rich fluids that percolated
through the cracks and diffused within diamonds. We have shown that all the
inclusions carry a non zero NRM and we have interpreted the rich picture aris-
ing from the FORC diagrams by assuming that the inclusions are composed of
locally interacting single-domain particles. Finally, we have distinguished the
samples according to the different behaviour observed in their hysteresis loops,
by relating the latter to both intrinsic and extrinsic factors represented by the
magnetic anisotropy and the grain size of the particles. The comparison of exper-
imental data with proper models of magnetic hysteresis is needed to derive more
quantitative conclusions on this topic.
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3 Primary inclusion of magnetite and quartz in
Consolidated African Selection Trust (CAST) diamonds
from Akwatia, Ghana

3.1 introduction

Diamond is among the most studied materials, due to its physical properties, but
natural diamonds have further geological relevance since they provide extraordi-
nary information from the deepest, and otherwise inaccessible, regions of our
planet. In fact, natural diamonds can containmineral inclusions that were trapped
during their formation at depth and act as windows on the Earth’s interior, pro-
viding fundamental insights on the composition of the deep Earth and global
geo-dynamics. As such, the study of inclusions in diamonds is crucial to improve
our understanding of the formation and evolution of the solid Earth through ge-
ological times and, as a consequence, the geological processes shaping the Earth’s
surface and impacting the environment. Inclusion bearing diamonds have been
studied for many decades, leading to extraordinary discoveries regarding, for
example, the recycling of oceanic plates to the lower mantle (Nestola et al., 2018;
Walter et al., 2011) the hydrous nature of the deep Earth (Jean et al., 2016; Novella
et al., 2015; Palot et al., 2016; Pearson et al., 2014; Taylor et al., 2016) and the nature of
deep mantle melt/fluids, (e.g. Navon et al., 1988; Weiss et al., 2015). A crucial aspect
of the study of inclusions in diamond is to understand the time of formation of
the inclusions with respect to the time of diamond growth, a highly debates topic
since the late 60s (Harris, 1968a, 1968b) which is still not set today (Jacob et al.,
2016; Nestola et al., 2019; Nestola et al., 2017; Thomassot et al., 2009). According to
their time of formation, inclusions formed before, during and after the diamond
growth are classified as protogentic, syngenetic and epigenetic, respectively. This
knowledge is of paramount importance, since inclusions entrapped at different
times provide information on various time scaling, related to distinct growth
conditions and environments. In this context, iron oxides inclusions are poten-
tially of great interest, because of their iron content that could be used to infer
the oxygen fugacity conditions in which they grew (e.g. McCammon et al., 1997),
but are rare and often difficult to classify in terms of both time of formation
and paragenesis. Magnetite (Fe2+Fe3+2 O4), in particular, is a rare inclusion of un-
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known paragenesis, that has been found in various localities worldwide. In some
specimens magnetite has been clearly identified as a secondary mineral, where,
for example, it was found in an exposed cavity in a diamond from Blufontein,
South Africa, (Spencer, 1924-12). Furthermore, magnetite inclusions in diamonds
from the Sloan Kimberlite, Colorado (Meyer &McCallum, 1986) were reported to
exhibit a composition analogous to late stage spinels in kimberlite, as reported,
suggesting a secondary origin. Magnetite inclusions can also show evidence of
interaction with the external environment through cracks in host (Bulanova
et al., 1996) or appear as a rim of epigenetic oxidation around native iron (Sobolev
et al., 1981), as seen in diamonds from Yakutia, Russia. In some of the reported
findings, the identification of iron oxides as epigenetic minerals is not so clear.
Magnetite inclusions from the Sloan diatremes of the Colorado-Wyoming state
line Kimberlite district, for example, were compositionally homogeneous, but
did not show the primary morphological characteristics normally attributed to
syngenesis and were mostly associated with fractures to the diamond surface
(Otter, 1989). Sometimes, it was even impossible to identify a paragenesis; this
is the case for two inclusions of magnetite in diamonds from the Dokolwayo
kimberlite, Swaziland, since an inclusion was found to be pure, while the other
one contained TiO2, MgO and two inclusions of titanite (Daniels & Gurney, 1999).
A similarly uncertain case is found in diamonds from the Monastery mine, South
Africa, where some magnetite inclusions were clearly identified as syngenetic,
but for most of the oxide samples it was difficult to assess the nature of their
setting within the diamond (Moore, 1986). These magnetite inclusions identified
as syngenetic were mostly associated with primary sulphides and very chemi-
cally pure, in agreement with previous studies where magnetite was classified as
syngenetic (Harris, 1968a; Prinz et al., 1975). The recovery of iron oxides associated
with primary inclusions, such as sulphides and silicates, suggest that they might
be primary minerals rather than secondary phases. In the case of sulphides, the oc-
currence of coronae of nanocrystalline magnetite around a pyrrothite inclusion,
recently discovered in a diamond from Orapa, Botswana, suggest that the oxida-
tion of pyrrhotite to magnetite might act as a trigger of diamond precipitation
in the upper mantle (Jacob et al., 2016). Magnetite was also found associated to
ferropericlase in diamonds from the São Luiz alluvial deposit, Brazil (Hutchison,
1997; Wirth et al., 2014). In the same Brazilian province of Junia magnetite was
found as a single inclusion, embedded in the graphite matrix, in association with
calcite (Kaminsky et al., 2009), and associated with iron carbides, native iron,
graphite (Kaminsky & Wirth, 2011). Syngenetic magnetite has been related to the
eclogitic paragenensis in the case of inclusions from Guaniamo, Guyana shield,
Venezuela (Sobolev et al., 1998) and Rio Soriso, Juina, Brazil (Sobolev et al., 1998).
However, magnetite was also reported as a primary nanoinclusion associatedwith
Fe,Sn oxides in diamonds from the Samotkan’ placer, Ukraine. Fe,Sn oxides were
found to be also associated to primary inclusions, such as olivine and pyroxene of
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the peridotitic association, suggesting that these oxides may be primary, as metal
captured by diamond from the melt, that was later oxidized upon increasing 𝑓O2,
or secondary, which grew from fluids (Kvasnytsya & Wirth, 2009). Magnetite
was also reported to be associated with enstatite in diamonds with no detectable
surface cracks from Arkansas (Pantaleo et al., 1979). Another occurrence of mag-
netite associated with a silicate was reported in Madwui, Tanzania (Stachel et al.,
1998). Two magnetite crystals were extracted from the diamond, which did not
display any optically visible external fractures, and had an almost identical in
composition with SiO2, Cr2O3, MnO, and CuO being the only impurities, as
reported in Table 2 in Stachel et al. (1998), and with very low concentrations
of TiO2, MgO, both below detection limit, and Al2O3. Notably, these compo-
sitions are different from the magnetites that are interpreted to be epigenetic
(Meyer & McCallum, 1986). In conclusion, it is clear from the review above that
the origin of magnetite inclusions in diamonds is still enigmatic and that some
of the traditional methodologies applied to identify the time of formation of
the inclusions can lead to inconclusive results in the case of iron oxides. In this
study a rare set of 14 diamonds from Akwatia, Ghana, where various inclusions
of magnetite are found in association with silicate minerals, was investigated by
means of single crystal X-ray diffraction, synchrotron-based X-ray tomographic
microscopy (SRXTM) and Raman spectroscopy. These techniques were used
to identify the minerals included in the diamonds and determine the possible
presence of fractures through the host. The new data are used to provide new
insights into the genesis and origin of iron oxides inclusions in diamonds.

3.2 materials and methods

The study was focused on a suite of 14 diamonds from the Judith Milledge collec-
tion, originally obtained from Consolidated African Selection Trust (CAST), the
major mining company in Ghana from 1924 to 1972 operating in Akwatia, Birim
river valley. The diamonds have size ranging from 0.5 to 2 mm, with slightly
octahedral or irregular shapes.

The original report classified this suite of sample as łslightly magneticž. Sili-
cates inclusions in diamond from the Birim field have been previously charac-
terised (Stachel & Harris, 1997). Inclusion-bearing diamonds were classified as
peridotitic with olivine as the most abundant phase (81%), together with minor
pyrope, chromite, enstatite, chromian augite. According to this study, Akwatian
diamonds come from a chemically more enriched and deeper diamond source
than commonly observed. Their inclusions are characterised by unusually low
Mg/Fe ratios with respect to harzburgite inclusions worldwide. In particular, the
chromites show Fe2+/(Fe2++Mg) higher than usual and low recalculated ferric
iron [Fe3+/(Fe3++Fe2+)*100], suggesting a growth environmentmore reduced than
usual. Since there are no known diamondiferous kimberlites in Ghana, the source
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of Ghanian diamonds remains to be identified. The small size of the specimens
and the lack of abrasion suggest that such diamonds have not been transported a
great distance Appiah et al., 1996. However, there are various theories regarding
the source of Ghana’s diamonds. It might have been deformed during tectonism
and lie beneath the Voltaian Basin northeast of the Birim Basin. Alternatively, it
might be a diamondiferous komatiite or a metamorphosed kimberlite. Finally,
the source could lie within turbidites of the Tarkwaian sequences (Markwitz
et al., 2016, and references therein). In the Birim valley, alluvial deposits lie on the
Proterozoic rocks as a consequence of long-term Mesozoic domal tectonic uplift
and subsequent erosion and accumulation (Teeuw et al., 1991).

Single crystal X-ray diffraction analysis were performed using a Rigaku Ox-
ford Diffraction XtaLAB SuperNova diffractometer installed at the Fiorenzo Mazzi
Experimental Mineralogy Laboratory at the Department of Earth and Environ-
mental Sciences, University of Pavia. The instrument is equipped with a 4-axis
Kappa goniometer, Mo micro-source X-ray tube, a Dectris Pilatus3 R 200 K-A
detector and a video microscope. Sample were mounted on a pin and inclusions
were centred optically, using the video microscope. The diffraction patterns were
acquired in transmission mode, varying only the phi angle, usually 40°ś50° in
steps of 0.5° . The software Crysalis Pro (łCrysAlisPro Software systemž, 2018)
was used to perform both the measurement and the data reduction. For poly-
crystalline phases the data reduction requires various steps. First, the frames
containing diffraction rings were identified. On each of these frames the single
crystals reflections from the host diamond or other included phases were masked,
and the image integrated to obtain a diffraction pattern. The resulting patterns
were merged and were used for phase identification in the software HighScore
(Degen et al., 2014). Diffraction data from one sample (#11) were also collected at
the Material Science Beamline at the Swiss Light Source, Paul Scherrer Institute.
Information regarding the beamline setup and analytical conditions can be found
in Willmott et al. (2013).

Raman spectroscopy was also employed to assess the X-ray diffraction results
and in particular to identify mineral phases contained in the smaller inclusions,
that could not be measured by X-ray diffraction. The spectra were collected on a
Horiba LabRAMHR Evolution spectrometer equipped on Symphony CCD detec-
tor cooled with liquid nitrogen also installed at the Fiorenzo Mazzi Experimental
Mineralogy Laboratory, using an objective with magnification of 100x. Raman
spectra were excited by the 532 nm line of a Nd-Yag laser. The spectrometer was
calibrated to the silicon Raman peak at 520.5 cm−1. The laser power on the sample
surface was kept below 20 mW, to avoid laser-induced oxidation of the sample
during the experiment.
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The diamonds were investigated by synchrotron-based X-ray tomographic
microscopy (SRXTM) at the TOMCAT beamline at the Swiss Light Source (SLS)
(Stampanoni et al., 2006) to locate the inclusions in the diamonds and to assess the
presence of possible fractures in the surrounding of the inclusions. Measurement
were performed at 20 keV with two different magnifications: 10x to characterize
the whole sample and 40x to have a close-up on the inclusions. A total of 2001 X-
ray radiographs were acquired for each sample. The Gridrec algorithm (Marone
& Stampanoni, 2012) was used for the reconstruction, with a pixel size of 0.65 𝜇m
and 0.1625 𝜇m for the 10x and 40x magnifications respectively. Reconstructed 3D
images have been post-processed using Thermo ScientificTM AvizoTM software.

3.3 results

Four diamonds from the same collection (CAST2-1, -6, -7, -12) were analyzed by
Piazzi et al. (2019). In this contribution, the authors applied a multi-analytical
procedure to characterize the samples, including the magnetic properties of iron
oxides inclusions. Five diamonds (CAST2-2, -3, -5, -14, -15) contained inclusions
consisting of amixture of polycrystallinemagnetite and hematite (Fe2O3); in some
cases it was not possible to distinguish between magnetite and magnesioferrite
(MgFe3+2 O4), since they have the same space group (𝐹𝑑3𝑚 No. 227), similar lattice
parameters and chemical composition. It has been shown thatmagnetic properties
can guide the identification (Piazzi et al., 2019). In fact, the volume of the inclusion
calculated from the tomographic scan can be used to predict the saturation
magnetization associated to that volume ofmagnetite ormagnesioferrite, through
the relationship 𝑀𝑠𝑎𝑡 = 𝑚𝑠𝑎𝑡/𝑉𝑚𝑎𝑔 , where 𝑀𝑠𝑎𝑡 is the saturation magnetization,
𝑚𝑠𝑎𝑡 is the experimentally determined magnetic moment and 𝑉𝑚𝑎𝑔 is the volume
of the magnetic inclusion obtained from the segmentation of the tomographic
data. Then, the calculated value can be compared with reported values of 𝑀𝑠𝑎𝑡

to identify the composition of the inclusion. However, this method can only be
applied when there is only one magnetic inclusion in the host and with accurate
estimations of both the volume and the . A careful inspection of the SRXTM
images of these samples clearly show that inclusions containing hematite are all
connected to the surface by fractures. Sample CAST2-11 is of particular interest
since it contains only one inclusion that was found to comprise a mixture of
magnetite and hematite. Strikingly, this diamond does not show any fractures
and the inclusion is completely trapped within the host. The experimental results
are summarized in Table 3.1.

3.4 discussion

Iron oxide inclusions rarely occur as single crystals of well-defined morphology,
but mostly as porous aggregates, lamellae or rims. As such, it is difficult if not
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Table 3.1. Minerals identified in the inclusions in diamonds from Akwatia, Ghana, and
occurrence of fractures. The first number of the samples’ name refers to the host diamond,
the second number to the inclusion. .

Inclusion Mineral Fractures to the surface

CAST2-1-1 magnetite No
CAST2-2-1 magnetite+hematite Yes
CAST2-2-3 Olivine No
CAST2-3-2 Olivine, magnetite/Mgferrite+hematite Yes
CAST2-4-2 Olivine No
CAST2-4-3 Olivine No
CAST2-4-5 Olivine No
CAST2-4-6 Olivine No
CAST2-5-1 Magnetite+hematite Yes
CAST2-5-2 Olivine, magnetite+hematite Yes
CAST2-5-3 Olivine No
CAST2-5-4 Olivine No
CAST2-5-5 Olivine No
CAST2-5-6 Olivine No
CAST2-6-1 magnetite/Mgferrite Yes
CAST2-7-1 magnetite Yes
CAST2-9-1 magnetite/Mgferrite No
CAST2-11-1 magnetite, quartz No
CAST2-12-1 magnetite/Mgferrite Yes
CAST2-13-1 Olivine No
CAST2-13-3 Olivine No
CAST2-14-1 magnetite/Mgferrite+hematite Yes
CAST2-14-2 Olivine No
CAST2-14-3 Olivine No
CAST2-15-1 Magnetite+hematite Yes
CAST2-16-1 magnetite Yes
CAST2-16-2 Olivine No
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Table 3.2. Unit cell parameters of selected olivine inclusions.

Sample name 𝑎 (Å) 𝑏 (Å) 𝑐 (Å) 𝑉 (Å)3

CAST2-2-3 4.812(6) 10.351(15) 5.99(5) 298(2)
CAST2-3-2 4.796(6) 10.401(12) 6.056(6) 302.1(6)
CAST2-4-2 4.816(5) 10.344(10) 6.079(6) 302.8(5)
CAST2-4-3 4.8086(8) 10.320(2) 6.0497(11) 300.21(9)
CAST2-5-2 4.810(2) 10.327(5) 6.043(2) 300.1(2)
𝐹𝑜80 (Nestola et al., 2011) 4.7711(2) 10.2623(7) 6.0080(3) 294.17(3)
𝐹𝑜92 (Nestola et al., 2011) 4.7630(2) 10.2276(6) 5.9925(2) 291.92(2)

impossible to apply any of the typical approaches used to identify syngenetic
inclusions, such as the imposition of the diamond morphology on the inclusions
(Harris, 1968a) and the evaluation of epitaxy and reciprocal host-inclusion orienta-
tion (Nestola et al., 2014; Nimis et al., 2019). Alternatively, indications on the time
of formation of the inclusions may be inferred by the presence of fractures. Since
magnetite inclusions were suggested to precipitate from fluids entering along
cracks into diamond (e.g. Bulanova et al., 1996) , the absence of cracks connecting
the inclusion to the surface of the diamond can be considered a diagnostic crite-
rion of syngenesis. Thus, the identification of fractures can be used as indicator of
the origin of these inclusions and shed light on their environment of formation.
The investigated inclusions containing hematite are all connected to the surface,
suggesting that hematite is most probably an epigenetic product. This is not
surprising considering the high oxidation state of Fe in this mineral that suggest
relatively oxidizing conditions (Lagoeiro, 1998). An example is reported in Fig 3.1,
showing a fracture clearly connecting the inclusion to the surface, together with
its diffraction pattern indicating the presence of hematite.

Sample 11 contains only one inclusion, that in the SRXTM images appears as
a complex aggregate (Fig. 3.2 ). Interestingly, this inclusion does not show any
fractures, excluding secondary alterations and epigenesis. X-ray diffraction data
show that the inclusion comprises quartz and magnetite, and quartz occurs both
as single crystals and as powder. This occurrence is similar to the previously
described magnetite inclusions from Madwui, Tanzania (Stachel et al., 1998) that
showed a distribution of silica resulting from the exsolution from a magnetite
that was originally homogeneous and high in SiO2. The experimental results by
Woodland and Angel (2000) could provide an explanation for the occurrence
of such sample, since they showed that significant solid solution of Fe2SiO4 in
magnetite can indeed occur at moderate pressures and temperatures. In light of
this data, the silica lamellae could have been originated through exsolution of
Fe2SiO4 in magnetite due to decompression. Furthermore, the unit-cell param-
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eters of olivines in inclusion CAST2-2-3, -3-2, -4-2, -4-2, 5-2 are larger than the
parameters of Fo92, a common composition of olivine inclusions in diamonds
(Table 5.5). These larger cell parameters might be due to a higher iron content. An
higher amount of fayalite could justify the presence of quartz and magnetite as
the results of the reaction:

𝐹𝑒2𝑆𝑖𝑂4 → 𝑆𝑖𝑂2 + 𝐹𝑒3𝑂4 (3.1)

However, such claim should be strengthened by microprobe measurements to
assess the actual composition and further occurrences of similar inclusions. It is
worth noting diamonds and inclusions such the ones described in this chapter
have been long overlooked. A careful characterization of rare inclusions in dia-
monds is still partially missing and might give new and unexpected insights on
the Earth’s mantle.
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abstract

The origin of diamonds in ureilitemeteorites is a timely topic in planetary geology
as recent studies have proposed their formation at static pressures >20 GPa in
a large planetary body, like diamonds formed deep within Earth’s mantle. We
investigated fragments of three diamond-bearing ureilites (two from theAlmahata
Sitta polymict ureilite and one from the NWA 7983 main group ureilite). In NWA
7983 we found an intimate association of large monocrystalline diamonds (up to
at least 100 𝜇m), nanodiamonds, nanographite, and nanometric grains of metallic
iron, cohenite,troilite, and likely schreibersite. The diamonds show a striking
texture pseudomorphing inferred original graphite laths. The silicates in NWA
7983 record a high degree of shock metamorphism. The coexistence of large
monocrystalline diamonds and nanodiamondsin a highly shocked ureilite can
be explained by catalyzed transformation from graphite during an impact shock
event characterized by peak pressures possibly as low as 15 GPa for relatively long
duration (on the order of 4 to 5 s). The formation of łlargež (as opposed to nano)
diamond crystals could have been enhanced by the catalytic effect of metallic
Fe-Ni-C liquid coexisting with graph-ite during this shock event. We found no
evidence that formation of micrometer(s)-sized diamonds or associated Fe-S-P
phases in ureilites require high static pressures and long growth times,which
makes it unlikely that any of the diamonds in ureilites formed in bodies as large
as Mars or Mercury.

4.1 introduction

The origin of diamonds in ureilitemeteorites is a highly controversial topic among
planetary geologists with three main hypotheses being debated: 1) formation by
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impact shock conversion from graphite (Hezel et al., 2008; Le Guillou et al., 2010;
Lipschutz, 1964; Lorenz et al., 2019; Nakamuta & Aoki, 2000; Nakamuta et al., 2016;
Ross et al., 2011) formation at low pressure in the solar nebula by chemical vapor
deposition (Fukunaga et al., 1987; Matsuda et al., 1991; Matsuda et al., 1995), and
3) formation at high static pressures in a planetary-sized body (Miyahara et al.,
2015; Nabiei et al., 2018; Urey, 1956). Ureilites form the second largest group of
achondrites. They are ultramafic rocks mainly composed of olivine and pyroxene,
with interstitial carbon, metal, and sulfide phases (Berkley et al., 1980; Goodrich,
1992; Goodrich et al., 2015; Goodrich et al., 2004; Mittlefehldt et al., 1998; Vdovykin,
1970). They represent the mantle of a partially differentiated parent body (the
ureilite parent body, or UPB) that experienced igneous processing at temperatures
up to 1200 to 1300 °C (Mittlefehldt et al., 1998).The UPB was catastrophically
disrupted by a major impact be-fore it had completely cooled, with ureilites being
derived from daughter bodies that reassembled in the aftermath of the disruption
(Downes et al., 2008; Goodrich et al., 2015; Goodrich et al., 2004; Herrin et al., 2010).
Carbon abundances are notably high in ureilites, ranging up to8.5 wt % (Cloutis et
al., 2010; Goodrich et al., 2015), with the carbon occurring principally as graphite
(Mittlefehldt et al., 1998). In ureilites of very low shock level (based on shock
indicators in the silicates), the graphite occurs as millimeter-sized euhedral (blade-
shaped or tabular) crystals showing prominent (0001) cleavage, closely associated
with Fe, Ni metal,and sulfides (Berkley and Jones, 1982; Treiman and Berkley, 1994).
Diamonds have not been reported in the lowest-shock samples (Nakamuta &
Aoki, 2000; Wacker, 1986). Most ureilites, however, are shocked to various degrees
and in these samples the graphite areas, though still having external blade-shaped
morphologies, are internally polycrystalline (Mittlefehldt et al., 1998). Diamonds
and lonsdaleite [diamond with stacking faults and twinning defects (Murri et al.,
2019)] occur embedded in these areas, constituting a volumetrically minor (thus
disproportionately illustrious) component of ureilites. Although the presence of
diamonds in these meteorites was reported more than a century ago, the process
by which the diamonds formed has been hotly debated and is still controversial.
The first hypothesis on the origin of diamond in ureilites dates back to 1956,
when Urey (1956) proposed that diamonds may form under static high-pressure
conditions in the interior of large meteorite parent bodies. A few years later,
in his seminal work on diamonds from the Goalpara and Novo Urei ureilites,
Lipschutz Lipschutz (1964) proposed that diamonds in ureilites were formed by
shock conversion of graphite, a hypothesis that has been supported by many
subsequent studies (Hezel et al., 2008; Le Guillou et al., 2010; Lorenz et al., 2019;
Nakamuta & Aoki, 2000; Nakamuta et al., 2016; Ross et al., 2011). A third hypothesis
that has been discussed is that diamonds in ureilites formed at low pressure in
the solar nebula by chemical vapor deposition (Fukunaga et al., 1987; Matsuda
et al., 1991; Matsuda et al., 1995). Recent work on the Almahata Sitta (AhS) polymict
ureilite (Miyahara et al., 2015; Nabiei et al., 2018) reported the presence of large
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diamonds (with inclusions of chromite and Fe-S-P phases) in a ureilitic clast and
suggested that such diamonds could only be formed at static pressures higher
than 20 GPa. This would imply either that the UPB was similar in size to Mercury
or Mars (Nabiei et al., 2018), or that diamonds in ureilites are exogenous to the
UPB (Desch et al., 2019).In order to provide insight into the origin of diamonds in
ureilites, we investigated carbon phases in two ureilitic stones from AhS, samples
AhS 209b and AhS 72, and also the NWA7983 main group ureilite (Jenniskens
et al., 2009), by single-crystal micro X-ray diffraction (XRD) both in-house at the
University of Padova (all three samples) and using synchrotron radiation at Paul
ScherrerInstitute, Villigen, Switzerland (AhS samples only). In addition,micro-
Raman spectroscopy was performed on several carbon areas in NWA 7983 at
ARES (Astromaterials Research and Exploration Science), Johnson Space Center,
NASA, Houston,TX. Our results cast reasonable doubt on purported evidence for
formation of ureilitic diamonds under high static pressures and provide strong
evidence for their formation by impact shock at pressure peaks possibly as low
as 15 GPa.

4.2 results

4.2.1 Samples

AhS 209b and 72 are two stones from the AhS meteorite, which fell in the Nubian
desert in 2008 (Goodrich et al., 2015; Herrin et al., 2010; Horstmann & Bischoff,
2014; Jenniskens et al., 2009; Shaddad et al., 2010). They are fine-grained, porous
ureilites showing various degrees of łimpact smeltingž and shock metamorphism
as previously described for fine-grained AhS ureilites and a few main group
ureilites (Berkley, 1986; Warren & Rubin, 2010). Olivine areas in AhS 209b are com-
pletely mosaicized. They consist of aggregates of∼5- to 20-𝜇m-sized equigranular
tiles (adopting the terminology of Warren and Rubin, 2010) with tiny amounts of
interstitial pyroxene and Si+Al-rich glass, which are inferred to represent recrys-
tallized versions of originally ∼0.5- to 1-mm-sized primary grains (e.g. Berkley,
1986; Warren and Rubin, 2010). The olivine largely preserves a typical ureilite
olivine core composition of Fo∼79, except in reduction rims near inferred origi-
nal grain boundaries and/or carbon areas. Reduction rim compositions range up
to Fo∼93. Pigeonitic pyroxeneareas in AhS 209b also show complete mosaicism
with extensive in situ reduction and porosity. They consist of aggregates of ∼5-to
10-𝜇m-sized subhedral to anhedral grains, with varying amounts of interstitial Ca-
enriched pyroxenes and Si-Alśenriched glass. Pores and small grains of metal and
sulfide among the pyroxene grains are common. The pyroxene tiles show reverse
zoning. Cores are reduced (core Mg#s up to∼93) relative to inferred primary com-
positions (∼Mg# 81, such as would have been in equilibrium with Fo∼79 olivine
in a typical lower-shock ureilite) with varying Wo contents (∼2 to 8). Pyroxene
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textures such as these were described by Warren and Rubin (2010) in several main
group and AhS ureilites and attributed to łimpact smeltingž (concomitant melting
and chemicalreduction by carbon) of originally larger primary pigeonite grains.
Elongated masses of carbon phases and metal grains are dispersed throughout the
sample, commonly occurring along inferred primary silicate grain boundaries
(Fig. 9.1A and B).

The fragment of AhS 72 that we examined is dominated by olivine and shows
a higher degree of shock metamorphism than 209b. Olivine is completely recrys-
tallized to∼1- to 20-𝜇m-sized equigranular (anhedral to subhedral) grains in a
groundmass (of varying proportions relative to the amount of olivine) of pyroxene.
The olivine grains are highly reduced (Fo∼99) and nearly free of inclusions, sug-
gesting recrystallization from a melt (or a tleast at very high temperatures) under
highly reducing conditions. Interstitial pyroxene compositions range fromWo
0.8 to Wo 34 and are also reduced (Mg# 88 to 99). Pores, masses of carbon phases
(∼20 to hundreds of micrometers), and grains of metal are abundant throughout
the section. The NWA 7983 meteorite was found in 2013 in Morocco. The stone
has a total mass of 424.3 g and was classified as a maingroup ureilite (Ruzicka et al.,
2015). The original description noted that the meteorite was extremely resistant
to cutting and polishing and suggested that diamond was abundant (Ruzicka
et al., 2015), and our work confirms this. We studied four polished sections of
NWA 7983. A polished thick section with an area of about 2 cm2was used for
scanning electron microscopy (SEM) observations (not carbon-coated) followed
by microXRD. Three polished thin sections were used for optical microscopy
and additional SEM observations (both carbon-coated and not carbon-coated).
NWA 7983 consists mainly of olivine, minor pyroxene, and ∼6 vol % masses of
carbon phases. Metal, Fe-oxides/hydroxides (presumed terrestrial replacements
of metal), troilite, and Cr-rich sulfides occur cross-cutting silicates and as blebs.
The olivine shows a high degree of shock metamorphism, with textures similar
to those in AhS 72. All olivine areas are either mosaicized with ∼2- to 12-𝜇m-sized
euhedral tiles and very minor interstitial feldspathic material, or recrystallized to
∼1- to 20-𝜇m-sized equigranular (anhedral to subhedral) grains in a groundmass
of minor pyroxene. The degree of reduction of the olivine varies greatly. Some
areas (inferred original grains) are dominantly Fo 82 to 83, which may be close to
the primary composition, while others are strongly reduced with Fo ∼90 to 98.
The interstitial pyroxenes vary in Wo from ∼2 to 33 and Mg#∼84 to 92. Elongated
masses of carbon phases, as well as metal± sulfide grains (wholly or partly altered
to terrestrial Fe-hydroxides), are dispersed throughout the sample. Similar to
AhS 72, the degree of re-crystallization of the silicates is so high that the outlines
of primary silicate grain boundaries are difficult to discern. The carbon masses
typically occur as elongated (blade-shaped), internally layered structures of up to
1 mm in length and 300 ➭m in width (Fig. 9.1CśE). In one of the sections that we
studied, such blades form a nearly continuous vein ∼1 cm long. In reflected light,
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the carbon masses contain elongated, highly reflective, high-relief stripes that are
parallel to the external morphology of the carbon mass in the long dimension and
are inferred to be diamond, based on their optical properties and fluorescence
under an electron beam (Fig. 9.1D).Some of these contain structures that resemble
111 crystal faces of octahedral diamonds. In back-scattered electron images(BEI),
the carbon masses also show a striped appearance (parallel to the external mor-
phology of the carbon mass), which is defined by light and dark areas (Fig. 9.1C).
The lighter areas contain numerous tiny, bright grains of what appears to be
metallic Fe and Fe-sulfides,based on energy-dispersive X-ray spectroscopy (EDS)
spectra showing peaks for C, Fe, and S. The darker areas appear to be largely
free of inclusions and have EDS spectra showing only C. Based on fluorescence
under the electron beam, diamonds are abundant in both the light and the dark
areas. In general, the high-reflectance, high-relief areas observed in reflected
light correspond closely to the darker areas in BEI (Fig. 9.1C and D).None of the
samples studied in this work shows any high-pressure polymorphs of olivine such
as wadsleyite and ringwoodite, even in veins or fractures where we specifically
searched for them by micro-Raman spectroscopy.

4.2.2 Micro XRD

Using reflected light and/or back-scattered electron images of thick sections that
were not carbon-coated we located carbon areas for micro XRD in the three
samples. We gently removed portions of such carbon areas and analyzed them by
micro XRD.

AhS 72 and AhS 209b

The sections of carbon materials removed from the AhS 209b and AhS 72 samples
were two irregularly shaped grains of 320 𝜇m and 380 𝜇m, respectively, along their
longest dimension. Synchrotron radiation micro XRD showed that these two
fragments are both composed mainly of diamonds, graphite and metallic iron
(minor troilite was also detected). Fig. A.2A shows the X-ray diffractogram and the
diffraction image of the AhS209b fragment. As demonstrated by the diffraction
rings (rather than individual diffraction spots), the sample is polycrystalline. A
similar observation was made for the AhS 72 sample. Diffraction line profile anal-
ysis (Delhez et al., 1982) using the High Score Plus software package (Panalytical)
was applied to estimate the crystallite size of the carbon phases The results show
that diamonds in both AhS 209b and AhS 72 are nanometric with crystal size
of 17 to 19 nm for AhS 209b and 18 to 25 nm for AhS 72. However, both of the
AhS samples show a typical feature of diamond stacking faults (see the shoulder
of the 2.06Å peak of diamond in Fig. A.2A) and in order to take into account
any defects in diamond and eventually graphite (which shows a significant peak
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asymmetry and broadening) not considered in the previous profile analysis, we
performed a further profile analysis by using DIFFaX+ software (Leoni et al.,
2004), which provides more reliable results for defect-bearing powder materials.
This revealed that the samples are characterized by two diamond domain sizes:
smaller domains are on average 3 to 12 nm, whereas the larger ones are larger than
50 nm; for sizes>100 nm, diffraction is no longer reliable for the determination of
size and defects in materials. The average graphite crystal size was estimated to
be 20 nm. These analyses indicate that in the AhS ureilite fragments studied here
diamonds are nanometric with an average size of about 25 nm.

NWA 7983

The BEI observations described above revealed that the carbon masses in NWA
7983 show distinct internal stripes of dark and light areas (Fig. 9.1C and D), cor-
relating with stripes of high reflectance and high relief and low reflectance and
low relief (respectively) in reflected light. We removed fragments from both dark
and light areas within five different carbon masses and investigated them by
micro XRD in-house. The XRD images of dark areas in several of the carbon
masses (e.g.,Fig. A.2) showed no evidence of diffraction rings but only diffraction
spots typical of monocrystals. Based on the sizes of the removed fragments, the
monocrystals that we investigated ranged from ∼20 to at least 100 𝜇m in size
(longest dimensions).The diffraction image for the largest monocrystal that we
observed is shown in Fig. A.2B. The unit-cell edge length that we determined
for this crystal is 𝑎=3.569Å, typical of cubic diamond. The absence of evidence
for any other phases in the diffractogram of this crystal (or similar ones that we
analyzed) is consistent with the observations from EDS analyses in the SEM that
only C was detected in dark areas of the carbon masses in this sample. In other
fragments removed from dark areas, the diffractograms showed the simultaneous
presence of diffraction spots (indicating single crystal diamonds) and diffraction
rings, indicating that in some of the darker areas large diamond monocrystals are
intimately intermixed with nanodiamonds on a scale below that detectable in re-
flected light or BEI imaging. The diffraction results for fragments removed from
the lighter carbon areas (as seen in BEI) in NWA 7983 yielded results very similar
to those obtained on the AhS ureilite fragments. Fig. A.2C shows that such areas
are polycrystalline and mainly composed of diamond, graphite, cohenite (ideally
Fe3C), troilite, and minor metallic iron, consistent with EDS spectra showing
the presence of Fe and S in addition to C in such areas. The small shoulder at
higher d-spacing (e.g., 2.18Å ) with respect to the main peak of diamond at 2.06Å
is characteristic of lonsdaleite as already observed for the AhS 209b and AhS 72
samples. The profile analysis for polycrystalline diamonds in both the light areas
and the dark areas indicates that the polycrystalline diamond is nanometric and
even smaller than diamonds in the AhS fragments with a size of 9 nm. Although
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it was not possible to model the diffraction peaks of graphite, based on the peak
broadening of its most intense peak it is likely that the graphite is also nanomet-
ric. In this study, an intimate association of micro- and nanodiamonds has been
reported in natural samples, either terrestrial or extraterrestrial. Unfortunately,
it was not possible to distinguish microdiamonds from nanodiamonds in either
reflected light or BEI, and so our principal method of locating microdiamonds
was a łhit-or-missž approach of removing fragments from sections and X-raying
them. This approach was time-consuming, thus limiting the number of areas
that could be studied, and resulted in loss of textural context of the diamonds.
In order to get an idea of the distribution, shapes, and relative abundance of
microdiamonds in situ, we used micro-Raman imaging on several areas using
488-nm excitation (Fig. 9.1E and F). Raman mapping of these areas easily identifies
larger diamond grains [>∼45 nm (Korepanov et al., 2014)] from the narrow, high
intensity band at ∼ 1332 cm−1(37), although it does not allow definitive determina-
tion of their sizes (Osswald et al., 2009). These Raman maps show clearly that in
a number of places the large diamond grains are elongated along the direction of
the stripes seen in BEI and reflected light (parallel to external morphology of the
carbon mass) and are concentrated along the stripes, that is, forming stripes of
their own. We note that nanodiamonds are not easily identified in Raman spectra
(Ferrari & Robertson, 2004; Osswald et al., 2009) and so the Raman images (Fig.
9.1E and F) are less useful for showing their distribution. Nevertheless, the XRD
analyses showed clearly that nanodiamonds are present in both light and dark
areas of the carbon masses.

Transmission Electron Microscopy

The same fragments of AhS209b and AhS 72 investigated by XRD were analyzed
by transmission electron microscopy (TEM) with the main goal being to verify
the crystallite size compared with the results from synchrotron micro XRD. The
presence of diamond stacking faults (lonsdaleite), as predicted by micro XRD
showing the typical shoulders at higher d-spacing with respect to the 2.06Å
peak of diamond, was confirmed by TEM. Sections of AhS 72 and AhS 209b
suitable for TEM analyses were prepared by focused ion beam and investigated
by a Philips200 CM transmission electron microscope. A typical bright-field
image of the AhS 72 sample (Fig. 9.3,Left) shows diamond domains with size
between about 20 and 150 nm. At the same time, electron diffraction images (Fig.
9.3,Right) indicate that nanodiamonds are associated with graphite (see the ring
at about 3.35Å ) and lonsdaleite (see ring at about 2.18Å), confirming the XRD
results. In addition to these main phases, TEM analyses of the AhS 72 sample also
revealed the presence of nanometric metallic iron (evident by XRD) andother
phases including cohenite Fe3C, iron sulphide, and Fe-Ni-P compounds. By XRD
we determined the iron sulphide to be troilite, but unfortunately due to the
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these phases were definitive evidence of diamond formation at ≥ 21 GPa static
pressure within a parent body with size comparable to Mercury or Mars. Nabiei
et al. (2018) base this interpretation on the measured molar (Fe+Ni)/(S+P) ratios
of the bulk composition of multiphase (metalśsulfideśphosphide) inclusions in
diamond, which were close to 3:1. They argue that this implies that the inclu-
sions were trapped as crystals of the phase (Fe,Ni)3(S,P),which (for P/[P+S]<0.2) is
only stable at pressures above 21 GPa. However, this argument is flawed, because
at temperatures above 1275 °C (or lower if S is present) the (Fe,Ni)3(S,P) phase
melts (Minin et al., 2019; Stewart & Schmidt, 2007). This temperature is almost
certainly much lower than temperatures in a Mars-sized body 4.55 Ga ago at
depths equivalent to 21 GPa (Righter & Chabot, 2011). This means either that the
interpretation that the inclusions were trapped as (Fe,Ni)3(S,P) solids is incorrect
and their apparent stoichiometry is only a coincidence, or that the proposed
formation in a Mars-sized body is incorrect, or both. In fact, the (Fe,Ni)3(P,S)
phase can be formed simultaneously with diamonds by shock compression and
quenching, as in shock melt veins in IIE iron meteorite Elga (Litasov et al., 2019).
Therefore, the presence of these inclusions does not in any way require a static
pressure (large parent body) origin. With respect to AhS 209b and AhS 72, based
on the highly shocked nature of the silicates, and the association of nanodiamond,
lonsdaleite, and nanographite, we argue that diamonds in these two ureilites
most likely formed by a shock event (Decarli, 1995; DeCarli et al., 2002; DeCarli
& Jamieson, 1961) with a peak pressure possibly as low as 15 GPa, based on mo-
saicism of olivine (Stöffler et al., 2018). The presence of the same phase assemblage
(diamondśmetalśsulfideścarbideśphosphide) in AhS stone MS-170 (13) as in the
highly shocked AhS stones studied here strongly suggests that diamond had a
common origin in all three samples. However, based on these samples alone, it
cannot be ruled out that preexisting, large, defect-poor diamonds [formed,e.g.,
at high static pressures (Miyahara et al., 2015; Nabiei et al., 2018)] were reduced
in grain size and acquired stacking faults during the shock event that affected
the silicates, and that in MS-170 some of these preexisting diamonds happened
to survive. Nevertheless, additional evidence provided by NWA 7983 (discussed
below) leads to the conclusion that this possibility would be extremely unlikely.

4.3.2 NWA 7983

NWA 7983 is a crucial sample for understanding the origin of diamonds in ureilites
because its silicates record a high degree of shock (again, complete mosaicism
of olivine) and yet it contains large diamonds (i.e., single crystal diamonds up
to at least 100 𝜇m in size) in addition to the nanodiamonds that are accepted
to be a common product of shock (Decarli, 1995; DeCarli et al., 2002; DeCarli &
Jamieson, 1961). This discovery suggests the possibility that the large diamonds in
this ureilite were also formed by the shock process, rather than simply having
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fortuitously survived it. A first-order argument supporting this interpretation
is the predominantly blade-shaped morphology of the carbon masses in which
the diamonds are embedded along with graphite. This external morphology of
the carbon areas is the same as that of millimeter-sized euhedral laminate (or
tabular) graphite crystals that occur in very-low-shock-level ureilites and have
been argued to represent the primary form of carbon in all ureilites (Berkley &
Jones, 1982; Treiman & Berkley, 1994). If the diamonds in NWA 7983 were only
remnants of larger diamonds that had formed at high static pressures during
long residence times in a planetary mantle, the external shapes of the carbon
areas would not be those of graphite crystals (even if graphite laths had been the
precursor material) but would be those of typical diamonds formed deep within
the Earth’s mantle (Nestola et al., 2018). Instead, their shapes, and the prominent
striped texture (Fig. 9.1) of both the nanodiamond aggregates and the larger dia-
monds within these blade-shaped regions, parallel to the long dimension of the
laths which likely represents the trace of (0001) in original graphite (Berkley &
Jones, 1982; Treiman & Berkley, 1994), strongly suggests that the diamonds are
pseudomorphing original graphite crystals and formed in a rapid process that
did not allow time for external graphite morphology to be replaced by diamond
morphology. In fact, diamonds pseudomorphing original graphite forms is what
is observed for diamonds formed in the Popigai impact crater (Koeberl et al.,
1997; Ohfuji et al., 2015) in which aggregates of submicron-sized diamonds show
external tabular shapes preserving the crystal habit of precursor graphite flakes
(though we note that the primary graphite morphologies inferred for ureilites
differ from those at Popigai). As emphasized above, our observations of NWA
7983 represent an astonishing intimate association of micro- and nanodiamonds
reported in a natural sample. The nanodiamond aggregates in NWA 7983 are
especially abundant and render this ureilite even more resistant to cutting and
polishing than most ureilites, similar to industrially produced ultrahard nanodia-
monds (Irifune et al., 2003; Isobe et al., 2013). As discussed by Decarli (1995), DeCarli
et al. (2002), and DeCarli and Jamieson (1961) , nanodiamonds of this type are the
typical product of shock compression of disordered graphite, and nanodiamonds
in ureilites and other meteorites are widely interpreted to be the product of im-
pact shock (Garvie et al., 2014; Le Guillou et al., 2010; Lipschutz, 1964; Mostefaoui
et al., 2002). However, the formation mechanism of the large diamonds observed
in NWA 7983, and the question of whether they formed at the same time as the
nanodiamonds, are the critical issues in this investigation, as Miyahara et al. (2015)
and Nabiei et al. (2018) argue that such large sizes require long growth times
under static high-pressure conditions. Hezel et al. (2008) reported diamonds up
to 5𝜇m in size (identified by in situ XRD) in a ureilite, and based on their close
association with compressed graphite and secondary, polycrystalline graphite
argued for formation of the diamonds by shock.The diamonds observed in this
work are even larger and may require additional evidence to support formation
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in a shock event, the principal objections being the extremely short duration of
peak pressure conditions during a shock event (Bundy and Kasper, 1967; DeCarli
et al., 2002; Irifune et al., 2003) and the kinetic/energetic limitations associated
with direct transformation from graphite (DeCarli et al., 2002). We address both
of these issues. First, although the effective duration of a typical laboratory shock
experiment is on the order of a microsecond, and so does not allow time for the
growth of diamonds beyond very small (less than micrometer) sizes (DeCarli
and Jamieson, 1961), large natural impacts have a significantly longer duration of
high-pressure conditions (DeCarli et al., 2002).The largest craters on asteroid 4
Vesta, with a diameter of 400 to 500 km, could have formed from a 25- to 30-km
impactor, with peak shock pressure during the compression stage lasting for 4 to
5 s (Gillet and Goresy, 2013). During the major impact event of UPB disruption,
which is the most likely event in the history of ureilites to explain the majority of
their shock features (Goodrich et al., 2004; Herrin et al., 2010; Warren and Rubin,
2010), the duration of the compression stage could have been comparably long,
based on the impact parameters of łSelective sampling during catastrophic dis-
ruption: Mapping the location of reaccumulated fragments in the original parent
bodyž (2015) for catastrophic disruption of the UPB and equations of Gillet and
Goresy (2013). Second, although the direct transformation of graphite to diamond
may require higher pressures and/or longer duration of pressure than those of
many shock events Decarli (1995), DeCarli et al. (2002), and Guillou et al. (2007)
the catalyzed formation of diamonds in metallic (Fe,Ni,Co)-C melts proceeds
at notably lower pressures and higher reaction rates and has long been used in
industrial production of diamonds (Bezrukov et al., 1975; Bundy et al., 1996; II et al.,
2002; Strong and Hanneman, 1967; Trueb, 1968; Varfolomeeva, 1971). Catalysis by
metallic melts (referred to as the solvent method or solvent-catalysis in some
literature) is likely to have been a significant factor in formation of diamonds in
ureilites. The millimeter-sized euhedral graphite crystals in ureilites of very low
shock level are intimately associated with Fe,Ni metal. Such metal is a common
interstitial component associated with carbon in most ureilites (Goodrich et al.,
2013; Mittlefehldt et al., 1998). Goodrich et al. (2013) argued that the metal in ure-
ilites represents Fe-Ni-C melt that was present at T≥1150 °C and remained after
extraction of lower-temperature Fe,S-enriched melt during the igneous stage of
ureilite formation. The presence in ureilite silicates of ∼5- to 150-𝜇m-diameter
metallic spherules, consisting of cohenite (Fe3C), metal, schreibersite (Fe3P), and
sulfide,constitute direct evidence for the presence of such melts at magmatic
temperatures (Goodrich et al., 2013; Goodrich and Berkley, 1986). The impact
disruption of the UPB occurred while the silicates were still hot,∼1050±50 °C
(Herrin et al., 2010; Mittlefehldt et al., 1998). The temperature increase associated
with this impact shock event, assuming a 5 km s−1 relative velocity, would have
been on the order of 200 to 300 °C (Stöffler et al., 2018). Thus, grain boundarymetal
would have been remelted to create Fe-Ni-C liquids, and it seems inescapable
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that they would have had a large effect on the growth rate of diamonds forming
during the shock event. The importance of such metallic liquids in catalyzing
the formation of diamonds from graphite in ureilites was previously suggested
by Nakamuta et al. (2016) though not discussed for diamonds of such large sizes
as those observed here. There is, in fact, a vast literature on the formation of
diamonds via the catalytic method, because of the industrial importance of di-
amond. In general, the catalyzed formation of diamonds from graphite occurs
in a very thin film of molten metal in contact with graphite (Bovenkerk et al.,
1959; Bundy et al., 1996; Strong and Hanneman, 1967), with reported diamond
growth rates ranging from 0.2 to 0.4𝜇m/s at 5.4 GPa and 1127 °C (Strong and
Hanneman, 1967) to 30 to 60 𝜇m/s (in the first 20 s) at 4.5 GPa and 1100 to 1200 °C
(Bezrukov et al., 1975).The latter rates would easily permit formation of a 100-𝜇m-
sized diamond, as observed in NWA 7983, in the ∼4 to 5 s estimate made above
for the duration of peak pressure during the catastrophic disruption of the UPB.
This evidence is sufficient to show that formation of large diamonds in ureilites
during shock events is plausible and to cast reasonable doubt on the necessity for
much longer growth times under static high-pressure conditions (Miyahara et al.,
2015; Nabiei et al., 2018). Catalyzed formation of diamonds during a shock event
can also account for simultaneous formation of micro- and nano-diamonds in
ureilites. For example, using a technique of pulsed heating of a graphite-metal
experimental charge in a static high-pressure apparatus at 8 to 14 GPa, which
simulates natural impact processes (Bundy and Kasper, 1967; DeCarli et al., 2002)
with respect to duration of peak pressures and temperatures, Varfolomeeva,
1971reported formation of up to 10-𝜇m-sized diamonds near the catalyst and
nanodiamonds in other parts of the experimental charge. Catalysis of diamond
formation from graphite via metallic melts may also explain other features of the
diamonds in NWA7983. For example, we hypothesize that the striped internal
textures of the carbon areas, defined by stripes of concentrated (higher abundance
of larger) diamonds and C-dominated (Fe,S-absent) chemistry (darker in BEI)
alternating with stripes of dominantly nanodiamonds and C+Fe+S chemistry,
could have formed if the metallic melts were injected between (0001 )graphite
platelets [assuming the long dimensions of the carbon masses to represent the
trace of (0001) in original large graphite crystals]. Growth of larger diamonds
then proceeded to form the largely Fe-free dark stripes adjacent to the metallic
liquids, while the lighter stripes retain concentrations of residual Fe intermixed
with nanodiamonds. In addition, Bezrukov et al. (1975) suggested that the growth
of diamonds from metallic liquids proceeded through the intermediate step of
carbide formation, which could explain the association of cohenite (Fe3C) with
diamonds observed in this work (Fig. A.2C). Another type of inclusion, chromite,
reported by Nabiei et al. (2018) in ureilite diamonds, could also support catalytic
formation of diamonds during a shock event. Nabiei et al. (2018) noted that the
nearly pure (Al-Ti-Mg-free) compositions of the chromite required crystalliza-
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tion from metallic melts (references 22 and 23 in Nabiei et al. (2018)). We agree
with this interpretation, which is strongly supported by the presence of similarly
pure chromite in the metallic metalścoheniteśsulfideśphosphide spherules in
ureilite silicates mentioned above (Goodrich et al., 2013; Goodrich & Berkley,
1986). However, in contrast to Nabiei et al. (2018), who argued that the presence
of such melts was inconsistent with the low-pressure igneous setting of ureilite
formation, we note that the metallic spherules provide direct evidence that such
melts were present in the primary ureilite silicate assemblage (Goodrich et al.,
2013; Goodrich & Berkley, 1986) and so could have been remobilized to catalyze
the formation of diamonds in an impact shock event.

4.3.3 Additional evaluation of proposed evidence for high static pressure

The 100-𝜇m-sized single diamond crystal that we observed in NWA 7983 consti-
tutes the first definite report of diamonds of this size in a ureilite. Nabiei et al.
(2018) did not determine the sizes of the diamonds they studied in MS-170 (e.g.,
no microXRD was performed showing diffraction spots) but rather relied on the
previous report by Miyahara et al. (2015) of large diamonds in this sample. In fact,
thełlargeždiamonds reported by Miyahara et al. (2015) in MS-170 were not actu-
ally large single crystals but rather aggregates of many individual (unconnected)
segments having almost the same crystallographic orientation.These aggregates
were interpreted (Miyahara et al., 2015; Nabiei et al., 2018) to have originally been
large single crystals. However, this is not the only possible interpretation. In fact,
an aggregate of similarly oriented small crystals is what is expected for diamonds
formed by shock compression of oriented graphite (Erskine and Nellis, 1991;
Ohfuji et al., 2015; Ohfuji et al., 2017), as noted also by Nakamuta et al. (2016). Miya-
hara et al. (2015) stated that they did not observe the predicted crystallographic
relationship between diamond and graphite, and used this as an argument against
a shock origin. However, if originally large single graphite crystals had been in-
ternally recrystallized in a shock event to nanometric, randomly oriented grains
(like those observed in the samples studied here), which is likely (Dremin and
Breusov, 1993), their current orientations relative to the diamond are irrelevant.
Instead, the orientation of the diamonds would have to be compared with the
original orientation of the graphite precursors. By contrast, the presence of a
truly single-crystal 100-𝜇m-sized diamond in a highly shocked ureilite (NWA
7983) makes it more likely that such diamonds actually formed as a result of the
shock process, rather than just having survived it. The shock state of silicates
in MS-170 was not investigated by Miyahara et al. (2015) and Nabiei et al. (2018)
but was classified as S3 by Horstmann and Bischoff (2014), which implies shock
pressures of 5 to 10 GPa (Stöffler et al., 2018), sufficient to produce diamonds (see
Nakamuta et al., 2016). Critically, the external morphologies of the carbon masses
in MS-170 are no different from those in NWA 7983 or other ureilites-that is, they
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are elongated masses along silicate grain boundaries, suggesting that they were
originally large, single crystals of graphite, as discussed above for all ureilites.
This can be observed from inspection of figure 1 of Nabiei et al. (2018) and was
confirmed by recent studies of our own on MS-170. This makes it extremely
unlikely that the diamonds formed during long residence times at high pressures,
because if they had then external diamond morphologies would have formed. In
other words, there is no evidence that MS-170 is an unusual ureilite preserving di-
amonds formed in a planetary mantle. Finally, Miyahara et al. (2015) also reported
the observation of sector zoning of nitrogen in diamond assemblages in MS-170
and argued that this required łsluggish growthžas in a static high-pressure setting.
However, the evidence they present for sector zoning (e.g., figure 5 of Miyahara
et al., 2015) is at best ambiguous. Heterogeneous nitrogen distribution is clearly
shown, but its relationship to diamond crystal morphology is unclear, given that
the diamond consists of several unconnected segments separated by areas of
graphite (as discussed above) and no crystal orientation information is given.
Furthermore, even if sector zoning of nitrogen is present in large ureilite dia-
monds, this would not require long, slow growth. For example, diamonds grown
by the DeBeers Diamond Research Laboratory using an Fe-Ni metal catalyst for
diamond growth developed strong sector zonation of nitrogen in 15 to 20 s, which
is hardly łsluggishž. The distribution of nitrogen in large ureilite diamonds, and
what it implies for their formation, warrants further investigation, but at this
time there is no evidence that it supports a high static pressure.

4.4 conclusions

In conclusion the results from combined micro XRD, TEM,SEM/electron micro
probe analyzer (EMPA), and micro-Ramanspectroscopy of three highly shocked
ureilites suggest that the most likely process by which both microdiamonds
and nano-diamonds in ureilites formed is in a shock event characterized by a
peak pressure possibly as low as 15 GPa, the shock level recorded by the silicates.
Micrometer-sized diamonds can form from crystalline graphite in shock events
when catalyzed by metallic Fe-Ni-C liquid, which was demonstrably present
during the major shock events that occurred on the UPB, and do not require
high static pressures and long growth times. None of the minor Fe-S-P phases
associated with the diamonds in ureilites require high static pressures either, nor
does sector zonation of nitrogen in diamonds. We find no compelling evidence
that diamonds in ureilites formed in large planetary bodies or planetary embryos
(Nabiei et al., 2018).
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Part II Inclusions in metamorphic rocks: novel techniques and
application to a case study





5 Crystal structure of quartz inclusions in garnet

5.1 introduction

Quartz is by far one of the most common mineral inclusions in different types
of rocks such as sandstones, granites, granodiorites, rhyolites and metamorphic
rocks. The latter occurrence is often the result of reactions typical of subductions
zones, for example (Ghent, 1976; Holland, 1980):

3𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 → 𝐶𝑎3𝐴𝑙2𝑆𝑖3𝑂12 + 2𝐴𝑙2𝑆𝑖𝑂5 + 𝑆𝑖𝑂2 (5.1)

𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8 → 𝑁𝑎𝐴𝑙𝑆𝑖2𝑂6 + 𝑆𝑖𝑂2 (5.2)

As a consequence, quartz can be trapped as an inclusion in garnets during the
prograde metamorphism and the growth of the host crystal. This host-inclusion
pair has recently emerged as a promising candidate for elastic geobaromentry
applications to back-calculate the pressure and temperature conditions at the
entrapment of the inclusions mineral (e.g. Alvaro et al., 2020; Gonzalez et al.,
2019; Mazzucchelli et al., 2019; Murri et al., 2018).Furthermore, the thermoelastic
properties of quartz have been thoroughly characterized by means of different
experimental, X-ray and neutron diffraction, Raman and Brillouin spectroscopy,
and computational techniques, thus providing basis and reference data for elastic
geobarometry. On the other hand, the crystal structure of mineral inclusions has
rarely been characterized in situ (Ikuta et al., 2007). This is indeed an interesting
case, since the included mineral, being entrapped inside another crystal, is not
under hydrostatic stress conditions, as a result of the difference in the elastic
properties of the two crystals and their mutual crystallographic orientations.
Non-hydrostatic or deviatoric stress affects unit cell parameters (e.g. Bassett,
2006) and bond lengths and angles in crystal structures (e.g. Gatta et al., 2007).
Such changes in the structures can modify the physical and thermodynamic prop-
erties of crystals, and thus their thermodynamic stability. It is then not surprising
that both reconstructive phase transitions (Richter et al., 2016) and displacive-
type symmetry-breaking phase transitions (Bismayer et al., 1982) under deviatoric
stress have been reported at different temperatures and different mean stress with
respect to the transitions points at hydrostatic pressure. Despite its importance,
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characterization under non-hydrostatic stress conditions are often hindered by
the fact that is difficult to generate controlled deviatoric stress during experiments.
Thus, they are usually performed under hydrostatic conditions. In particular,
in the case of quartz the variation of the structure upon increasing hydrostatic
pressure is well known. As in the case of thermal expansion, three mechanisms
are responsible of the high pressure behavior of quartz (Jorgensen, 1978). First, the
rigid rotation of linked tetrahedra is the most significant mechanism, accounting
for for 13% of the total 16% in volume decrease for quartz (Glinnemann et al.,
1992). It also causes the Si-O-Si bond angles and the O-O distances to decrease. In
particular, Hazen et al. (1989) reported that the Si-O-Si angle decrease from 144°

at room temperature and pressure to 124.2° at 12.5GPa. Another compression
mechanism is the distortion of tetrahedra, which increases with pressure, due to
changes in bond angles while the bond length remains constant. The third mecha-
nism is the shortening of bond lengths, where the larger of the two Si-O distances
remains constant, while the shorter one decreases slightly (Glinnemann et al.,
1992). Upon further pressure increase at room temperature, 𝛼-quartz transforms
to an amorphous state, skipping the transitions to the high-pressure polymorphs
coesite and stishovite (e.g. Hemley, 1987). Till now information on the effect of
deviatoric stress on the strucutre of quartz were limited to Density Functional
Theory (DFT) calculations. DFT shows that non-hydrostatic conditions affect
mostly the internal angular deformation of the SiO4 tetrahedra, while have little
influence on the tilts and volume of the tetrahedra (Murri et al., 2019). Considering
the ubiquity of quartz in rocks and the large amount of information available on
its structure and properties, quartz inclusions in garnet represent an ideal starting
point to characterize the structure of minerals under non-hydrostatic conditions
and can potentially provide a better understanding of the stress conditions in
phenomena occurring at depths, such as subduction and metamorphic events.

5.2 materials and methods

5.2.1 Samples

The inclusion described in this thesis is a quartz crystal inside a garnet, TM90-1,
from a fragment of an eclogite xenolith from the Mir kimberlite pipe, Yakutiya,
Russia (Korsakov et al., 2009). The Mir pipe was identified as a relatively young
kimberlite chracterized by an eruption temperature of 1000 °C and very fast
ascent rates (Korsakov et al., 2009). The garnet host is composed of pyrope ( 58 wt
%), almandine (31 wt%) and grossular (10 wt %) and spessartine (1 wt%) (Korsakov
et al., 2009) . It contains up to 10 euhedral quartz inclusions. The largest inclusion,
inc6, has been characterized by X-ray diffraction, micro-Raman spectroscopy
and synchrotron radiation tomographic microscopy Alvaro et al. (2020) and
Murri et al. (2018), while three smaller inclusions, inc5, 3 and 7, were measured by
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Table 5.1. Parameters used for data collection of the quartz free crystal.

I/SigI 25
2𝜃max 100

Frame width (deg) 0.5
Exposure time (s) low angle 5
Exposure time (s) high angle 25
Detector distance (mm) 50

Redundancy 6
Voltage (kV) 50

Tube current (mA) 0.8

5.2.2 X-ray diffraction

X-ray diffraction data collection for both the free crystal and the inclusion was
performed using a Rigaku XtaLab Supernova diffractometer , equipped with Mo
microfocus source and a Dectris Pilatus 200kR detector. The free crystal was
glued on a glass fiber and measured in air with the parameters listed in table 5.1.

For the data collection on the inclusion the sample was mounted on a brass
pin with wax and the largest inclusion, inc6, was centered optically. Tomogra-
phy measurements (Alvaro et al., 2020) show that inc6 is closer to one of the
side of the garnet host, so this surface was set to face the detector in order to
have the inclusion close to the instrument centre. The data collection for the
inclusion was performed using the so called fixed phi mode, usually employed
for diamond anvil cells (DAC) (Finger & King, 1978). In fact, as the access to the
reciprocal space is limited due to the presence of body of the cell in typical high
pressure experiment, only X-ray beams traveling in directions close to the per-
pendicular to the host surface will experience low absorption and thus will be
measured. The exposure timewas set to 70 s to provide a good diffracted intensity.

Data reduction was performed with the software CrysalisPro (łCrysAlisPro
Software systemž, 2018). AVERAGE 2.3 was used to reject anomalous intensities
from symmetry-equivalent reflections, while the software RFINE (Finger, 1975)
was chosen for the refinements. The structure refinements were performed in
space group 𝑃3221 starting from the coordinates given by Donnay and Le Page
(1978) using conventional independent atom model (IAM), and charged ś atom
scattering factors (Girani, 2019).
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Table 5.2. Data quality of QZPD01 refinement.

2𝜃 R𝑤 R Goodness of Fit

40 0.016 0.012 0.83
50 0.020 0.014 0.84
60 0.020 0.015 0.77
70 0.019 0.014 0.66
80 0.019 0.014 0.57
90 0.019 0.014 0.53
100 0.020 0.015 0.50

5.3 results and discussion

5.3.1 Quartz in air

The crystal structure of the free quartz was refined at seven different resolutions
from 2𝜃𝑚𝑎𝑥 =100° to 40°with steps of 10 to understand how the resolution affects
the results of the refinement and guide the interpretation of the results from
the quartz inclusion that does not allow data to be collected at high 2𝜃 angles.
Table 5.2 list the resulting R, R𝑤 and Goodness of fit (G.o.F.) for the different
resolutions. The values of R, R𝑤 and G.o.F. are commonly use to asses the quality
of the refinement. They are defined as follows:

𝑅 =

∑︁
|𝑌𝑜𝑏𝑠 − 𝑌𝑐𝑎𝑙𝑐 |∑︁

|𝑌𝑜𝑏𝑠 |
(5.3)
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𝜒2𝑤 =

[︃∑︁
𝑤(𝑌 2

𝑜𝑏𝑠
− 𝑌 2

𝑐𝑎𝑙𝑐
)

(𝑛 − 𝑝)

]︃ 1
2

(5.5)

where Y can be the structure factor F, the squared structure factor F2, or the
intensity I, w is the weight, which results from the estimates of the precision of the
measured quantity Y, (n-p) is the difference between the data and the parameters.

For the quartz in air the refined parameters were: scale factor, atomic coor-
dinates, extinction, displacement parameters, and the twin component, which
is below 1 %. The resulting Si-O2 and Si-O1 bond lengths show a similar trend
with respect to resolution, remaining equal within the esd’s down to 2𝜃𝑚𝑎𝑥 =60°
(Fig.5.2a). At lower resolution, fewer data and correlation among the parame-
ters affect the refinement. This is clear considering also the equivalent isotropic
displacement parameters (B𝑒𝑞) calculated from the anisotropic parameters. B𝑒𝑞
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(a) (b)

Figure 5.2. (a) Bond distances and B𝑒𝑞 vs resolution for quartz (b) Bond distances and B𝑒𝑞
vs resolution for olivine.

show the same behavior for silicon and oxygen and the strong variation upon
decreasing resolution suggests that the displacement parameters correlate with
the atomic coordinates causing the observed change in refined bond lengths of
quartz at 40°.

In order to identify a 2𝜃𝑚𝑎𝑥 limit to reach with a XRD experiment with fixed
phi mode, without affecting the precision of the measurements, data from the
QZDP01 experiment can be compared with data from łSan Carlosž olivine in
Angel and Nestola (2016). As in the case of quartz, the data set from olivine was cut
and refined at different resolutions. The refinement was performed with the same
parameters as the quartz in air, using IAMmodel, charged-atom scattering factors
and without extra electron in the bonds. The comparison of the two refinement
clearly show analogies (Fig.5.2 and Table5.3). The bond lengths of quartz and
olivine seem to have the same trend, even if the former are more scattered they
follow a flat line within esd’s in the 2𝜃𝑚𝑎𝑥 range from 60° to 100°. The values of
B𝑒𝑞 also show the same behavior, suggesting that the refinements performed up
to 2𝜃𝑚𝑎𝑥 = 60° for both quartz and olivine give the same values as experiment
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Table 5.3. Bond lengths and displacement parameters for quartz and olive vs resolution.

Quartz Olivine

Bond lengths

2𝜃 (°) Si-O1 (Å) Si-O2 (Å) Si-O1 (Å) Si-O2 (Å) Si-O3 (Å)
40 1.604 (2) 1.605 (2) 1.648 (4) 1.631 (2) 1.606 (4)
50 1.609 (2) 1.603 (2) 1.655 (2) 1.636 (1) 1.615 (2)
60 1.609 (1) 1.604 (1) 1.655 (1) 1.6372 (9) 1.615 (1)
70 1.6094 (9) 1.605 (1) 1.6554 (8) 1.6376 (6) 1.6153 (8)
80 1.6095 (7) 1.6055 (8) 1.6556 (6) 1.6376 (4) 1.6153 (6)
90 1.6099 (6) 1.6053 (7) 1.6558 (5) 1.6375 (3) 1.6154 (5)
100 1.6099 (5) 1.6055 (6) 1.6557 (4) 1.6377 (3) 1.6155 (4)

B𝑒𝑞

2𝜃 (°) Si (Å2) O1 (Å2) Si (Å2) O1 (Å2) O2 (Å2) O3 (Å2)

40 0.71 (8) 1.11 (7) 0.62(6) 0.80 (9) 0.78 (9) 0.83 (7)
50 0.53 (4) 0.93 (5) 0.37 (3) 0.45 (4) 0.46 (4) 0.48 (3)
60 0.41 (2) 0.80 (2) 0.31 (1) 0.41 (2) 0.40 (2) 0.44 (1)
70 0.41 (1) 0.81 (1) 0.308 (6) 0.41 (1) 0.40 (1) 0.442 (8)
80 0.420 (8) 0.83 (1) 0.311 (4) 0.424 (7) 0.421 (7) 0.458 (5)
90 0.424 (6) 0.833 (8) 0.313 (3) 0.434 (5) 0.0.429 (5) 0.466 (4)
100 0.435 (5) 0.850 (7) 0.317 (2) 0.441 (4) 0.435 (4) .474 (3)

performed at 2𝜃𝑚𝑎𝑥= 100°, and are therefore independent of resolution.

5.3.2 Quartz inclusion

Because of the lower quantity and quality of the data, the refinement of the inclu-
sion data was performed with łrobust-resistantž weighting scheme, to exclude a
few data that did not agree with the F’s calculated from the model, and isotropic
displacement parameters, while the twin component and the extinction were not
refined. Two different data sets were generated from the integration procedure
with two DAC open angles: 40° (Inc6-440°) and 550° (Inc6-50°). To understand the
effect of the confinement within the host, the bond distances and angles from the
inclusion were compared with the ones from the QZPD01 free crystal refinement
restricted to 2𝜃=50° with anisotropic B, extinction and twin fraction. The bond
lengths in the two dataset, are the same within the esd’s, while the angles show
a larger variation. This is not surprising, since compression mostly affects the
Si-O-Si angle, while the Si-O change only slightly (e.g. Glinnemann et al., 1992).
However, in order to exclude that these effects are not artifacts introduced by the
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Figure 5.3. Comparison of the results from different refinement. See the main text for the
explanation of the labels..

different refinement, the free quartz dataset restricted to 2𝜃=50° was refined with
the same settings as in the inclusion refinement and the cell parameters for the
original QZPD01. The new refinement was labeled as and named QZPDO1-new.
Also in this case the bond lengths are equal within esd’s. On the other hand, the
Si-O-Si angle is the same within esd’s in refinements QZPD01 and QZPD01with
new parameters, but it is significantly smaller in all the inclusion data sets. The
O-Si-O angles in the free crystal and in the inclusion show a different trend,
since some angles increase and others decrease. This comparison suggest that
the differences in bond distances and angels are due to the stress state of the
inclusion. The results are summarized in Fig. 5.3 and Table 5.4.

As a further test, the experimental results can be compared with the DFT
calculation by Murri et al. (2019). For the same strain conditions calculated from
the unit cell parameter (Table 5.5), the Si-O-Si angle, which is the most affected
angle by deviatoric stress, varies of 2.2° that is in good agreement with the value of
2.3°(6) obtained from the inclusion data. In addition, the O2-Si-O3 and O4-Si-O5

angles show a variation of 0.25° and 0.20° in computational and experimental
data respectively. The O2-Si-O5 and O3-Si-O4 angles also show the same pattern.
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Table 5.4. Refinement results for free quartz and inc6. See the main thext for the labels..

QZPD01-50° QZPD01-new Inc6-40° Inc6-50°

Lenghts (Å)

Si-O2 1.609 (2) 1.609 (2) 1.609(7) 1.605(8)
Si-O3 1.603 (2) 1.604 (2) 1.602 (6) 1.605 (8)

Angles (°)

O2-Si-O3 108.69(4) 108.70(6) 108.5 (2) 108.1 (2)
O2-Si-O4 110.3 (1) 110.3 (1) 110.7 (4) 110.2 (5)
O2-Si-O5 109.5 (1) 109.5 (2) 109.2 (6) 110.2 (7)
O3-Si-O4 109.4 (1) 109.2 (2) 109.3 (5) 109.9 (6)
O3-Si-O5 110.3 (1) 110.3 (1) 110.7 (4) 110.2 (5)
O4-Si-O5 108.69 (4) 108.70(5) 108.5 (2) 108.1 (2)
Si-O-Si 144.1 (1) 144.0 (2) 141.7 (5) 141.4 (6)

Table 5.5. Unit cells of the free quartz and the inclusion.

QZPD01 Inc6-40°

𝑎 (Å) 4.9094(1) 4.866(5)
𝑐 (Å) 5.4020(2) 5.359(13)
V(Å3) 112.76(17) 109(1)
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5.4 conclusions and further developments

The results reported in this chapter show that X-ray diffraction can be applied
to investigate the structure and stress condition of mineral inclusions. However,
the use of a laboratory diffractometer restricts the application of this procedure
to large inclusions, which are quite rare in natural samples. In fact, a thickness of
1-2mm of the host is required to preserve inclusion stress states (Campomenosi
et al., 2018). Such a thickness together with the large X-ray absorption coefficient
that a host mineral, such as garnet, might have, hinder the measurement of
small inclusions. Considering that most of the inclusions have dimensions of
the order of the micrometer or tens of micrometers, measurements on large
inclusions only are not representative of natural systems. These problems might
be solved employing a synchrotron source with shorter wavelength and higher
intensity that would allow to measure smaller inclusions, despite the thickness
and absorption of the samples. Moreover, shorter measurement on a synchrotron
beamline would enable to measure a larger number of inclusions, thus providing
more insight on the studied host-inclusions systems. For example, evaluating the
reciprocal orientations of multiple inclusions with respect to the host can provide
information on the growth conditions of the host-inclusion systems (Milani et al.,
2016; Nestola et al., 2014). In light of the above, preliminarymeasurement on quartz
standard free crystals and quartz inclusions in the TM90-1 garnet were performed
on the high-pressure Indo-Italian beamline Xpress at Elettra, Trieste (Lotti et al.,
2020). Themeasurements weremostly devoted to the development of a procedure
for calibrating the detector parameters from the diffraction pattern of a single-
crystal standard, the protocols to combine data from multiple collection runs to
improves the reproducibility of the refined unit-cell parameters, including the
refinement of the offsets of the sample crystal from the center of the goniometer.
Taking into account the offset is important in the measurement of inclusions,
since they cannot be optically-centered along the beam. Data were also collected
from inc6 and two smaller inclusions that could not be measured on laboratory
instruments. The development of these new procedures opens the possibility to
measure large number of inclusions even if of small dimensions using synchrotron
X-ray diffraction.
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6 Quartz metastability at high pressure: what new can we
learn from polarized Raman spectroscopy?

This chapter was published as an article in Physics and Chemistry of Minerals as:
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high pressure: What new can we learn from polarized Raman spectroscopy? Physics and
Chemistry of Minerals, 47(8), 34. https://doi.org/10.1007/s00269-020-01100-y

abstract

The pressure dependence of the polarized Raman scattering of quartz was studied
under hydrostatic conditions up to 9 GPa. We extended the available pressure
calibrations, usually limited to the two most intense peaks, to a larger number of
modes, providing polynomial functions that describe the relationship between
pressure P and wavenumber shift Δ𝜔 for the 128-, 206-, 265-, 464-, 696-, 809-, 1080-
and 1161-cm−1 modes. For the first time, the pressure behavior of the LO-TO
splitting is characterized up to 9 GPa under hydrostatic conditions. The pressure-
induced wavenumber changes and derived phonon compressibilities show that
longitudinal and transversemodes can be used interchangeably for the calculation
of strains through the Grüneisen tensor to derive the strains in crystals, such
as mineral inclusions, under non-hydrostatic conditions. A careful examination
of the linewidths as a function of pressure shows that they are sensitive to the
metastability of the quartz structure with respect to the high-pressure silica
polymorphs. It is proposed that strong multiphonon interactions contribute to
the stability of the structure of quartz at ambient conditions.

6.1 introduction

Quartz has attracted interest from many research fields, such as material science,
geology and solid state physics, because of its application as an oscillator and
piezoelectric material (Ballato, 2008), its abundance in the Earth’s crust and its
easily accessible 𝛼-𝛽 phase transition at high temperature. Recently quartz inclu-
sions have been used in elastic geobarometry (e.g. Enami et al., 2007; Gonzalez
et al., 2019; Murri et al., 2018). Elastic geobarometry exploits the difference in

https://doi.org/10.1007/s00269-020-01100-y
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elastic properties of host-inclusion pairs to back-calculate the entrapment pres-
sures for the inclusions, 𝑃𝑡𝑟𝑎𝑝, starting from their residual or remanent pressure,
𝑃𝑖𝑛𝑐 , measured when the host is at room conditions. For this application, Raman
spectroscopy is a popular technique, since it is quick and allows small portions
of the sample to be probed, thus providing information about the variation of
the stress and strain inside the analyzed inclusions. Assuming that the inclu-
sions are under hydrostatic pressure, the residual pressure can be determined
from the shift of the Raman modes with respect to a free quartz crystal (e.g.
Enami et al., 2007), applying a hydrostatic calibration such as the one provided by
Schmidt and Ziemann (2000). The main issue with this approach is the assump-
tion of hydrostaticity. In fact, due to the inherent elastic anisotropy of crystals,
the inclusion-host boundary imposes deviatoric stress on any mineral trapped
even in a cubic host, and, in particular for non-cubic mineral inclusions, the
deviation from hydrostaticity may be considerable. Since the variation in the
Raman peak positions of a crystal results from the strain imposed on it (e.g. Angel
et al., 2019), an inclusion crystal will have different Raman shifts with respect
to a crystal under hydrostatic pressure. Indeed, a recent experimental study by
Bonazzi et al. (2019) has demonstrated that the values of 𝑃𝑖𝑛𝑐 and 𝑃𝑡𝑟𝑎𝑝 obtained
from the hydrostatic calibration are not reliable when the strains imposed on the
inclusions are significantly different from those of a crystal under hydrostatic
conditions. For quartz inclusions, the strains can be calculated from the measured
Raman shifts by using the phonon-mode Grüneisen tensor (Angel et al., 2019;
Murri et al., 2019). The strains can then be used to determine the 𝑃𝑖𝑛𝑐 applying the
ambient-pressure elastic tensor of quartz, such as the one provided by Wang et al.
(2015). Considering this renewed interest in the response of the Raman spectrum
of quartz to compression, a thorough and comprehensive characterization is
needed. The most recent determination of the pressure dependence of the Raman
wavenumbers of quartz by Schmidt and Ziemann (2000) is focused only on two
modes (206- and 464-cm−1) and restricted to 2.1 GPa. There is also evidence that
quartz inclusions entrapped in garnet can be preserved in the coesite stability
field (Alvaro et al., 2020) at pressures in excess of 2.5 GPa. Another aspect that
has been neglected so far is the dependence of the polar modes wavenumbers
on the orientation of the sample with respect to the direction of the incident
and scattered light (Shapiro & Axe, 1972). While a free single crystal can be easily
oriented, this is not the case for an inclusion, surrounded by the host. This might
be an issue for the application of the method described above, since the Grüneisen
parameters were calculated for the transverse optic (TO) 𝐸 modes and not for
the longitudinal optic (LO) 𝐸 modes, that are measured experimentally in some
orientations. The pressure dependence of the splitting of the E modes up to 5
GPa was investigated by Wong et al. (1986) by means of infrared spectroscopy,
but using KBr as pressure transmitting medium, thus not providing hydrostatic
conditions. The objective of our study was to re-examine the pressure evolu-
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Figure 6.1. Polarized spectra at ambient conditions in the experimental scattering geome-
tries. The arrows indicate a two-phonon band around 147 cm−1.

tion of the quartz Raman active modes by polarized Raman spectroscopy under
hydrostatic conditions in a pressure range covering the stability field of three
polymorphs of SiO2.

6.2 material and methods

Oriented (010) and (001)-cuts from a gem-quality quartz were loaded in a Boehler-
Almax diamond anvil cell (DAC), with a culet diameter of 600 𝜇m and a stainless
steel gasket, together with ruby chips to determine the pressure from the photo-
luminescence R1 line (Munro et al., 1985) with an accuracy of ∼ 0.1 GPa. A 16:4:1
methanol-ethanol-water mixture, which is hydrostatic up to 10.5 GPa (Angel et al.,
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2007), was used as a pressure-transmitting medium. Polarized Raman spectra
were collected at the Mineralogisch-Petrographisches Institut, Universität Ham-
burg, with a Horiba Jobin-Yvon T64000 triple-monochromator system equipped
with a Symphony LN2- cooled CCD detector, an Olympus BH41 microscope, and
a Coherent Ar+ laser. The measurements were performed in backscattering ge-
ometry, with a 50x long-working-distance objective and an excitation wavelength
of 514.532 nm. The spectrometer was aligned to the Raman peak position of a Si
wafer at 520.5 cm−1 . The spectral resolution was approximately 2 cm−1, while
the instrumental precision in the peak positions was 0.35 cm−1. In-situ pressure-
dependent polarized spectra in �̄�(𝑧𝑧) 𝑦 and �̄�(𝑥𝑧) 𝑦 scattering geometry (Porto’s
notation with 𝑧 ∥ [001], 𝑦 ∥ [010], 𝑦 ⊥ 𝑥 and 𝑧) were collected from the
(010)-cut, whereas the �̄�(𝑥𝑥)𝑧 and �̄�( 𝑦𝑥)𝑧 spectra were collected from the (001)-
cut. In addition, at each pressure step the Raman spectra of the diamond anvils
were measured, to estimate the degree of depolarization of Raman scattering
due to stress-induced changes in the optical properties of the anvils (Mihailova
et al., 2019), together with a background spectrum, which was then subtracted
from the sample spectrum to remove the peaks from the pressure-transmitting
medium. Data points were collected both on compression and decompression.
The spectra were temperature reduced to account for the Bose-Einstein phonon
population factor and fitted with pseudo-Voigt peak-shape functions (as no sig-
nificant peak asymmetry was found) to determine the peak positions, full-widths
at half-maximum (FWHM), and integrated intensities.

6.3 results and discussion

Quartz has trigonal symmetry with space group 𝑃3221 or 𝑃3121 and 9 atoms
per unit cell. The resulting 3𝑁 = 27 degrees of freedom are divided into three
acoustic vibrations (𝐴2 +𝐸) and 24 optical vibrations of 4𝐴1 +4𝐴2 +8𝐸 symmetry.
The non-degenerate 𝐴1 modes are Raman active, the 𝐴2 modes are infrared active,
and the doubly degenerate 𝐸 modes are both infrared and Raman active. Since
𝐴2 and E modes are polar, they show transverse optic (TO) and longitudinal
optic (LO) components. The group-theory analysis and allowed modes for the
scattering geometries employed in this experiment are reported in Table 6.1 and
reference spectra at ambient conditions are shown in Figure 6.1. In the geometries
�̄�(𝑧𝑧) 𝑦 and �̄�(𝑥𝑥)𝑧 another spectral feature centred around 147 cm−1 is clearly
visible; this is a two-phonon excitation that triggers the 𝛼 to 𝛽 quartz phase
transition (Scott, 1968). According to Etchepare et al. (1974), Si-O bond stretching
modes are localized in the regions 700-800 cm−1 and 1050-1100 cm−1, the bending
of O-Si-O angles in the region 350-500 cm−1, and the bending of Si-O-Si bond
angles and twisting below 300 cm−1. It is well known (e.g. Asell & Nicol, 1968)
that modes that show a strong temperature dependence, such as the 128-, 206-
and 464-cm−1 modes, are also the ones that exhibit a strong pressure dependence,
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Figure 6.2. Selected spectra at high pressure in the experimental scattering geometries..

while Hemley (1987) reported that several sets of 𝐸-symmetry modes show a weak
pressure dependence. Selected spectra are reported in Figure 6.2 to show the
pressure evolution of the Raman-active phonon modes in quartz.
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Table 6.1. Mode symmetry, selection rules and reference peak positions at ambient conditions; uncertainties in the wavenumbers are from the
spectral fitting. The peak assignment is after Etchepare et al. (1974) as well as based on the atomic vector displacements derived from DFT
simulations (Murri et al., 2019). Note that the polar doubly degenerate E modes marked by asterisk interact with Raman-inactive polar 𝐴2
modes and, as a result, the corresponding E(TO) components observed in �̄�(𝑥𝑦)𝑧 transform into 𝐴2 when the angle between the phonon
wavevector and the 𝑐 axis changes to 90◦, while the E(LO) components observed in �̄�(𝑥𝑧) 𝑦 are inherently related to 𝐴2 (Shapiro & Axe, 1972).

Symmetry Acoustic Optic Raman activity IR activity

𝐴1 0 4 𝛼𝑥𝑥 = 𝛼𝑦 𝑦 , 𝛼𝑧𝑧 -
𝐴2 1 4 - 𝜇𝑧
𝐸 1 8 (𝛼𝑥𝑥𝑥 = −𝛼𝑥𝑦 𝑦 , 𝛼

𝑦
𝑦𝑧), (𝛼

𝑦
𝑥𝑦 , 𝛼

𝑥
𝑥𝑧) 𝜇𝑥 , 𝜇𝑦

Reference data at ambient conditions
Scattering geometry Modes Wavenumber (cm−1) Dominant type of atomic vibration

�̄�(𝑧𝑧) 𝑦 𝐴1

207.62(6) Rotation of SiO4 tetrahedra
355.69(6) SiO4 bending
465.015(6) Ring O𝑏𝑟𝑖𝑑𝑔𝑒-breathing mode
1082.3(2) SiO4 stretching

�̄�(𝑥𝑦)𝑧 𝐸(𝑇𝑂)

128.351(7) Rotation of SiO4 tetrahedra
263.8(2) O-Si-O & Si-O-Si bending
394.08(1) SiO4 bending
450.3(2) SiO4 bending
695.9(1) Si-O stretching & O-Si-O bending, with Si vibrations ∥ to c axis
796.0(6) Si-O stretching & O-Si-O bending, with Si vibrations ⊥ to c axis
1065.5(5) Anti- symmetrical SiO4 stretching with weak Si vibrations ⊥ to c axis
1161.46(6) Symmetrical SiO4 stretching with weak Si vibrations ∥ to c axis

�̄�(𝑥𝑧) 𝑦 𝐸(𝐿𝑂)

128.099(8)

See corresponding E(TO) modes

265.02(1)
402.80(3)
509.67(2)*
697.3(2)
809.18(2)
1233.0(5)*
1158.3(1)

�̄�(𝑥𝑥)𝑧 𝐴1 + 𝐸(𝑇𝑂) Same values within uncertainties
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Table 6.2. Pressure dependence of the peak positions and FWHMs of the four 𝐴1 modes. Reported uncertainties are from the spectral fitting..

Pressure 𝜔206 FWHM206 𝜔355 FWHM355 𝜔464 FWHM464 𝜔1080 FWHM1080

(GPa) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
0.16 (8) 209.2 (2) 23.6 (6) 355.5 (2) 5.3 (5) 465.42 (2) 8.74 (6) 1080.9𝑎 - 𝑎

0.20 (8) 209.3 (1) 23.3 (3) 355.5 (1) 5.5 (2) 465.59 (1) 8.5 (3) 1081.8 (5) 11 (1)
0.32 (8) 214.06 (9) 21.6 (2) 355.7 (1) 5.5 (2) 467.27 (1) 8.39 (3) 1082.8 (4) 6.9 (7)
0.60 (8) 220.94 (9) 20.6 (2) 355.4 (1) 5.8 (3) 469.86 (1) 8.47 (3) 1082.6 (4) 8.8 (9)
1.27 (8) 233.52 (6) 15.4 (2) 355.14 (8) 5.1 (2) 475.230 (8) 8.02 (2) 1083.7 (3) 6.7 (6)
2.70 (8) 254.27 (5) 12.8 (2) 355.68(8) 5.3 (2) 486.648 (8) 7.80 (2) 1085.9 (3) 9.6 (7)
2.50 (8) 252.38 (4) 12.3 (1) 355.65 (7) 5.2 (2) 485.463 (7) 7.87 (2) 1085.8 (3) 9.3 (6)
1.80 (9) 242.16 (6) 13.8 (2) 355.35 (8) 5.4 (2) 479.631 (8) 7.99 (2) 1085.0 (3) 8.1 (7)
2.15 (9) 246.73 (4) 12.4 (1) 355.63 (7) 5.2 (2) 482.150 (7) 7.95 (2) 1085.3 (3) 8.0 (6)
2.39 (9) 250.80 (6) 12.5 (2) 355.73 (9) 5.1 (2) 484.566 (9) 7.68 (2) 1085.6 (4) 11.5 (9)
3.26 (9) 261.14 (7) 13.0 (3) 356.0 (1) 5.8 (3) 491.174 (9) 7.88 (3) 1087.5 (3) 9.6 (8)
3.1 (1) 259.16 (5) 12.5 (1) 356.17 (8) 5.2 (2) 489.954 (7) 7.87 (2) 1086.7 (3) 9.8 (7)
4.0 (1) 268.29 (5) 13.0 (1) 356.47 (7) 5.3 (1) 496.361 (6) 7.53 (2) 1088.7 (2) 9.0 (5)
4.5 (1) 272.13 (5) 12.8 (1) 356.62 (7) 5.1 (2) 499.490 (7) 7.75 (2) 1089.7 (2) 9.4 (4)
5.3 (1) 278.11 (5) 12.4 (1) 357.31 (7) 5.5 (2) 505.067 (7) 7.93 (2) 1091.2 (2) 7.3 (4)
5.9 (1) 282.17 (5) 11.9 (1) 357.901 (6) 5.9 (2) 509.497 (7) 8.49 (2) 1092.7 (2) 6.7 (3)
7.0 (1) 287.82 (4) 10.8 (1) 359.259 (5) 6.0 (2) 516.732 (5) 8.83 (2) 1095.1 (1) 6.0 (2)
7.6 (1) 290.94 (3) 9.92 (9) 360.45 (5) 5.9 (1) 521.087 (4) 8.81 (1) 1097.09 (9) 5.6 (1)
8.1 (1) 293.46 (3) 8.95 (9) 361.47 (4) 6.0 (1) 525.003 (3) 8.63 (1) 1098.3 (8) 5.6 (1)
8.6 (1) 295.52 (3) 7.99 (8) 362.48 (5) 5.7 (1) 528.441 (4) 8.40 (1) 1099.41 (7) 5.7 (1)
9.1 (1) 296.29 (5) 8.8 (2) 362.589 (8) 6.0 (3) 531.342 (6) 8.93 (2) 1100.4 (1) 6.1 (2)
5.7 (1) 280.89 (5) 12.7 (1) 357.66 (8) 6.9(2) 508.396 (7) 8.97 (2) 1092.2 (2) 8.1 (4)
3.58 (9) 264.52 (4) 13.3 (1) 355.86 (7) 5.8 (2) 493.679 (6) 8.03 (2) 1087.8 (2) 9.6 (5)
0𝑏 206.7 (1) 25.7 (4) 355.4 (1) 6.6 (3) 464.68 (2) 9.28 (4) 1081.1 (7) 10 (2)

aDue to low intensity, the peak could not be properly fitted;
b Open cell.
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Table 6.3. Pressure dependence of the peak positions and FWHMs of four selected 𝐸modes. Reported uncertainties are from the spectral fitting..

Pressure 𝜔128 FWHM128 𝜔1161 FWHM11161 Pressure𝑎 𝜔265 FWHM265 𝜔809 FWHM809

(GPa) (cm−1) (cm−1) (cm−1) (cm−1) (GPa) (cm−1) (cm−1) (cm−1) (cm−1)

1.19 (8) 134.90 (1) 3.98 (3) 1157.2 (1) 8.4 (3) 0.16 (8) 264.9 (4) 8 (1) 808.5 (9) - 𝑏

0.48 (8) 130.25 (3) 4.73 (9) 1160.5 (2) 9.6 (5) 0.20 (8) 265.1 (1) 6.0 (3) 809.3 (2) 8.7 (5)
0.28 (8) 129.05 (5) 4.9 (1) 1160.5 (3) 10.7 (7) 0.32 (8) 266.4 (1) 6.6 (4) 811.1 (2) 10.0 (6)
0.99 (8) 133.85 (3) 4.29 (7) 1158.2 (3) 8.1 (7) 0.60 (8) 268.0 (1) 6.4 (3) 813.2 (3) 11.9 (7)
1.43 (9) 136.51 (2) 4.02 (6) 1157.3 (3) 9.6 (8) 1.27 (8) 271.52 (9) 5.4 (2) 818.1 (2) 7.4 (5)
1.67 (9) 137.67 (2) 3.88 (5) 1156.6 (3) 8.7 (6) 2.70 (8) 278.62 (8) 5.9 (2) 828.2 (2) 13.1 (7)
2.15 (9) 139.68 (2) 3.87 (5) 1155.4 (3) 8.8 (6) 2.50 (8) 277.65 (6) 5.7 (2) 826.9 (1) 8.6 (4)
2.58 (9) 141.70 (1) 3.64 (4) 1154.5 (2) 7.6 (3) 1.80 (9) 274.0 (1) 5.5 (3) 821.6 (3) 10.0 (9)
3.10 (9) 143.37 (2) 3.58 (5) 1154.0 (3) 7.0 (5) 2.15 (9) 275.76 (7) 5.6 (2) 824.8 (2) 8.3 (5)
0.71 (9) 132.32 (5) 4.4 (1) 1159.3 (5) 14 (1) 2.39 (9) 277.26 (8) 5.4 (2) 825.6 (3) 12.3 (7)
4.37 (9) 147.26 (1) 3.59 (3) 1152.5 (2) 5.6 (3) 3.26 (9) 281.31 (9) 5.7 (3) 831.5 (2) 8.5 (6)
4.97 (8) 148.90 (1) 3.56 (3) 1152.0 (2) 4.5 (2) 3.1 (1) 280.60 (6) 5.6 (2) 830.6 (2) 11.2 (4)
5.6 (1) 150.84 (1) 3.40 (4) 1152.2 (2) 4.4 (3) 4.0 (1) 284.59 (4) 5.1 (1) 836.1 (1) 8.5 (3)
6.0 (1) 151.37 (1) 3.40 (3) 1152.1 (2) 4.5 (2) 4.5 (1) 286.50 (4) 5.1 (1) 838.6 (1) 8.8 (3)
6.8 (1) 153.41 (1) 3.20 (4) 1152.0 (2) 3.8 (2) 5.3 (1) 290.15 (4) 5.1 (1) 843.3 (1) 8.3 (2)
7.2 (1) 153.836 (4) 3.37 (2) 1151.9 (1) 3.7 (1) 5.9 (1) 292.98 (6) 5.2 (2) 846.4 (1) 9.1 (3)
9.2 (1) 157.980 (7) 3.26 (2) 1152.1 (1) 4.0 (1) 7.0 (1) 297.47 (5) 4.7 (2) 851.7 (1) 7.4 (3)
3.7 (2) 144.95 (1) 3.38 (3) 1153.3 (2) 5.7 (3) 7.6 (1) 300.42 (5) 4.7 (2) 855.4 (1) 7.9 (3)
1.6 (1) 136.55 (2) 4.03 (5) 1157.0 (4) 9.8 (7) 8.1 (1) 302.66 (4) 4.9 (1) 858.1 (1) 8.0 (2)
0.87 (8) 133.07 (2) 4.40 (5) 1159.0 (3) 9.5 (6) 8.6 (1) 304.94 (5) 5.0 (1) 860.5 (1) 8.2 (2)
0 𝑐 128.46 (4) 5.2 (2) 1159.6 (7) 9 (1) 9.1 (1) 305.9 (2) 8.4 (6) 861.6 (3) 9.1 (7)

5.7 (1) 291.72 (9( 6.9 (2) 845.0 (1) 9.0 (4)
3.58 (9) 282.27 (5) 6.4 (1) 833.7 (1) 7.8 (3)
0𝑐 263.4 (4) 7 (1) 807.5 (4) 7 (1)

aData collected in two runs, see the Material and methods section for details.
bDue to low intensity, the peak could not be properly fitted;
c Open cell.
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The experimentally-determined phonon wavenumbers and FWHMs are re-
ported in the Table 6.2. They are in good agreement with experimental results at
lower pressure (Schmidt & Ziemann, 2000) as well as with the calculated pressure
trends (Murri et al., 2019), see Figure 6.3. The agreement with the peak positions
reported by Schmidt and Ziemann (2000) is excellent, as in the case of the FWHM
of the 206-cm−1 mode. The deviation between the experimental and calculated
shifts for the 206-cm−1 mode is not surprising, since Density Functional Theory
(DFT) does not take into account the complex multiphonon interaction in which
this mode is involved, as described below. The FWHMs of the 464-cm−1 mode
from the experiments define the same trend, and the slight difference is compati-
ble with the different peak fitting function, a Pearson IV, employed by Schmidt
and Ziemann (2000). The use of a symmetric pseudo-Voigt peak function does
not affect the peak positions at room temperature, since the asymmetry of this
mode only becomes significant at elevated temperatures (Schmidt & Ziemann,
2000). The pressure variation of the 206-cm−1 and 464-cm−1 modes calculated
from the phonon-mode Grüneisen tensor (Angel et al., 2019; Murri et al., 2019) and
the variation of cell parameters from Scheidl et al. (2016) shows a good agreement
with the experimental data up to 2 GPa. The same level of agreement is generally
found for all of the modes. The pressure dependence of the peak positions 𝜔𝑖
and FWHMs of the four 𝐴1 modes and selected 𝐸 modes is depicted in Figure 6.4
and 6.5, respectively. Polynomial functions were used to fit the data points 𝜔𝑖 vs
P, see Table 6.4, and then to calculate the phonon compressibility 𝛽𝜔 =

1
𝜔0

𝜕𝜔
𝜕𝑃

of
each mode (Fig.6.6). Phonon compressibilities represent the response of atomic
dynamics to the applied pressure and their values confirm that the modes more
sensitive to temperature are also the more sensitive to pressure. In particular,
the phonon compressibility of the 206-cm−1 mode considerably decreases with
pressure up to 6 GPa. Similar behavior is shown by the other rotational mode at
128 cm−1 . The rest of phonons exhibit a relatively small change in compressibil-
ity, but it is worth noting that the stretching mode near 1161 cm−1 starts from a
negative compressibility and is thus soft, as can also be seen in Fig6.5d. The rate
of its softening decreases with increasing pressure and the phonon compress-
ibility approaches zero. The 𝐴1 mode at 355 cm−1 shows a very slightly negative
compressibility at low pressures.

Quartz is employed as a pressure sensor in diamond anvil cells through the
wavenumber change with pressure of the Raman peaks, but this approach is
limited to the restricted number of modes reported by Schmidt and Ziemann
(2000). We therefore report in Table 6.5 the relationship between pressure P and
wavenumber shift Δ𝜔 relative to the line position at 0.0001 GPa as a polynomial
function. This relationship can be expressed as a quadratic function for the 128-,
265-, 464-, 696-, 809-, 1080- and 1161-cm−1 modes, only the 206-cm−1 mode re-
quires a polynomial function of order higher than two.
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Figure 6.3. Comparison between the measured pressure dependencies of the phonon
wavenumbers and FWHMs (this study, open circles) with experimental data from Schmidt
and Ziemann (2000) (filled circles), simulated Δ𝜔 by DFT calculations at 0 K (squares) and
predictions of the mode Grüneisen tensors (lines) (Murri et al., 2019). Uncertainties on
peak positions and pressures for data from the current work are generally smaller than
the symbol size. This also applies to subsequent figures unless the error bars are visible.
A realistic estimate of the true precision can be obtained from the scatter of consecutive
data points. .
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Figure 6.4. Pressure dependence of the peak positions and FWHMs of the four 𝐴1 modes.
Dashed lines indicate the pressures of the equilibrium phase boundaries between quartz
and coesite (Bose & Ganguly, 1995) and coesite and stishovite (Zhang et al., 1996). Open
symbols are data points collected on decompression. .

Figure 6.5. Pressure dependence of the peak positions and FWHMs of selected 𝐸 modes.
Dashed lines indicate the pressures of the equilibrium phase boundaries between quartz
and coesite (Bose & Ganguly, 1995) and coesite and stishovite (Zhang et al., 1996). Open
symbols are data points collected on decompression..

Figure 6.6. Phonon compressibilities of the four 𝐴1 modes and well resolved 𝐸 modes.
Dashed lines indicate the pressures of the equilibrium phase boundaries between quartz
and coesite (Bose & Ganguly, 1995) and coesite and stishovite (Zhang et al., 1996).
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Table 6.4. Coefficients of the function 𝜔𝑖 (𝑃) .

𝜔(𝑃) = 𝜔0 + 𝜔
′𝑃 + 𝜔′′𝑃2 + 𝜔′′′𝑃3 + 𝜔′′′′𝑃4

𝜔0 𝜔′ 𝜔′′ 𝜔′′′ 𝜔′′′′

𝐴1 modes

205.8(3) 25.8(6) -3.6(3) 0.30(6) -0.011(3)
355.56(9) -0.28(5) 0.12(1) 0 0
464.2(2) 9.2(2) -0.36(5) 0.017(4) 0
1080.9(2) 2.07(4) 0 0 0

𝐸 modes

127.7(2) 6.8(2) -0.64(5) 0.029(3) 0
264.0(2) 6.1(2) -0.30(6) 0.016(4) 0
394.2(1) 0.18(3) 0 0 0
404.3(1) 0.79(2) 0 0 0
448.8(5) 8.0(5) -0.7(1) 0.035(7) 0
697.9(5) 5.80(8) 0 0 0
807.7(2) 8.7(2) -0.47(7) 0.019(5) 0
1158.9(3) -4.0(3) 0.40(7) -0.013(5) 0
1161.5(3) -3.8(3) 0.49(6) -0.021(4) 0
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Table 6.5. Pressure calibrations for the modes at 128, 206, 265, 464, 696, 809, 1080, 1161 cm−1 .

𝑃 (GPa) = A∆𝜔 + B∆𝜔2 + C∆𝜔3

Mode A B C

128a 0.125 (7) 0.0059 (3) 0
206a 0.060 (4) -0.0006(1) 0.0000125 (10)
265a 0.191 (2) 0.00071 (8) 0
464a 0.118 (1) 0.00029 (3) 0
696a 0.135 (4) 0.00063 (10) 0
809a 0.128 (2) 0.00080 (5) 0
1080a 0.72(2) -0.013(1) 0
1161b -0.20 (3) 0.030(5) 0

aPressure range: 0-9 GPa;
b Pressure range: 0-4 GPa.

The phonon decay and hence the peak FWHM should not change with pres-
sure in the absence of structural transformations because pressure, in contrast
to temperature, is not expected to influence the phonon-phonon interactions,
which is the main source of phonon decay at non-zero temperatures in insulating
materials. This is indeed the case for most of the phonons (e.g. Fig.6.4b-d and
Fig.6.5b-c). However, the FWHM of the 206-cm−1 mode displays a peculiarly
strong pressure dependence with two kinks at 2.5 and 6 GPa (Fig. 6.4). This mode
is the fundamental phonon mode involved in the 𝛼-𝛽 phase transition. Approach-
ing the phase transition temperature, it experiences softening and damping due
to coupling with the two-phonon excitation at 147 cm−1, which is the true soft
mode driving the 𝛼-𝛽 phase transition (Scott, 1968). Applying pressure, on the
contrary, the 206-cm−1 mode hardens and its width decreases. Jayaraman et al.
(1987) suggested that the change in the line width is determined by the interaction
with the two-phonon excitation, in analogy to the strong anharmonic interaction
observed by Scott (1968) at high temperatures, where the 206-cm−1 mode softens
with increasing temperature due to coupling with the two-phonon excitation
around 147 cm−1. Between ambient pressure and 2.5 GPa, the line width of the
206-cm−1 mode rapidly sharpens, indicating strong suppression of the phonon-
phonon interaction. It is worth noting that the same behavior is observed for
the width of the mode at 128 cm−1, that is related to rotation of SiO4 tetrahedra,
i.e. the same type of atomic vibration as the 206-cm−1 mode. The pressure of
2.5 GPa is the point at which, at room temperature, quartz becomes metastable
with respect to coesite, that is, where the framework topology of quartz is less
stable. Due to the type of atomic vibrations involved, rotational modes should
be very sensitive to stability or instability of the framework topology. Thinking
the other way around, from higher to lower pressure, the strong increase of
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Figure 6.7. LO-TO splitting of the 128- (LO+TO) (a), 264- (TO) and 265- (LO) (b), 394- (TO)
and 403- (LO) (c), and 1161- (TO) and 1159-cm[ − 1] (LO) modes (d).
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Figure 6.8. Phonon compressibilities of the 1161- (TO) and 1159-cm−1 (LO) modes.
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the FWHM on pressure decrease from 2.5 GPa to ambient P indicates that the
Si-O framework topology typical of quartz is stabilized due to the multiphonon
interactions involving SiO4 rotational modes. Between 2.5 and 6 GPa the FHWM
of the 206-cm−1 mode remains constant although still relatively large (13 cm−1 vs
5 cm−1 for the neighboring 𝐴1 mode at 355 cm−1) and then, above 6 GPa, continues
to slightly decrease with further pressure increase. Above 6 GPa quartz becomes
metastable also with respect to stishovite, that is, the four-fold coordination of Si
becomes metastable with respect to the six-fold Si coordination. Destabilization
of the coordination is expected to influence the Si-O bond stretching vibrations.
Indeed, the FWHM of the SiO4 stretching mode near 1161 cm−1 decreases when
the pressure increases from 2.5 to 6 GPa, i.e. in the range where the FWHM
of the SiO4 rotation mode remains constant. Again, considering the ongoing
phenomena from higher to lower pressures, it is clear that the phonon-phonon
interactions comprising stretching modes contribute to the stabilization of the
tetrahedral Si coordination at lower pressures. Hence, the anomalous pressure
behavior of the FHWM of the SiO4 rotation and stretching modes experimentally
demonstrates the key importance of multiphonon interactions for the stability
and therefore natural abundance of quartz at ambient conditions. Other possible
explanations for the FWHM decrease at high pressures, such as pressure-induced
mobilization of bulk point and/or topological defects, are ruled out because all
of the observed changes in the FWHM are fully reversible.

As previously mentioned, the polar 𝐸 modes of quartz split in longitudinal
and transverse optical vibrations. For some of these modes, such as the 128-cm−1

mode, the splitting is negligible and does not vary with pressure (Fig. 6.7a). Other
modes, for example the 394- (TO) and 403-cm−1 (LO) and the 1159 (LO) and 1161-
cm−1 (LO), have slightly larger splittings. The phonon compressibilities of the
1159-cm−1 (TLO) and 1161-cm−1 (TO) components in Fig. 6.8 show the same re-
sponse upon compression. From the analysis of the wavenumber shifts together
with the phonon compressibility of LO and TO components, it is clear that their
atomic dynamics displays the same response to the application of pressure. As
a consequence, the Grüneisen components obtained from DFT calculations for
the TO modes can also be used for the LO components to derive the strains in
crystals under non-hydrostatic conditions, as proposed by Angel et al., 2019 and
Murri et al., 2019. Because of its ubiquity in natural samples, quartz inclusions
have been widely studied, but little attention has been focused so far on the
effect of the orientation of the inclusions that can lead to additional changes in
the wavenumbers for the polar 𝐸 modes, which depend on the angle between
the phonon wavevector and the c axis (Shapiro & Axe, 1972). As a consequence,
identifying the actual LO-TO component accessible in the available orientations
of the measured inclusions is a necessary prerequisite for the application of this
approach. In elastic geobarometry applications, a reference data set of polar-
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ized Raman spectra is thus a useful guide to interpret correctly experimental
results from mineral inclusions. Furthermore, improved P(𝜔) calibrations curves
constructed over a wider pressure range and for a larger number of modes can
improve the precision in predicting the residual pressure, better constraining the
pressure behavior of Raman active modes in the lower pressure range of interest
for mineral inclusions.

6.4 conclusions

In this contribution we report a complete data set of quartz Raman spectra under
hydrostatic conditions up to 9 GPa, and several main conclusions can be drawn
from our results. First, the stability of alpha-quartz at ambient conditions with
respect to other silica polymorphs seems to result from strong multiphonon
interactions. Second the measured pressure dependence of all of the Raman
shifts of quartz is predicted by the phonon-mode Grüneisen tensors up to 2 GPa,
thereby validating the parameter values reported for the Raman modes of quartz
by Murri et al. (2019). Finally, the LO and TO components of the polar 𝐸 modes
show the same phonon compressibility. This is quite significant for the practical
use of Raman geobarometry, because it experimentally supports the application
of the Grüneisen-tensor approach (Angel et al., 2019; Murri et al., 2019) to both
LO and TO modes and verifies that the orientation of quartz inclusions with
respect to the surface of the host does not bias the strain-induced shifts of the
Raman peaks originating from 𝐸 modes.
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7 Raman scattering of a free quartz crystal at high
temperature

7.1 introduction

At ambient pressure, quartz undergoes a well know phase transition at 573 °C
from the low-temperature 𝛼-phase to the high temperature 𝛽-phase. The two
phases crystallize in the chiral space groups 𝑃3121 and 𝑃3221, and 𝑃6222 amd
𝑃6422, respectively (e.g. Donnay & Le Page, 1978). Following the approach of
Grimm and Dorner (1975), the crystal structure of quartz can be seen as made
of rigid unit of SiO4 tetrahedra linked at the corners (Fig 7.1). This assumption
is justified by the fact that the tetrahedral 𝑠𝑝3 𝜎 bonds are strong, while the
relative orientations of SiO4 tetrahedra are determined by weaker forces. As a
consequence, the 𝛼-phase can be derived from the high-temperature phase by a
slight rotation of the tetrahedra around their two-fold axis that determines the
lattice strains. The rotation angle 𝜙 can then be taken as the microscopic order
parameter, ranging from 0 to ≈ 16.3° in the 𝛽 and 𝛼-phase at room temperature,
respectively. In particular, Grimm and Dorner (1975) identified three interdepen-
dent effects. First, rotation of rigid tetrahedra reduce the lattice parameters only
through a spontaneous macroscopic strain that scales with 𝜙2. In fact, higher
order contributions to the variation in lattice parameters are negligible, since
they vary with cos 𝜙 (Megaw, 1973) that can be expanded as:

cos 𝜙 = 1 −
1

2
𝜙2 +

1

24
𝜙4 − · · · (7.1)

giving a fourth order term that is only ∼1% of the second order one. Second, the
rotations of the tetrahedra reduce the Si-O-Si angle, while increasing the Si-O
bond length. Finally, the tetrahedra undergo shearing deformation that cause
an increase in the𝑐 unit cell parameter. Carpenter et al. (1998) carried a semi-
quantitative analysis of these three effects and suggested that their macroscopic
consequence are similar in magnitude, but the shearing of the tetrahedra shows
a non-linear strain behavior. In particular the variation of the ratio 𝑐/𝑎 with
temperature shows the typical evolution of excess properties induced by a phase
transition. In fact, 𝑐/𝑎 should be smaller in 𝛼-quartz than in 𝛽, if the tetrahedra
were rigid, while it increases upon cooling as a result of the deformation of the
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Figure 7.2. Temperature dependence of the peak positions of: the 147-cm−1 two-phonon
band (a) in the scattering geometries �̄�(𝑥𝑥)𝑧,and the �̄�(𝑧𝑧) 𝑦 for the thickest and the
thinnest sample (zz thin); the 206- (b) and the 464-cm−1 (c) in the scattering geometries
�̄�(𝑥𝑥)𝑧, �̄�( 𝑦𝑥)𝑧 , �̄�(𝑥𝑧) 𝑦, ,and �̄�(𝑧𝑧) 𝑦 for the thickest and the thinnest sample (zz thin).
Data from the geometries �̄�( 𝑦𝑥)𝑧 , �̄�(𝑥𝑧) 𝑦, ,and �̄�(𝑧𝑧) 𝑦 for the thickest sample are from
(Murri et al., 2019). Dashed lines indicate the 𝛼-𝛽 transition temperature .

from Murri et al. (2019), collected on a 1 mm-thick quartz crystal, were compared
with spectra from oriented (010)- and (001)-cuts of lower thickness (Table 7.2and
7.3 respectively). The results are summarized in Figure 7.2.There is in general a very
good agreement in the data from samples of different thickness and orientation.
The slight differences might be related to two main reasons:

• The A1 modes are formally allowed only in parallel polarized spectra, but the 206-
(b) and the 464-cm−1 modes, which are the two A1 modes with the highest inten-
sity, appear also in cross polarized spectra, probably because of depolarization of
the incident and scattered light (Scott & Porto, 1967). The residual components
are indeed of low intensity, thus affecting the quality of the fit.

• On the data from Murri et al. (2019) a baseline correction was carried out before
the temperature reduction (M. Murri, personal communication, July 27, 2020),
while the data presented in this thesiswere only temperature reduced, as described
below. This difference in the data treatment might affect the results from the
206-cm−1 mode, particularly sensitive to temperature as described in Section 7.3.

To account for the BoseśEinstein occupation factor, the intensity of the
measured spectra was temperature-corrected using the relation relation 𝐼 =
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𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑/[(exp
ℏ𝜔/𝑘𝐵𝑇 −1)−1 + 1], where ℏ, 𝜔, 𝑘𝐵 , and T are the reduced Planck

constant, phonon wavenumber, Boltzmann constant, and temperature, respec-
tively. The spectra were then normalized to the acquisition time. Pseudo-Voigt
functions ( 𝑃𝑉 = 𝑞𝐿 + (1 − 𝑞)𝐺, where L and G are Lorentzian and Gaussian
peak-shape functions) were used to fit the spectra and determine the Raman peak
positions 𝜔, full widths at half maximum (FWHMs), and integrated intensities
I. The A1 mode at 464 cm−1 shows a pronounced asymmetry upon increasing
temperature (e.g. Schmidt & Ziemann, 2000), which cannot be taken into account
by Pseudo-Voigt functions. As consequence, an additional peak was introduce,
following the fitting procedure described by Murri et al. (2019).

7.3 raman scattering at high temperature

Low-quartz has 𝐷3 group and 9 atoms per unit cell, thus 3N = 27 degrees of
freedom. Excluding the three acoustic vibrations, the representation of the optic
vibrations is:

Γ
𝑜𝑝
= 4𝐴1 + 4𝐴2 + 8𝐸 (7.2)

The A1 modes are Raman active, while the A2 modes are infrared active, while
the doubly degenerate E modes are both infrared and Raman active and thus
show transverse optic (TO) and longitudinal optic (LO) components. Moving to
𝛽-quartz the group changes to 𝐷6 and the optical vibrations are given by:

Γ
𝑜𝑝
= 𝐴1 + 2𝐴2 + 2𝐵2 + 3𝐵1 + 4𝐸1 + 4𝐸2 (7.3)

where the A1 and E2 modes are Raman active, the A2 is infrared active, the
B1 and B2 modes are silent, and the E1 modes are both Raman and infrared
active and thus transverse optic (TO) and longitudinal optic (LO) components.
As in the case of 𝛼-quartz, the lowest E1 mode is expected to show negligible
splitting, while the other three modes exhibit larger splitting (Fries & Claus,
1973). The relation of the symmetry species of the factor groups is given in the
correlation diagram, Table 7.1 (Bates & Quist, 1972). When performing polarized
Raman spectroscopy, polarization selection rules also apply. In 𝛼-quartz, in back-
scattering geometry the E(LO) components are allowed in the geometries �̄�( 𝑦 𝑦)𝑥,
�̄�( 𝑦𝑧)𝑥, and �̄�(𝑥𝑧) 𝑦 (Porto’s notation), while the E(TO) components are allowed
in the geometries �̄�(𝑥𝑥) 𝑦,�̄�(𝑥𝑥)𝑧, �̄�(𝑥𝑦)𝑧, and �̄�( 𝑦 𝑦)𝑧 (Kroumova et al., 2003;
Scott & Porto, 1967). Additionally, the polar nature of these modes induces a
dependence on the angle between 𝜃 between the phonon wavevector and the 𝑐
axis. Shapiro and Axe (1972) identified two different types of behavior as 𝜃 changes
from 0° to 90°. The first group includes modes, such as the 394- and 364-cm−1 (A2),
and 797- and 810-cm−1, that change its character from transverse to longitudinal,
but remaining A2 or 𝐸 at 𝜃 = 0 and 𝜃 = 90. The second group includes modes,
such as the 550- (A2) and 510-𝑐𝑚−1 extremes as occurs, for example, that do not
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Table 7.1. Correlation diagram for 𝛼 - and 𝛽-quartz.

𝛼-quartz (D3) 𝛽-quartz (D6)

A1 𝑥2 + 𝑦2, 𝑧𝑧

𝑥2 + 𝑦2,𝑧2 A1 A2 z

𝑧 A2 B1

B2

E1 (𝑥, 𝑦); ( 𝑦𝑧, 𝑥𝑧)

(𝑥, 𝑦) (𝑥2 − 𝑦2, 𝑥 𝑦); ( 𝑦𝑧, 𝑥𝑧) E

E2 (𝑥2 − 𝑦2, 𝑥 𝑦)

change the transverse or longitudinal character, while changing its transformation
properties fromA2 to 𝐸. This behavior is the result of two competing forces. In the
first group the long-range electromagnetic forces dominate over the anisotropic
short-range forces maintaining the transverse or longitudinal character, whereas
in the second group the anisotropic short-range forces prevail (Loudon, 1964). In
𝛽-quartz, back-scattering geometry allows only the detection of E1(TO) modes
in cross polarized spectra, and E2 modes in parallel polarized spectra, while the
E1(TO) components are accessible through the right-angle scattering geometry
(Bates & Quist, 1972; Fries & Claus, 1973; Kroumova et al., 2003).

From to the correlation diagram and the representations, only one A1 out of
four is allowed to persist in the 𝛽-phase. This mode is the 464-cm−1 mode, because
of the high symmetry of the atomic motions (Etchepare et al., 1974). The 464-cm−1

mode shows a discontinuity both in the wave-number shift and in the FWHM
at the phase transition (Fig. 7.4 a). The peak position decreases almost linearly
up to 810 K, then a discontinuity at 860 K is clearly evident. The temperature
dependence of the FWHM shows the same behavior. The fact that the spectral
changes induced by the phase transition appear approximately 10 degrees higher
than the transition temperature was already reported by Salje et al. (1992), who
state that the direct coupling between the order parameter,𝑄, and the intensity,
𝐴, and frequency shift, Δ(𝜔2), is of the fourth order: −Δ𝐴 ∝ Δ(𝜔2) ∝ 𝑄4.

However, Figure 7.3, which shows spectra at selected temperatures in the
�̄�(𝑥𝑥)𝑧 scattering geometry, suggests that the 464-cm−1 mode is not the only A1
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Figure 7.3. Selected spectra upon increasing temperature in the �̄�(𝑥𝑥)𝑧 scattering geome-
try.

Figure 7.4. Temperature dependence of the peak positions and FWHMs of the 464-cm−1

(a) and 206-cm−1 (b) modes in the �̄�(𝑥𝑥)𝑧 scattering geometry. Dashed lines indicate the
𝛼-𝛽 transition temperature.
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Figure 7.5. Temperature dependence of the peak positions and FWHMs of the two-
phonon excitation around 147 cm−1 in the �̄�(𝑥𝑥)𝑧 scattering geometry. Dashed lines
indicate the 𝛼-𝛽 transition temperature.

that persists in the 𝛽-phase. In fact, the 206-cm−1 A1 mode is present after the
transition from the 𝛼 to the 𝛽 phase. This mode is the most sensitive to tempera-
ture: in the temperature range from 300 to 860 K its peak position changes from
207.27 to 171. 3 cm−1, while its FWHM largely increases from 25.1 to 130 cm−1, as
shown in figure 7.4b. Because of this huge temperature dependence, this mode has
often been considered as the soft-mode driving the phase transition. However,
the phonon wave-number of a soft-mode is expected to decrease to zero as the
transition temperature is approached (Cochran, 1960; Ginzburg, 1960), while this
mode only softens, which therefore implies there are some higher-order inter-
actions in the real material that are not accounted for in the theory. Indeed, the
huge temperature dependence and anomalous broadening of this mode is related
to another spectral feature centered around 147 cm−1 at ambient conditions Fig7.5
that is a two-phonon excitation (Scott, 1968, 1974) whose phonon wave-number
tends to zero approaching the phase transition. Scott (1968) suggested that these
two spectral features could interact via Fermi resonance, which is possible when
a one quantum vibrational level for one mode lies very near the energy of a
two-quantum vibrational level for a another mode. If the levels have the same
symmetry, there is an anharmonic interaction between the levels that cause a
level repulsion and thus a "no-crossing" rule. In the interpretation by Scott (1968),
the soft mode is the the band at higher wavenumber at low temperatures, while
is the band at low wavenumber at high temperatures. At room and intermediate
temperatures, the fundamental A1 mode and the A1-symmetry two-phonon band
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Figure 7.6. Temperature dependence of the peak positions and FWHMs of the mode
around 128 cm−1 (a) and 355 cm−1 (b) in the �̄�(𝑥𝑥)𝑧 scattering geometry. The E1 mode in
𝛽-quartz corresponding to the Emode at 128 cm−1 is not allowed by polarization selection
rule in this scattering geometry. Dashed lines indicate the 𝛼-𝛽 transition temperature.

are mixed. Above the transition temperature, the excitation has predominately a
second-order character and thus does not violate selection rules. This interpreta-
tion is also supported by inelastic neutron scattering data (Axe & Shirane, 1970).
The other modes in quartz obey the selection rules and the remaining two A1

modes disappear at the phase transition (Fig 7.6b and Table 7.3).

7.4 raman shifts and grüneisen tensor components at high

temperature

The relationship between by the wavenumber 𝜔 and the strain 𝜀 is given by:

−Δ𝜔𝑚

𝜔𝑚0
= 𝛾𝑚 : 𝜀 (7.4)

where −Δ𝜔𝑚

𝜔𝑚
0

is the fractional change in the wavenumber for a mode 𝑚 and 𝛾𝑚

is the second-rank symmetric mode Grüneisen tensor. Equation 7.4 can also be
expressed in Voigt notation as:

−Δ𝜔𝑚

𝜔𝑚0
= 𝛾𝑚1 𝜀1 + 𝛾

𝑚
2 𝜀2 + 𝛾

𝑚
3 𝜀3 + 𝛾

𝑚
4 𝜀4 + 𝛾

𝑚
5 𝜀5 + 𝛾

𝑚
6 𝜀6 (7.5)

In the case of quartz, trigonal symmetry reduces Equation 7.5 to:

−Δ𝜔𝑚

𝜔𝑚0
= 2𝛾𝑚1 𝜀1 + 𝛾

𝑚
3 𝜀3 (7.6)
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Murri et al. (2019) determined the Grüneisen tensor components from Density
Functional Theory (DFT) calculations, obtaining two sets of components employ-
ing as reference wavenumbers 𝜔0 from experiments at 300K andDFT calculations
at 0 K (see Table 2 in Murri et al., 2019, for details).The Grüneisen tensor com-
ponents were tested against experimental wavenumber shifts as a function of
temperature using the unit cell parameters determined by Carpenter et al. (1998),
identifying three groups of modes (Fig. 8 in Murri et al., 2019). The first group
includes modes that have a very good agreement with the trends predicted by
the Grüneisen components, which are greater than 0.5. The 464-, 696- 796-cm−1

modes are in this first group. The second group has smaller Grüneisen compo-
nents, around 0.05, and a slightly worse agreement, as the mode at 1161 at cm−1.
The third group is characterized by modes with Grüneisen components greater
than 1, low frequency and poor agreement with the predicted trends also at room
temperature, such as the mode at 206 cm−1.

In Figure 7.7 this approach is replicated on the modes at 128, 206, 355, and
464 cm−1, using the unit-cell parameters from Carpenter et al. (1998) and those
calculated from the equation of state of quartz by Angel et al. (2017) (Table 8.3)
following the procedure described in Alvaro et al. (2020). The reported modes
follow the classification described by Murri et al. (2019). In fact, the modes at 128
and 206 cm−1 have Grüneisen tensor components greater than 1 and shows a poor
agreement with the predictions, whereas the other two modes have Grüneisen
tensor components around 0.5 and show a good agreement (Table 2 inMurri et al.,
2019). The wavenumber shift fromMurri et al. (2019) for the 206-cm−1 modemight
have a slightly better agreementwith the predicted trends, because the subtraction
of the baseline from the high temperature spectramight light to underestimate the
temperature effect on this modes. However, a poor agreement with DFT results
is expected for this mode because of the complex multi-phonon interactions
described above, which cannot be accounted for by ab initio calculations.
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Figure 7.7. Experimental wavenumber changes of the Raman modes at 128, 206, 355, 464
cm−1 as a function of temperature; for the 206-cm−1 mode data from Murri et al. (2019)
and from a thinner quartz cut are reported. Predicted trends calculated from Grüneisen
tensor components from Murri et al. (2019) are shown as solid lines. The trend are
calculated from unit-cell parameters from Carpenter et al. (1998) (a) and the equation of
state of quartz by Angel et al. (2017) (b).
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Table 7.2. Temperature dependence of peak positions and FWHM for the 128-, 206-, 355 and 464-cm−1 modes and the 147-cm−1 two-phonon
band in the �̄�(𝑥𝑥)𝑧 scattering geometry. Reported uncertainties are from spectral fitting..

T 𝜔 FWHM 𝜔 FWHM 𝜔 FWHM 𝜔 FWHM 𝜔 FWHM
K cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

294 128.37 (3) 4.91 (9) 146 (1) 13 (3) 207.41 (5) 23.5 (1) 355.18 (5) 4.2 (1) 464.859 (6) 7.375 (2)
300 128.24 (3) 5.26 (9) 144.0 (8) 12 (2) 207.27 (5) 25.1 (1) 355.12 (5) 4.5 (1) 464.775 (7) 7.49 (2)
350 127.15 (4) 6.3 (1) 142.7 (8) 13 (2) 204.41 (7) 31.6 (2) 355.31 (5) 4.6 (1) 464.137 (8) 8.76 (2)
400 125.82 (6) 6.3 (2) 130.2 (6) 22 (1) 201.55 (8) 37.1 (2) 355.40 (6) 5.2 (1) 463.322 (10) 9.70 (3)
450 124.65 (8) 6.9 (3) 128.6 (4) 21.1 (9) 198.8 (1) 44.8 (3) 355.67 (7) 5.7 (2) 462.67 (1) 10.79 (4)
500 123.1 (2) 9.3 (4) 133 (2) 15 (3) 196.3 (2) 55.5 (5) 355.6 (1) 6.6 (3) 461.75 (2) 12.34 (6)
550 121.6 (4) 11.2 (5) 132 (2) 14 (4) 193.3 (2) 63.6 (5) 355.4 (1) 7.2 (3) 461.11 (2) 13.74 (6)
600 120.1 (3) 13.3 (5) 131 (1) 10 (3) 190.6 (2) 72.7 (5) 355.3 (1) 8.0 (3) 460.16 (2) 15.16 (6)
650 116.7 (6) 14 (1) 123 (3) 12 (4) 188.7 (2) 82.9 (7) 355.2 (1) 9.0 (4) 459.61 (2) 16.69 (7)
700 115.5 (2) 17.8 (6) 97 (2) 17 (3) 185.3 (2) 90.9 (7) 355.4 (1) 8.4 (3) 458.93 (2) 18.92 (7)
720 114.5 (7) 18 (1) 98 (6) 26 (7) 183.8 (3) 95.2 (8) 354.8 (2) 9.2 (4) 458.47 (3) 20.17 (8)
750 112.9 (6) 18 (2) 97 (6) 30 (6) 182.4 (3) 101.7 (8) 355.0 (2) 9.0 (4) 458.17 (3) 21.10 (8)
770 112.2 (4) 17 (2) 96 (3) 34 (4) 181.3 (4) 104 (1) 354.8 (2) 9.2 (5) 458.16 (3) 22.08 (9)
790 110.9 (4) 17 (2) 93 (3) 37 (4) 179.1 (4) 109 (1) 354.5 (2) 9.4 (6) 458.01 (3) 23.2 (1)
810 109.3 (5) 14 (2) 90 (2) 46 (3) 177.0 (6) 115 (1) 354.5 (3) 10.1 (7) 457.83 (4) 24.5 (1)
830 106.2 (9( 19 (2) 78 (2) 39 (4) 175.6 (5) 122 (1) 354.0 (3) 9 (1) 457.40 (5) 26.3 (2)
840 106.2 (9) 21 (2) 74 (1) 38 (3) 174.9 (5) 123 (1) 353.9 (4) 13 (1) 457.83 (4) 27.2 (1)
850 105 (1) 25 (3) 68 (1) 35 (3) 174.2 (5) 129 (1) 354.8 (4) 10 (1) 457.68 (5) 27.2 (2)
860 102 (1) 22 (4) 58.2 (9) 44 (3) 171.3 (7) 130 (2) 354.3 (6) 11 (1) 458.02 (4) 29.5 (2)
870 0 0 0 0 168.0 (5) 136 (1) 0 0 458.87 (3) 32.6 (3)
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Table 7.2 continued from previous page
880 0 0 0 0 167.1 (9) 133 (2) 0 0 458.95 (5) 33.1 (3)
890 0 0 0 0 167.7 (9) 131 (2) 0 0 459.11 (4) 33.0 (3)
900 0 0 0 0 168.2 (8) 133 (2) 0 0 459.24 (4) 33.1 (3)
910 0 0 0 0 169.3 (5) 133 (1) 0 0 459.08 (5) 33.5 (2)
920 0 0 0 0 169.4 (5) 134 (1) 0 0 459.27 (4) 33.5 (3)
930 0 0 0 0 170.7 (5) 133 (1) 0 0 459.42 (5) 34.8 (1)
940 0 0 0 0 169.1 (5) 137 (1) 0 0 459.36 (3) 34.1 (3)
950 0 0 0 0 171.0 (5) 131 (1) 0 0 459.69 (4) 34.5 (2)
1000 0 0 0 0 174.2 (6) 135 (2) 0 0 459.64 (5) 34.6 (4)
1050 0 0 0 0 172.8 (5) 128 (1) 0 0 459.80 (5) 34.6 (3)
1100 0 0 0 0 175.6 (8) 135 (2) 0 0 460.19 (7) 36.3 (4)
1120 0 0 0 0 175.7 (6) 139 (1) 0 0 460.00 (7) 39.8 (2)
1130 0 0 0 0 176.9 (7) 136 (2) 0 0 459.94 (8) 39.3 (3)
1140 0 0 0 0 175.1 (8) 135 (2) 0 0 459.8 (1) 39.2 (4)
1150 0 0 0 0 177 (1) 141 (3) 0 0 460.4 (1) 40.7 (5)
1160 0 0 0 0 179 (1) 141 (3) 0 0 460.4 (1) 40.1 (4)
1170 0 0 0 0 178 (1) 135 (3) 0 0 460.1 (2) 40.2 (5)
1180 0 0 0 0 178 (2) 132 (4) 0 0 460.2 (2) 40.6 (6)
1200 0 0 0 0 180 (1) 127 (4) 0 0 460.6 (2) 41.2 (4)
1250 0 0 0 0 183 (1) 143 (2) 0 0 460.7 (1) 42.6 (4)
1300 0 0 0 0 187 (1) 150 (4) 0 0 461.3 (2) 42 (1)
1350 0 0 0 0 190 (2) 137 (5) 0 0 461.2 (3) 41.5 (9)
1400 0 0 0 0 194 (3) 152 (8) 0 0 462.0 (2) 45.1 (5)
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Table 7.3. Temperature dependence of peak positions and FWHM for the 147−𝑐𝑚−1 two-phonon band, the 206-, 355 and 464- and 1080-cm−1

modes in the �̄�(𝑧𝑧) 𝑦 scattering geometry. Reported uncertainties are from spectral fitting.

T 𝜔 FWHM 𝜔 FWHM 𝜔 FWHM 𝜔 FWHM 𝜔 FWHM
K cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

293 145 (2) 10 (4) 207.33 (6) 23.6 (2) 355.39 (6) 4.7 (1) 464.68 (1) 7.73 (3) 1082.0 (3) 7.5 (5)
550 126.2 (5) 18 (1) 194.6 (2) 65.2 (6) 356.6 (1) 7.9 (3) 460.56 (3) 13.62 (8) 1079.3 (6) 12 (1)
700 110.7 (5) 25 (1) 188.2 (3) 92.1 (1) 357.4 (2) 10.3 (5) 459.66 (4) 21.9 (1) 1077.3 (9) 19 (2)
770 97.8 (5) 36 (1) 185.7 (3) 98.2 (8) 357.6 (1) 10.4 (4) 457.71 (5) 22.3 (1) 1077 (1) 23 (2)
840 76.7 (7) 47 (2) 180.8 (3) 114.6 (9) 357.4 (2) 11.5 (6) 457.11 (6) 25.9 (2) 1072 (2) 33 (4)
850 70.8 (7) 47 (2) 179.6 (3) 118.1 (9) 357.6 (3) 12.5 (7) 457.13 (6) 25.9 (2) 1073 (2) 34 (4)
860 62.9 (9) 50 (2 ) 178.2 (3) 122.5 (1) 357.5 (3) 12.2 (7) 457.40 (6) 27.7 (2) 1073 (2) 36 (5)
870 0 0 175.0 (3) 133 (1) 0 0 458.58 (8) 31.0 (5) 0 0
875 0 0 174.3 (4) 131 (1) 0 0 458.78 (4) 31.6 (2) 0 0
880 0 0 175.8 (4) 135 (1) 0 0 459.13 (4) 32.4 (2) 0 0
885 0 0 175.3 (4) 133 (1) 0 0 459.01 (4) 32.3 (2) 0 0
890 0 0 175.9 (4) 133 (1) 0 0 459.24 (4) 32.7 (2) 0 0
900 0 0 176.6 (4) 136 (1) 0 0 459.32 (4) 32.9 (2) 0 0
950 0 0 179.1 (4) 136 (1) 0 0 459.59 (5) 34.2 (2) 0 0
1000 0 0 181.7 (4) 137 (1) 0 0 459.85 (5) 35.4 (2) 0 0
1050 0 0 184.2 (4) 138 (1) 0 0 459.86 (5) 35.1 (2) 0 0
1130 0 0 189.0 (4) 140 ( 2) 0 0 460.33 (8) 36.8 (4) 0 0
1150 0 0 188.6 (4) 139 (1) 0 0 460.41 (6) 37.3 (2) 0 0
1250 0 0 194.3 (4) 148 (1) 0 0 460.82 (8) 37.4 (2) 0 0
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Table 7.4. Strains calculated from unit-cell parameters from Carpenter et al. (1998) (A)
and from the equation of state of quartz by Angel et al. (2017) (B). The calculated strains
show a good agreement, generally between 1 and 3𝜎 of the uncertainties on the unit-cell
parameters reported by Carpenter et al. (1998). A worse agreement is expected below
200K, because of order parameter saturation, as described in Alvaro et al. (2020)..

A B

T (K) 𝜀1 𝜀3 T 𝜀1 𝜀3

25 -0.00268 -0.00134 25 -0.00342 -0.00263
50 -0.00262 -0.00132 50 -0.00315 -0.00242
75 -0.00250 -0.00128 75 -0.00287 -0.00220
100 -0.00234 -0.00121 100 -0.00259 -0.00198
125 -0.00215 -0.00113 125 -0.00230 -0.00176
150 -0.00192 -0.00102 150 -0.00201 -0.00153
175 -0.00168 -0.00090 175 -0.00171 -0.00130
200 -0.00142 -0.00078 200 -0.00141 -0.00107
225 -0.00113 -0.00062 250 -0.00077 -0.00058
250 -0.00083 -0.00046 298 -0.00014 -0.00010
308 0.00000 0.00000 300 -0.00011 -0.00008
383 0.00105 0.00055 308 0.00000 0.00000
434 0.00189 0.00102 320 0.00017 0.00012
484 0.00279 0.00154 340 0.00045 0.00033
524 0.00354 0.00198 346 0.00053 0.00040
564 0.00432 0.00243 360 0.00073 0.00055
605 0.00519 0.00293 380 0.00103 0.00077
645 0.00616 0.00349 400 0.00133 0.00099
670 0.00709 0.00410 420 0.00164 0.00121
700 0.00777 0.00449 440 0.00196 0.00144
720 0.00832 0.00479 460 0.00229 0.00168
739 0.00891 0.00516 480 0.00262 0.00192
761 0.00957 0.00553 500 0.00297 0.00217
781 0.01029 0.00595 520 0.00333 0.00242
816 0.01210 0.00700 540 0.00370 0.00269
824 0.01270 0.00736 560 0.00409 0.00295
832 0.01343 0.00778 580 0.00449 0.00323
841 0.01454 0.00841 600 0.00491 0.00352
848 0.01667 0.00952 620 0.00535 0.00381
851 0.01692 0.00975 640 0.00581 0.00412
853 0.01694 0.00976 660 0.00629 0.00444
855 0.01695 0.00976 680 0.00681 0.00478
857 0.01697 0.00976 700 0.00736 0.00513
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Table 7.4 continued from previous page
859 0.01697 0.00978 720 0.00796 0.00551
861 0.01699 0.00976 740 0.00861 0.00591
866 0.01701 0.00977 760 0.00933 0.00634
871 0.01703 0.00977 780 0.01014 0.00682
876 0.01704 0.00977 800 0.01111 0.00736
881 0.01706 0.00976 820 0.01234 0.00800

840 0.01430 0.00889
860 0.01701 0.00980
880 0.01711 0.00986
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8 Raman scattering from a quartz inclusion at high
temperature

8.1 introduction

Quartz has long been studied in different fields because of its structure and prop-
erties, such as piezoelectricity (Curie & Curie, 1880) and its polymorphism as a
function of pressure and temperature. In fact, it has many possible technological
applications being used in resonators, transducers, sensors, processors, and ac-
tuators. In Earth science quartz plays an important role, being one of the most
common minerals in the crust. As a consequence, the structure and thermoelastic
properties of quartz have been thoroughly characterized (e.g. Glinnemann et al.,
1992; Hazen et al., 1989; Jorgensen, 1978; Scheidl et al., 2016; Wang et al., 2015). In
particular, the 𝛼-𝛽 phase transition occurs at a temperature, 574 ◦C, and, being
relatively easy to access, has drawn much attention over time, including a lively
debate on its nature (e.g. Dove et al., 1999; Salje et al., 1992). Notably, it was also
one of the first phase transitions characterized by Raman spectroscopy (Raman
& Nedungadi, 1940). In the geological field there is a renewed attention to quartz
for its application in elastic geobarometry that allows using the difference in the
elastic properties between the host and the inclusion to determine the conditions
at which the entrapment occurred. In this context, Raman spectroscopy is often
the technique of choice. In fact, in situ Raman spectroscopy can probe small
volumes of the samples, thus allowing to: characterize inclusions of dimensions
down to a fewmicrons; changes of stress and strain in the inclusion volume in the
case of faceted inclusions, whose edges and corners act as stress concentrators
(Campomenosi et al., 2018; Mazzucchelli et al., 2018; Murri et al., 2018); and the
strain state in the host crystals (Campomenosi et al., 2020). However, there are still
few experimental validations of this approach, mainly due to the complexity of
performing controlled experiments on host-inclusions systems. A notable exam-
ple and a major step for the validation of the approach was provided by Bonazzi
et al. (2019), who synthesized quartz inclusions in almandine garnet at known
pressure and temperature conditions in a piston-cylinder press and were able to
back-calculate the entrapment conditions using elastic geobarometry. This study
also showed that the determination of inclusion pressures from Raman spectra
must be carefully performed taking into account the deviatoric stress developed
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in the inclusions. In fact, the change in the Raman peak positions of an inclusion
with respect to a free crystal is determined by the strains imposed on it by the
host and can be calculated using the phonon-mode Grüneisen tensors proposed
by Angel et al. (2019) and Murri et al. (2018). Conversely, the calculation of the
entrapments condition performed by hydrostatic calibrations of the Raman shifts
of quartz with pressure leads to significant errors in back-calculated entrapment
pressures, as shown by Bonazzi et al. (2019). In this chapter, an heating experiment
on a natural host-inclusion system, a quartz inclusion in garnet, is described in
order to further explore the applicability of elastic geobarometry.

8.2 materials and methods

A cut from a thin section from the Blåhù garnet-kyanite gneiss microdiamond-
bearing garnet-kyanite gneiss in the Blåhù nappe, Fjùrtoft,Nordùyane archipelago,
Norway, was selected for the measurements (Dobrzhinetskaya et al., 1995; Larsen
et al., 1998; Liu & Massonne, 2019). The sample dimensions were 400x340x300
𝜇m. The host mineral is garnet, with composition py: 0.33, alm: 0.60, gr: 0.05,
sps: 0.02 (Gilio et al., submitted). It contains a large quartz inclusion (60x40 𝜇m),
two smaller zircon inclusions, distant approximately 80 and 120 𝜇m, and rutile
exolutions.

Polarized Raman spectra were collected with a Horiba Jobin-Yvon T64000
triple-monochromator system equipped with a Symphony LN2- cooled CCD
detector, an Olympus BH41 microscope, and a Coherent Ar+ laser. The mea-
surements were performed in backscattering geometry, with a 50x super long
working distance objective and an excitation wavelength of 514.532 nm. The
spectral resolution was approximately 2 cm−1, while the instrumental precision in
the peak positions was 0.35 cm−1. The data collection was conducted on heating
from room temperature with a rate of temperature change of 50 K min−1, using a
Linkam TS1200 EV-1015 stage, for details on the stage see chapter 7. Spectra were
acquired at the center of the inclusion, in the host close to the host-inclusion
boundary and away from the inclusion. To account for the BoseśEinstein occu-
pation factor, the intensity of the measured spectra was temperature-corrected
using the relation 𝐼 = 𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑/[(exp

ℏ𝜔/𝑘𝐵𝑇 −1)−1 + 1], where ℏ, 𝜔, 𝑘𝐵 , and 𝑇
are the reduced Planck constant, phonon wavenumber, Boltzmann constant, and
temperature, respectively. The spectra collected from the host away from the
inclusion were subtracted from the inclusion spectra, since the peak positions
of the garnet host did not change over the sample. Pseudo-Voigt functions (
𝑃𝑉 = 𝑞𝐿 + (1 − 𝑞)𝐺, where L and G are Lorentzian and Gaussian peak-shape
functions) were used to fit the spectra and determine the Raman peak positions
𝜔, full widths at half maximum (FWHMs), and integrated intensities I.
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Figure 8.1. Example Raman spectra from the quartz inclusion at various temperatures
obtained subtracting the host spectra.

8.3 results

The major effect of the confinement of the quartz crystal in the host during the
heating is the absence of the 𝛼-𝛽 phase transition. Selected spectra of the quartz
inclusion at increasing temperature are reported in figure 8.1 and the inset on
the low frequency region of the spectra at 950 and 1000 K clearly shows how the
𝐴1 mode at 355 cm−1 persists up to 1000 K. In fact, the 4 𝐴1 modes of 𝛼-quartz
transform in one 𝐴1 mode, the mode around 464 cm−1, and three silent 𝐵1 modes.
It is well known that the 𝐴1 mode at 206 cm−1 does not obey the selection rules
(Scott, 1968) and is still present in the 𝛽 phase, while the other two 𝐴1 modes,
at 355 and 1080 cm−1, indeed disappear above the transition temperature (e.g.
Bates and Quist, 1972). The absence of the phase transition is not surprising, since
the stress imposed on the sample is expected to shift the transition point to
higher temperature. In particular, under hydrostatic conditions, the transition
temperature increases of approximately 26◦C/100 MPa (Shen et al., 1993 and
references therein, Table 8.2). Using the equations of state of the host (Table 8.1) and
the inclusion (Table 8.2) it is possible to calculate where the transition point would
lie for an inclusion showing a certain remnant pressure 𝑃𝑖𝑛𝑐 when the host is at
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Table 8.1. Equation of state parameters for the three garnet endmembers almandine,
grossular and pyrope. The model for compression is a Birch-Murnaghan equation of the
3𝑟𝑑 order, while the model for the thermal expansion is aMie-Grüneisen-Debye equation.

Almandine Grossular Pyrope

V0 (cm−3/mol) 115.250 125.350 113.130

K0 (GPa) 175.0 166.9 169.9

K0’ 5.25 5.26 4.43

K0ž (GPa−1) −0.0383 −0.0404 −0.0265

Debye temperature (K) 550 759 650

Atoms per formula unit 20 20 20

𝛾0 0.941 1.160 1.190

q - 0.55 0

𝛼0 (K−1) 1.974 × 10−5 2.040 × 10−5 2.464 × 10−5

room temperature and pressure. This pressure can be used to calculate a pressure
of entrapment 𝑃𝑡𝑟𝑎𝑝 at a given temperature of entrapment 𝑇𝑡𝑟𝑎𝑝, then from the
entrapment conditions 𝑃𝑖𝑛𝑐 can be back-calculated at different temperatures.
The starting 𝑃𝑖𝑛𝑐 was estimated using three different methods: calculating the
strains from the shifts and the quartz elastic tensor, as described in Bonazzi
et al. (2019); using the newly developed software EntraPT (Mazzucchelli et al.,
in press); applying a wavenumber shift versus pressure equation obtained from
high pressure experiments.

8.3.1 Determination of 𝑃𝑖𝑛𝑐

As described in Bonazzi et al. (2019), from the Raman shift calculated with respect
to a free crystal the strains in the inclusion can be derived from the Grüneisen
tensor using the software Strainman (Angel et al., 2019). The strains can then
be transformed into stress using the elastic tensor of quartz, such as the one
provided by Wang et al. (2015), and the pressure is calculated as the mean normal
stress. Three calculations were performed starting with different combinations
of modes, labeled as 4, 3a and 3b. This approach is summarized in table 8.3, the
uncertainties on the pressure are calculated as

𝛿 (𝜎 𝑟𝑒𝑙𝑖 ) =

6∑︂
𝑗=1

⎛⎜⎜⎝
⎛⎜⎝
(︃
𝛿 (𝐶𝑖 𝑗)

𝐶𝑖 𝑗

)︃2
+
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𝛿 (𝑃𝑖𝑛𝑐) =

(︁
𝛿 (𝜎 𝑟𝑒𝑙1 ) + 𝛿 (𝜎 𝑟𝑒𝑙2 ) + 𝛿 (𝜎 𝑟𝑒𝑙3 )

)︁
3

(8.2)
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Table 8.2. Equation of state parameters for quartz from (Angel et al., 2017a). The reported
properties are not elastic properties of 𝛼-quartz but of the so-called bare phase, as defined
in Angel et al. (2017a) and Carpenter et al. (1998).

Properties of the bare phase at 298 K, 1 bar Curved boundary model
V0 1.0462

K0 (GPa) 64.3

K0’ 5.07

𝛼0 (K−1) −0.47 × 10−5

dK0 /dT (GPa K−1) 0.016

Transition parameters
T0 (K) 847

dT𝑡𝑟/dP𝑡𝑟 (K GPa−1) 270

dT2
𝑡𝑟/dP

2
𝑡𝑟 (K GPa−2) −10

Table 8.3. Pressure calculated from Raman shift and strains through the Grüneisen tensor.
Different combinations of modes are reported, used modes are marked with a star.

𝐸 128) 𝐴1 206 𝐴1 355 𝐴1 464 𝜀1+𝜀2 𝜀3 P
(cm−1) (cm−1) (cm−1) (cm−1) (GPa)

Inc 130.08 (6) 214.7 (1) 355.1 (1) 467.39 (2)
Ref 128.25 (3) 207.27 (5) 355.12 (5) 464.775 (7)
4 ★ ★ ★ ★ -0.00688(331) -0.00144(172) 0.30 (14)
3a ★ ★ ★ -0.00898 (546) -0.00035 (285) 0.33 (23)
3b ★ ★ ★ -0.00297 (417) -0.00331 (208) 0.25 (17)
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Table 8.4. Pressure using EntraPT. Different combinations of modes are reported, see
Table 8.3 for the labels.

Label P (GPa)

4 0.302 (44)
3a 0.329 (72)
3b 0.246 (58)

Table 8.5. Pressure in GPa from hydrostatic calibrations. Uncertainties were estimated
to be of 0.05 GPa by Schmidt and Ziemann (2000), while the uncertainties for Morana
et al. (2020) were calculated from the uncertainties on the polynomial coefficients and
the instrumental precision in the peak positions of 0.35 cm−1.

Mode Morana et al. (2020) Thomas and Spear (2018) and Morana et al. (2020)
Schmidt and Ziemann (2000) up to 2.5 GPa

128 0.25 (13) 0.26
206 0.41 (6) 0.26 0.32 (4)
464 0.31 (11) 0.29

A similar approach was used in EntraPT, where the calculation was performed
starting from the strains, selecting almandine as the host and using the elastic
tensor from Wang et al. (2015). The results are reported in Table 8.4.

Finally, the pressure was calculated applying an hydrostatic calibration to
the shifts. For the 128-cm−1 mode the equations from Thomas and Spear (2018)
and fromMorana et al. (2020) were used, for the 206- and 464-cm−1 modes the
equations from Schmidt and Ziemann (2000) and Morana et al. (2020) (2,3). The
results are reported in table 8.5. Since the results, fromMorana et al. (2020) for
the 464-cm−1 mode appears overestimated, the data were refitted only up to 2.5
GPa, as in Schmidt and Ziemann (2000), obtaining a more consistent result:

𝑃 (𝐺𝑃𝑎) = 0.040(3)Δ𝜔 + 0.00038(7)Δ𝜔2 (8.3)

The discrepancy is probably due to the different pressure range: the equation
reported by Schmidt and Ziemann (2000)does not take into account and thus
cannot reproduce the behavior at higher pressures (Fig. 8.2). As Schmidt and
Ziemann (2000) pointed out, also the equation by Liu and Mernagh (1992), which
can be used for pressures up to 18.5 GPa, gives pressures for the same frequency
shift that are higher by approximately 0.1 GPa.

All the calculations point to a pressure of 0.25 or 0.30 GPa that are the same
within uncertainties.
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Figure 8.2. Comparison of the pressure range employed in Schmidt and Ziemann (2000)
and Morana et al. (2020). The hydrostatic calibration reported bySchmidt and Ziemann
(2000) is drawn as a solid line.

Table 8.6. 𝑃𝑡𝑟𝑎𝑝 calculated with EosFitPinc (Angel et al., 2017b) for almandine, grossular
and pyrope using a 𝑃𝑖𝑛𝑐 of 0.3 GPa and 𝑇𝑡𝑟𝑎𝑝 of 1000 K .

garnet 𝑃𝑡𝑟𝑎𝑝 (GPa)

Almandine 1.369
Grossular 1.278
Pyrope 1.183

8.3.2 Calculation of the temperature dependence of 𝑃𝑖𝑛𝑐

Assuming a 𝑃𝑖𝑛𝑐 of 0.30 GPa, a 𝑃𝑡𝑟𝑎𝑝 can be calculated at a given 𝑇𝑡𝑟𝑎𝑝 (Angel
et al., 2017b). A 𝑇𝑡𝑟𝑎𝑝 of 1000 K yelds the 𝑃𝑡𝑟𝑎𝑝 reported in table 8.6 for the three
garnet endmembers. The equations of state listed in this chapter are currently in
development, since they provide a better fit to recent elasticity data than equations
previously published, but the P-V-T relationships are very similar (e.g. Milani
et al., 2017). Using different equations of state does not significantly affects the
results , due to their similarity.

From the entrapment conditions, 𝑃𝑖𝑛𝑐 can be back calculated at a given temper-
ature to estimate the increase of 𝑃𝑖𝑛𝑐 with temperature and identify the 𝛼− 𝛽 tran-
sition temperature. This calculation was performed for almandine and pyrope,
while grossular gives an intermediate results between the other two endmembers,
as suggested by its thermoelastic properties and resulting 𝑃𝑡𝑟𝑎𝑝 (Table 8.1 and
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Figure 8.3. P-T diagram for quartz calculated with almandine and and pyrope as the host;
the solid line represents the 𝛼-𝛽 phase transition boundary .

8.6). The results are summarized in Table8.7 and Figure 8.3. From this calculation
the phase transition is predicted to occur in the inclusion at 1209 and 1150 K for
almandine and pyrope respectively, thus approximately 360 and 300 K above the
transition temperature at room pressure.

Table 8.7. 𝑃𝑖𝑛𝑐 variation with temperature.

Almandine Pyrope
T (K) P𝑖𝑛𝑐 (GPa) T (K) P𝑖𝑛𝑐 (GPa)

300 0.300 300 0.30
450 0.375 450 0.349
500 0.402 500 0.369
600 0.466 600 0.414
700 0.54 700 0.471
800 0.629 800 0.549
850 0.682 850 0.596
870 0.705 870 0.618
900 0.741 900 0.652
950 0.809 950 0.717
1000 0.886 1000 0.797
1010 0.902 1010 0.813
1020 0.919 1020 0.832
1030 0.938 1030 0.851
1040 0.955 1040 0.871
1050 0.975 1050 0.893
1060 0.993 1060 0.914
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Table 8.7 continued from previous page
1070 1.014 1070 0.938
1080 1.036 1080 0.962
1090 1.058 1090 0.987
1100 1.08 1100 1.014
1110 1.103 1110 1.041
1120 1.13 1120 1.071
1130 1.155 1130 1.104
1140 1.181 1140 1.137
1150 1.21 1145 1.157
1160 1.24 1147 1.164
1170 1.271 1149 1.171
1180 1.305 1150 1.173
1190 1.341 1160 1.213
1200 1.378 1165 1.231
1205 1.399 1170 1.239
1207 1.407 1175 1.24
1208 1.411 1178 1.239
1209 1.411 1180 1.238
1210 1.419 1190 1.232
1215 1.434 1200 1.223
1220 1.441 1210 1.211
1230 1.443 1220 1.199
1240 1.439 1230 1.186
1250 1.432 1250 1.16
1260 1.424 1260 1.146
1270 1.415 1270 1.132
1280 1.406 1280 1.116
1290 1.395 1290 1.102
1300 1.385 1300 1.086
1330 1.35 1330 1.04
1350 1.327 1350 1.009
1370 1.303 1370 0.977
1390 1.277 1390 0.944
1400 1.264 1400 0.928

8.3.3 Temperature dependence of Raman peak positions and widths

The absence of the phase transition confirmed by the temperature dependence
of the peak position and FWHMs, as shown in Figure 8.4 and Table 8.9, where the
data from the free quartz crystal are also reported for comparison. All Raman
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Mode Free Inclusion

206 -0.0551(4) -0.035(2)
464 -0.0144(2) -0.0120(8)

Table 8.8. Slopes 𝑑𝜔/𝑑𝑇 from the linear fits up to 800 K for the free and trapped quartz.

modes of the inclusion, except the A1 mode at 355 −1 that is a hard mode and
thus less sensitive to pressure and temperature (e.g. Hemley, 1987; Salje et al.,
1992), have higher wavenumbers than the modes from the free quartz at the same
temperature, confirming that the inclusion remains under pressure over the
entire temperature range of the measurements. From the variation of the peak
positions with respect to temperature for the modes at 464 and 206 cm−1 (Fig. 8.5)
it is clear that we can identify different regimes. The first regime is characterized
by linear variation for both the free crystal and the inclusion peak positions,
since they are both in the 𝛼-phase. However the linear trends of the 464- and
206-cm−1 modes have a different slope, as reported in Table 8.8, accounting for
the confinement of the inclusion. As it can be expected, being more sensitive to
the effect of pressure and temperature, the difference is larger for the 206-cm−1

mode.
Approaching the transition, the data from the free quartz show the expected

behavior: a minimum in the peak position that corresponds to a maximum in the
FWHM. In the case of the quartz inclusion the peak positions are instead clustered
around a constant value. The variation of the peak position is clearly associated
with a change in the FWHM. In fact, in the same temperature range where the
peak positions of the free quartz deviate from the linear trend, the FWHM of the
inclusion deviate from the FWHM of the free quartz, which show, in particular
for the 464-cm−1 mode, an excess in the temperature region corresponding to
the reorganization of the structure from the 𝛼 to the 𝛽 phase. This excess is
missing in the FWHM of the inclusion, thus confirming that the phase transition
does not occur in the host-inclusion system. In fact, while the pre-transition and
transitions effects are clearly visible in the free quartz data, this is not the case
for the inclusion data.
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Figure 8.4. Temperature dependence of the peak positions and FWHMs of selected modes
for a free (red) and trapped quartz (black) .
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(a)

(b)

Figure 8.5. Temperature dependence of the peak positions of the 206- and 464-cm−1

modes in free (red) and trapped quartz (black) .
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Table 8.9. Temperature dependence of the peak positions and FWHMs of selected modes for the quartz inclusion and a free quartz crystals.
Uncertainties are from spectral fitting.

Inclusion
128 206 355 464

T (K) 𝜔 (cm−1) FWHM (cm−1) 𝜔 (cm−1) FWHM (cm−1) 𝜔 (cm−1) FWHM (cm−1) 𝜔 (cm−1) FWHM (cm−1)

300 130.08 (6) 4.5 (2) 214.7 (1) 23.2 (4) 355.1 (1) 4.8 (4) 467.39 (2) 7.08 (6)
450 127.4 (1) 7.3 (4) 208.2 (2) 39.5 (7) 355.7 (2) 6.9 (4) 465.92 (3) 10.12 (9)
500 125.7 (6) 10 (1) 206 (1) 52 (3) 355 (1) 12 (3) 464.89 (9) 12.2 (3)
600 124.4 (7) 17 (2) 202 (1) 67 (4) 354.5 (6) 10 (1) 463.6 (1) 13.1 (4)
700 120.9 (5) 15 (1) 200.3 (7) 70 (2) 355.1 (3) 7.2 (8) 462.29 (7) 16.7 (2)
800 117.9 (4) 19 (1) 197 (2) 83 (5) 354.3 (9) 16 (3) 461.2 (1) 17.9 (4)
850 115.7 (4) 19 (1) 197 (1) 108 (4) 354.1 (8) 13 (2) 461.2 (1) 21.1 (4)
870 114.5 (5) 21 (1) 195 (1) 107 (4) 354.5 (5) 9 (1) 461.0 (1) 20.9 (4)
900 113.4 (5) 23 (1) 197 (1) 97 (4) 354.6 (6) 8 (1) 460.9 (1) 22.3 (3)
950 110.3 (8) 31 (2) 194 (1) 103 (5) 350 (1) 22 (3) 461.0 (3) 24 (1)
1000 109 (2) 43 (6) 197 (3) 91 (9) 352.9 (7) 3 (1) 461.3 (3) 28.9 (9)

Free crystal
128 206 355 464

T (K) 𝜔 (cm−1) FWHM (cm−1) 𝜔 (cm−1) FWHM (cm−1) 𝜔 (cm−1) FWHM (cm−1) 𝜔 (cm−1) FWHM (cm−1)
294 128.37 (3) 4.91 (9) 207.41 (5) 23.4 (1) 355.18 (5) 4.2 (1) 464.859 (6) 7.37 (2)
300 128.25 (3) 5.26 (7) 207.27 (5) 25.1 (1) 355.12 (5) 4.5 (1) 464.775 (7) 7.49 (2)
350 127.15 (4) 6.3 (1) 204.41 (7) 31.6 (2) 355.31 (5) 4.6 (1) 464.137 (7) 8.76 (5)
400 125.82 (6) 6.3 (2) 201.55 (8) 37.1 (1) 355.40 (6) 5.2 (1) 463.322 (10) 9.70 (3)
450 124.65 (8) 6.9 (3) 198.7 (1) 44.8 (3) 355.67 (7) 5.7 (2) 462.67 (1) 10.79 (4)
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Table 8.9 continued from previous page
500 123.1 (2) 9.3 (4) 196.3 (2) 55.5 (5) 355.6 (1) 6.6 (3) 461.75 (2) 12.34 (6)
550 121.6 (5) 11.2 (5) 193.3 (2) 63.6 (5) 355.4 (1) 7.2 (3) 461.11 (2) 13.74 (6)
600 120.1 (3) 13.3 (5) 190.6 (2) 72.7 (5) 355.3 (1) 8.0 (3) 460.16 (2) 15.16 (6)
650 116.7 (6) 14 (1) 188.7 (2) 82.9 (7) 355.2 (1) 9.0 (4) 459.61 (2) 16.69 (7)
700 115.5 (2) 17.8 (6) 185.3 (2) 90.9 (7) 355.4 (1) 8.4 (3) 458.93 (2) 18.92 (7)
720 114.5 (7) 18 (1) 183.8 (3) 95.2 (8) 354.8 (2) 9.2 (4) 458.47 (3) 20.17 (8)
750 112.9 (6) 18 (1) 182.4 (3) 101.7 (8) 355.0 (2) 9.0 (4) 458.17 (3) 21.10 (8)
770 112.2 (4) 17 (2) 181.3 (4) 104 (1) 354.8 (2) 9.2 (5) 458.16 (3) 22.08 (9)
790 110.9 (4) 17 (2) 179.1 (4) 109 (1) 354.5 (2) 9.4 (6) 458.01 (3) 23.2 (1)
810 109.3 (5) 14 (1) 177.0 (6) 115 (1) 354.5 (3) 10.1 (7) 457.83 (4) 24.5 (1)
830 106.2 (9) 19 (2) 175.6 (5) 122 (1) 354.0 (4) 9 (1) 457.39 (5) 26.3 (2)
840 106.2 (9) 21 (2) 174.9 (5) 123 (1) 353.9 (4) 13 (1) 457.83 (4) 27.2 (1)
850 105 (1) 25 (3) 174.2 (6) 129 (1) 354.8 (4) 10 (1) 457.68 (5) 27.2 (2)
860 102 (1) 22 (5) 171.3 (7) 130 (2) 354.3 (6) 11 (1) 458.02 (4) 29.5 (2)
870 0 0 168.1 (5) 136 (1) 0 0 458.87 (3) 32.6 (3)
880 0 0 167.1(9) 133 (2) 0 0 458.95 (5) 33.1 (3)
890 0 0 167.7 (9) 131 (2) 0 0 459.11 (4) 33.0 (3)
900 0 0 168.2 (8) 133 (2) 0 0 459.24 (4) 33.1 (3)
910 0 0 169.3 (8) 133 (1) 0 0 459.08 (5) 33.5 (2)
920 0 0 169.4 (5) 134 (1) 0 0 459.27 (4) 33.5 (3)
930 0 0 170.7 (5) 133 (1) 0 0 459.42 (4) 34.8 (1)
940 0 0 169.1 (5) 137 (1) 0 0 459.36 (3) 34.1 (3)
950 0 0 171.0 (5) 131 (1) 0 0 459.69 (4) 34.5 (3)
1000 0 0 174.2 (6) 135 (2) 0 0 459.64 (5) 34.6 (4)
1050 0 0 172.8 (5) 128 (1) 0 0 459.80 (5) 34.6 (3)
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Table 8.9 continued from previous page

1100 0 0 175.6 (8) 135 (2) 0 0 460.19 (5) 36.3 (3)
1120 0 0 175.7 (6) 139 (1) 0 0 460.00 (7) 39.8 (2)
1130 0 0 176.9 (7) 136 (2) 0 0 459.94 (8) 39.3 (4)
1140 0 0 175.1 (8) 135 (3) 0 0 459.8 (1) 39.2 (3)
1150 0 0 177 (1) 141 (3) 0 0 460.4 (1) 40.7 (5)
1160 0 0 179 (1) 141 (3) 0 0 460.4 (1) 40.1 (4)
1170 0 0 178 (1) 135 (3) 0 0 460.1 (1) 40.2 (5)
1180 0 0 178 (1) 132 (4) 0 0 460.2 (2) 40.6 (6)
1200 0 0 180 (2) 127 (4) 0 0 460.6 (2) 41.2 (4)
1250 0 0 183 (1) 143 (2) 0 0 460.7 (1) 42.6 (4)
1300 0 0 187 (1) 150 (4) 0 0 461.3 (2) 42 (1)
1350 0 0 190 (1) 137 (5) 0 0 461.2 (3) 41.5 (9)
1400 0 0 194 (1) 152 (8) 0 0 462.0 (2) 45.1 (5)
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8.4 discussion

In principle it is possible to describe the variation of the wavenumber shift of a
mode 𝑖 with pressure and temperature as:

Δ𝜔𝑖 = (Δ𝜔𝑃)𝑖 + (Δ𝜔𝑇 )𝑖 + (Δ𝜔𝑃𝑇 )𝑖 (8.4)

where (Δ𝜔𝑃)𝑖 is the temperature-independent pressure contribution, (Δ𝜔𝑇 )𝑖 is
the pressure-independent temperature contribution , and (Δ𝜔𝑃𝑇 )𝑖 is a cross-term
(Gillet et al., 1990; Schmidt & Ziemann, 2000). Assuming that the cross term is
negligible, Δ𝜔𝑖 is given by the sum of the pressure and temperature contribution.
Thus, in the limit of isotropic stress, Δ𝜔𝑖 can be obtained by adding the (Δ𝜔𝑇 )𝑖
calculated from a function describing the trends in the free quartz data and
the (Δ𝜔𝑃)𝑖 from a (Δ𝜔𝑃)𝑖 vs pressure curve from hydrostatic experiments. The
predictions of the model can then be compared with the experimental data to
understand whether it is able to reproduce the observed trends. The data from the
free quartz for the 128-, 206-, and 464-cm−1 modes were fitted with a polynomial
up to 860 and 880 K for the 128- and 206-, 464-cm−1 modes respectively , while
the pressure contribution was calculated from the equations reported in Morana
et al. (2020). The results are summarized in Table 8.10 and Figure 8.6, where the
predicted Δ𝜔𝑖 are plotted alongside the inclusion data.

From the graphs, it is clear that the predictions are able to reproduce the
data only up to a relatively low temperature, approximately 600 K. The worst
agreement is shown by the 206-cm−1 mode. This is not surprising, since this
mode is the most sensitive to both temperature and pressure, and the cross term
is significantly different from zero (Schmidt & Ziemann, 2000). The difference
between the prediction and the experimental data might be due to the fact that
the model used for the temperature contribution includes pre-transition effects,
that are not present in the first region of the inclusion data, when they show a
linear trend. In order to exclude the pre-transition effects, (Δ𝜔𝑇 )464 was fitted
with a line only up to 600 K:

(Δ𝜔𝑇 )464 = 4.5(1) − 0.015(3)𝑇 (8.5)

A new model was then calculated with the new temperature contribution,
as reported in Table 8.11 and Figure 8.7, for the 464-cm−1 mode. The agreement
between the prediction and the experimental data is slightly better, but the model
is still not able to reproduce the experimental trends above 600 K.
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Table 8.10. Calculated (Δ𝜔)𝑖 for the 128-, 206-, and 464-cm−1 modes.

T (K) P𝑖𝑛𝑐 (GPa) (Δ𝜔𝑃)128 (Δ𝜔𝑇 )128 (Δ𝜔)128 (Δ𝜔𝑃)206 (Δ𝜔𝑇 )206 (Δ𝜔)206 (Δ𝜔𝑃)464 (Δ𝜔𝑇 )464 (Δ𝜔)464

Almandine
300 0.300 1.983 -0.067 1.917 7.424 -0.617 6.807 2.728 -0.039 2.689
450 0.375 2.462 -3.507 -1.045 9.184 -9.283 -0.099 3.4 -2.245 1.155
500 0.402 2.632 -5.146 -2.514 9.809 -12.416 -2.607 3.641 -2.921 0.72
600 0.466 3.033 -8.312 -5.28 11.271 -17.98 -6.71 4.211 -4.49 -0.28
700 0.54 3.49 -11.826 -8.336 12.929 -23.266 -10.338 4.866 -6.14 -1.274
800 0.629 4.031 -17.788 -13.757 14.877 -30.991 -16.114 5.649 -7.035 -1.387
850 0.682 4.349 -22.815 -18.466 16.014 -37.22 -21.207 6.112 -6.758 -0.645
870 0.705 16.502 -40.398 -23.896 6.313 -6.437 -0.124

Grossular
300 0.300 1.983 -0.067 1.917 7.424 -0.617 6.807 2.728 -0.039 2.689
450 0.370 2.430 -3.507 -1.077 9.068 -9.283 -0.215 3.356 -2.245 1.110
500 0.394 2.582 -5.146 -2.564 9.624 -12.416 -2.791 3.57 -2.921 0.649
600 0.450 2.933 -8.312 -5.379 10.908 -17.98 -7.073 4.069 -4.49 -0.422
700 0.517 3.349 -11.826 -8.477 12.417 -23.266 -10.849 4.663 -6.14 -1.478
800 0.601 3.862 -17.788 -13.926 14.269 -30.991 -16.721 5.403 -7.035 -1.632
850 0.652 4.17 -22.815 -18.646 15.372 -37.22 -21.848 5.85 -6.758 -0.907
870 0.673 15.822 -40.398 -24.576 6.034 -6.437 -0.403

Pyrope
300 0.300 1.983 -0.067 1.917 7.424 -0.617 6.807 2.728 -0.039 2.689
450 0.349 2.296 -3.507 -1.211 8.578 -9.283 -0.705 3.168 -2.245 0.922
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Table 8.10 continued from previous page
500 0.369 2.424 -5.146 -2.722 9.045 -12.416 -3.371 3.347 -2.921 0.426
600 0.414 2.708 -8.312 -5.605 10.085 -17.98 -7.895 3.748 -4.49 -0.742
700 0.471 3.064 -11.826 -8.762 11.384 -23.266 -11.882 4.255 -6.14 -1.885
800 0.549 3.545 -17.788 -14.243 13.128 -30.991 -17.863 4.945 -7.035 -2.09
850 0.596 3.832 -22.815 -18.984 14.16 -37.22 -23.06 5.359 -6.758 -1.399
870 0.618 14.639 -40.398 -25.759 5.552 -6.437 -0.885
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Figure 8.6. Comparison between the calculated Δ𝜔𝑖 and the inclusion data.
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Table 8.11. Calculated (Δ𝜔)464 with a linear temperature contribution.

T (K) P𝑖𝑛𝑐 (GPa) (Δ𝜔𝑃)464 (Δ𝜔𝑇 )464 (Δ𝜔)464

Almandine
300 0.300 2.728 -0.027 2.701
450 0.375 3.400 -2.307 1.094
500 0.402 3.641 -3.067 0.575
600 0.466 4.211 -4.587 -0.376
700 0.540 4.866 -6.107 -1.241
800 0.629 5.649 -7.627 -1.978
850 0.682 6.112 -8.387 -2.274
870 0.705 6.313 -8.691 -2.378
900 0.741 6.626 -9.147 -2.520
950 0.809 7.216 -9.907 -2.690
1000 0.886 7.880 -10.667 -2.786

Grossular
300 0.300 2.728 -0.027 2.701
450 0.370 3.356 -2.307 1.049
500 0.394 3.570 -3.067 0.503
600 0.450 4.069 -4.587 -0.518
700 0.517 4.663 -6.107 -1.444
800 0.601 5.403 -7.627 -2.224
850 0.652 5.850 -8.387 -2.537
870 0.673 6.034 -8.691 -2.657
900 0.708 6.339 -9.147 -2.807
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Table 8.11 continued from previous page

950 0.775 6.922 -9.907 -2.985
1000 0.852 7.588 -10.667 -3.079

Pyrope
300 0.300 2.728 -0.027 2.701
450 0.349 3.168 -2.307 0.861
500 0.369 3.347 -3.067 0.280
600 0.414 3.748 -4.587 -0.838
700 0.471 4.255 -6.107 -1.852
800 0.549 4.945 -7.627 -2.682
850 0.596 5.359 -8.387 -3.028
870 0.618 5.552 -8.691 -3.139
900 0.652 5.850 -9.147 -3.297
950 0.717 6.418 -9.907 -3.489
1000 0.797 7.112 -10.667 -3.554
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8.5 conclusions

From the above discussion, it is clear that models based on isotropic stress are not
able to reproduce the experimental data from the inclusion. The disagreement
could be due to different effects. One first effect to consider is the dependence
of (𝜕𝜔/𝜕𝑃) upon temperature. However, Schmidt and Ziemann (2000) could
determine a constant isotherm slope, at least for the 464-cm−1 mode and for
temperature between 100 and 560 °C, quasi-linear up 1.1GPa. Additionally, to
obtain the measured shift at 800K would require a (𝜕𝜔/𝜕𝑃) of approximately 6
cm−1/GPa, while the experimentally determined slope by Schmidt and Ziemann
(2000) is 9.0 (5) cm−1/GPa (Fig 8.8).

Another possible cause of disagreement between the model and the exper-
imental data might be the composition of the garnet. However, the difference
between the P𝑖𝑛𝑐 and the resulting shifts for different endmembers is small. Addi-
tionally, temperature-induced changes in the host can be excluded. In fact, up
to 1000 K the most intense peak of garnet, the 𝐴1𝑔 mode at ∼ 920 cm−1, shows
the expected behavior (Fig. 8.9a), with the peak position decreasing linearly upon
heating (Gillet et al., 1992).

When heating from 1000 to 1050 K, the sample unexpectedly jumped and it was
not possible to continue the measurement. The sample was cooled down to room
temperature and heated again, but in this second run the sample jumped at 1150 K
and broke into pieces; it was possible to recover only a fragment of the garnet host.
The spectra at room temperature for run 1 and 2 show that the host-inclusion
system was not altered by the first heating, while the recovered garnet after run 2
has a distinctly different spectrum (Fig. 8.9b). The additional peaks are attributed
to nanocrystalline hematite, that was reported to form in almandine upon heating
(Zboril et al., 2004). In the recovered fragment, the most intense peak in the garnet
host is shifted from 920.05(3) cm−1 to 918.07(7) cm−1, reflecting the oxidation
of 𝐹𝑒+2 to 𝐹𝑒+3. Similar macroscopic effects such as jumping are observed in
single crystals and are called dynamic effects (for a recent review see Naumov
et al., 2020). In particular, the thermosalient effect is defined as the propensity
of a crystal to jump, sometimes to heights of several times its size, when heated
over a phase transition, and it is usually accompanied by a large and anisotropic
change in the cell volume (Panda et al., 2014; Sahoo et al., 2013; Skoko et al., 2010).
Jumping has never been reported so far for an host-inclusions system, where it
might be the result of the difference in elastic properties upon heating of the two
members of the pair, in particular, when the quartz inclusion approaches the
phase transition, that is hindered by the confinement within the host, resulting in
the jump and breakage of the system. Furthermore, a too high heating rate would
not justify the disagreement between the model and the experimental data. The
fact that the isotropic model is not able to reproduce the data trends suggests
that the anisotropy of the system has to be taken into account. In fact, the quartz
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Figure 8.7. Comparison between the calculated Δ𝜔464 not including pre-transition effects
and the inclusion data.

Figure 8.8. Comparison between theΔ𝜔𝑖 calculated with the isotherm slope from Schmidt
and Ziemann (2000) and the inclusion data.
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(a) (b)

Figure 8.9. (a) Temperature dependence of peak positions, widths and fractional intensities
of the 𝐴1𝑔 mode of garnet at ∼920 cm−1 (b) Spectra at room temperature before run 1
and run 2 and spectrum of the recovered garnet fragment after run 2. A spectrum of
nanocrystalline hematite is reported for reference.

inclusion is subject to isotropic strains imposed by the host garnet and being
elastically anisotropic develops deviatoric stresses. Furthermore, the shift of the
𝛼-𝛽 phase transition to higher temperature under high pressure appears to be
sensitive to the stress state. Uniaxial compression perpendicular and parallel to
the 𝑐 axis raises the temperature of 10.6(4)◦C /100 MPa and and 5.0(4)◦C/kb,
respectively (Coe & Paterson, 1969), whereas it increases of approximately of
26◦C/100 MPa (Shen et al., 1993) under hydrostatic conditions. Thus, to answer
to these open questions a new anisotropic model must be developed and this
study could be compared with the characterizations of different inclusions, such
as zircon, that have phase transitions or undergo melting at higher temperatures.
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9 Fossil subduction recorded by quartz from the coesite
stability field
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abstract

Metamorphic rocks are the records of plate tectonic processes whose recon-
struction relies on correct estimates of the pressures and temperatures (P-T)
experienced by these rocks through time. Unlike chemical geothermobarometry,
elastic geobarometry does not rely on chemical equilibrium between minerals, so
it has the potential to provide information on overstepping of reaction boundaries
and to identify other examples of non-equilibrium behavior in rocks. Here we
introduce a method that exploits the anisotropy in elastic properties of minerals
to determine the unique P and T of entrapment from a single inclusion in a
mineral host. We apply it to preserved quartz inclusions in garnet from eclogite
xenoliths hosted in Yakutian kimberlites (Russia). Our results demonstrate that
quartz trapped in garnet can be preserved when the rock reaches the stability
field of coesite (the high-pressure and high temperature polymorph of quartz)
at 3 GPa and 850 °C. This supports a metamorphic origin for these xenoliths
and sheds light on the mechanisms of craton accretion from a subducted crustal
protolith. Furthermore, we show that interpreting P and T conditions reached
by a rock from the simple phase identification of key inclusion minerals can be
misleading.

9.1 introduction

The mechanisms attending the downward transport of crustal material into the
mantle and its return back to Earth’s surface (exhumation) are still a matter of
vigorous debate. Chemical information only allows the interpretation of the

https://doi.org/10.1130/G46617.1
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measurements on mineral and rock composition in terms of pressure (P) for per-
fectly lithostatic systems under ideal chemical equilibrium. However, significant
overstepping of reaction boundaries Spear et al., 2016 as well as the presence of
non-lithostatic stresses might prevent the correct interpretation of P, and in turn
depths, reached by crustal rocks during subduction and metamorphism. Host-
inclusion geobarometry provides an alternative and complementary method to
determine pressures and temperatures (P-T) attained during the history of rocks
(Angel et al., 2014; Angel et al., 2015; Zhang, 1998).A mineral trapped as an inclusion
within another host mineral is not free to expand or contract as would a free
crystal but is constrained by the host mineral. This results in the development of
stress in the inclusion that differs from the external stress or pressure applied to
the host mineral, both while it is in the earth and afterwards when we examine
the rock at room pressure in the laboratory. The stress state of the inclusion
arises from the change in P and T from the time of its entrapment, so measure-
ment of the stress state of the still-entrapped inclusion while in the laboratory
enables the conditions of entrapment to be calculated, provided no plastic or
brittle deformation occurred upon exhumation after entrapment. However, the
current state of the art is based upon the assumption that both the host and the
inclusion are elastically isotropic. But, no mineral is isotropic in elastic properties
and this may cause errors in calculated P and T. This also means that a measure-
ment of a single inclusion pressure while the host is at room pressure provides
only one constraint on the entrapment conditions. As a consequence, one can
only calculate a line in P-T space (the entrapment isomeke) which represents
possible entrapment conditions of the inclusion (Angel et al., 2014; Rosenfeld and
Chase, 1961). Here we describe how the anisotropy of mineral inclusions can be
exploited to determine unique P-T conditions last recorded by the rock. The basic
idea behind this approach is that an anisotropic inclusion will exhibit different
stresses and strain along different crystallographic directions. By measuring these
strains from a single inclusion, we obtain two or three independent data which,
in combination with the known P-T variation of the unit-cell parameters of the
inclusion mineral and the host, enable both the P and T of entrapment or elastic
equilibration of the inclusion to be determined.

9.2 eclogite xenolith from the mir pipe (yakutia)

The Mir pipe (Yakutian kimberlites, Russia) is a relatively young kimberlite (360
Ma) for which eruption temperatures of ∼1000 °C and very fast ascent rates or
short residence time (<0.1 m.y.) have been estimated (Korsakov et al., 2009; Zhukov
and Korsakov, 2015). The Mir pipe kimberlite carried to the surface eclogite xeno-
liths made of omphacite, garnet, and rutile (Taylor et al., 2003; Tomilenko et al.,
2005; Zhukov and Korsakov, 2015). The major and trace element bulk composition
of these eclogite xenoliths suggests that they may be derived from subducted
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Table 9.1. Strains calculated for inclusions i3, i5, i6 and i7 (see figure 1) from micro-raman
measurements, together with single-crystal x-ray diffraction data on inclusion i6 before
and after subtracting the anisotropic relaxation.

Inclusion label 𝜖1 + 𝜖2 𝜖3 𝜖𝑉 𝜒2

Relaxed

i6, X-ray* -0.0182(2) -0.0091(3) -0.027(3)
i6, MRS -0.018(3) -0.009(2) -0.0264(11) 0.47
i5, MRS -0.021(3) -0.009(2) -0.030(2) 0.46
i3, MRS -0.021(5) -0.009(4) -0.030(2) 0.40
i7, MRS -0.020(4) -0.008(3) -0.029(2) 0.25

Unrelaxed

i6, X-ray* -0.0237(4) -0.0122(6) -0.0359(7)
i6, MRS -0.023(4) -0.012(3) -0.036(4)
i5, MRS -0.026(4) -0.012(3) -0.039(4)
i3, MRS -0.026(6) -0.012(5) -0.039(7)
i7, MRS -0.026(6) -0.011(4) -0.038(6)

MRSÐmicro-Raman spectroscopy. Estimated standard deviations are given in
parentheses. For inclusions i6 and i5, strains have been determined from four
Raman bands at 128, 260, 464, and 696 cm−1, whereas for inclusions i3 and i7, the
Raman band at 696 cm−1 has been excluded because of the poor quality of the
profile and the consequent large uncertainties in the fitting results.Single-crystal

X-ray diffraction data on i6 are taken from Murri et al. (2018)

2018; Howell et al., 2010; Korsakov et al., 2007; Korsakov et al., 2009). The upshift
of the Raman bands (Fig. 9.2A) at various positions across the inclusion confirms
that the inclusion is under significant residual strain. Quantitative values of the
strains have been determined from the wavenumber shifts of the Raman bands
at 128, 206, 464, and 696 cm−1 by using the mode Grüneisen tensors of quartz
(Angel et al., 2019; Bonazzi et al., 2019; Murri et al., 2019; Murri et al., 2018). The
strains determined in this way from several inclusions in the same garnet are
identical within estimated standard deviations, and agree with the measurements
by single-crystal X-ray diffraction (Table A.1).

The residual strains as determined by X-ray diffraction and by micro-Raman
spectroscopy (MRS) cannot be directly used to back-calculate the residual pres-
sure at entrapment conditions because they are the product of two processes: the
contrast in the elastic properties of the host and inclusion over P and T that leads
to the inclusions exhibiting an excess pressure, and the mutual elastic relaxation
of the system driven by this excess pressure (Angel et al., 2014). Before calculating
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entrapment conditions by using the equations of state of the host and inclusion
minerals, the residual strains must be corrected for elastic relaxation (Angel et al.,
2017). Correction for elastic relaxation of a spherical inclusion in an elastically
isotropic system depends only on the elastic properties of the host and inclusion
(Angel et al., 2017; Zhang, 1998). For faceted or complex-shaped inclusions, and
for all elastically anisotropic inclusions, the final stress state depends on both
the geometry of the system and the elastic anisotropy of the inclusion-host pair
Campomenosi et al., 2018; Eshelby, 1957; Mazzucchelli et al., 2018; Mazzucchelli
et al., 2019; Zhukov and Korsakov, 2015). Therefore, for all of these cases, the elastic
relaxation must be calculated numerically (Mazzucchelli et al., 2018; Mazzucchelli
et al., 2019) using the exact shape of the inclusion and its full elastic properties
together with those for the host. We determined the three-dimensional (3-D)
model of the entire sample (see Fig. 9.1E) from X-ray microtomography mea-
surements at the TOMCAT (Tomographic Microscopy and Coherent Radiology
Experiments) beamline of the Swiss Light Source (SLS; Paul Scherrer Institut)
(Stampanoni et al., 2006). From these images, we created a meshed 3-D model in
order to perform finite element (FE) analyses that allow us to calculate the amount
of elastic relaxation that has occurred (Mazzucchelli et al., 2018). Because of the
anisotropy of quartz, the amount of elastic relaxation is different in different
directions. Only after correction for the elastic relaxation can we demonstrate
that the measured quartz inclusions were subject to isotropic strain (Table A.1;
Fig. 9.2B) as a consequence of the change of the dimensions of the cubic host
mineral with P and T. The corrected strains of all four inclusions are identical
within the estimated uncertainties, consistent with them having been trapped
under the same conditions and having experienced the same post-entrapment
history.

9.4 calculation of unique pressure and temperature of

elastic equilibration

Once the measured inclusion pressure or strain (as appropriate) has been cor-
rected for the effects of mutual relaxation, the determination of possible entrap-
ment conditions is a purely thermodynamic calculation. In the isotropic model
(Angel et al., 2014; Angel et al., 2015; Angel et al., 2017), entrapment conditions are
calculated as the conditions under which there are no stress gradients across
the host and inclusion, which leads to an entrapment isomeke, which is a line in
P-T space along which there would have been no strain gradients in the system.
We exploit the anisotropy of quartz and the known variation with P and T of
its unit-cell parameters (for details see the Data Repository) to calculate a line
of possible entrapment conditions from each of the corrected strains calculated
along a and c crystallographic axes (Table A.1). The intersection of these two lines
(e.g., crossing point of dashed and solid lines in Fig. 9.2C) provides a unique P and
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the external pressures by ∼1.5 GPa (Angel et al., 2015). Therefore, at rock pressures
of 3.5 GPa, the quartz experiences only 2.0 GPa, well within its stability field, and
would not transform to coesite. A significant period of residence of the studied
garnet at high temperatures would be consistent with the complete absence of
compositional zoning and gradients in the eclogitic garnet host (Shimizu and
Sobolev, 1995). We suggest that at the same time that the compositional gradients
in the garnet were eliminated by diffusion, the pressure difference between the
quartz inclusions and the garnet host drove plastic flow that relaxed the stress
difference while maintaining the isolation of the inclusions so that no fluids were
available to catalyze the quartz to coesite. Similar resetting of inclusion pressures
in garnets has also been documented in metamorphic settings (Ferrero and Angel,
2018). Subsequent eruption of the kimberlite would have been sufficiently rapid
to prevent further significant resetting of the inclusion stress state (Zhong et al.,
2018). Therefore, the remanent pressures that we measured on these inclusions
reflect resetting at mantle pressures and temperatures following subduction
(see Figs. ref2 and 9.3). We note that the resetting temperature and pressure
cluster around a mantle geotherm associated with surface heat flow of 45 mW/m2,
appropriate for ambient conditions at the time of the kimberlite eruption, so they
may indicate that the xenolith was incorporated at the time of eruption (Litasov
et al., 2003). On the other hand, the measured remanent inclusion pressures
definitely exclude the possibility that the studied mantle eclogite xenoliths are
the product of direct high-pressure magma crystallization at mantle depths, as
already supported by geochemical evidence for other xenoliths (Aulbach et al.,
2017; Griffin and O’Reilly, 2007). Direct crystallization at depth would result in
either coesite inclusions, or inclusions whose remanent pressures would indicate
entrapment within the stability field of quartz. This example illustrates that the
anisotropic behavior of quartz is not just a complication that may invalidate an
isotropic analysis of inclusion data, but actually provides additional information
that can be used in certain circumstances to provide P and T estimates that are
completely independent of chemical equilibrium in the rock. The same principles
and methodology can certainly be applied to any other uniaxial mineral trapped
in almost isotropic host minerals such as garnets.
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10 Conclusions

In this thesis mineral inclusions are characterized by means of various non-
destructive techniques that allow to extract a plethora of information from the
host-inclusion system without compromising its integrity. Inclusions have the
potential to shed light on different geological problems: from their composition
we can infer the conditions of the environment in which they grew; the mutual
crystallographic orientations of the host and the inclusions allow to identify
whether the inclusion grew before of together with the host, or conditions of
epitaxial growth; from the stress state of the inclusions we can determine the
pressure and temperature conditions of the entrapment.

The work on magnetic inclusion in diamonds shows that even rare inclusions
can play an important role in understanding the environment of formation of
diamond and that a multi-analytical approach can exploit all the properties of
the included minerals. In fact, as shown in Chapters 2 and 3 magnetic properties
can help in the identification of the composition of the inclusions and thus of the
environment in which the host-inclusion system grew. The use of X-ray tomog-
raphy allows to identify epigenetic inclusions, such as hematite. Furthermore,
the combination of different techniques can provide a unique identification also
in complex cases, highlighting the importance of a multi-analytical approach. In
particular, X-ray tomography played an important role not only in the locating all
the inclusions in the samples, but also in determining their formation mechanism,
and the identification of the phases.

The determination of the stress state of the inclusions and the influence of such
stress on the structure and properties is addressed in the second part of this thesis.
Chapter 5 demonstrates that it is possible to characterize the crystal structure of
inclusions in situ. This study not only paves the way to a systematic analysis of the
structures of mineral inclusions, but it also allows to use host-inclusions system as
model systems to study the effect of non-hydrostatic stress on crystal structures,
a problem still to explore in mineralogy and material sciences. Chapters 6 and
7 demonstrate the fundamental importance of a thorough characterization of
the free minerals in order to correctly interpret the results from inclusions. In
particular, in Chapter 6 the characterization of the response of quartz Raman
scattering to compression allowed to verify experimentally the validity of the
approach based on the phonon-mode Grüneisen tensor to calculate the pressure
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in the inclusions. Furthermore, the investigation of the splitting of 𝐸modes shows
that both LO and TO modes have the same phonon compressibility, supporting
the application of the Grüneisen-tensor approach (Angel et al., 2019; Murri et
al., 2019) to the two components, and that the orientation of quartz inclusions
with respect to the surface of the host does not bias the strain-induced shifts of
the Raman peaks from 𝐸 modes. It also characterized in full details the strong
multiphonon interactions that can contribute to the stability of alpha-quartz at
ambient conditions and provide new pressure calibrations for a larger number
of modes and in a wider pressure range than previously reported (Schmidt &
Ziemann, 2000) . The reexamination of the temperature dependence of quartz
Raman scattering at high temperature provided a complete data set and reference
to understand how the spectrum of quartz change as function of temperature
and approaching the 𝛼-𝛽 phase transition. It provides a good description of the
behavior of the spectral features involved in the transition, affected by multi-
phonon interactions (Scott, 1968). Thanks to this information, it is possible to
interpret the complex results from the in-situ heating experiment on a quartz in
garnet host-inclusion pair described in Chapter 8. This experiment show that the
quartz inclusion does not undergo the 𝛼-𝛽 phase transition. This observation is
supported not only by a detailed characterization of the Raman peak positions
and widths, which are compared with the ones from the heating experiment on
the free crystal, but also by calculations based on the thermoelastic properties of
the host and the inclusion. The comparison of the free and trapped crystal data
clearly shows a different response to heating. In fact, the free quartz data can be
interpreted in terms of three regimes: a first region where only simple thermal
expansion occurs, a second region showing pre-transition effects and the the
actual transition, a last regime that is related to the high symmetry phase. The
data from the inclusion cannot be reconciled with this picture and thus require
further investigation. The appliedmodels cannot reproduce the experimental data
and it can be shown that the disagreement between the data and the prediction
is due to the elastic anisotropy of quartz. In fact, a quartz trapped in garnet,
which is cubic, will be subject to isotropic strains imposed by the host. Since it
is elastically anisotropic, the inclusion will develop deviatoric (non-hydrostatic)
stresses that are not taken into account by the models used so far to reproduce
the experimental data. Thus, as a further development a new model tacking into
account elastic anisotropy will be developed.
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abstract

Here we describe a newmineral in the Cu-Ag-Te system, spiridonovite. The speci-
menwas discovered in a fragment from the cameronite [ideally, Cu5−𝑥(Cu,Ag)3+𝑥Te10]
holotype material from the Good Hope mine, Vulcan, Colorado (U.S.A.). It occurs
as black grains of subhedral to anhedral morphology, with a maximum size up to
65 𝜇m , and shows black streaks. No cleavage is observed and the Vickers hardness
(VHN100) is 158 kg ·mm−2. Reflectance percentages in air for R𝑚𝑖𝑛 and R𝑚𝑎𝑥 are
38.1, 38.9 (471.1 nm), 36.5, 37.3 (548.3 nm), 35.8, 36.5 (586.6 nm), 34.7, 35.4 (652.3 nm).
Spiridonovite has formula (Cu1.24Ag0.75)S1.99Te1.01, ideally (Cu1−𝑥Ag𝑥)2Te (x≈
0.4). The mineral is trigonal and belongs to the space group 𝑃 − 3𝑐1, with the
following unit-cell parameters:𝑎 = 4.630(2) Å, 𝑐 = 22.551(9) Å, V = 418.7(4) Å3, and
Z = 6. The crystal structure has been solved and refined to R1 = 0.0256. It can be
described as a rhombohedrally-compressed antifluorite structure, with a rough
ccp arrangement of Te atoms. It consists of two Te sites and three M (metal) sites,
occupied by Cu and Ag, and is characterized by the presence of edge-sharing
tetrahedra, where the four-fold coordinated M atoms lie. The mineral and its
name have been approved by the Commission of NewMinerals, Nomenclature
and Classification of the International Mineralogical Association (No. 2018-136).

A.1 introduction

Spiridonovite is a new member of the Cu-Ag-Te system, together with rickardite,
(Cu3−𝑥Te2) (Ford, 1903), vulcanite (CuTe) (Cameron & Threadgold, 1961), weissite
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(Cu2−𝑥Te) (Bindi et al., 2013), cameronite [Cu5−𝑥(Cu,Ag)3+𝑥Te10] (Bindi & Pinch,
2014), and henryite [(Cu,Ag)3+𝑥Te2] (Bindi, 2014). The new mineral species was
discovered in a fragment from the cameronite holotype material, sample R-934,
from the Good Hope mine (38 ◦ 20’ 35ž N, 107 ◦ 0’ 26ž W), Vulcan, Colorado (U.S.A.)
obtained in 1974 by the late William W. Pinch on exchange from the Smithsonian
Institution,Washington D.C. (U.S.A.) (Bindi & Pinch, 2014). The Good Hope mine
was active from 1898 to 1904, and intermittently through 1930. The mineralization
is hosted in mafic intrusive rock, schist and felsic volcanic rock (Hartley, 1983).
Precious metals and tellurides are localized in quartz veins and successive su-
pergene alteration of tellurides (altaite, galena, and goldfieldite) formed native
Te and Cu-tellurides (e.g., rickardite, vulcanite, weissite), like spiridonovite. The
new mineral has been named after Ernst M. Spiridonov (b. 1938), Professor at
the Department of Mineralogy, Moscow State University, Russia. He studied
gold deposits of the Urals, Transbaikalia, Kamchatka, Uzbekistan, Armenia, and
Bulgaria in the last fifty years and discovered 20 new mineral species, most of
them ore minerals. The new mineral and mineral name have been approved
by the Commission on NewMinerals, Nomenclature and Classification of the
International Mineralogical Association (No. 2018-136). The holotype material
is deposited in the collections of the Museo di Storia Naturale, Università degli
Studi di Firenze, Via La Pira 4, I-50121, Firenze, Italy, catalogue number 3295/I.

A.2 description and physical properties

Spiridonovite occurs as very rare crystals closely associated to rickardite, vul-
canite, cameronite and native tellurium (Figure A.1); its maximum grain size
is about 65 𝜇m. The mineral shows a subhedral to anhedral grain morphology
without inclusions or intergrowths with other minerals. Spiridonovite crystals
are black, show metallic luster and black streak, and are not fluorescent. Mohs
hardness, estimated from the Vickers measurements, is ∼3. Micro-indentation
measurements, carried out with a CORE micro-indentation system, give a mean
value of 158 kg ·mm−2 (range 145ś170).

Tenacity is brittle, and cleavage is not observed. Parting is not observed, and
fractures are irregular. The density could not be determined due to the small
grain size. The calculated density is 4.6 g·cm3, using the empirical formula and
X-ray single-crystal data (see below). In plane-polarize incident light, the mineral
is dark bluish black, with moderate bireflectance (slightly higher than cameronite)
and very weak pleochroism from light grey to a slightly greenish grey. Under
crossed polars, spiridonovite shows very weak anisotropism with greyish to
light-blue rotation tint. Internal reflections are absent, and there is no optical
evidence of growth zonation. Reflectance values were measured in air using a
MPM-200 Zeiss microphotometer equipped with a MSP-20 system processor on
a Zeiss Axioplan oremicroscope (Zeiss, Jena, Germany). The filament temperature





196 Appendix 1

Table A.2. Analytical data in wt.% for spiridonovite..

Constituent Mean Range Stand. dev. (𝜎 ) Standard

Ag 27.83 25.88ś28.09 0.19 Ag metal
Cu 27.12 26.02ś27.94 0.16 Cu metal
Bi 0.01 0.00ś0.03 0.03 synthetic Bi2S3
Pb 0.02 0.00ś0.03 0.02 galena
Zn 0.01 0.00ś0.02 0.02 synthetic ZnS
Fe 0.02 0.00ś0.04 0.04 pyrite
Sb 0.01 0.00ś0.02 0.02 synthetic Sb2Te3
As 0.02 0.00ś0.03 0.03 synthetic As2S3
S 0.01 0.00ś0.02 0.02 pyrite
Se 0.02 0.00ś0.04 0.03 synthetic PtSe2
Te 44.35 42.63ś45.81 0.29 synthetic Sb2Te3

Total 99.42 99. 15ś100.55

for background. JEOL, Tokyo, Japan). For the WDS analyzes the following lines
were used: S𝐾𝛼, Fe𝐾𝛼, Cu𝐾𝛼, Zn𝐾𝛼, As𝐿𝛼, Se𝐿𝛼, Ag𝐿𝛼, Sb𝐿𝛽, Te𝐿𝛼, Pb𝑀𝛼,
Bi𝑀𝛽. The crystal fragment was found to be homogeneous within analytical
error. Analytical data are given in Table A.2.

The empirical formula based on 3 atoms per formula unit is (Cu1.24Ag0.75)Σ1.99Te1.01,
which is in excellent agreement with that derived from the structure refinement,
i.e. (Cu1.19Ag0.81)Σ2.00Te. The simplified formula is (Cu,Ag)2Te. The ideal formula
is (Cu1−𝑥Ag𝑥)2Te (x≈0.4). (Cu0.6Ag0.4)2Te requires Cu 26.28, Ag 29.74, Te 43.98,
Total 100. Silver is an essential constituent in spiridonovite with the intrinsic role
to stabilize the crystal structure.

A.4 x-ray crystallography

X-ray powder diffraction data (Table A.3) were collected on a fragment hand-
picked from the polished section with an Oxford Diffraction Excalibur PX Ultra
diffractometer fitted with a 165 mm diagonal Onyx CCD detector and using
copper radiation (CuK𝛼, 𝜆 = 1.541 38Å)

Single-crystal X-ray studies were carried out using an Oxford Diffraction
Xcalibur diffractometer equipped with an Oxford Diffraction CCD detector, with
graphite-monochromatized MoK𝛼 radiation (𝜆 = 0.710 73Å). Crystal data and
details of the intensity data collection and refinement are reported in Table A.4.

Single-crystal X-ray diffraction intensity data were integrated and corrected
for standard Lorentz polarization factors with the CrysAlisPro package (łCrysAlis
REDž, 2006). The program ABSPACK in CrysAlis RED (łABSPACK in CrysAlis
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Table A.3. Observed and calculatedX-ray powder diffraction data (d inÅ) for spiridonovite;
calculated diffraction pattern obtained with the atom coordinates and occupancies re-
ported in Table A.5 (only reflections with I𝑟𝑒𝑙 ≥ 4 are listed).

h k l d𝑜𝑏𝑠 I𝑒𝑠𝑡 d𝑐𝑎𝑙𝑐 I𝑐𝑎𝑙𝑐

0 1 2 3.78 60 3.778 67
0 0 6 3.76 20 3.759 23
1 0 4 - - 3.268 8
1 1 0 2.317 100 2.315 100
0 1 8 2.305 85 2.306 99
2 0 2 - - 1.9739 10
1 1 6 1.973 15 1.9711 21
1 0 10 - - 1.9656 9
2 0 8 1.635 30 1.6338 30
1 2 2 - - 1.502 8
0 1 14 - - 1.4947 4
3 0 0 1.338 10 1.3366 14
1 2 8 1.333 25 1.3348 27
1 0 16 1.328 10 1.3297 13
2 2 0 - - 1.1575 8
0 2 16 - - 1.153 8
3 1 8 1.033 5 1.0345 11
2 1 16 - - 1.0321 11
0 4 8 - - 0.9445 5
1 3 16 - - 0.873 9
1 1 24 - - 0.8706 10
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Table A.4. Crystal and experimental data for spiridonovite.

Crystal size (𝜇m) 0.040 × 0.050 × 0.060

Cell setting Trigonal
Space group 𝑃-3𝑐1 (#165)
𝑎, 𝑐 (Å) 4.630(2), 22.551(9)
V (Å3) 418.7(4)
Z 6
Temperature (K) 293(2)
2𝑡ℎ𝑒𝑡𝑎𝑚𝑎𝑥 (°) 64.30
Measured reflections 2155
Unique reflections 435
Reflections with F𝑜 > 4𝜎 (F𝑜) 103
R𝑖𝑛𝑡 0.0312
R𝜎 0.0270
Range of h, k, l -5 ś 5; -6 ś 6; -32 ś 32
R1 [ F𝑜 > 4𝜎 (F𝑜)] 0.0256
R1 (all data) 0.0304
wR (on F2) 0.0696
GooF 0.991
No. least-squares parameters 18
Max. and min. resid. peak (𝑒 Å−3) 0.38; -0.24
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Table A.5. Atoms, site-occupancy factors (s.o.f.), Wyckoff positions, atom coordinates and
isotropic displacement parameters (Å2) for spiridonovite.

atom s.o.f Wyckoff 𝑥/𝑎 𝑦/𝑏 𝑧/𝑐 U𝑒𝑞

M1 Cu0.60(1)Ag0.40 4c 0 0 0.37419(7) 0.0623(5)
M2 Cu0.64(1)Ag0.36 4d 1

3
2
3

0.79165(7) 0.0628(4)
M3 Cu0.55(1)Ag0.45 4d 1

3
2
3

0.04146(7) 0.0634(4)
Te1 Te1.00 2b 0 0 0 0.0646(5)
Te2 Te1.00 4d 1

3
2
3

0.66635(3) 0.0700(5)

Table A.6. Selected bond distances (Å) for spiridonovite.

M1- Te1 2.837(2) M2- Te2 2.826(2) M3- Te2 2.816(2)
Te2 2.825(1) (×3) Te2 2.836(1) (×3) Te1 2.832(1) (×3)

REDž, 2006) was used for the absorption correction. A total of 435 unique re-
flections were collected. Systematic absences were consistent with the space
groups 𝑃-3𝑐1 and 𝑃3𝑐1. The statistical tests on the distribution of |𝐸| values (|𝐸2-1|
= 0.977) indicated the presence of an inversion center and so the 𝑃-3𝑐1 space group
was chosen. The structure was solved and refined using the program Shelx-97
(Sheldrick, 2008). The site occupation factor (s.o.f.) at the cation sites was allowed
to vary (Cu vs. Ag for theM positions and Te vs. structural vacancy for the anionic
positions) using scattering curves for neutral atoms taken from the International
Tables for X-ray Crystallography (Wilson, 1992). The Te sites were found fully
occupied by tellurium and then fixed in the subsequent refinement cycles. Final
atomic coordinates and equivalent isotropic displacement parameters are given
in Table A.5, whereas selected bond distances are shown in Table A.6.

A.5 results and discussion

From a chemical point of view, spiridonovite is close to weissite (Cu2−𝑥Te). How-
ever, while weissite can be Ag-free, the presence of Ag in spiridonovite enlarges
the coordination polyhedra, creating a different topology with respect to that
of weissite, and stabilizing the structure. Indeed, spiridonovite can be seen as a
rhombohedrally-compressed antifluorite structure, with a rough ccp arrange-
ment of Te atoms, which exhibit a cubic arrangement. On the contrary, Te atoms
exhibit a highly distorted hcp arrangement in weissite, thus producing short
Cu-Cu distances and partially occupied Cu sites. Weissite has a complex struc-
ture with 24 independent Cu and 12 Te atoms showing significantly different
crystal-chemical environments (Bindi et al., 2013), while the crystal structure of
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Table A.7. Bond valence sums (v.u.) for spiridonovite.

M1 M2 M3
∑︁
Te

Te1 0.265×2→ 0.277×3↓×6→ 2.192

Te2 0.274×3↓ ×3→
0.267

0.260×3× ↓ ×4→
0.286 2.148

1.087 1.047 1.117

Table A.8. Minerals belonging to the Cu-Ag-Te system.

Mineral Formula Space Group Cell Values (Å) V(Å3) Z

cameronite [4] Cu5−𝑥(Cu,Ag)3+𝑥Te10 (x = 0.43) 𝐶2/𝑐

𝑎 = 17.906(1)
𝑏 = 17.927(1)
𝑐 = 21.230(2)
𝛽 = 98.081(8)°

6747.2(8) 14

empressite [11] AgTe 𝑃𝑚𝑛𝑏

𝑎 = 8.882(1)
𝑏 = 20.100(5)
𝑐 = 4.614(1)

823.7(3) 16

henryite [5] (Cu,Ag)3+𝑥Te2 (x = 0.40) 𝐹𝑑-3𝑐 𝑎 = 12.1987(5) 1815.3(2) 16

hessite [15] Ag2Te 𝑃21/𝑐

𝑎 = 8.164(1)
𝑏 = 4.468(1)
𝑐 = 8.977(1)
𝛽 = 124.16(1)°

271.0(1) 4

krennerite [12] (Au1−𝑥Ag𝑥)Te2 (x = 0.2) 𝑃𝑚𝑎2

𝑎 = 16.58(3)
𝑏 = 8.849(3)
𝑐 = 4.464(3)

654(1) 8

rickardite [14] Cu3−𝑥Te2 𝑃𝑚𝑚𝑛

𝑎 = 3.9727(4)
𝑏 = 4.0020(5)
𝑐 = 6.1066(3)

97.1(1) 2

vulcanite [13] CuTe 𝑃𝑚𝑚𝑛

𝑎 = 3.155(1)
𝑏 = 4.092(1)
𝑐 = 6.956(1)

89.80(3) 2

weissite [3] Cu2−𝑥Te (x = 0.21) 𝑃3𝑚1
𝑎 = 8.3124(7)
𝑐 = 21.546(1)

1289.3(2) 24
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observed. Bond valence sums (Table A.7), calculated according to the parameters
given by Brese andO’Keeffe (1991), and taking into account the refined occupancies
(Table A.5), confirm the validity of the structural model.

All the minerals belonging to the Cu-Ag-Te system are shown in Table A.8,
together with some crystallographic detail. If we consider a tripled a parameter
for spiridonovite, we get the cell: 𝑎 = 13.89 and 𝑐 = 22.55Å. Such a metric has
some analogy with that of the 𝛽 𝐼 𝐼 𝐼 synthetic compound of the Cu-Te system
(Baranova et al., 1974), which exhibits a hexagonal symmetry and 𝑎 = 12.54 and 𝑐
= 21.71Å. The cell enlargement observed for spiridonovite could be due to the
presence of Ag replacingCu.However, as demonstrated by Pashinkin and Fedorov
(2003), the 𝛽 𝐼 𝐼 𝐼 synthetic phase is actually an intermetallic compound, with short
Cu-Cu and Te-Te contacts, and thus different from spiridonovite. Cameronite
(Cu5−𝑥(Cu,Ag)3+𝑥Te10 [Bindi and Pinch, 2014]) and weissite (Cu2−𝑥Te) (Bindi et al.,
2013) have a similar intermetallic nature, showing short bond distances between
the metals, characterized by the presence of typical łinterpenetrated tetrahedraž
due to the short Cu-Cu, Te-Te, and Cu-Te distances.
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abstract

The role of halide substitution in a lead-free 2D hybrid perovskite is investigated
on the BZA2SnX4 (BZA=benzylammonium; X=Cl, Br and I) system, by report-
ing the synthesis and the structural analysis by means of single-crystal X-ray
diffraction data of the two novel compositions BZA2SnBr4 and BZA2SnCl4. In
addition, the mixed composition BZA2Sn(Br𝑥I1−𝑥)4 (0 ≤ x ≤ 1) has been prepared
by mechanochemical synthesis confirming the existence of a wide solid solubility
between the two end-members. The absorption and emission spectra revealed
a wide tuning of the band-gap by changing the halide, covering more than 300
nm in the visible range. Combined experimental and DFT calculations provide
a complete picture of the electronic and structural properties of the BZA2SnX4

system, revealing a strong influence of the halide on the orientation for the ben-
zylammonium cation, on the hydrogen bonding system within the perovskite
network, and on the distortion of the octahedra.

B.1 introduction

The field of organicśinorganic hybrid halide perovskites has recently moved
towards two-dimensional (2D) systems, which provide an impressive space for
material engineering and tailoring of desired functions with concomitant excel-
lent photophysical properties (Gangadharan &Ma, 2019; Gao, Nazeeruddin, et al.,
2018; Grancini & Nazeeruddin, 2019; Mao et al., 2018; Wang et al., 2019; Wang et al.,
2018). Among the several classes of 2D perovskites, recently and deeply reviewed
in Gao, Nazeeruddin, et al. (2018), the one comprising (100)-oriented 2D materials

https://doi.org/10.1039/C9TA11923J
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is by far the most abundant and explored. They consist of alternating organicś
inorganic layers with corner-sharing [MX6]4− units and organic spacers between
them. They can form RuddlesdenśPopper (RP) and DionśJacobson phases de-
pending on the nature of the A site organic group(s) (Gao, Nazeeruddin, et al.,
2018). Further, among the RP phases, the n=1 members, with general formula
A2PbX4 (A= monovalent organic cation; X =halide) have received significant
attention for their optoelectronic properties and material robustness. Calabrese
et al., 1991; Gao, Nazeeruddin, et al., 2018; Kamminga et al., 2016; Li et al., 2017;
Mao et al., 2016; Smith et al., 2014 However, the plethora of organic spacers and
the extension of the homologous series (n > 1), allow for a huge variety of ma-
terials to be engineered for tailored applications, including the solid solubility
of mixed organic cations on the A-site of the 2D perovskite (Gao, Nazeeruddin,
et al., 2018). On the opposite, the exploration of halide mixing approach on 2D
hybrid perovskites has been very limited to date, with few examples related to the
optimization of quantum yield of white-light emission(Dohner et al., 2014; Gao,
Nazeeruddin, et al., 2018; Yang et al., 2018). This is quite surprising, considering
the success of this approach on 3Dmaterials and 0D nanocrystals (Calabrese et al.,
1991; Hong et al., 2019; Karmakar et al., 2019). Finally, another poorly explored
area of research on 2D hybrid perovskites is the preparation and characteriza-
tion of lead-free systems. The few examples available confirm the known (on
3D perovskites) tunability of band-gap and optical properties induced by tin or
germanium replacement (Cheng et al., 2018; Mao et al., 2018). Based on the above
considerations, we explored the role of halide mixing on a tin-based 2D hybrid
perovskite, namely BZA2SnX4 (BZA=benzylammonium; X= Cl, Br and I). In
particular, we afforded the preparation of the novel Br/I mixed system in order
to define the possible existence and extension of such solid solution, as well as
the preparation of BZA2SnCl4. We highlight that among the compounds of this
series, only BZA2SnI4 is actually known in the current literature (Mao et al., 2016).
Mao et al. (2016) explored the synthesis of the BZA2Pb1−𝑥Sn𝑥I4 solid solution,
showing a significant reduction of the band-gap by progressively replacing Sn for
Pb, with an anomalous (non Vegard) trend with metal mixing (Mao et al., 2016).
In the same work, the crystal and electronic structures were provided, showing,
for example, that the inorganic layers in the compounds adopt a staggered motif
(Mao et al., 2016). Due to the peculiar structural properties of 2D halide perovskite,
it is of significant interest to investigate the evolution of the crystal and optical
properties as a function of the halide substitution, being the two BZA groups
coordinating two adjacent halides.

B.2 results and discussion

Samples of the BZA2Sn(Br𝑥I1−𝑥)4 series have been prepared in form of poly-
crystalline powders by high energy ball-milling. This approach, very scarcely
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Table B.1. Atomic coordinates in the structure of BZA2SnI4 resolved from single crystal
X-ray diffraction.

𝑥 𝑦 𝑧 𝑚𝑠𝑓 (Å2) 𝑠.𝑜.𝑓 .

Sn Sn1 0.5 0 0.5 0.03688(13) 1
I I1 0.28824(4) 0.29076(4) 0.49275(2) 0.04951(13) 1
I I2 0.54468(5) 0.02018(5) 0.39134(2) 0.05508(14) 1
N N1 .5804(6) 00.4342(7) 0.4134(2) 0.0616(13) 1
C C1 0.4755(11) 0.5499(9) 0.3934(3) 0.076(2) 1
C C2 0.4428(7) 0.5136(7) 0.3438(3) 0.0547(14) 1
C C3 0.3334(7) 0.4091(10) 0.3330(3) 0.076(2) 1
C C4 0.2993(9) 0.3781(14) 0.2872(4) 0.099(3) 1
C C5 0.3741(12) 0.4491(11) 0.2522(3) 0.089(3) 1
C C6 0.4825(11) 0.5524(11) 0.2625(3) 0.084(2) 1
C C7 0.5162(9) 0.5835(9) 0.3081(3) 0.0721(19) 1
H H1NA 0.5471 0.3395 0.4080 0.092 1
H H1NB 0.5884 0.4490 0.4439 0.092 1
H H1NC 0.6680 0.4455 0.4001 0.092 1
H H1A 0.3851 0.5492 0.4112 0.091 1
H H1B 0.5179 0.6522 0.3955 0.091 1
H H3 0.2826 0.3595 0.3568 0.092 1
H H4 0.2250 0.3084 0.2802 0.119 1
H H5 0.3515 0.4273 0.2214 0.107 1
H H6 0.5333 0.6016 0.2387 0.101 1
H H7 0.5905 0.6535 0.3148 0.087 1

applied to 2D hybrid perovskites, is becoming of wider interest because it is
green, scalable, and can easily allow the synthesis of hybrid perovskites as well
as allinorganic perovskites for photovoltaics. Besides, stoichiometric BZA2SnX4

compounds (X=Cl, Br, and I) were grown as single crystals for a more accurate
determination of their crystal structure. The crystal structure of BZA2SnI4 was
re-investigated, and agrees with the previous determination provided inMao et al.
(2016). The compound shows an orthorhombic unit cell (space group, s.g., 𝑃𝑏𝑐𝑎)
with lattice parameters of 𝑎 =9.1105(1) Å, 𝑏=8.6776(1) Å, and 𝑐=28.754(6) Å
(Mao et al., 2016).The determination of the crystal structures of the novel com-
pounds BZA2SnBr4 and BZA2SnCl4 by single crystal X-ray diffraction revealed
that they are orthorhombic (s.g.𝐶𝑚𝑐21), with lattice parameters 𝑎=33.2806(1) Å ,
𝑏=8.1046(4) Å, and 𝑐=8.1036(4) Å for BZA2SnBr4, and 𝑎=33.505(3) Å, 𝑏=7.7784(6) Å,
and 𝑐=7.7678(5) Å for BZA2SnCl4 (Tables 1ś3).

Although the 𝑃𝑏𝑐𝑎 and𝐶𝑚𝑐21 space groups have different settings (mainly due
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Table B.2. Atomic coordinates in the structure of BZA2SnBr4 resolved from single crystal
X-ray diffraction.

𝑥 𝑦 𝑧 𝑚𝑠𝑓 (Å2) 𝑠.𝑜.𝑓 .

Sn Sn1 0.5 0.2503(2) 0.5221(5) 0.0411(2) 1
Br Br1 0.5 0.4385(3) 0.2085(3) 0.0594(7) 1
Br Br2 0.5 -0.0623(3) 0.3325(2) 0.0524(6) 1
Br Br3 0.41079(3) 0.2505(4) 0.5218(8) 0.0738(3) 1
N N1 0.4224(3) 0.1703(19) 0.0996(14) 0.067(3) 1
C C1 0.4012(3) 0.291(3) -0.003(3) 0.080(5) 1
C C2 0.3569(2) 0.258(3) 0.011(3) 0.081(3) 1
C C3 0.3352(7) 0.136(3) -0.068(4) 0.122(10) 1
C C4 0.2938(7) 0.129(4) -0.047(6) 0.185(16) 1
C C5 0.2748(4) 0.238(4) 0.060(6) 0.190(15) 1
C C6 0.2968(6) 0.357(3) 0.143(5) 0.159(13) 1
C C7 0.3380(6) 0.364(3) 0.119(4) 0.111(10) 1
H H1NA 0.4488 0.1880 0.0930 0.101 1
H H2NB 0.4145 0.1805 0.2040 0.101 1
H H3NC 0.41689 0.0689 0.0640 0.101 1
H H1A 0.4097 0.2814 -0.1169 0.096 1
H H1B 0.4071 0.4022 0.0347 0.096 1
H H3 0.3482 0.0584 -0.1338 0.146 1
H H4 0.2788 0.0521 -0.1051 0.222 1
H H5 0.2472 0.2302 0.0757 0.228 1
H H6 0.2841 0.4312 0.2131 0.191 1
H H7 0.3531 0.4414 0.1773 0.134 1



Exploring the role of halide mixing in lead-free BZA2SnX4 2D hybrid perovskites 209

Table B.3. Atomic coordinates in the structure of BZA2SnCl4 resolved from single crystal
X-ray diffraction.

𝑥 𝑦 𝑧 𝑚𝑠𝑓 (Å2) 𝑠.𝑜.𝑓 .

Sn Sn1 0.5 0.25148(18) 0.5294(6) 0.0454(2) 1
Cl Cl1A 0.5 0.4088(18) 0.234(3) 0.070(4) 0.5
Cl Cl1B 0.5 0.4675(18) 0.181(3) 0.070(4) 0.5
Cl Cl2A 0.5 -0.0346(13) 0.3622(12) 0.0384(15) 0.5
Cl Cl2B 0.5 -0.1143(12) 0.3355(14) 0.0384(15) 0.5
Cl Cl3 0.41561(7) 0.2558(7) 0.5318(18) 0.0800(7) 1
N N1 0.4254(3) 0.1832(17) 0.1179(13) 0.057(2) 1
C C1 0.4033(3) 0.269(2) -0.0205(16) 0.065(4) 1
C C2 0.35900(19) 0.2689(16) 0.0268(16) 0.064(2) 1
C C3 0.3378(5) 0.143(2) -0.060(2) 0.096(6) 1
C C4 0.2971(4) 0.131(2) -0.034(3) 0.117(7) 1
C C5 0.2783(3) 0.240(3) 0.079(3) 0.142(11) 1
C C6 0.2993(4) 0.362(3) 0.171(3) 0.126(8) 1
C C7 0.3400(4) 0.374(2) 0.143(2) 0.085(5) 1
H H1NA 0.4200 0.2343 0.2178 0.085 1
H H1NB 0.4514 0.1898 0.0967 0.085 1
H H1NC 0.4181 0.0733 0.1232 0.085 1
H H1A 0.4073 0.2090 -0.1284 0.079 1
H H1B 0.412689 0.38639 -0.0338 0.079 1
H H3 0.3507 0.0683 -0.1342 0.115 1
H H4 0.048658 0.282381 -0.093367 0.140 1
H H5 0.2509 0.2318 0.0945 0.171 1
H H6 0.2866 0.4344 0.2485 0.151 1
H H7 0.3548 0.4545 0.2036 0.102 1
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Table B.4. Octahedral interatomic distances in the structure of BZA2SnX4..

BZA2SnI4 BZA2SnBr4 BZA2SnCl4

apical 3.1557(9) Å (x 2) 2.977(1) Å (x 2) 2.823(3) Å (x 2)
2.965(4) Å (x 1) 3.015(11) Å (x 1)

3.200(3) Å (x 2)
2.964(4) Å (x 1) 2.966(11) Å (x 1)
2.940(4) Å (x 1) 2.743(10) Å (x 1)

equatorial
3.183(2) Å (x2)

2.942(4) Å (x 1) 2.690(11) Å (x 1)

Table B.5. Sn-X-Sn bond angles within the inorganic layer in the structure of BZA2SnX4.

BZA2SnI4 BZA2SnBr4 BZA2SnCl4

Sn-X1-Sn 160.57(2)° 151.9(1)° 151.1(4) °

Sn-X2-Sn - 152.4(1) ° 144.3(4) °

the SnśXśSn angle and the SnśX bond distances. For BZA2SnI4 the SnśIśSn
angle is 160.6°, in agreement with previous determinations, while the distortion
index of the bond length has been found to be 0.0049, which compares to 152°
and 0.0039 for BZA2SnBr4. As for BZA42SnCl4, the equatorial site split leads to an
alternation of wide (154°) and narrow (144° SnśXśSn angles, indicating a greater
distortion between the octahedra moving towards the smaller halide (Lufaso &
Woodward, 2004; Mao et al., 2016). Interestingly, the octahedral distances evolve
significantly with the nature of the halide: the apical bond length contracts mov-
ing from I (3.16Å) through Br (2.98Å) and Cl (2.82Å), in keeping with the halide
ionic radii. A similar behavior is observed for the average of equatorial bonds,
which decreases from 3.192(10) Å for I to 2.964(14) Å for Br and 2.85(16) Å for
Cl. Therefore, the octahedra become more distorted moving to Cl. A possible
Cl-site splitting is discussed in the łExperimental methodsž. The in-plane lattice
parameters follow, on the other hand, a trend reflecting the different size of the
halide, with a continuous decrease of the a and b axes going from BZA2SnI4
to BZA2SnCl4. The orthorhombic distortion of the unit cell is relevant for the
iodide-containing perovskite while it becomes significantly smaller for the other
two compositions. After having elucidated the specific crystal structure of line
compounds, providing the information on the novel BZA2SnBr4 and BZA2SnCl4
materials, we afforded the investigation of the polycrystalline samples of the
possible BZA2Sn(Br𝑥I1−𝑥)4 solid solution. The synthesized samples are reported
in Fig. B.2a, as obtained from the ball-milling synthesis, showing a progressive
change of color from brilliant yellow of BZA2SnBr4 to dark red of BZA2SnI4.
Their powder X-ray diffraction (XRD) patterns are shown in Fig. B.2b. The ele-
mental analysis on selected specimens by energy dispersive spectroscopy (EDS)
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Table B.7. Lattice parameters in Å of the BZA2Sn(Br𝑥I1−𝑥)4 solid solution from powder
X-ray diffraction in the same setting.

𝑥 𝑎 𝑏 𝑐

1 8.1007(6) 8.0993(8) 33.287(3)
0.75 8.2367(9) 8.2318(9) 32.207(5)
0.625 8.297(2) 8.290(1) 32.056(5)
0.5 8.285(8) 8.268(8) 32.184(7)
0.3 8.584(4) 8.496(3) 31.524(8)
0.25 8.660(3) 8.532(3) 31.166(9)
0 9.101(1) 8.680(1) 28.802(3)

in Fig. B.2c and listed in Table B.7.

Looking at the 𝑎, 𝑏 parameters, we note a progressive linear contraction pass-
ing from BZA2SnI4 to BZA2SnBr4, accompanied by a reduction of their relative
difference. Let us remember that in BZA2SnBr4 we observed 𝑎= 8.1046(4) Å
and 𝑏=8.1036(4) Å, i.e. an extremely small orthorhombic distortion (as a mat-
ter of fact, in Fig. A.2c, such a difference is so small that is graphically covered
by the marker). Below x=0.625, the two parameters have always a very small
orthorhombic distortion, which starts to be significant from x =0.3, i.e. in the
iodide-rich samples. This behavior correlates to the reduced octahedral distor-
tion of BZA2SnBr4 (see above) which clearly manifests already for mixed halide
compositions of the Br-rich side. Also, the linear dependence of lattice parameters
with x helped us to estimate the compositional region where the 2D perovskite
is likely absent, indicated by vertical dashed lines in Fig. B.2c. An interesting
behavior is shown by the trend of the 𝑐-axis. As we reported above, there is a
lengthening of nearly 5Å when moving from iodide to bromide, which is due to
the different orientation of the benzylammonium cations between the inorganic
layers. The expansion of the 𝑐-axis from BZA2SnI4 up to x= 0.3 is linear (see Fig.
A.2c) and becomes flatter in the Br-rich side of the solid solution, until the final
value of 33.2806(1) Å is attained for BZA2SnBr4. There are several factors that
play a role when moving from x= 0 to x =1, such as the change of the stagger-
ing mode of organic cations, the distortion of the octahedra and the hydrogen
bonding between the halide and the amine group. The interplay of such effects,
clearly more effective in the Br-rich mixed compositions, defines the trend of
the 𝑐-axis. Interestingly, an anomalous trend in the lattice parameters has been
very recently observed in the BZA2Pb(Br𝑥Cl1−𝑥)4 system (Jung, 2019). Thermal
properties of the BZA2Sn(Br𝑥I1−𝑥)4 solid solution have been determined by ther-
mogravimetry (TGA) and Differential Scanning Calorimetry (DSC). TGA curves
show a general stability of the phases up to about 150 °C ; after that a significant
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A clear blue-shift is observed in the spectra by moving from BZA2SnI4 to
BZA2SnBr4, with a linear increase of the band-gap from 1.74 eV to 2.41 eV (Jung,
2019; Mao et al., 2016). The analogous lead-based 2D hybrid perovskites, namely
BZA2PbI4 to BZA2PbBr4, exhibit band-gaps of about 2.20 eV and 2.90 eV, re-
spectively, thus confirming the usual ∼0.6ś0.7 eV difference between Pb and Sn
systems found in 3D perovskites (Frost et al., 2014; Mosconi et al., 2015). This is
interesting considering the different local environment of 3D and 2D hybrid per-
ovskites. However, DFT calculations performed on similar systems revealed that,
in general, the valence band maximum (VBM) is dominated by metal s-orbitals
and halide porbitals, while the conduction bandminimum (CBM) is dominated by
empty metal p-orbitals. This indicates that, qualitatively, the electronic structure
is similar to that of the 3D perovskites, which is in agreement with the łrigidž
shift of about 0.5 eV observed when passing from Pb to Sn systems. The band-gap
of BZA2PbCl4 is found at about 3.04 eV which again is in line with the expected
variations moving from bromide to chloride (Mancini et al., 2015). Steady-state
PL (Fig. B.4c) reveals a quite narrow emission by all the samples (around 40 nm)
with a progressive blue-shift by moving from iodide to chloride anion, covering
in the whole nearly 300 nm from I to Cl. There is also slight increase of emission
peak width by replacing I with Br and Cl. Fig. B.3d reports the PL decay upon
excitation at 375 nm. The decay show only marginal difference among the sam-
ples, with a first fast component followed by a slower decay which is completed
in the first microsecond time window. The fast component can be assigned to
rapid electronśhole recombination while the longer living tail to trap-mediated
recombination. Notably, for the Cl sample only a fast decay is observed while the
second component is vanished out.

Further insight into the electronic structure of the present samples has been
obtained by DFT calculations. For the structural optimization, the structure
determined experimentally was used as the starting geometry. The theoretical
ground-state structure was obtained from this, by full geometry optimization,
that is, the atom positions and cell parameters were fully relaxed. Geometry opti-
mization of BZA2SnX4 in orthorhombic structure (𝑃𝑏𝑐𝑎) for X = I and 𝐶𝑚𝑐21
for X= Br, Cl was performed using the DMol3 program in the spin unrestricted
approach (see computational details in the Experimental section). The calculated
structural parameters and the related experimental data correspond to experi-
mental values with an error range of 0.08ś5.5%, which confirms the validity of
our calculation. The calculated electronic band structure of BZA2SnX4 (X = I,
Br, and Cl) along high symmetry points of the first Brillouin zone are plotted
in Fig. B.4, where the labeled k-points are present as G(0, 0, 0), Z(0, 0, 0.5), T(-
0.5, 0, 0.5), Y(-0.5, 0, 0), S(-0.5, 0.5,0), X(0, 0.5, 0), U(0, 0.5, 0.5), and R(-0.5, 0.5, 0.5).
The maximum of the valence band (VBM) and the minimum of the conduction
band (CBM) occur at G for BZA2SnI4 and Y the point in the Brillouin zone for
BZA2SnX4. All of the BZA2SnX4 structures were found to have direct band gaps
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atomic coordinates are given in Table B.8.

Table B.8. Atomic coordinates in the structure of BZA3Sn(Br0.3I0.7)5 resolved from single
crystal X-ray diffraction.

𝑥 𝑦 𝑧 𝑚.𝑠.𝑓 . (Å2) 𝑠.𝑜.𝑓 .

Sn Sn1 0.47938(3) 0.51806(4) 0.33246(2) 0.03654(12) 1
I I1

0.27258(3) 0.50385(6) 0.27551(2) 0.05074(18)
0.705(8)

Br Br1 0.295(8)
I I2

0.45932(3) 0.72741(5) 0.42358(2) 0.05239(16)
0.927(8)

Br Br2 0.073(8)
I I3

0.49802(4) 0.81420(6) 0.26269(2) 0.04739(19)
0.314(7)

Br Br3 0.686(7)
I I4

0.46490(4) 0.23012(5) 0.39661(2) 0.05487(17)
0.853(8)

Br Br4 0.147(8)
I I5

0.27135(3) 0.99076(6) 0.12891(2) 0.05781(18)
0.986(8)

Br Br5 0.014(8)
N N1 0.3457(5) 0.5863(8) 0.1577(2) 0.0731(19) 1
C C1A 0.2937(7) 0.5070(11) 0.0342(3) 0.085(2) 1
C C1B 0.2582(10) 0.5466(15) -0.0181(4) 0.120(3) 1
C C1C 0.1679(10) 0.6071(16) -0.0294(6) 0.127(4) 1
C C1D 0.1097(10) 0.6179(18) 0.0032(5) 0.139(4) 1
C C1E 0.1508(9) 0.5715(16) 0.0542(5) 0.114(3) 1
C C1F 0.2423(5) 0.5138(8) 0.0708(3) 0.0633(17) 1
C C1G 0.2817(10) 0.4691(13) 0.1250(4) 0.108(3) 1
N N2 0.3153(5) 1.0857(8) 0.2671(3) 0.0641(15) 1
C C2A 0.1629(6) 1.0987(11) 0.3357(3) 0.071(2) 1
C C2B 0.0728(7) 1.1210(13) 0.3411(4) 0.085(3) 1
C C2C -0.0020(6) 1.0438(12) 0.3091(4) 0.080(2) 1
C C2D 0.0126(6) 0.9447(12) 0.2716(4) 0.084(3) 1
C C2E 0.1025(6) 0.9206(10) 0.2664(3) 0.072(2) 1
C C2F 0.1796(5) 0.9947(8) 0.2999(3) 0.0540(15) 1
C C2G 0.2796(6) 0.9619(9) 0.2963(4) 0.067(2) 1
N N3 0.6571(5) 0.4662(9) 0.4902(3) 0.0707(18) 1
C C3A 0.8157(6) 0.4753(11) 0.5982(3) 0.068(2) 1
C C3B 0.9041(7) 0.4287(14) 0.6289(3) 0.086(3) 1
C C3C 0.9836(6) 0.4588(13) 0.6127(4) 0.083(3) 1
C C3D 0.9773(6) 0.5376(13) 0.5660(4) 0.082(3) 1
C C3E 0.8895(6) 0.5831(11) 0.5351(3) 0.068(2) 1
C C3F 0.8080(5) 0.5525(9) 0.5513(3) 0.0555(16) 1
C C3G 0.7133(6) 0.6009(11) 0.5176(3) 0.071(2) 1
H H1NA 0.3300 0.6824 0.1445 0.11 1
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H H1NB 0.4057 0.5652 0.1578 0.11 1
H H1NC 0.3400 0.5822 0.1906 0.11 1
H H1A 0.3568 0.4735 0.0454 0.102 1
H H1B 0.2922 0.5325 -0.0432 0.144 1
H H1C 0.1433 0.6454 -0.0635 0.153 1
H H1D 0.0472 0.6538 -0.0080 0.167 1
H H1E 0.1151 0.5795 0.0786 0.137 1
H H1G1 0.3167 0.3711 0.1259 0.13 1
H H1G2 0.2295 0.4487 0.1407 0.13 1
H H2NA 0.2825 1.0789 0.2329 0.096 1
H H2NB 0.3777 1.0728 0.2714 0.096 1
H H2NC 0.3046 1.1802 0.2792 0.096 1
H H2A 0.2135 1.1556 0.3569 0.085 1
H H2B 0.0629 1.1892 0.3669 0.102 1
H H2C -0.0633 1.0588 0.3128 0.096 1
H H2D -0.0389 0.8927 0.2493 0.1 1
H H2E 0.1118 0.8540 0.2401 0.086 1
H H2G1 0.3218 0.9541 0.3317 0.08 1
H H2G2 0.2807 0.8611 0.2789 0.08 1
H H3NA 0.6868 0.4234 0.4680 0.106 1
H H3NB 0.5996 0.4997 0.4723 0.106 1
H H3NC 0.6511 0.3943 0.5138 0.106 1
H H3A 0.7613 0.4543 0.6092 0.081 1
H H3B 0.9092 0.3768 0.6607 0.103 1
H H3C 1.0429 0.4258 0.6332 0.1 1
H H3D 1.0321 0.5598 0.5555 0.098 1
H H3E 0.8848 0.6345 0.5032 0.082 1
H H3G1 0.6779 0.6529 0.5393 0.085 1
H H3G2 0.7223 0.6765 0.4916 0.085 1

The 1Dhybrid perovskite crystallizes in the 𝑃21/𝑐 space groupwith 𝑎=14.5383(4) Å,
𝑏=8.466 98(19) Å, 𝑐=26.2932(6) Å , and 𝛽=105.410(3)°. The new phase is charac-
terized by Sn-halide corner-sharing octahedra forming 1D nanowires in a zig-zag
fashion, surrounded by benzylammonium cations. This arrangement is qualita-
tively similar to that of IPA3SnI5 (IPA = isopropylammonium) (Stoumpos et al.,
2017) where the smaller organic cation allowed to preserve an orthorhombic
unit cell. A similar connectivity was observed in dimethylethylenediamine lead
bromide (Yuan et al., 2017) and foreseen for Cs3PbI5 Xiao et al., 2018 while many
other 1D perovskites show unusual hexagonal symmetry for perovskites, with
the octahedra sharing faces (e.g. MAMnBr3 Daub et al., 2018) or alternating faces
and corner connectivity (GASnI3 GA = guanidinium). The structure refinement
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Table B.9. Comparison of lattice parameters (Å) of BZA3Sn(Br0.3I0.7)5 obtained with
different nominal composition.

x X-ray data collection 𝑎 𝑏 𝑐 𝛽

0.30𝑎 Single crystal 14.5383(4) 8.46698(19) 26.2932(6) 105.410(3)
0.30𝑏 Powder- synchrotron 14.490(3) 8.4356(8) 26.295(4) 104.93(2)
0.375 Powder- lab 14.473(8) 8.444(6) 26.23(1) 105.0(1)
0.50 Powder- synchrotron 14.455(2) 8.3984(9) 26.214(3) 104.86(1)
0.625𝑏 Powder -synchrotron 14.418(4) 8.423(6) 26.103(6) 104.54(4)
𝑎 Value estimated by refinement of I/Br site occupation. 𝑏 Minority phase.

band-gap of 2.05 eV, which is intermediate between those of the pure I and Br 2D
end-members.

B.3 conclusions

We reported a detailed investigation of the lead-free 2D BZA2SnX4 (X = I, Br,
and Cl) system as a function of the halide nature by preparing, by means of
mechanochemistry, two novel compositions, i.e. BZA2SnBr4 and BZA2SnCl4,
as well as the BZA2Sn(Br𝑥I1−𝑥)4 solid solution. From a structural point of view,
the progressive replacement of the halide from iodide to chloride leads to an
expansion of the c-axis due to the change in the staggering of the two benzylam-
monium cations and to a contraction of the in-plane lattice parameters reflecting
the different size of the halide. The optical properties show a linear shift in
the band-gap throughout the I/Br mixed compositions and, together with the
BZA2SnCl4 sample, the samples cover an optical region extending from about 400
nm to about 700 nm, with PL data showing narrow emission in the whole range.
During the study of the 2D BZA2SnX4 system we also identified a novel lead-free
1D perovskite showing as well a possible mixed I/Br composition, namely the
BZA2Sn(Br𝑥I1−𝑥)4 compound. A full computational investigation of the three
stoichiometric samples, i.e. BZA2SnX4 (X =I, Br, and Cl), has been performed by
means of DFT calculation providing a complete description of their electronic
structure. In conclusion, the data reported extend the actual knowledge on lead-
free two-dimensional perovskites, also highlighting the correlation between the
staggering of the organic cation as a function of the halide, providing a novel
system with emission extending in a wide visible region.
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B.4 experimental section

B.4.1 Materials preparation

Samples of general formula BZA2Sn(Br𝑥I1−𝑥)4 (1 g) were prepared by a one-
step fully-dry mechanochemical approach via ball-milling. For the synthesis, a
proper stoichiometric amount of the reactants, e.g. benzylammonium iodide
and bromide (BZAI, BZABr) and tin iodide and bromide (SnI2, SnBr2) powders,
is transferred to a tungsten carbide (WC) milling bowl with 30.5 mm diameter
WC balls. The bowl is tightly closed and mounted into the planetary ball milling
machine (Fritsch, Pulverisette 7, Premium Line), the speed was set to 400 rpm
and the reaction time was 6 h. In the planetary ball miller, the jar performs two
movements: a rotation around its own axis and a rotation around the center of
the main disk. After the milling, uniformly colored powders were obtained. For a
perfect conservation of the samples, the reaction was set up in a N2 glove box (to
prevent the oxidation of Sn(II) to Sn(IV)), sealed and removed from the glove box,
placed in the planetary mill for the reaction and again collected in the glove box,
without annealing or other further purifications. The single crystals of BZASnI4
and BZASnBr4 were prepared according to a general and original procedure
that our group developed previously (Mancini et al., 2015). In a typical synthesis
a proper amount of Sn(II) acetate is dissolved in a large excess of the desired
HX acid under continuous stirring and nitrogen atmosphere. Hypophosphoric
acid is added to the solution and inert atmosphere is maintained in the reaction
environment in order to prevent Sn oxidation. Then, the solution is heated to
100 °C and the corresponding BZA solution is added in equimolar amount. The
solution is then cooled down to ca. 50 °C at 1 °C/5 min, until the formation of a
needle-shaped precipitate, which is immediately filtered and dried under vacuum
overnight. For the synthesis of BZA2SnCl4, the procedure was slightly different
because the slow cooling of the solution didn’t lead to any precipitation. The
white product was obtained quenching the 100 °C solution in an iced-water bath
and then treated as previously reported.

B.4.2 Optical spectroscopy

Absorbancewasmeasuredwith aUV/Vis/NIR spectroscopy (PerkinElmer Lambda
950S) and steady-state PL emission was measured with a Fluorescence spectrom-
eter (PerkinElmer LS55) and an Edinburgh FLS920 spectrometer equipped with
a Peltier-cooled Hamamatsu R928 photomultiplier tube (185ś 850 nm). An Edin-
burgh Xe900 450 W Xenon arc lamp was used as exciting light source. Corrected
spectra were obtained via a calibration curve supplied with the instrument (lamp
power in the steady state PL experiments 0.6 mW cm−2, spot area 0.5 cm2).
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B.4.3 X-ray diffraction measurements

XRD measurements on powdered samples were performed using a Bruker D8
Advance in BraggśBrentano geometry under Cu K𝛼 radiation. Single crystal data
collections for BZA2SnCl4 and BZA3Sn(I0.7Br0.3) were performed using a Rigaku
Oxford Diffraction SuperNova diffractometer equipped with a Dectris PILATUS3
R 200K-A detector and a micro-focus sealed X-ray tube (𝜆=0.710 73Å). X-ray
diffraction intensity data were integrated and corrected for standard Lorentz
polarization factors with the CrysAlisPro package, while ABSPACK in CrysAlis
RED was used for the absorption correction (łABSPACK in CrysAlis REDž, 2006;
łCrysAlis REDž, 2006). The structure was solved and refined using the program
Shelx-2013 (Sheldrick, 2008). Synchrotron powder diffraction data (𝜆=0.9532Å)
were collected on the high-resolution MCX beamline at the Elettra synchrotron
light source (Trieste, Italy) Rebuffi et al., 2014. Standard 0.3 mm diameter borosili-
cate capillaries were filled with powders under argon atmosphere (<0.5 ppm O2

and H2O), capped with vacuum grease, and finally sealed using a butane torch.
Diffraction patterns were acquired in Debye geometry on the 4-circle Huber
goniometer by spinning capillaries at 3000 rpm. For BZA2SnCl4 isotropic full-
matrix least-squares cycles were initially run assuming the atom sites as fully
occupied, although unusually high values of the isotropic displacement factor
for the Cl1 and Cl2 atoms strongly suggested disorder at those sites. For this
reason, we split Cl1 and Cl2 into two positions (Cl1a/Cl1b and Cl2a/Cl2b) with
the site-occupancy left free to be refined. The site scattering at the split positions
was identically distributed between the ‘a’ and ‘b’ positions and thus fixed in the
subsequent cycles of the refinement. The anisotropic model of the structure led
to R1=0.0952. At this stage, considering the similarity in the 𝑏 and 𝑐 parameters
(∼7.75Å), we hypothesized the presence of a twinning simulating a four-fold sym-
metry axis (four-twinned components) according to the matrix |-100/001/010|.
Twinning is quite common in perovskite-type materials when the distortion
from the cubic aristotype is evident(Rothmann et al., 2017; Wang et al., 1990) The
introduction of the twin law lowered the R1 index to 0.0638 for 2012 observed
reflections [Fo > 4𝜎 (Fo)] and 107 refined parameters. Further trials using a dif-
ferent refinement program by introducing an additional twin law (merohedral
twinning) and higher tensors to describe the displacement parameters for Cl1and
Cl2 did not improve the overall quality of the refinement (Petříček et al., 2014).

B.4.4 EDX analysis

Elemental analyses of the powders were performed by Energy Dispersive X-ray
Analysis (EDX) by a X-max 50 mm2 probe (Oxford Instrument) connected to a
EVOMA10 scanning electron microscope (SEM). The powders were dispersed
on graphite bi-adhesive supports fixed on Al stubs inside a glove box under Ar
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atmosphere. The stubs were inserted in a home ś made sample holder that was
sealed in the glove box and in which the low vacuum was made by a rotary pump.
In this way, the samples were transferred in the SEM chamber avoiding the expo-
sition to air. Subsequently, the sample holder was open and the measurements
performed under ultra-high vacuum at a working distance of 8.5 mm and with
an electron generation voltage of 20 kV.
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