This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:
This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.
A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.
This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.
The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.
When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.

Trace Element Incorporation in Silicate
Melts and Glasses at High Pressure

Charlotte J. L. de Grouchy

N I V E R

S

T H

Y
IT

E

U

G

H

O F
R

E

D I
U
N B

Doctor of Philosophy
The University of Edinburgh
22nd August 2016

2

Abstract
Trace elements are highly fractionated during large-scale melting associated with
planetary differentiation events. The resulting partition coefficients are used
to constrain a range of geological processes and are known to be influenced
by pressure, temperature, and compositional changes in crystalline structures.
Although recent studies have shown that melt compositional changes affect the
partitioning of trace elements, the degree to which these ratios are influenced
by alterations in the melt structure, especially with increasing pressure, is
poorly constrained due to the difficulty of collecting structural information on
bonding environments in situ. A basic understanding of how these elements
are incorporated in silicate melts is critical to interpreting early planetary
differentiation and crust forming events. This thesis presents results from both
x-ray diffraction and absorption techniques on trace element (Y, Zr, Lu and Nd)
incorporation in silicate melt structures. The structure of two rare Earth element
doped model end member silicate liquids, a highly polymerised haplogranite (SiAl-Na-K-O) and a less polymerised anorthite-diopside (Si-Al-Mg-Ca-O), have
been studied. The results are the first to identify trace rare Earth element (REE)
incorporation in silicate melts at high pressure using x-ray diffraction techniques.
The local melt structure around Y and Zr in a highly polymerised haplogranite
has been studied using x-ray absorption spectroscopy up to 8 GPa and 1650 K.
Both elements appear to adopt 8-fold coordination within the melt structure
with no variation over the pressure range studied. This was also found for the Lu
bonding environment in the same composition where the coordination number of
Lu-O was found to be 8, with a bond distance rLu−O = 2.36 Å in the haplogranite
melt. At low pressures, < 5 GPa, the bonding environment of Lu-O was found
to be dependent on composition with coordination decreasing to CNLu−O = 6
and rLu−O = 2.29 Å in the anorthite-diopside melt. This compositional variance
in coordination number at low pressure is consistent with observations made for

i

Y-O in glasses at ambient conditions and is coincident with a dramatic increase
in the partition coefficients previously observed for rare Earth elements (REE)
with increasing melt polymerisation. However, an abrupt change in both Lu-O
coordination and bond distance is observed at 5 GPa in the anorthite-diopside
melt, with CNLu−O increasing from 6 to 8-fold and rLu−O from 2.29 to 2.39 Å.
This occurs over a similar pressure range where a reduction in the reported heavy
REE partition coefficients is observed.
X-ray diffraction experiments up to 60 GPa and 2000 K have also been performed
on the incorporation of the larger light REE, Nd, in basaltic-like melts.
The results presented show that incorporation within the anorthite-diopside
composition is dependent on the size of the REE. Nd-O initially shows the
same 6-fold coordination as Lu-O at ambient conditions, although the change
to 8-fold coordination appears to occur at considerably lower pressure between
1-2 GPa. Coordination change in both cases can be attributed to collapse of
the silicate network and an increase in the average number of available ’crystal
like’ sites in the liquid, with ionic radius of the REE controlling at which
pressure the preference for these sites in the melt occurs. Published mineral-melt
partition coefficients for Nd, with major mineral phases such as garnet, show
very little variation with pressure, in contrast to Lu. The difference in structural
incorporation of Lu and Nd in the melts presented in this thesis could explain
this partitioning behaviour.
Overall this thesis highlights that important structural changes of the trace
element bonding environment in silicate melts occur with both compositional
variation and pressure. Melt structural changes with pressure cannot be
neglected in predictive models of trace element behaviour, and using a single
melt term to normalise the effects of melt on trace element partitioning will not
accurately predict partitioning behaviour at depth during magma formation or
differentiation.

ii

Lay Summary
Melting processes within the Earth generate molten silicates that have produced
crustal rocks since the formation of the Earth, and act as the main conduits for
element transport between the mantle, crust and atmosphere. Understanding
the structures of molten silicates therefore provides important insight into crust
formation and mantle evolution through time. As melting occurs from a
predominantly solid mantle, elements are partitioned between the crystal and
melt phases. Elements at very low concentrations in the mantle, called trace
elements, produce distinctive partitioning ratios. These ratios are used to
understand many geochemical processes including how and when the first crust
on Earth was formed, as well as assessing the depth of modern day melting in
volcanic systems. In order to understand how these trace element ratios can
be interpreted, knowledge of both the crystal and melt structures of the phases
involved at the conditions of melt formation (high pressure and temperature) is
important in order to predict how other elements might behave within mineralmelt systems.
In this work, silicates are studied in their molten state at high pressure by
compressing small samples between specialised anvils to create pressures found
deep inside the Earth, and melting is generated by laser and resistive heating
techniques. The internal structure of the melt is probed using intense x-rays
generated at synchrotron facilities. This study focuses on the local environment
of some trace elements (Lu, Nd, Y and Zr) within the silicate melt structure,
and how this local structure changes with pressure within silica-rich and silicapoor melts. Changes within the trace element local environment are observed at
high pressure in the silica-poor compositions, and the different behaviour of trace
elements between the various compositions is observed.
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AnD Anorthite36 -Diopside64
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S(Q) Structure factor
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xi

TC Thermocouple
XAS X-ray absorption spectroscopy
XANES X-ray absorption near edge structure
XRD X-ray diffraction
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Chapter 1
Introduction

1.1

Silicate Melts at High Pressure and
Temperature

Silicate melts have had an important role in geological processes since the
formation of the Earth. Although the Earth is predominantly made up of solid
silicate mantle (84% by volume), melting processes are the cause of volcanic
activity and subsequent crust formation, as well as the transport and recycling
of elements out of and within the mantle. During the formation of the Earth
it is thought that heavy bombardment by meteorites and decay of short-lived
isotopes (Fe and Al) could have caused the Earth to have been extensively molten
during planetary differentiation. These melting processes have left distinctive
trace element partitioning signatures within the core, mantle and crust that are
used to interpret early differentiation and crust forming events [2]. Silicate melts
are dominantly comprised of Si, O, Al, Mg, Ca, and Fe (Table 1.1) and are
formed in the present day during partial melting and fractional crystallisation.
Melting can be caused via a number of mechanisms, including adiabatic melting
(Figure 1.1B), increasing the mantle temperature via the addition of hot material
(Figure 1.1C), or lowering of the solidus by the addition of volatiles (Figure 1.1D).
Magma is most commonly produced at mid-ocean ridge and subduction margins
and two end member compositions can be used to describe most melting processes
(Table 1.1). These are: (1) Basaltic, which is the most common melt composition
representing the first stages of melting of an olivine-rich mantle. Basaltic melts
1

Composition

SiO2

Al2 O3

Na2 O

K2 O

TiO2

FeO

MgO

CaO

Basaltic melts
Granitic melts

45-52
70-77

12-18
11-13

3-4
3-5

<1
3-5

1-2
<1

3-8
2-3

4-7
<1

9-11
∼1

Table 1.1 Oxide compositions in weight % for typical end member melt
compositions [3].

are low in silica and form oceanic crust. (2) Granitic melts which represent the
last stages of fractional crystallisation or re-melting of existing crust. These are
silica rich as SiO2 is concentrated in the melt phase during crystallisation.
Partial melting is thought to occur at distinctive locations within the mantle
(Figure 1.2), predominantly at depths <5 GPa during crustal formation, but also
at boundary layers, such as below the crust, at 410 km at the top of the transition
zone [5], at the 660 km discontinuity [3, 6], and potentially at the core-mantle
boundary [7, 8] (Figure 1.2). As these melts are fluids, they are one of the
main sources of bulk transport for elements between the core, mantle, crust and
atmosphere and therefore it is important to understand how the properties of
these melts behave at the conditions at which they form. Most present day melts
are formed at temperatures between 1200-1800°C (unless volatiles are present),
and at lower pressures (<5 GPa) [3]. However, during planetary formation these
melts may have occurred across a much more extensive range, particularly down
to the base of the upper mantle at 25 GPa (see original reference for magma ocean
theory [9] to review by [10]).
In order to study the in situ properties of silicate melts, access to high pressure
(P ) and temperature (T ) conditions is required. This neccesitates the use of
specialised experimental techniques, including diamond anvil cells (DAC) and
large volume presses. Pressure is obtained by compressing the sample (loaded
into a deformable gasket) between anvils which may be made from tungsten
carbide, diamond, or other hard materials. The conditions which can be generated
are limited by the material and size of the anvils but typically ranges from 130 GPa for large volume press experiments [11], and up to 400 GPa for DAC
at ambient temperature [12]. X-ray diffraction can then be used to determine
the structure of materials under these conditions and for over 10 years this has
been a common technique for studying silicate liquids (see initial study by [13]
to the current highest P − T range by [14]), although studies are still more
common on silicate glasses recovered to ambient conditions due to the difficulties
2

Figure 1.1

Schematic figure of the crust, upper mantle solidus temperatures
and the geotherm. A: Normal geotherm and solidus temperatures
for typical crust. B: Adiabatic melting where geotherm temperature
exceeds the solidus due to crustal thinning at mid-ocean ridge
settings. C: Melting due to upwelling of hot material. D: Melting
caused by the influence of volatiles, such as water, lowering the
mantle solidus temperature locally. From [4].

Figure 1.2

Schematic figure representing the possible basic structure of the crust
and upper mantle of the Earth including depths and subsequent
pressures in GPa. Locations of suggested partial melting regions
are shown in red.
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of obtaining high enough signal intensity on liquids, and maintaining stable high
P − T conditions. Recent shock measurements can also access melting at high
P − T (5-130 GPa and >1700 K for silicates in [15]), although limitations in the
Q-range and signal intensity prevent elements at low concentrations from being
defined. To obtain necessary signal intensity, intense x-ray sources are required
with a suitable wavelength only possible at certain synchrotron sources. By using
these sources, x-ray diffraction has been used to identify interesting changes in
both the glass and melt structures of silicates at high pressure [14, 16–20].

1.2

Trace Elements

Trace elements have long been used to determine and trace different geological
processes through time. These include, dating early crust formation, understanding the P − T conditions of melting and crystallisation, and tracking the
movement and recycling of elements and minerals through the core, mantle and
crust [21, 22]. Trace elements, particularly rare Earth elements (REE), are
of use to the geochemical community because of their distinctive partitioning
due to their atomic radii and charge. REE of the lanthanide series, which
are generally 3+ in charge, undergo radial contraction with increasing atomic
number which results in distinctive partitioning trends (see Chapter 2.2 for further
details). A long standing controversy that is regularly addressed with trace
element partitioning data is that of the chondritic Earth. This debate surrounds
whether the composition of the bulk silicate Earth differs from that of chondrites,
and how to explain discrepancies between trace element ratios. The key trace
element pairs used to propose theories surrounding this are predominantly Lu/Hf
and Nd/Sm [2, 23–26]. Another use of Lu and Hf isotopes is for dating early
Earth crust formation [27–30]. Trace elements are particularly useful as they do
not influence chemical reactions of the system and have distinctive partitioning
behaviours in mineral/melt systems depending on the conditions of melting.
Partitioning studies both at ambient and high pressure have identified that the
melt composition can strongly influence partitioning ratios, and therefore that
structural changes within melts must influence trace element behaviour [31–
37]. However, there is little understanding on why these changes in partitioning
occur, and how they are influenced by changes in the structure of melts at high
P − T . Understanding the incorporation of trace elements into melt structures
and the influence on partitioning is, therefore, critical for the interpretation of
4

their behaviour during Earth formation and other geological events.
As most structural studies on the incorporation of trace elements in silicates
have been made at ambient pressure, the influence of pressure on the melt
structure and subsequent trace element incorporation is poorly understood. It
is well known that major elements within silicate melts undergo coordination
changes with pressure [14, 16, 20, 38] and this thesis aims to understand how
REE are incorporated into silicate melt structures, and the influence of pressure
on their behaviour. By understanding this behaviour, further information can
be incorporated in models to predict how trace elements behave at extreme
conditions. Experimental studies that have previously aimed to unravel REE
incorporation in silicate melts have focused predominantly on ambient pressure
glasses using x-ray absorption techniques [39–41]. This method is limited by
reliance on models based on reference compounds, and it can only provide
information on the local structure around a specific trace element rather than the
overall silicate network. This thesis explores the structures of representative endmember compositions of silicate melts in situ at their conditions of formation and
shows the development of the use of x-ray absorption and diffraction, including
both angle and energy dispersive techniques, in the identification of rare Earth
elements within melt structures. The compositions chosen represent model
end members for the first and last stages of present day melting in order to
understand how the basic properties of silica-rich and silica-poor melts influence
trace element incorporation. This thesis presents the first work of its kind to
identify trace elements directly in a silicate liquid structure at high pressure using
x-ray diffraction.

1.3

Thesis Outline

There are nine chapters in this thesis following this introduction. Three of these
introduce the background, concepts, data treatment and instrumentation used or
developed for this study. Four contain new data collected and analysed to further
the fundamental understanding of this research topic, and a final conclusion and
discussion of possible future work is presented. An outline of each chapter is
given below:
Chapter 2) Silicate Liquids and Glasses. This chapter provides a
background for the motivation behind this study and the importance of trace
5

elements in a geological context. It introduces what is currently understood about
the structure of silicate melts, and covers current understanding and knowledge of
how trace elements behave and what is required to improve current partitioning
models.
Chapter 3) A Review of Structural Probes for Liquids and Glasses.
The theories of x-ray diffraction and absorption that are used in this study are
covered, and the formalisms that will be mentioned throughout this thesis are
described. The specific use of x-ray diffraction to probe liquid structures is also
described.
Chapter 4) Instrumentation and Data Treatment. The instrumentation
required to carry out the experimental work in this thesis is detailed in this
chapter, including all high pressure-temperature techniques and the synchrotron
sources used. This chapter is a combination of existing techniques that are well
established and the development work completed in this thesis to improve existing
methods for data collection on silicate liquids. A description of the data analysis
process and methodology used in the results chapters is also given.
Chapter 5) An X-ray Diffraction Study of Haplogranitic Melts. These
results present the structure of haplogranitic (HPG) melts and glasses up to
12 GPa using x-ray diffraction. This includes identification of the first nearest
neighbour distances up to 3 Å including Si-O and the possible change in Al-O
coordination. The influence of water on the structure is discussed as well as the
implications for medium range order and the compressibility of silica-rich liquids
compared to their glasses at the same pressure.
Chapter 6) Trace Elements in Haplogranitic Melts Using X-ray
Absorption. X-ray absorption techniques are used to study the incorporation
of Br, Y and Zr within the haplogranite melt structure up to 8 GPa. Work
presented on Br was completed by both the author and Dr. Benjamin Cochain
as a preliminary study on trace element incorporation in silicate liquids. This
resulted in the publication of ’Bromine speciation in hydrous silicate melts at high
pressure’ [1] which is presented in Publications at the end of this thesis. Results
on Y and Zr present the local structure of these elements within the HPG, and
Y is used as a proxy for Lu incorporation which is discussed in Chapter 7.
Chapter 7) Structure of Lutetium-doped Melts and Glasses. The first
data on trace element incorporation in silicate melts at high pressure using x-ray
diffraction techniques is presented. The structural incorporation of Lu in end
6

member (basaltic and granitic-like) melts is discussed, including coordination
and bond distances of Lu-O up to 6 GPa (granitic melts) and 8 GPa (basaltic-like
melts). This chapter shows the difference between Lu incorporation in silicate
melts with varying degrees of polymerisation and the influence of pressure on the
structural incorporation of heavy rare Earth elements.
Chapter 8) Structure of Neodymium-doped Melts and Glasses. These
results present the local environment of Nd within the basaltic-like melt
introduced in Chapter 7. Structural data were collected up to 35 GPa in the
liquid and 60 GPa in the glass using laser heated diamond anvil cells. The results
show that there is differing behaviour of Nd, a light rare Earth element, compared
to Lu in de-polymerised melt structures.
Chapter 9) Conclusions and Future Work. The conclusions of this thesis
are presented with the overall implications of the results summarised. Ideas for
further study on this topic that could be developed based on the work presented
in this thesis are discussed.
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Chapter 2
Silicate Liquids and Glasses
Silicate glasses and melts have unique structural and chemical characteristics
compared to their crystalline counterparts, and it is the structure of these melts
that determines their physical properties, such as viscosity and density, as well as
their incorporation of different elements. The physical and chemical properties of
glasses are known to vary with chemical composition, or increasing temperature
and pressure [42, 43], such as observed in silica glass where the Si-O bond length
and Si coordination increase between 20-35 GPa [16]. This has also been observed
within the melt at 15-35 GPa, and for other cations such as Fe in basaltic
melt compositions [14, 19]. In order to understand the properties of silicate
liquids, their structures at the conditions of magma formation at depth must be
understood. Although a limited amount of information exists for silicate melt
structures due to the difficulties presented by in situ data collection, structural
studies on glasses provide a starting picture of the silicate network.

2.1

Amorphous Silicate Structures

The non-crystalline nature of silicate glasses and melts means there is no longrange periodicity; however, silicate glass and liquid networks do have a short
and medium range order [44] due to the network forming nature of components.
In order to interpret structural measurements made by x-ray diffraction and
absorption some understanding of silicate melt structures is required. The basic
unit of any silicate glass or liquid is the silica tetrahedron [42]. These consist
9

of four oxygens surrounding one silicon atom, producing a unit of SiO4−
4 (Figure
2.1C). These tetrahedra behave as relatively rigid units within the structure and
can covalently link into polymerised networks by sharing oxygens (Figure 2.1).
In crystalline SiO2 and silicate minerals these tetrahedra link to form chains,
rings, sheets, and a variety of 3D networks [45]. The oxygens that share corners
with two adjacent tetrahedra are described as ’bridging’ oxygens, and those that
are not involved in bonding between tetrahedra are known as ’non-bridging’. In
silicate glasses and melts the general structure is determined by the nature of
the silicate network which depends on the silica content of the melt [42]. As a
glass or melt can inherently be more disordered than a crystal, this network has
greater flexibility and ring structures can be formed in a variety of sizes, from
highly polymerised interconnected networks to predominantly separate SiO4−
4 and
6−
Si2 O7 units (Figure 2.1A) [46].
In amorphous SiO2 the 2D network has been visualised by tunneling electron
microscopy [47] and can be seen to be a completely interconnected polymerised
network of tetrahedra (Figure 2.2). These tetrahedra form ’cages’ (or ’rings’
in two-dimensions) within the structure depending on the number of tetrahedra
involved in each ring and how connected they are. In crystalline SiO2 these rings
are nearly always 6-member; however in the glass and melt these range from 410 membered [47] (Figure 2.2), with the most common ring size of between 5-8
members [46] (Figure 2.1B). These rings produce voids of varying size with much
less regularity than that of crystalline structures. Six-member rings tend to be
of a diameter of the order ∼2.2 Å and >8-membered rings could have diameters
>5 Å [47]; the size of these rings is likely to determine which other atoms present
in the structure can be accommodated within them. In a lower silica content
melt the tetrahedra are less interconnected and voids are present in the structure
that are not completely enclosed by the network tetrahedra (Figure 2.1A).
Natural silicate melts contain electro-positive elements (Na, K, Ca, Mg, Fe etc.)
which modify the silicate network from the basic SiO2 model. These network
modifiers can produce non-bridging oxygens by breaking the polymerised network
due to their large atomic radius and positive charge. These atoms are also thought
to be accommodated within the rings and between polymerised chains in silica
rich networks but are more easily accommodated within the lower silica content
melts due to the higher number of non-bridging oxygens. Some 4+ cations such
as Ti can act as network modifiers and network formers by replacing Si4+ in the
network [48].
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Figure 2.1

A: Modelling by [46] showing the number of interconnected tetrahedra in silica melts with decreasing SiO2 content, from
SiO2 glass to Mg2 SiO4 . B: The ring statistics obtained from models in A. From [46]. C: Schematic representation of a
silica rich (top) and silica poor (bottom) melt network.

Figure 2.2

From [47]. Models for the 2D network of crystalline SiO2 (a) and
glass (b), with experimental 2D STEM images collected by [47] for
crystalline (c) and amorphous (d) SiO2 . Scale bar in C is 5 Å.

In order to probe the structure of silicate liquids, the structure factor and radial
distribution functions, obtained through x-ray diffraction, are used in this thesis
(Chapter 3). The short range structure of a melt is considered to extend to 3 Å,
which covers the first nearest neighbour distances [44]. The radial distribution
function gives the probability of finding an atom at a certain distance from
another in r-space and can provide information on bond distances (Figure 2.3)
and the coordination of nearest neighbour atoms, where coordination is defined
as the number of nearest neighbours surrounding an atom. Due to the inherent
thermal motion present in melts, the structure is flexible and over the time of a
measurement only the average structure is recorded [44]. As the liquid lacks long
range periodic order coordination numbers can be more varied than those found
in most minerals, and coordination such as ’5-fold’ can occur due to a mix of
coordination numbers from 4-6 as well as the greater flexibility and irregularity
of the sites formed by the rings of varying size [42].
Studies have shown that some intermediate range order exists in amorphous
silicates due to the structures formed by the interconnected tetrahedral units
[50–53]. This intermediate structure arises from quasi-lattice planes that exist
12

Figure 2.3

Information obtained on the short-range order in silicate glasses
and liquids from the radial distribution function. A schematic
melt network is shown with the bond distances marked that can be
identified in the radial distribution function (right from [49]).

due to the rings (Figure 2.4) as seen in silicate glass. This medium range order
can be probed by the first sharp diffraction peak (FSDP) of the structure factor
in reciprocal space [51, 53, 54]. The origin of the FSDP, although still debated, is
thought most likely to arise from intermediate periodicity within silicate networks.
Salmon [51] has shown that if the FSDP is Fourier transformed to real space, an
oscillatory function with a period of 2π/Q1 (where Q1 is the position of the FSDP
in the reciprocal space) is produced (Figure 2.4). This periodicity depends on
the size of the cages and therefore the spacing between the psuedo-lattice planes.
The FSDP is less broad than other peaks in the structure factor and as such it
is considered ’Bragg’ like, reflecting the intermediate order within the glass [50].
The introduction of network modifying cations shifts the FSDP to higher Q as
the polymerised network of rings is distorted and broken up, causing increased
diversity in the number of ring members and a decrease in the medium range
order compared to vitreous silica [54].

2.2

Trace Elements in Silicate Liquids

Trace elements are defined as those elements in concentrations <0.1 wt.% within
a given system and are usually of the order parts per million (ppm) or parts
13

Figure 2.4
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Left: TEM images from [47] with quasi-lattice planes caused by the
tetrahedral network shown. Right: Structure factor of SiO2 glass
with FSDP marked by dashed line. The long wavelength oscillatory
function after the Fourier transform of the FSDP only is shown
compared to a full radial distribution function of SiO2 glass, from
[51].

per thousand [55]. In this study the trace elements used (predominantly rare
Earth elements) are found in minor concentrations as non-network forming
cations. Trace elements can often partition between phases in a measurable and
predictable manner and it is these partition coefficients that are of importance
for understanding certain properties of geological systems. Two groups of trace
elements will be discussed in this thesis: (1) Rare Earth elements (REE), which
include the lanthanides and Y as these tend to exhibit similar chemical properties.
These are divided into two sub-groups, the heavy REE (HREE) including Tb-Lu,
and the light REE (LREE) from La-Gd. The H/LREE distinction arises from the
lanthanide contraction and therefore density of the atoms. (2) High field strength
elements (HFSE), which although they can include the REE, here will be reserved
for Hf, Zr and other 4+ cations which have a small radius compared to ionic
charge [55]. When partial melting occurs, trace elements partition between the
different phases in the system. The ratio of element concentration, C, between
the mineral and the melt is known as the partition coefficient of a two-phase
mineral-melt system, D, [55] and is defined for an element k by

k
Dmineral

k
Cmineral
.
=
k
Cmelt

(2.1)

In geological systems an average D is summed for all co-existing mineral phases
within one melt composition. When the concentration in the mineral phase is
greater than the melt, D>1, the element k is compatible and prefers to stay within
the mineral phase. For D<1 it is incompatible and will preferentially incorporate
in the melt [3]. Trace elements have different partition coefficients depending on
their size and ionic charge and therefore often have distinctive partitioning ratios
(Dk /Dj ). The systematic partitioning of trace elements provides three important
tools for petrologists and geochemists: (1) The fraction of partial melting can be
determined providing the T of melting, (2) the residual mineralogy of the system
during melting can be determined and provides a P range for melt genesis, and
(3) radioactive element partitioning can provide a tool for dating events in the
Earth’s history [55].
Partitioning takes place largely during processes such as partial melting and
fractional crystallisation that occur during crust formation and would have
been present during planetary differentiation. Partioning ratios are known to
depend on multiple factors: temperature and depth of formation, mineral and
melt composition, volatile content, and oxygen fugacity (see [41] and references
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within). The preferential enrichment of incompatible elements in the melt can
help identify the degree of melting and the sequence of crystallisation, providing
insight into the evolution of the melt since its formation [55].
REE are considered refractory lithophile due to their preference for incorporation
in silicate rather than sulphide or metal phases, and their high condensation
temperatures [26]. Due to these properties one of the biggest uncertainties in
Earth science that REE ratios are used for understanding is the composition of
the bulk silicate Earth, and whether it is ’chondritic’ (i.e. average refractory
element ratios are identical to those found in chondrite meteorites). Research
surrounding this is based on the radioactive decay of two key element pairs,
176
Lu-176 Hf and 146 Sm-142 Nd [2, 23–26]. In these pairs, the larger radii daughter
elements (176 Hf and 142 Nd) partition more strongly into any melt phase during
crystallisation or melting, compared to the smaller parent elements. This leads to
elevated Hf and N d values where x is the ratio between the radiogenic daughter
and unradiogenic isotope of the same element (177 Hf and 144 Nd) normalised to the
’Chondritic Uniform Reservoir’ (CHUR). This means unradiogenic Hf,N d values
<0 are assumed to be caused by an enriched (greater 177 Hf or 144 Nd) mantle
source, with a radiogenic Hf,N d >0 indicating a depleted mantle reservoir [56].
There are many controversies surrounding the chondritic model for the bulk Earth
as experimental determination of trace element ratios produces a complicated
picture. One of the paradoxical trace element ratios is that of Sm/Nd, where the
measured mantle ratio is approximately 6% higher than chondritic values [26].
This requires the presence of a hidden reservoir that formed early during Earth
history, or the superchondritic model where the bulk Earth is assumed to have
isotopic values higher than chondrites. The hidden reservoir model is difficult
to reconcile with existing heat flow models or mantle plume signatures and as
the moon and Earth have identical 142 Nd/144 Nd values, this reservoir would have
to have been formed and isolated before the moon forming impact [26]. 176 Lu176
Hf partitioning also adds to this controversy [28, 30, 56–58]; un-radiogenic Hf
signatures in >3.9 Gyr zircons of terrestrial rocks indicate extraction from an
enriched mantle source (>177 Hf), although debate surrounding the appropriate
decay constant to use can also suggest a highly depleted mantle source [28],
requiring extensive crust to be present very soon after Earth formation. All
these studies assume the behaviour of Lu/Hf and Sm/Nd partitioning at depth
in the early Earth is the same as measured today in partitioning experiments.
However, if partitioning ratios were strongly influenced by P due to alterations in
the melt structure this could significantly change predicted models for early crust
16

Figure 2.5

Plot of partition coefficient (D) against cation radius for a series
of 1+, 2+ and 3+ cations, with the parabolic relation highlighted.
From [60].

extraction and differentiation. For example, if structural changes in the melt at
depth cause less partitioning of Lu from unradiogenic Hf at depth during first
crust extraction, this could produce a depleted mantle signature even though no
prior crustal extraction had taken place.

2.2.1

The Lattice Strain Model

It was first recognised by Onuma [59] that plots of partition coefficients for some
trace elements give a parabolic dependence on cation radius (Figure 2.5), with a
minimum when the two isovalent cations have a similar radius. Blundy and Wood
[60] took this further and by using energetic models for crystal strain by Brice
[61], they proposed a model that quantifies a partition coefficient for a series of
isovalent cations substituting into a specific lattice site (Equation 2.4).
This ’lattice strain model’ attempts to quantitatively describe trace element
partitioning as a function of temperature, pressure, bulk composition and the
properties of the cation site in the mineral lattice. This model is based on the
strain energy of the site when cation substitution occurs, where E is the apparent
Young’s Modulus that defines the stiffness of the crystal lattice site. The strain
energy around the cation site is proportional to the size difference between the
host and the substituting cation; if the cation is larger than the original host ion
on the site then the strain energy will be positive as greater strain will be exerted
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on the mineral structure. Brice [61] related mechanical strain (∆Gstrain ) to E of
the crystal through


1
r0
2
3
(2.2)
(rk − r0 ) + (rk − r0 ) .
∆Gstrain = 4πENA
2
3
Blundy and Wood [60] argue that as the melt is much more compressible than
the crystal lattice, the strain energy within the melt is much lower and does not
need to be considered, making ∆Gstrain ≈ ∆Gexchange [62], where ∆Gexchange is
the Gibbs free energy associated with the exchange of a cation k between the
melt and the mineral. The free energy of fusion (∆Gf usion ) is the Gibbs free
energy associated with the partitioning of the host cation within the structure as
a function of P and T , and for an ideal exchange of cations when rk = r0 the
∆Gf usion can be thought of as a ’strain free’ partitioning event, D0 , for a given
P , T and composition. The overall partition coefficient energetics for a cation k,
Dk , is controlled by the ∆Gstrain and ∆Gf usion by



∆Gf usion − ∆Gexchange
Dk = exp
,
RT

(2.3)

where T is temperature (K) and R is the universal gas constant. Blundy and
Wood [60] made the relation between these ideas by substituting Equation 2.3
into Equation 2.2, and applying the condition that for a cation of radius rk equal
to the host cation radius (r0 ) the ∆Gf usion can be described by D0 . This gives
the expression for the partition coefficient Dk as

min/melt
Dk

=

min/melt
D0
exp




−4πEx NA ( r20 (rk − r0 )2 + 13 (rk − r0 )3 )
.
RT

(2.4)

The implications for this are extensive as it provides a tool for predicting partition
coefficients for similarly charged cations in a crystal lattice. However, although
the D0 term in equation 2.4 does rely on P , T , and the composition of both
the relevant melt and mineral phases, there is no explicit term that describes
or quantifies the effect of melt structural changes. As shown by [33, 35, 37, 63]
variations in the melt can have a strong influence on partitioning (Section 2.2.2
and 2.2.3). Some studies [37, 64, 65] have included a separate melt term based on
the energetics or elasticity of the melt site. Imai et al. [37] showed that if the melt
site was considered to be as large as the crystal lattice site in a peridotite melt-
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olivine system, the effect of the melt on partitioning could not be neglected at high
pressures. The current models by van Westrenen and Draper [66], Draper and
van Westrenen [67], and Wood and Blundy [65], although specifically including
the possible effect of the melt at pressures up to 6 GPa, contain parameters based
on measured partitioning data for the system of interest, and are only successful
for predicting REE partitioning within a system of the same mineralogy (garnet
and clinopyroxene respectively). Not only does this require experimental values
of the partition coefficients for each different melt composition, but even when the
melt composition remains fixed, structural changes within the melt at high P − T
in the deep Earth could severely change the partitioning of certain elements. As
reviewed by Sanloup [43] and developed further in this study, magmas are highly
compressible, particularly at shallow mantle conditions (<5 GPa). Therefore
the hypothesis that their elasticity and compressibility is negligible compared
to crystal structures must be revisited and any structural changes around the
trace element sites need to be documented if a truly predictive model is to be
established.

2.2.2

Compositional Changes

Several studies have shown that variations in the melt composition do influence
partitioning [33, 37, 63]. The compositional study by Prowatke and Klemme [33]
directly observed a change in partitioning ratios correlated to a change in melt
composition. By increasing the Aluminium Saturation Index (ASI = Al2 O3 =
(N a2 O + K2 O + CaO)) of their glass they observed a two orders of magnitude
increase in partition coefficients in accessory minerals for trivalent REE such as
Lu, Y, and La, with HFSE such as Hf and Zr unaffected. It was concluded that
by increasing the ASI of the glass, the polymerisation of the melt was increased,
which influenced the number of non-bridging oxygens available to bond with the
trivalent cations. Other compositional studies have also shown a preference for
REE to enter less polymerised melt structures [32, 34]. Schmidt [34] studied
partitioning between gabbroic and granitic melts at low pressure and showed
that trivalent REE have a strong preference for gabbroic melts. This was related
to the required high (6-8) coordination and, therefore, a preference to enter the
more open structure.
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Figure 2.6
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min/melt

Major mineral-melt partition coefficient data (DX
) for Lu
(triangle), Nd (diamond), Y (square), Hf (circle) and Sm (righttriangle) with pressure. Data presented are from studies where the
composition was consistent over all P-T conditions. Other studies
(i.e. [68]) have varying starting compositions that may mask any
P effects. Colours indicate mineral in equilibrium with glass after
experiment (Black: garnet, Grey: sphene, Red: clinopyroxene (cpx),
Orange: orthopyroxene (opx), Green: olivine). Data is taken from
[37, 69–75]. Error bars are taken from references where possible and
for those not shown are smaller than the symbol size. Filled symbols
are crystals coexisting with a melt of 44-50 % SiO2 and open symbols
are with andesitic melts of SiO2 & 60 %

2.2.3

High Pressure

Different studies present varying results on the impact of pressure on partition
coefficients. In general studies on REE partitioning with pressure show a
decrease with pressure in REE compatibility between minerals and basaltic-like
melts (Figure 2.6) [37, 69, 71]; although Green and Pearson [72] reported an
opposite trend for clinopyroxene-andesitic melts, measuring a small increase in
compatibility for REE to 2 GPa, which is most likely due to the higher silica
content of the melt. Draper et al. [69] proposed that an increase in the majorite
component of garnets in chondritic melts at 5 GPa causes a large decrease in
partition coefficient for the HREE with a compatibility plateau after 5 GPa.
However this trend is not observed for lighter REE such as Nd (Figure 2.6) where
the DNd remains relatively constant up to 10 GPa. This was also true for high
field strength 4+ cations such as Hf and Zr. This would suggest that at P >5GPa
partition coefficients between HREE and LREE or 4+ cations may become
similar. Although the transition to majorite may influence partitioning, the
possibility of melt structural changes at these pressures was not considered. Imai
et al. [37] also observed a decrease in HREE partition coefficients between olivine
and peridotitic melt for some 3+ cations, including Lu, with increasing pressure
between 5-10 GPa, although for Y which is very incompatible in olivine there
was little affect of pressure on partitioning. Studies by Westrenen and Draper
[66, 67] present an opposing view to the decrease of partition coefficients with
P , and suggest that thermodynamically, if other variable factors are removed,
the partition coefficients in the garnet-basalt system increase with P . The data
shown in Figure 2.6 does include studies with variations in temperature as can be
seen by the range of partition coefficients at similar pressures. The uncertainty
regarding the effect of increasing pressure on partition coefficients
A decrease in compatibility is particularly noticeable for clinopyroxene and
basaltic melts where the partition coefficients appear to decrease rapidly with
pressure up to 3 GPa from ambient (Figure 2.6). The largest decrease observed
for the elements in this study is for Nd, where the partition coefficient drops by
an order of magnitude (from 0.7 to 0.05) by 3 GPa, with the smallest change
for Y. This data suggests that there is a trend in REE partitioning behaviour
with pressure that depends on the cation radius. Although changes in the crystal
lattice may be the cause of this, Imai et al. [37] proposed that elasticity of
the cation site in the melt structure might effect partitioning as, in the case of
olivine, changes on the crystal lattice alone would not produce a large enough
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effect, but currently no evidence for structural changes within the liquid has so
far been presented. Studies on silicate glasses, and more recently liquids, have
shown that structural alterations for major elements do occur within the liquid
with increasing pressure. This has been well documented for Si-O coordination
which increases from 4 to 6 above 15-35 GPa [14, 16] and the change in Al-O
coordination to 50% 6-fold coordination by 12 GPa [20, 38]. This thesis is the
first to monitor the effect of minor element incorporation in silicate melts at high
pressure in an attempt to improve our understanding of why such pressure affects
on partitioning are observed.

2.2.4

Structural Incorporation in Glasses

Simon et al. [41] have investigated the local structural effects of yttrium (Y)
in silicate glasses using Extended X-ray Absorption Fine Structure (EXAFS)
at ambient conditions. They studied the bonding environment of Y within the
same glasses as [33] in order to isolate the structural effect on Y with increasing
aluminium saturation index (polymerisation) of the glass. They discovered that
increasing melt polymerisation leads to an increase in Y coordination (CN ) from
6 to 8, with a corresponding increase in average bond distance from 2.28 to 2.38 Å.
Ponader and Brown [39] observed a similar compositional variance with CNLa−O
increasing from 7 to 9 in the higher polymerised melt, and rLa−O also lengthening
from 2.42 to 2.59 Å. In contrast though they observed a coordination decrease for
Yb and Gd with increasing melt polymerisation. However, Simon et al. [41] note
that the EXAFS processing methods used by [39] may produce artificially low
values for CN . Observations by Farges [40] show an increase in coordination with
polymerisation for Th at 1-3 wt.% levels and Th/U partitioning ratios in zircon
are attributed to the increase in compatibility of Th in the presence of highly
polymerised melts. Keppler and Rubie [76] presented some of the first results
on the change in Co and Ni coordination at high pressure in quenched silicate
melts, and proposed that the coordination increase from 4 to 6 would cause a
distinct change in partitioning. For silica-rich melt compositions an increase in
partitioning is observed for Lu with increasing P (open symbols on Figure 2.6),
this could be attributed to the greater polymerisation of the melt structure. All
these studies indicate that important structural changes of minor elements can
occur within the melt, not just the crystal lattice, and could impact REE local
structure and partitioning. Nevertheless, to date all these studies have been
carried out on quenched glass systems and not in situ at the conditions of melt
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formation.
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Chapter 3
A Review of Structural Probes for
Liquids and Glasses
This chapter gives an introduction to the theory of x-ray diffraction and
absorption, and subsequently how these techniques are applied to amorphous
solids and liquids. The functions that need to be derived in order to interpret
liquid and amorphous diffraction data are defined, and the difference between
energy dispersive and angle dispersive diffraction will be introduced.

3.1

X-ray Diffraction

X-ray diffraction (XRD) is a well known tool for studying solids and solving
crystal structures, and since the 1990s techniques have advanced enough that it
has become an increasingly common tool for looking at liquid and amorphous
silicate structures [44]. With the development of synchrotron radiation, which
provides a high flux of polarized x-rays, the short-medium (<6 Å) average
structures of liquids can be identified through pair distribution function analysis.
X-ray diffraction is the process of scattering incident photons, with wavelengths
between 0.1-10 nm, of electromagnetic radiation by a sample. In contrast to solids,
for amorphous materials, instead of resolving atomic positions exactly only the
time-resolved probability of finding atoms at a certain distance from another can
be found. In a structure of known composition, this can be ideal for estimating
bond lengths and the coordination of elements. X-ray diffraction utilises the
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Figure 3.1

General schematic of the radial distribution function (RDF), known
as the G(r), and measurement of nearest neighbour interactions
between atoms. Each correlation distance is represented by an
oscillation in the RDF.

behaviour of a material to scatter x-rays from the electron cloud of an atom.
This scattering occurs from a spatially extended distribution rather than a point
source, as in neutron diffraction where diffraction is from the atomic nucleus
[77]. The radial distribution function is given by 4πr2 ρ(r), where 4πr2 ρ(r)dr is
the average number of nearest neighbours between r and r + dr away from the
the central atom (Figure 3.1). Peaks in the G(r) correspond to different bond
distances that are present within the sample (Figure 3.1). All the work in this
thesis is carried out on non-crystalline substances in glass or liquid form, therefore
the theory of x-ray diffraction will be presented only in relation to scattering in
non-crystalline materials and a full description of scattering from crystals will not
be covered. The main texts followed in this chapter are those of chapters 1 and 10
in reference [77] and developed by [78]. A classical approach to x-ray diffraction
theory is described rather than a fully quantum mechanical derivation, as this is
not required and provides a similar approximation [77].

3.1.1

Theory

Given an x-ray wavelength of between 0.1-10 nm and an atomic size of 0.050.5 nm, the radiation wavelength used is of the order of the interatomic spacing,
and therefore can provide information on the distribution of atoms in space. If
an incoming incident beam of energy, I0 , interacts with an atom, the scattering
vector, Q, is defined by the incoming and scattered wave vectors, k1 and k2 , by
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Figure 3.2

Definition of the scattering vector, Q, in relation to wave vectors k1
and k2 .

Q = k2 − k1 where |k1 | = 2π/λ and |k2 | = 2π/λ depending on the wavelength of
the incident and scattered beam (Figure 3.2). For elastic scattering it is assumed
that the incident energy is much greater than any energy exchange that happens
at the sample which leads to k1 ≈ k2 . If the scattered beam is at an angle θ to
a point source scatterer then the magnitude of the wave vector, or momentum
transfer, Q, is given by

Q = |Q| =

2θ
4π
sin( ).
λ
2

(3.1)

If the wavelength of the experiment is fixed and a detector is placed at distance
R from the sample it will be possible to collect all the scattered radiation as a
function of Q that falls on the detector. It is from this Q dependant spectra that a
structure factor for the sample can be calculated as shown below. To understand
how a structure factor for a complex or polyatomic system can be derived it
is useful to first consider scattering from a free electron and build up through
scattering from a single atom. The following derivation of the scattering from a
single atom uses cgs notation for simplicity. Coherent and incoherently scattered
waves will be addressed as both have implications for diffraction measurements.
For coherent (elastic) scattering, classical electrodynamic theory states that an
electron which experiences a periodically changing electric field on interaction
with incident x-ray radiation will be excited to periodic vibrations and emit
electromagnetic radiation of the same frequency. The electric field of an electron
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Figure 3.3

Representation of classical scattering by an incoming beam, I0 , for a
single free electron at the origin and measurement at P. From [77].

at the origin in Figure 3.3 can be given by

0 = E0 sin 2πvt,

(3.2)

where v is the frequency of the incident beam I0 , t is time, and E0 is the amplitude
of the wave oscillating in the YZ plane. In order to understand x-ray scattering
the radiation at point P at a distance R from the electron is considered. The
electron will have a force exerted on it due to the electric field which induces an
acceleration,

a=

q 0
,
m

(3.3)

where m and q are the mass and charge of the electron in this case. An electric
field at point P will be induced from the acceleration of the electron which can
shown by

=

q a sin α
.
c2 R

(3.4)

Figure 3.3 shows the direction of this field relative to the electron and point P,
where α is the angle between the acceleration and R, and c is the velocity of light.
The resultant electric field is therefore a direct consequence of the acceleration
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component a sin α caused by the frequency of the incoming x-ray radiation. The
amplitudes of the separate components (Figure 3.3) of the oscillatory motion can
be expressed in terms of the directions of motion of the field

EY 0 =

q 2 E0Y
cos φ,
mc2 R

(3.5)

and
q 2 E0Z
.
EZ =
mc2 R

(3.6)

The overall amplitude E at point P can then be obtained by summing the
individual vectors, and in order to express the average electric field they must be
averaged over all directions in the YZ plane, which produces

hE 2 i = hE02 i

q 4  1 + cos2 φ 
.
m2 c4 R2
2

(3.7)

The measured intensity picked up by a detector at P is given by the intensity, I,
which is defined as the mean energy per unit area per unit time. This intensity
can be calculated from E, which is the amplitude of the electric field in cgs units,
through the conversion

I=

c
hE 2 i,
8π

(3.8)

which yields the Thomson scattering equation for the measurable intensity from
the classical scattering of a free electron,
q 4  1 + cos2 φ 
I = I0 2 4 2
.
mcR
2

(3.9)

This represents the polarised energy of a scattered electron with (1 + cos2 φ/2)
from the initially unpolarized incident x-ray beam. However, when considering
atoms, the scattering does not occur from a single electron but from an electron
cloud which it is assumed has a spherical symmetry around the nucleus. This
scattering takes two forms: (1) Classical elastic scattering with no change in
wavelength. (2) Compton (inelastic scattering) which will be discussed in Section
3.1.2. To calculate the elastic scattering from an entire atom we consider the
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electrons to represent a spherical cloud of negative charge represented by a charge
density, ρ. The electron density of an atom is assumed to be the sum of the
individual electron densities and is therefore related to the atomic number, Z, of
each element. Due to some partial destructive interference as the scattered waves
interact in the cloud the charge density decreases with increasing angle θ away
from the incident beam. The average charge density of the cloud, ρ(r), depends
on distance r from the nucleus and assumes spherical symmetry. The atomic
scattering factor, f , represents the number of electrons within an atom of atomic
number Z that will scatter the incident radiation. This can be given by

f=

Z Z
X
n=1

∞

4πr2 ρ(r)

0

sin Qr
dr.
Qr

(3.10)

The intensity of coherent scattering from each electron bound in an atom is
directly related to the Thomson scattering of a free electron and the scattering
power of the electron cloud. Calculated values using wave mechanics and charge
density distributions have been tabulated for the coherent scattering factors
for each atom and are given in references such as [79–81]. The scattering
power varies inversely with the electron cloud and is therefore always Z at
θ = 0, decreasing exponentially with increasing Q (Figure 3.4A). This scattering
therefore dominates at low angles whereas the opposite is true of incoherent
scattering (Section 3.1.2). Using the scattering factor above, the coherent
scattered intensity of an electron cloud around one atom is

Icoh = If 2 ,

(3.11)

where the f 2 arises because the formalism for f was developed in terms of
scattering amplitudes and not wave intensities. This result assumes that the
wavelengths used for diffraction are far from any absorption edge and therefore
no corrections for absorption edge effects of the sample are required, which is
true for the diffraction results presented in this thesis. In terms of the intensity
measured from a sample of atoms m and n, this is then given by

I(Q) =

N X
N
X
m=1 n=1
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fm (Q)fn (Q) exp[

2πi
(k2 − k1 ).rmn ].
λ

(3.12)

Figure 3.4

A: Self-scattering profiles, f (Q), from atoms used in this study. B:
Incoherent (Compton) scattering profiles for the same atoms.
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3.1.2

Compton Scattering

In reality, collisions are not perfectly elastic and scattering from the spatially
extended electron cloud causes the incoming x-ray to lose energy. This reduction
in energy increases the wavelength of the scattered photon and is termed
inelastic (or Compton) scattering [82]. As momentum is not conserved no
regular interference patterns are produced, and inelastic scattering produces a
background that varies depending on the size of the atom (Figure 3.4B). The
0
Compton effect, or change in wavelength, λ , caused by inelastic scattering is
given by

0

λ =λ+

h
(1 − cosφ)
mc

(3.13)

which results from scattering away from the incident axis and states that the
change in wavelength is independent of the incoming photon energy. Although
it is very weak compared to elastic scattering this contribution must be removed
from diffraction patterns before structural measurements can be made (Chapter
4.5.2).

3.1.3

Scattering from Non-crystalline Materials and Liquids

Monatomic Formalism
As this thesis addresses only materials of a non-crystalline nature, which are
therefore anisotropic, it is possible to spherically average over all orientations
in the sample as exp(iQ . r) = sin(Qr)/Qr. Following the previous derivation,
and reference [78], the scattering theory for a monatomic amorphous sample is
presented. Equation 3.12 over all space becomes

I(Q) =

XX
m

n

fm fn

sin Qrmn
,
Qrmn

(3.14)

where fm and fn are the atomic scattering factors for the m and nth atoms and rmn
is the distance between those atoms. The double sum comes from summing over
all the pairs of atoms in the sample over all possible orientations. This is the first
formal theory for studying non-crystalline materials with diffraction techniques
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and was presented by Debye [83]. The coherent x-ray scattering for one type of
atom, with N disordered atoms in a material can be defined as

X sin Qrmn 
.
Icoh (Q) = N f (Q) 1 +
Qrmn
m6=n
2

(3.15)

In order to obtain the scattering for the x-ray detector sample volume, S, an
average atomic density, ρ(r), term can be introduced that represents the average
number of atoms in the volume, dV , illuminated by the x-rays at a distance, r,
from the central atom. This is integrated in order to sum over the sample volume
by
Z

sinQr 
Icoh (Q) = N f (Q) 1 + ρ(r)
dV .
Qr
S
2

(3.16)

An average atomic density, ρ0 , constant over the sample volume and 0 at any other
location, is defined for S. By adding a term where this average density represents
scattering from the sample at small angles, and subtracting the average from
the density function, the integral is not limited to the sample volume and the
experimentally observable scattering is given by
∞

Z

Icoh (Q) = N f (Q) 1 +
2

[ρ(r) − ρ0 ]

0


sin Qr
4πr2 dr .
Qr

(3.17)

The structure factor, S(Q), which represents the normalised amplitude of the
waves scattering from a sample is derived by
Icoh (Q)
S(Q) =
=1+
N f 2 (Q)

Z

∞

[ρ(r) − ρ0 ]
0

sin Qr
4πr2 dr.
Qr

(3.18)

The S(Q), which is a Fourier transform of the electron density, can then be Fourier
transformed to real space using a sine transform to obtain the pair distribution
function, G(r), as follows
2r
G(r) = 4πr ρ(r) = 4πr ρ0 +
π
2

2

Z

∞

[S(Q) − 1]
0

sin(Qr)
dQ,
Qr

(3.19)

which oscillates around 1 as r approaches infinity. In this thesis the S(Q) and G(r)
are the main tools for extracting structural information about the silicate melt
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structures. Other studies may present the G(r) in different formats, including the
differential correlation function, D(r), F (r) = 4πrρ0 G(r) which oscillates around
0 at high r, or the total correlation function where G(r) approaches ∞ at high r.

Polyatomic Formalism
This derivation still follows the work of [78] to expand the monatomic theory to
polyatomic materials with more than one atom type. For a polyatomic system,
Equation 3.15 becomes

Icoh (Q) = N

X

fp2 (Q) +

XX

fm (Q)fn (Q)

m n6=m

p

sinQrmn
Qrmn

(3.20)

where p and q represent atoms in a stoichiometric unit of the sample and m
and n index all atoms in the illuminated sample volume, S. N is the number of
compositional units made up of p and q atoms in the sample. As in the monatomic
case an average atomic density function is introduced that represents the average
number of atoms of type p at r distance away from atoms of type q in a chosen
volume. This produces the integral equation over volume dV

Icoh (Q) = N

X

fp2 (Q)

+N

XXZ
p

p

q

fp (Q)f (Q)ρp,q (r)

S

sinQr
dV.
Qr

(3.21)

In the case of polyatomic systems it is critical to define parameters that represent
the average conditions within a sample volume, particularly an effective molecular
density function, ρpoly (Q, r), that represents the density within the sample due to
the differing concentrations, cp,q , of each atom. In order to formulate this term an
effective electronic form factor, fef f (Q), and effective atomic number, Kp,q (Q),
are required for the density function given by
PP
ρpoly (Q, r) ≡

Kp (Q)Kq (Q)ρp,q (r)
,
2
Ztotal

(3.22)

with
P
fef f (Q) =
34

fp (Q)cp
,
Ztotal

(3.23)

where Ztotal is the atomic number of a compositional unit and equals
which is given by
fp (Q)
.
Kp (Q) =
fef f (Q)

P

Kp (Q),
(3.24)

The form factors for the individual atoms are the same as described for the
monatomic case, and can be found in literature where they have been calculated
from theoretical scattering [79–81]. If the Q dependency of Kp (Q) is not removed,
this will prevent the density function being transformed to real space due to its
dependency on both r and Q, contrary to the monatomic case. However, the Q
dependency of Kp (Q) can be removed if it is assumed that an average effective
atomic number can be defined for the entire Q-range to be studied. For this case
the effective molecular density function becomes
PP
ρmol (r) =

Kp Kq ρp,q (r)
,
2
Ztotal

(3.25)

and the coherent scattering from Equation 3.20 can then be written as

I

coh

(Q) =

X

N fe2 (Q)

Kp2

+

2
Ztotal

p


sin Qr
ρmol (r)
dV ,
Qr
S

Z

(3.26)

which can be Fourier transformed as it only depends on r. As in the monatomic
formalism the average atomic density for the sample is defined as ρ0 , and by
ignoring any small angle scattering the structure factor is found by
I coh (Q)
S(Q) =
=1+
2
2
N Ztotal
fef
f (Q)

Z

∞

[ρmol (r) − ρ0 ]
0

sin Qr
4πr2 dr,
Qr

(3.27)

and the S(Q) can be Fourier transformed to real space by
2r
G(r) = 4πr ρmol (r) = 4πr ρ0 +
π
2

2

Z

∞

[S(Q) − 1]
0

sin(Qr)
dQ,
Qr

(3.28)

which may be expressed as the sum of the partial radial distribution functions,
gp,q (r),

G(r) =

ρmol X X Kp Kq
=
gp,q (r).
2
ρ0
Ztotal
p
q

(3.29)
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From above we can also represent the S(Q) as the sum of individual Sp,q (Q)
functions as

S(Q) − 1 =

X X Kp Kq
p

2
Ztot

q

(Sp,q (Q) − 1),

(3.30)

where the individual ion-ion structure factors can be given by
Z

∞

(gp,q (r) − 1)

Sp,q (Q) = 1 + ρ0
0

sin Qr
4πr2 dr.
Qr

(3.31)

These partial structure factors and radial distribution functions are similar to
that found by following the Faber-Ziman ([84]) formalism where
X X cp cq fp (Q)fq∗ (Q)
P
S(Q) − 1 =
[Sp,q (Q) − 1]
| p cp fp (Q)|2
p
q

(3.32)

and it can be seen that the fractional term in Equation 3.32 is the representation
of the effective factors described in Equations 3.23 and 3.24. By describing these
functions as a sum of their partials it is possible to understand how to extract
further information on individual ion-ion coordination numbers, CNp,q , from the
radial distribution function. This can be extracted, as the average number of q
atoms in a shell between r to r + dr around p atoms is found by integration of
the partial radial distribution function as
Z

r2

CNq = 4πρ0 cq

gp,q (r)r2 dr.

(3.33)

r1

The extraction of the S(Q) from collected sample intensity will be addressed in
Chapter 4.5.

3.1.4

Angle Versus Energy Dispersive X-ray Diffraction

X-ray diffraction patterns can be collected via two techniques. The first and most
commonly used is angle-dispersive where diffraction from the sample is collected
over all angles of θ. This means that the wavelength of incident radiation is
kept fixed and a monochromatic x-ray beam would be used on a synchrotron.
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Detectors in this case can collect over multiple angles and the limit is defined by
the opening of the cell assembly, distance from the detector, and the wavelength
used to collect the pattern. For example higher energy will give access to higher
theta and higher Q through the formula

Q=

4π
sinθ.
λ

(3.34)

For energy dispersive x-ray diffraction (EDXD), λ is varied and θ is fixed so
that data is collected over a range of energies, which can be converted to Q
through Q = 4πE sin θ/12.3984. In order to access high Q, and not be limited
by the range of energies available from the source, data can be collected at a
variety of fixed angles over the full energy range. These data can then be fit
together for progressively higher Q as θ is increased. Even though theoretically
much higher Q than angle dispersive diffraction can be collected for the same
type of pressure cell, EDXD does have limitations in that the data has to be
normalised and fit together which can cause unreal artefacts in the subsequent
S(Q). Collection times for EDXD are also considerably longer than those required
for angle dispersive diffraction, and can be of the order of >2 hours compared to
60 s or less for angle dispersive data collection.

3.2

X-ray Absorption Spectroscopy

X-ray absorption fine structure (XAS) is the process by which x-rays are absorbed
by atoms near the electron binding energy, and the description below follows the
work of [85]. XAS is specific to one type of atom in the sample as the energy
is selected to target the absorption edge of the atom of interest. This behaviour
means that XAS is therefore sensitive to the oxidation state, coordination and
distance of the chosen atom and its nearest neighbours. XAS can be considered
as two different regimes, (1) XANES which is the near-edge spectra <30 eV
of the absorption edge, (2) EXAFS which are the extended x-ray absorption
fine structure oscillations at >30 eV from the edge (Figure 3.5). In EXAFS,
the oscillations provide more quantitative information than XANES on the local
structure around the element of interest, and is the technique used in this study.
The advantage of EXAFS over XRD is that it is chemically selective, and the
element of interest can be at very minor concentrations if there is a high incident
energy and a thick enough sample.
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At the absorption edge of electrons at the core level (1s or 2p), if the incoming
energy exceeds their binding energy then a photo-electron is ejected from this level
and out of the atom, creating a photo-electron with wave number k (absorbing
atom in Figure 3.5). An absorption edge at this energy is observed for each
particular element as the electrons are promoted from the core level to the
continuum. When a neighbouring atom is considered, the excited photo-electron
will scatter from the electrons of this neighbour and alter the predicted absorption
energy as it returns to the core-level hole. The probability that x-rays will be
absorbed is given by Beer’s Law that I = I0 e−µt , where I0 is the incoming x-ray
intensity, I is the intensity collected after the sample, t is the sample thickness and
µ is the absorption coefficient. µ is dependant on the sample’s atomic number, Z,
sample density, ρ, atomic mass, M, and incident x-ray energy. It can be plotted
as a smooth function of energy using the relation

µ≈

ρZ 4
.
M E3

(3.35)

After absorption of the energy and electron promotion, the excited state will decay
back to the empty level and produce x-ray fluorescence. XAS can be measured
either in transmission or fluorescence, and in this thesis only transmission will be
discussed. To obtain information about one specific element, well documented
energies are chosen that target the absorption edge of the particular element of
interest. Depending on the energy of the edge the K, L and M-edge energies
can be used. The absorption of x-rays at the core binding energy gives rise to a
sharp jump that is unique in energy for all elements (Figure 3.5). XAS provides
information on the absorption coefficient, µ, at or just after the absorption edge
energy and I is measured after the sample and compared with the incident x-ray
energy, I0 , to provide µ as a function of energy through

µ(E) = log

I 
0

I

.

(3.36)

The EXAFS equation that considers only oscillations above the absorption edge
is given as a function of energy by

χ(E) =

38

µE − µ0 (E)
,
∆µ0

(3.37)

Figure 3.5

From [85]. Photo-electric process is shown where an absorbing atom
absorbs x-rays with the energy of a bound core electron E0 and excites
a core
√ electron to the continuum, with wave number proportional
to E − E0 (presented in blue). This causes an absorption profile
for one atom given by the blue curve. XAS occurs because the
photo-electron scatters from a neighbouring atom and then returns
to absorbing atom with a modulated wave, giving rise to the red
oscillations.

39

where µ0 (E) is the absorption of an individual atom at the chosen energy and
is defined by a background function of the ideal absorption profile of one atom
(blue function in Figure 3.5) and ∆µ0 is the jump in energy at the absorption
edge when E = E0 . However, it is common to describe EXAFS in terms of the
photo-electron that has been created during the absorption process, and the wave
number in k-space for this photo-electron can be defined as
r
k=

2m(E − E0 )
,
~2

(3.38)

for absorption edge energy, E0 , and the electron mass m. The oscillations
produced in the EXAFS are then a direct result of the photo-electron wave
number and are given by χ(k). Different nearest neighbour interactions and
shells of atoms produce varying frequencies that are apparent in χ(k) which can
be modelled by the EXAFS equation
Nj fj (k)e−2k
χ(k) = Σj
kRj2

2 σ2
j

sin[2kRj + δj (k)],

(3.39)

where N is the number of nearest neighbours of atom j, and the scattering
properties of the nearest neighbours are represented by their f (k), the amplitude,
and δ(k), the phase shift. R is the interatomic distance between the central atom
and coordinating shell and σ 2 is the disorder parameter, especially prevalent at
high temperatures. If the EXAFS of well known structures are obtained and
the phase shift and scattering amplitudes are calculated, the EXAFS equation
allows determination of N , R and σ 2 for substances where the structure is not
documented. Although k in XAS is the momentum transfer and the same
parameter as Q used in XRD formalism, this thesis shall always present XAS
data in k and XRD data in Q as this is the generally presented format for these
kind of studies.

40

Chapter 4
Instrumentation and Data
Treatment
This chapter consists of five main sections that serve as an overview of
the equipment used in this thesis and the main data processing techniques.
Synchrotron sources used to obtain the data collected in this thesis are presented
in 4.1 and 4.2. An overview of the general experimental techniques and high
pressure cells used are covered in 4.3, and the data analysis methods used
throughout this work are introduced in 4.5. Sections 4.3 and 4.5 contain both
existing techniques as well as those developed for work in this thesis, including
calibration of the resistive heaters for diamond anvil cells. This chapter aims to
provide the relevant experimental information used throughout this thesis so that
only specific experimental details are provided at the beginning of the appropriate
chapters.

4.1

Synchrotron X-ray Sources

Synchrotron radiation facilities provide a high flux of x-rays that can be used
to study the structure of materials, including liquids. Synchrotrons typically
inject electrons into the main storage ring from previously accelerated electrons
in a linear accelerator and booster ring configuration. Within the booster ring
electrons are accelerated up to 3 GeV before they are injected into the main
storage ring. Insertion devices and bending magnets are used in the main storage
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ring to keep the accelerated electrons in a curved path. X-ray radiation is emitted
and sent to each beamline from the accelerated electrons as they change direction.
Within individual beamlines specialised optics in the first hutch are used to focus
the high energy x-rays that are required for experiments. The beam is collimated,
focused using mirrors, and the wavelength of the required x-rays is tuned at the
beamline using a monochromator. On most of the insertion device beamlines
used in this study KB (Kirkpatrick-Baez) mirrors are used to further focus the
beam on to a focal point at the sample position. In order to maximise both
the Q-range and signal intensity from the sample a compromise between higher
energy wavelengths (λ), that will produce a longer Q-range, and lower energy
wavelengths that will maximise the sample:background ratio, is required. For
low scattering silicate liquids it was found in this study that energies between 3842 keV provide a Q-range of >12 Å−1 , and a high enough scattering intensity from
low Z samples. Good resolution in Q-space is vital for studying silicate liquids
and amorphous materials, particularly for minor elements, to obtain high enough
resolution in order that all the individual element contributions can be resolved.
Different beamlines at differing synchrotron sources were used in this study and
these are presented briefly below, with the experimental instrumentation on each
beamline useful to this study highlighted.

4.2

4.2.1

Diffraction Instrumentation

I15 - Diamond Light Source

I15 at the Diamond Light Source (DLS) utilises an insertion device that
provides x-rays in the range of 20-80 keV. The energy is selected by a Si(111)
monochromator, and high pressure resistively heated diamond anvils cell are
loaded directly on to the diffraction stage. For this study a beam of 42 keV
was used, and a Perkin Elmer image plate detector was placed at 262 mm from
the sample in order to access the maximum possible Q-range of 12 Å−1 . The
x-ray beam is focused down by vertical and horizontal mirrors to a beamsize of
70×70 µm.
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Figure 4.1

4.2.2

Setup for DAC laser heating system on 13-IDD at the APS. The
laser pathway on to the sample is shown by the yellow arrows. They
arrive through specially aligned optics and are reflected on to the
sample using carbon mirrors.

13-IDD - Advanced Photon Source

13-IDD is part of the GeoSoilEnviroCARS (GSECARS) sector and is an insertion
device beamline at the Advanced Photon Source (APS). It specialises in high
pressure laser heating which enables conditions of the Earth’s deep interior to be
studied. A monochromatic beam of λ=40 keV was used with a 2D MAR-345 CCD
detector which allowed between 11-12 Å−1 in Q-space to be accessed. A YAG laser
was used to heat the sample from both sides using carbon mirrors (Figure 4.1),
this produces a relatively uniform temperature gradient and homogeneous sample
temperature with full melting throughout the thickness of the sample (20 µm).
The disadvantage of this technique is that alignment of the x-ray beam and lasers
here is crucial to detect the melt signal but the carbon mirrors used to align the
lasers produce a high background signal which must be removed. With the sample
signal already so low this introduces further complications to the data processing
(as detailed in Section 4.5.2).
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Figure 4.2

4.2.3

Paris-Edinburgh press installed on 16-BM-B.

16-BM-B - Advanced Photon Source

This beamline has a large volume Paris-Edinburgh press (PEP) installed for high
pressure and temperature x-ray diffraction (Figure 4.2). Unlike the previous
beamlines described it uses a white beam which consists of a range of energies.
In this case energy dispersive x-ray diffraction data is collected on an indium solid
state detector. Diffracted x-rays are filtered by slits so that only the wavelengths
diffracted from the sample centre are collected, this produces a very minimal
background and enhanced signal intensity which makes this an excellent beamline
for studying low scattering samples. Another advantage of the PEP is that it
provides very stable melting for a large (1 mm3 ) sample volume, which produces
high signal intensity even at temperatures >2000 K at 6-7 GPa.

4.2.4

BM-23 - European Synchrotron Radiation Facility

BM-23 at the European Synchrotron Radiation Facility (ESRF) is an x-ray
absorption spectroscopy (XAS) beamline and can accommodate high pressure
equipment, in this study a Paris-Edinburgh press. It operates in 16-bunch mode
with an average current in the storage ring of 200 mA. It is a bending magnet
beamline, but due to the fixed energy required for XAS the signal intensity is
reasonable. K, L and M-edges of elements with atomic numbers from 22-76 can
be probed for absorption measurements. The transmitted signal is measured by
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Figure 4.3

Experimental setup for BM-23 including the use of mirrors and
collimator slits to focus the incident x-ray beam. The XRD detector
that can be moved in and out accordingly is highlighted as well as the
XAS transmission collection chambers before and after the sample
chamber, I0 -I2 . Adapted from [86].

an ion chamber (I1 on Figure 4.3) after the sample, and the log(I0 /I1 ) provides
the absorption with energy, µ(E). X-ray diffraction can also be measured on the
sample using a MAR-CCD detector in order to estimate the P − T conditions
and identify melting. A reference channel I2 (Figure 4.3) allows simultaneous
collection of the transmission from a sample and reference material.

4.3

High Pressure Techniques

In order to study silicate liquids at the conditions of formation in the Earth, high
pressure and temperature conditions must be generated for the experiment. These
techniques are discussed below along with the advantages and disadvantages of
different setups that have applications to this study.

4.3.1

The Diamond Anvil Cell

The diamond anvil cell (DAC) is commonly used in experiments for generating
high pressures. The advancements since its design in 1965 have changed the
field of high pressure research with pressures exceeding >700 GPa reported in
2015 [87] using double staged anvils with nanopolycrystalline diamond semi-balls.
The force in a DAC is generated from the two opposed diamond culets with the
sample contained within a usually metallic gasket between the tips (Figure 4.4A).
Diamonds are an excellent material for use as anvils as their hardness enables the
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Figure 4.4

A: Schematic design of a four-post diamond anvil cell. B: BoehlerAlmax seat design with wide angle opening.

generation of very high pressures, and their transparency to x-rays and other
radiation also allows access to the samples at high pressure. Although there are
many cell designs the four-post Mao-Bell symmetric design was used in this work.
The force on the culets is generated via tightening of four screws which applies
force to the platens that hold the seats (Figure 4.4A). Pressure is monitored
via Raman spectroscopy of a ruby inserted into the sample chamber (Section
4.3.5). The diamonds are fixed with stycast on to tungsten carbide seats which
provide high mechanical strength and do not require the x-rays to pass through
them. As the samples in this study are not rotated during diffraction, the Q-range
achievable is limited by the opening angle of the DAC seats. For liquid diffraction
a high Q-range is essential, therefore wide angle opening Boehler-Almax seats [88]
are used (Figure 4.4B) which open with an aperture angle of ∼70-80°. These seats
also provide greater support for the diamonds and can easily access pressures up
to 120 GPa.
Rhenium gaskets were used in this thesis for all DAC measurements in order to
contain the sample radially during uniaxial pressure generation from the anvils.
As this uniaxial stress is high, conditions within a DAC are often not hydrostatic
and a pressure transmitting medium can be used to minimise shear stress on the
sample. In this thesis as the samples are amorphous or molten, a P -transmitting
medium was not used as liquids are unable to support shear stress. The gasket
is pre-indented to the appropriate thickness so that a small hole can be drilled
in the centre of the culet. The sample and pressure calibrants (Section 4.3.5)
are loaded into the hole and the cell is closed. Heating of the sample can be
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generated by laser or resistive heating and both will be discussed below. Due to
the DAC designs used in this thesis x-rays are always passed through the back
of the diamonds and through the gasket hole so no scattering from the gasket or
seats should be present (Figure 4.4A).

4.3.2

Resistively Heated Diamond Anvil Cells

Internal resistively heated DACs (rh-DACs) are advantageous for low scattering
liquids as the entire sample is heated, which maximises the signal intensity from
the melt. The heaters function via a current flowing through a metallic resistance
heater. Resistive heaters used here were developed with platinum wire. Pt
was chosen due to its high ductility as it is easy to coil thin wires, as well
as its oxidation behaviour, as only a very thin PtO2 layer is formed at T>4500°C which disappears with further heating [89]. The heater is placed around
the sample chamber and to minimise oxidisation of the wire and diamonds at
high temperature, a flow of noxal gas (Ar/H2 5%) was passed over the diamonds
during the experiment. To prevent the heating coil touching the cell body the
heater is encased in heatproof cement with a large enough central hole for the
gasket (Figure 4.5). An external heater is also used in conjunction to raise
the temperature of the entire cell body. Temperature was read by a K-type
thermocouple inserted close to the tip of the diamond and sample chamber. One
limitation of rh-DACs is that the temperature is limited to 61000o C but even at
these temperatures oxidation and failure of the diamond anvils can occur rapidly.

Heating Calibration
The resistive heating cell assemblies were made by coiling a 250 µm diameter
Pt wire with at least 20 turns around a 10 mm outer diameter alumina ring. It
was critical to ensure that the coils were very evenly spaced with no contacts
to prevent any shorts when a current was applied. More accurate coiling and
coil spacing greatly increased the stability of the current during heating and the
length of the heater life-span. The ends of the wires were coiled around a 1.5 mm
diameter molybdenum tube in order to make a connection for the heating cables.
This coil was then placed within a pyrophyllite disk cut to the dimensions of
the cell body to provide as much insulation as possible (Figure 4.5). Sheets of
mica were placed between the pyrophyllite and cell body to minimise any risk of
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Figure 4.5

Heater contained within a pyrophyllite disk and placed on open
diamond anvil cell. Aspects from the discussion in the text are
highlighted in the figure. The cell body is 5 cm across for scale.

contact between the cell and heater. The coil and ring leave a 5 mm diameter
free middle where the diamonds and gasket can be accessed (Figure 4.5). Ktype thermocouples (TC) were used to measure the temperature in the centre
of the heater and were placed as close as possible to the edge of the diamond
culet (Figure 4.6), without direct contact with the diamonds to avoid incorrect T
measurements due to heat conduction by the diamonds. As the Pt wire heating
coils had not previously been used they required calibration in order to estimate
the error on the thermocouple temperature, and any temperature variation that
might occur as distance from the sample chamber increased. Two methods were
used to constrain the errors on temperature:
1) Samples of known melting temperature: Samples of known melting T ,
lead (327.5°C), aluminium (660.3°C), and sodium carbonate (851°C), were placed
within separate holes drilled in the gasket (Figure 4.7 top). Visual observations
during heating were used to see at what point the samples became molten (Figure
4.7a-d). The power and temperature readings were noted at this time to monitor
if the T reading was within the expected melting T for each sample (Figure 4.8).
Two thermocouples were placed at either side of the culet (Figure 4.6) in order
to measure how T varied with thermocouple placing. One thermocouple placed
directly at the edge of the culet (TC1, ideal position) as close to the sample
chamber as possible and another 1-2 mm further away (TC2 max. distance). The
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Figure 4.6

Position of thermocouples (TC) around the sample during testing.
Ideal position is as close as possible to the sample chamber (upper
TC) but not touching the diamond culet. The worst position is
furthest away from the sample chamber (approx. 1-2 mm) and is
represented by the bottom TC at the edge of gasket.

thermocouples were secured in position by heatproof cement. In this calibration,
sample melting was monitored via video and samples were observed continually
during heating (Figure 4.7). After 3 runs with different heaters it could be seen
that the average power required to melt the sample produced a temperature
reading on the thermocouple closest to the sample within 10-20°C of the expected
melting temperatures. However, temperature varied by up to 50°C with a
2 mm increase in TC distance away from the centre. With the TC diameter at
approximately 0.6 mm the size of the TC itself should not dramatically affect the
T measurements. With this information, during the experiment it was essential
to know that the TC was fixed as close to the sample chamber as possible, and
heatproof cement was used to glue the wire covering in the same position before
each cell was closed.
2) Pt/NaCl Calibration: Pt and NaCl were both loaded in separate holes in
the gasket and the cell was gently closed to keep the P at ambient conditions
but sealed. X-ray diffraction was collected approximately every 100o C from the
TC readings at I-15 at the Diamond Light Source. From diffraction patterns, the
lattice parameter, a, of both Pt and NaCl were extracted and equations of state for
each sample were used to calibrate both pressure and temperature (Section 4.3.5).
This process was repeated at different pressures and the average temperatures
calculated for four experiments are shown in Figure 4.9. At each diffraction
measurement the power and TC readings were also monitored to compare to the
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Figure 4.7
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Top: 800 µm gasket drilled with 3 holes and filled with samples of
known melting T as described in text (from top clockwise: NaCl,
Pb and HPG sample). a-d: One example of melting of the HPG
sample during a heater test to determine an estimate of the melting
T . See darker patches and crystals at lower temperatures (a-b),
which disappear upon heating until the sample is homogeneous in
d.

Figure 4.8

Average from 3 experiments with thermocouples (TC) placed at
different distances from the sample. TC1 placed as close to sample
chamber as possible (Figure 4.6 ideal position). TC2 1-2 mm away
(Figure 4.6 max. distance). Dashed lines represent known melting
temperatures of Pb, Al and NaCl.

derived temperatures. These results are in good agreement and have a similar
gradient to those of the measurements in Figure 4.8.
In both tests it can be seen that there is an error up to 50°C that must be
considered on all measurements. This comes from the risk of the TC distance
from the sample not being ideal and the error from the two different calibration
methods (Figure 4.10).

Improvements to Resistive Heaters
In order to increase the temperatures reached by the resistive heaters, a higher
resistivity, ρ, would be required. Resistivity is affected by length and cross
sectional area of the material in question through ρ = R.A/L, where R is the
resistance of the material, A is the cross sectional area, and L is the length.
Platinum wire was used due to its high resistance and relative inertness, which
prevents oxidation even at high temperature. Oxidation of the wire would
decrease the efficiency of the heater so materials such as W, Pb and Ti, even
though they have a higher resistance, would oxidise too quickly on heating. Mo
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Figure 4.9

Pt/NaCl calibration points plotted with the T
thermocouple (TC1) at the same power.

read by the

wire was trialled in this study and did not seem to regularly reach as high
temperatures as the Pt heaters, most likely due to the difference in oxidation
behaviour of Mo, which continues to oxidise above T >400°C [90], and difficulty
in accurately coiling it, as it is less ductile than Pt. Two improvements could be
made to increase the resistivity of the Pt wire heaters: (1) a greater number of
coils would increase the length of the wire; (2) thinner wire to decrease the cross
sectional area. This would also increase the number of coils that could be wound
around the alumina ring. In order to achieve a higher number of coils with a
wire <250 µm in diameter, this would require extremely precise coiling, possibly
using a machine, to ensure regularity of coil spacing and prevent damaging the
thin wire. As Pt wire is malleable it is much easier to work with than other
metals; however any small defects in the wire will increase the chance of failure
with increasing power. Another possible method to improve radiation to the
gasket/sample chamber would be not to cover the inside of the coil with heat
proof cement; however this has limitations as it is essential the heater does not
come into contact with the gasket, and the cement acts as an insulator to keep
the radiative heat within the sample chamber.
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Figure 4.10

TC calibration using a best fit average of all the heater test data
from Figure 4.8, and the error on the line of best fit (red dashed
lines). Pt/NaCl calibration points plotted on this show they lie
within error of the average for temperature versus power.
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4.3.3

Laser Heated Diamond Anvil Cell

The laser heated DAC requires an unmodified diamond anvil cell with heating
generated by lasers from an external setup on the beamline. Samples used in laser
heating experiments using a YAG laser are required to be thin enough to melt
with the laser (<50 µm), and contain a metal coupler homogeneously distributed
within the sample that absorbs the laser wavelength. In the case of laser heating,
as the diamonds are such good thermal conductors, a thermal insulation layer
is required between the sample and diamonds and in this study SiO2 was used.
Even though exceedingly high temperature conditions can be generated with laser
heating it can be difficult to estimate or target temperature accurately. The other
disadvantage over rh-DACs is the very localised heating of the sample (the size
of the laser spot is often <20 µm). This induces large temperature gradients and
can cause diffusion or reaction between the sample and thermal insulation layers
during heating. In this study, Nd was used as the laser coupler as it has an
excitation wavelength appropriate for the YAG laser used on GSECARS, and its
efficiency as a coupler is described in Chapter 8.

4.3.4

Paris-Edinburgh Press

Other techniques that can generate less extreme pressures and high temperatures
are large volume presses. The Paris-Edinburgh press (Figure 4.11) can generate
pressures routinely up to 15 GPa [91] at ambient temperature, and high temperatures up to 2300 K at 10 GPa [92]. The PEP has the advantage of a large
sample volume (up to 2 mm3 ), which for low scattering samples provides excellent
signal intensity. In chapters 5 and 6 the V-type press is used with individual
details discussed within the chapters. In general the sample is contained within
a deformable gasket compressed by two shaped, opposed tungsten carbide anvils
(Figure 4.11). The hemispherical sample chamber provides a large sample volume
but requires good gasket design to reduce the risk of blow out at high pressure,
especially during heating. High temperature conditions are generated by resistive
heating through an internal graphite furnace (Figure 4.12). During heating,
current is sent through the circuit at a constant rate and the temperature was
monitored using previous thermal expansion calibrations by [92, 93]. In this study
two general gasket designs were used: (1) Boron-epoxy (BE) 7/2.4 mm (where
this is the ratio between the outer cell and heater diameter) after [94] (Figure
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Figure 4.11

PEP anvil setup, including heating cables, water cooling system and
a 3/14 mm zirconia cell design (design B from 4.12).

Figure 4.12

PEP basic cell designs used in thesis. A: From [94] 7.2/2.4 mm
boron-epoxy gasket design. B: From [93] using zirconia cap design.

4.12A); (2) zirconia caps and MgO by [93] of 14/3 mm (Figure 4.12B).
MgO or BN act as a P -transmitting medium to the sample and the BE gaskets
in both cases are designed to slightly extrude outward with P but contain the
sample within a confining P . The low scattering and absorption of the BE makes
it an ideal gasket medium as a high signal intensity, with little or no background,
is obtained from the sample. Modifications were made to these cell assemblies
for individual experiments and these are discussed in the relevant experimental
chapters (5 and 6). Due to the decrease in space between the anvils at high
pressure and strain on the gasket, the maximum pressure achievable in the PEP
experiments for this study is 8 GPa at 2000 K.
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4.3.5

High Pressure Calibration

In this study two standard techniques for determining the pressure on the sample
have been used: (1) ruby fluorescence (DAC only), (2) the internal pressure
standard method (PEP and DAC). These are described briefly below.

Ruby Fluorescence

In DAC experiments one regularly used method of determining pressure within
the sample chamber is that of ruby fluorescence [95]. A small (<5-8 µm) ruby
is inserted into the sample chamber, it must be carefully placed away from the
centre of the sample so it does not interfere with diffraction measurements, but
also not too close to the edge of the gasket so that it may be squeezed by the
gasket as this will not represent the pressure on the sample. Ruby is Cr3+ doped
Al2 O3 and electronic transitions of the Cr3+ ions cause distinctive emission lines
[95]. At ambient pressure and temperature these emission lines can be seen via
use of laser-induced fluorescence at R1 =692.86 nm and R2 =694.25 nm. As
pressure increases the Cr3+ ion environment is altered and this produces a shift
in the emission spectra as the emitted wavelength changes. The calibration used
in this study is that of Mao et al. [96] and is valid over all the pressure range in
this thesis. Pressure, P in megabars, can be determined by


 ∆λ iB
A h
1+
−1 ,
P =
B
λ0

(4.1)

where difference between the R1 wavelength at ambient conditions, λ0 , and at
high pressure, is ∆λ, and A and B are constants of 19.04 and 7.665 respectively.
The limitation of ruby fluorescence in this study is that at high temperatures the
the R1 emission has a large temperature dependence and results in large errors
in the P calibration for inaccuracies in T of >5 K. Broadening of the R1 and R2
peaks also occurs above ∼550 K so that they cannot be individually distinguished
[97]. This level of accuracy in T measurements was not achievable in this study
and therefore, ruby fluorescence is used initially at ambient temperature to target
a starting P in DAC experiments, but during the experiment an internal calibrant
is used to monitor any P changes with temperature.
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Internal Pressure Calibrant
In this case pressure is determined through the known equation of state (EOS) of a
pressure standard inserted in the sample chamber. Using x-ray diffraction the cell
volume and lattice parameters can be determined and subsequently the P can be
estimated using these parameters in the EOS. As for ruby, the standard must not
react with the sample and should not undergo any phase changes in the pressure
range of interest unless they are well documented. These pressure standards
typically include transition metals or compounds with a simple structure. In this
study Pt and NaCl were used in the DAC experiments, with hexagonal-BN (hBN)
and MgO used in the PEP experiments.
Platinum (Pt) placed within the sample chamber was monitored via x-ray
diffraction during the experiment. Pt adopts a face-centered cubic structure
which has distinct (111) and (200) Bragg peaks that can be monitored with P
as the positions of these peaks shift as the crystal is compressed. A third-order
Birch-Murnaghen EOS which relates the volume change within the sample to the
pressure using a calculated bulk modulus from previous calibrations is then used
to estimate P through

P300K
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(4.2)

where V0 is the original crystal volume in Å3 of Pt at ambient conditions, V is the
volume determined from the lattice parameters measured at high P , and K0 is the
0
bulk modulus (K0 is the derivative). After ambient temperature measurements
have been made this provides P300K , and using a temperature correction the
pressure at high P − T can be determined through P = P300K + PHT where
PHT is the thermal correction for high temperature measured by δV /δT at a
constant pressure or estimated theoretically. The pressure is also constrained by
the minimum P on the sample as determined by ruby fluorescence at ambient
conditions. The pressure of the sample was determined at ambient temperature,
with a Pt calibrant, using the pressure-volume relations of [98], and during high
temperature measurements a thermal correction from [99] was applied to account
for thermal expansion. A small beamsize must be used at high P to avoid
contamination of the sample diffraction by the P -standard as the sample chamber
is reduced in size. NaCl was also used as a P -standard during resistive heating
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calibrations (Section 4.3.2) and the same EOS methodology was used, using
the bulk modulus and first P -derivative from [100] and the thermal expansion
parameters from [101]. This was in order to solve for unknown P and T by
obtaining the lattice parameters for both NaCl and Pt and solving simultaneously.
For the PEP experiments, MgO or hBN x-ray diffraction patterns were used as
pressure standards using parameters from [102] and [103], with a Pt foil also
inserted into the sample chamber in some cases. In all cases as many Bragg peaks
as possible were fit in order to determine the most accurate lattice parameters.

4.4

Glass Preparation

The haplogranite (HPG) and anorthite36 -diopside64 (AnD) glasses were synthesised by mixing together the appropriate amounts of reagent grade oxides
(SiO2 , Al2 O3 , MgO) and carbonates (K2 CO3 , Ca2 CO3 , Na2 CO3 ) from Alfa Aesar
with purity >99.99%. The oxide and carbonate powders were initially dried in
the furnace at 1000 K and 450 K respectively, to remove any water or organic
contaminants. The mixed powders were ground in an agate pestle and mortar
and decarbonated for 12 hours at 1273 K on a slow ramp. They were then fused
at 1873 K in a platinum crucible for 1 hour. The molten glass was quenched by
immediately placing the crucible into cold water. The glass was checked for the
absence of crystals, crushed and re-ground under acetone and finally fused again
three times to ensure homogeneity. Trace elements for Chapters 6, 7 and 8 were
added in the form of high purity Y2 O3 , ZrO2 , Lu2 O3 or Nd2 O3 (>99.99%) at the
desired concentration to a portion of the ground glass in order to have both a
doped and plain sample of each composition for comparison. The mixture was
ground for 1 hour, and fused once more in a platinum crucible followed by water
quenching. This glass was crushed, re-ground, and fused 3 times at 1873 K to
ensure homogeneous distribution of any trace elements. All glasses were free from
bubbles and show no signs of crystallisation. The samples were crushed to a fine
homogeneous powder before being loaded.
In order to lower the melting temperature of the haplogranite to access melting
at temperatures achievable in a resistive heated diamond anvil cell (<1000 K),
water was added to the sample via high pressure addition using a pistoncylinder. Platinum capsules were welded containing finely ground haplogranite
with 10 wt.% H2 O and held for 4 hours at 2 GPa and 1670 K to ensure full
homogenisation. The samples were fast quenched by immediately cutting power
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to the press. Final totals of water were between 8-10% over 4 runs measured
using Raman spectroscopy and final electron microprobe totals.

4.5

Angle Dispersive X-ray Diffraction Data
Treatment

This section will describe the processes required to correct the raw intensity
data before analysis of the diffraction data (as presented theoretically in Chapter
3) can be undertaken. These corrections include initial image plate processing,
polarisation and normalisation corrections, removal of incoherent scattering, and
integration to reciprocal space in order to obtain the function I(Q)coh as given in
Chapter 3.1.3, which contains information solely from the scattering between the
atoms in the sample.

4.5.1

Image Plate Processing

For diamond anvil cell experiments during diffraction Bragg peaks arise due
to scattering from the single crystal diamond anvils. These usually occur at
distances of >5 Å−1 and appear as distinct spots on the image plate (Figure
4.13b). At different sample angles the scattering can be minimised and before
each final measurement is taken the cell is rotated by up to 2-3° in X to minimise
the diamond diffraction (Figure 4.13b-c). As only data from the sample signal
should be processed, the initial data processing step is to remove these Bragg
peaks from the image plate. This can be done by applying a mask in FIT2D
[104] or Dioptas [105] to the peaks (Figure 4.13d). It is important to mask
enough of the surrounding area so no pixels are left on the image plate with
contributions from diamond scattering. By applying this mask only to the
selected areas the remaining image plate can then be integrated and the liquid
signal is not compromised due to the radial nature of the image. A dark image
plate (Figure 4.13a), which is the scattering on the detector when no beam is
present, is collected before each measurement for the same length of time as the
sample scan, this is automatically removed from the sample image plate in order
to remove any inherent detector noise.
59

Figure 4.13
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Image plates on Dioptas [105]. a: Dark image collected after
each data point. b: Example of severe diamond diffraction before
rotation in X. c: Image plate with suitable diamond Bragg peaks
after 0.1-0.4°rotation in X centring. d: Image plate for c with
mask applied (red). The black horizontal line is the beamstop, this
can be masked or not as long as the same mask is applied to the
background diffraction pattern.

4.5.2

Structure Factor Extraction

The measured experimental intensity, I(Q)meas , contains scattering by both
the sample and background contributions. In order to isolate the intensity
that contains only the coherent structural information, Icoh (Q), corrections for
background intensity, IB (Q), incoherent scattering, Iinc (Q), and attenuation,
A(Q), from the sample must be made to the measured intensity which can be
given by

I(Q)meas P (Q) =

A(Q)
(Icoh (Q) + Iinc (Q)) + XIB (Q).
α

(4.3)

P
P
Iinc (Q) is the sum of the self,
cy fy (Q)2 , and Compton scattering,
cy Cy (Q),
where these sum over all the species in the sample and cy is the concentration
of species y [44]. A(Q) is the attenuation caused by the thickness of the sample,
with P (Q) the correction to account for polarisation of the x-ray beam at the
synchrotron. X and α are scale factors and normalisation parameters respectively
and are discussed in more depth below.

Polarisation Corrections
Both FIT2D [104] and Dioptas [105] apply corrections for the incident beam
polarisation. This accounts for the polarisation, P (Q), which arises from the
different perpendicular and parallel x-ray beam intensities caused by the beamline
optics. The polarisation is measured on a standard of known structure, CeO2 ,
before the experiment. By using the known Bragg peak positions for CeO2 , the
distance between the sample stage and detector can also be calculated and used
during integration of the image plate. The image plate is radially integrated to a
one-dimensional diffraction pattern given in 2θ where θ is half the angle between
the incident and diffracted beam. The patterns are also normalised to a constant
incident beam flux by measuring the flux on the detector. In x-ray diffraction,
usually geometrical effects from the sample, particularly the attenuation of the xray beam, A(Q), due to the sample thickness, t, need to be considered. However,
due to the very low absorption of the sample, and t is of the order <80 µm with
a scattering angle 2θ <30◦ , the value of this function is <0.01% of the signal
intensity and makes no difference to the overall sample function.
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Background Removal
Background removal, IB (Q), for DAC experiments is possibly the most important
step in the data analysis. This is not required for the EDXD PEP experiments
in this thesis due to the very low background signal because of the soller slits
on the beamline. Empty DAC background patterns are collected to measure the
scattering contribution from the single crystal diamond anvils, which has been
filtered by the gasket aperture and surrounding air. In order to remove this from
the sample signal correctly the empty cell scans must be collected for the same
length of time under identical conditions. As the aperture of the gasket hole has
an effect on the background function this can be difficult if the gasket is damaged
or deformed during heating. The image plate must have the same mask applied to
it to ensure no features in either pattern are because of the radial integration and
the same corrections for polarisation and flux normalisation should be applied.
After integration the background should scale to the sample (plus background)
signal and both should be equal at approximately 25-30 2θ (Figure 4.14) where
there is no longer any diffraction from the sample itself, and contributions from
the cell should be identical in both cases. The background can be scaled slightly
if necessary (parameter X in Equation 4.3), but this should be minimal. If the
background is appropriate it can be removed successfully; however, if a large scale
factor >5% is required the data needs to be discarded.

Normalisation
As described in Chapter 3 the data are corrected for the effect of the inelastic
(Compton) and self scattering of the atoms in the sample. The total incoherent
scattering for the sample is calculated through

Iinc =

X
sample

cy Cy (Q) +

X

cy fy (Q)2 .

(4.4)

sample

The sample signal is scaled to this function as shown in Figure 4.15A so
that the sample function oscillates around the incoherent scattering intensity
at the highest 2θ angles. By removing the self and Compton scattering
contributions from the diffraction pattern the underlying scattering from the
individual constituent atoms are removed, leaving the S(Q) dependant only on
the scattering between the atoms. The normalisation factor required to scale
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Figure 4.14

Process of background scaling and removal for haplogranite glass
within a resistively heated DAC, background must be scaled to
sample pattern at 30 2θ where there should be no scattering from
these samples. Background is then subtracted from the sample plus
background spectra.

the sample intensity is given by α, following the method of Krogh-Moe and
Norman [106, 107], and can be calculated using the limit that as limr→0 G(r) =
0, sin(Qr) = Qr and therefore

2

Z

Qmax

−2π n0 =




S(Q) − 1 Q2 dQ,

(4.5)

0

and following from Equation 4.3 the total scattering in the sample chamber is
given by

Isample (Q) =


A(Q) 
Icoh + Iinc ,
α

(4.6)

which can be rearranged to find the normalisation constant α for the coherent
scattering through
R Qmax
−2π 2 n0 + 0
Iinc (Q)Q2 dQ
.
α=
R Qmax
2 dQ
I(Q)
Q
samp
0

(4.7)

Incorrect normalisation can produce significant artefacts within the Fourier
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Figure 4.15
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A - Diffraction patterns in theta with different normalisation.
Purple dashed line represents the sum of the self and Compton
scattering.
The black spectra in A (oscillating around the
incoherent scattering at 2-theta>20) is best normalised. This can
be seen in B and C, the subsequent S(Q) and G(r), by the lack of
artefacts and minimal oscillations at low r in C.

transformed G(r); this can occur if the background is incorrectly scaled to
the data or normalisation of the data to the self and Compton scattering is
wrong. This leads to errors in the S(Q) and G(r) as peaks and oscillations will
misrepresent the true structure. In Figure 4.15 it is shown that the diffraction
pattern after background removal should oscillate around the self scattering above
25 2θ otherwise peaks in the S(Q) have artificial intensities (Figure 4.15B) and
this is seen in the G(r) through unreal intensities in the first peak and larger
oscillations at r <1 Å (Figure 4.15C). This highlights the importance of having
data to at least 11 Å−1 to be able to be sure this procedure is done correctly. At
high Q there should be no signal from the sample and the only signal will be from
the incoherent scattering. Normalisation errors are most easily introduced by
incorrect background subtraction so it is critical to ensure the correct background
has been collected at the conditions of the sample measurement.

4.5.3

Radial Distribution Function Extraction

To obtain the S(Q) and G(r) as theoretically described in Chapter 3, after
normalisation the structure factor, S(Q), can be obtained as in Equation 3.27
by

S(Q) =

I coh (Q)
,
fef f (Q)2

(4.8)

and Fourier transformed to the G(r) as described in Equation 3.28. Once the
G(r) has been obtained, it is possible to estimate coordination number and bond
distance of the individual correlations within the G(r) if the data is of high enough
quality. These interactions, g(r)ind , arise from correlations between pairs of atoms
such as Si-O, O-O, Na-O, and K-O. In order to estimate coordination number
and bond distance for the correlations present, fits were made to the G(r) using
the following relations:

G(r) =

X

g(r)ind



2
X xi Ai
Ztotal
−(r − di )2
P
√ exp
=
,
n0 K 2 i σi 2π
2σi2

(4.9)
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where

Ai = R

CNi
 .

(r−di )2
√ exp −
dr
2σ 2
σ 2π
4πr2
i

(4.10)

i

The coordination number for the individual ion-ion contributions, CNi , is
related to the integral under each individual Gaussian by the density, n0 , and
√
concentration, xi , of the species. The interatomic distance is di and σi = k di
defines the width of the Gaussian using an adjustable parameter k [108]. For
polyatomic materials a representative concentration can be made and a density
estimated that enables the coordination of each pair of atoms to be predicted.
The analysis is typically limited to r <3 Å due to the overlapping nature of
the contributions. This allows peaks of well defined width and height to be
very well approximated by a Gaussian distribution. At higher correlations the
contributions from second interactions feature and make this process much more
difficult. For strongly overlapping contributions a single Gaussian can be fit made
up of the individual contributions to represent correlations at higher distances
approximately if this is required.

4.5.4

Self-consistency Checks

Self-consistency checks [109, 110] were performed on all the data to ensure the
S(Q) and G(r) after processing were consistent and reliable. These included (1)
R∞
ensuring the S(Q) followed the sum rule 0 [S(Q) − 1]Q2 dQ = −2π 2 n0 in the
limit that r = 0, (2) that low-r oscillations were minimised as (G(r = 0) = 0),
and (3) the reverse Fourier transform of the calculated G(r) can reproduce with
reasonable accuracy the input S(Q). For (1), the sum-rule arises from the small
angle approximations sin Qr = Qr and, if normalisation of the S(Q) is correct,
should be satisfied. In order to confirm that proper normalisation had been
carried out the S(Q)Q2 − Q2 was integrated as seen in Figure 4.16. Due to the
limits of experimental work the ideal limits of 0 to ∞ are unachievable; however
at higher Q the function should oscillate evenly around 0 and therefore no further
addition to the integral will be made.
Process (2) is due to the rmin limit, where no atomic interactions can take place
beneath the limit of closest approach, and therefore for r = 0, G(r) = 0. In
this case the oscillations at r < rmin should be minimal and any oscillations
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Figure 4.16

A: S(Q) for haplogranite glass. B: Self-consistency sum-rule
check on A, showing integration under area of the curve over the
maximum Q-range.

present at this limit are artefacts of the Qmax Fourier transform limit. These
oscillations should be minimised by varying the S(Q) limit as discussed below.
For (3), the reproducibility of the S(Q) through an inverse Fourier transform of
the obtained G(r) proves that the G(r) is reasonable and no artificial oscillations
have been introduced during the Fourier transform process. As seen in Figure
4.17 the inverse Fourier transforms (solid lines) reproduce the original S(Q) used
to calculate the G(r) with reasonable accuracy and no major oscillations are
introduced.

Influence of the Qmax Cut-off
The termination of the S(Q) can have severe impacts on the G(r) during the
Fourier transform, as depending on the Qmax cut-off artificial oscillations can be
introduced to the G(r). This is because an ideal Fourier transform requires the
limits to be from Q =0 to Q = ∞ but cannot be adhered to practically. A Qrange as long as possible should be collected until there is visibly no signal left
from the sample at high Q, and at this point the S(Q) must oscillate around 1.
The best Qmax can be found by Fourier transforming the data at various Qmax
distances and minimising any unreal oscillations. Artificial oscillations tend to
be characterised by their regular wavelength, often a characteristic wavelength of
4π/Qmax , and appearance at the same position relative to real peaks over all r. A
Qmax compromise must be reached where artificial oscillations are reduced, but
where no damping or broadening of the real contributions is introduced (Figure
4.18).
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Figure 4.17

S(Q) for Lu-doped and undoped collected data (symbols) obtained
in a Paris-Edinburgh press with reverse Fourier transform S(Q)
obtained from the calculated G(r) (solid lines).

Figure 4.18

Result of variations in Qmax Fourier transform limit. Feature
A - artefact from forcing Qmax before oscillations in sample are
complete. B - Location of cut-off in Q. C - G(r) with minimal
oscillations below rmin . D - Artificial peak produced by short cutoff distance and feature A in S(Q). E - Width and position of the
Si-O peak generated by longest Qmax distance.
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This can be observed by monitoring the width and position of the first peak
relative to the first peak in a G(r) Fourier transformed over the longest possible
Qmax (Figure 4.18E). In Figure 4.18 peak E can be seen to increase in position,
decrease in height and broaden as the cut-off distance is decreased. This is due
to feature A in the S(Q) which is introduced by cutting the S(Q) too soon before
signal from the sample is minimised. By testing a range of Qmax values, the aims
are: (1) To minimise the oscillations at low r below the first peak (C in Figure
4.18) and, (2) identify which oscillations are introduced as artefacts by testing
multiple cut-off distances. Particular care on the Qmax distance must be taken
when identifying minor element correlations, to be certain these are not artefacts
(feature D in Figure 4.18) and a Qmax =8.5 Å−1 was chosen via this method for
all the HPG results in this chapter, and is consistently used throughout the rest
of this work in order that no correlations were produced from using a variety of
Qmax distances. This distance preserves the first peak position and height of the
longest Qmax distance, and minimises oscillations at low r introduced by uneven
oscillations at high Q (Figure 4.18 feature B). This value is identical to the best
Qmax found by [78].

4.6

Energy Dispersive X-ray Diffraction Data
Treatment

For energy dispersive data, as the measurements are taken at fixed detector
angles (2θ angles of 2°, 2.7°, 3.5°, 5°, 7°, 10°, 15°, 20°, 27°, 35°) over a wide
range of energy, E, this allows collection up to 20 Å−1 in reciprocal space where
Q = 4πE sin θ/12.398. Peaks in the diffraction pattern slightly obscure the liquid
signal at certain energies; these arise from Bragg peaks of the graphite sample
chamber and fluorescence from indium on the detector and elements within
the sample. Fluorescence peaks can be identified as they occur consistently
at the same energy. These peaks are removed before data analysis by erasing
their contributions and the data is extrapolated via a cubic spline between the
remaining data. This process can be seen in Figure 4.19 (left).
The scaling of the individual structure factors is achieved by fixing the oscillations
of the data at highest Q to oscillate around 1, as they must by definition (Figure
4.19 right). The other structure factors are then scaled accordingly in reverse
order from highest Q. After merging, an error weighted spline is fit to the data in
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Figure 4.19
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Left: Energy dispersive x-ray diffraction patterns for anorthitediopside showing each collection angle and Bragg peaks. Fits to
baseline curve show final data after peak removal that were used in
S(Q) extrapolation. Energy range used for analysis was between
25-55 keV. Right: Structure factor, S(Q), obtained after data
processing by a spline of each collection angle (shown by colours
of spectra which are the same in both figures).

order to obtain an evenly spaced S(Q) distribution. This fitting uses only parts
of the individual S(Q) that overlap in order that they can be fit together. This
overlapping can introduce artefacts so special care must be taken to ensure these
artefacts do not influence the final G(r); these can be identified if regular spaced
cosine oscillations are observed with increasing amplitude towards low r. The
G(r) is then obtained by Fourier transform of the spline smoothed S(Q).

4.7

X-ray Absorption Data Treatment

XAS (x-ray absorption spectroscopy) data is collected in energy (eV) over a
given range, selected to cross the absorption edge of the element of interest.
A brief description of the necessary data processing techniques to obtain EXAFS
oscillations in k-space, that can be used to extract information on bond distances
and coordination in real space, is presented below. Firstly, any glitches are
removed by deleting the outlying data point and fitting a spline between the
two on either side. As these steps are so insignificant for one point in 100 eV
there should be no visible impact on the spectra. Only glitches arising from one
incorrect intensity caused by detector effects should be removed.
Once the glitches have been removed the data is normalised to an edge jump of 1
in order to compensate for the varying thickness of the samples and any change
in concentration. Normalisation is done by fitting pre- and post-edge functions
over the same range in energy to normalise the pre-edge to 0 and the post-edge to
1 (Figure 4.20). The pre-edge function should be fit as close to the edge jump as
possible before any inflection occurs; this is to ensure the region is representative
of the pre-edge gradient because data collection is concentrated here and before
this the gradient can be unrepresentative. The post-edge should be fit over as
long a range as possible from highest energy collected to the start of the first
visible EXAFS oscillations. These ranges should be consistent between data sets
to ensure normalisation is regular and the edge jump and first oscillations are not
incorrect.
The normalised spectra are compared with the reference sample collected on the
channel after the sample to check that no drift in energy has occurred due to
fluctuations on the beamline or experimental effects. As seen in Figure 4.21 if
the reference sample edge position has moved from the initial scans collected at
the start of the experiment, the shift in position of the edge and the reference
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Figure 4.20
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a: Collected XAS spectra for a bromine reference compound,
highlighting XANES and EXAFS regions, and features of the
absorption edge. The modelled absorption for one atom of Br is
given in red as the background function. The dashed lines represent
the pre and post-edge fits required to normalise the data.

Figure 4.21

EXAFS spectra normalised (left) and derivatives (right) for Br
doped granite samples and the NaBr reference, collected 6 hours
apart. Reference spectra (lower panels) also show edge drift in the
edge position, indicating that drift is not sample dependant and
needs to be corrected for before analysis.
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Figure 4.22
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The same bromine reference compound plotted with different kweights to highlight the exaggeration of low or high k oscillations
and compensate for any amplitude decay.

Figure 4.23

k 3 -weighted spectra with Hanning window for region of Fourier
transform highlighted in red. The window has been chosen to
coincide with where the data cross Y=0.

must be an experimental shift rather than real, and both the reference and data
should be adjusted. This can be clearly seen in both the edge position and
first derivative. The data must be adjusted by the same amount as required to
move the reference on to its original edge position prior to the beginning of the
experiment. If the sample has shifted but the reference is consistent with the
edge at the initial position then the shift can be considered as real.
A background function is applied to the normalised spectra using a cubic spline
in a technique developed by Ravel and Newville [111] (Figure 4.20a). This
spline approximates the post-edge spectra for one isolated atom of the element
of interest, in order to remove any low frequency oscillations and leave the signal
only from the XAS interactions. The function is chosen by applying a minimum
background distance, Rbkg , below which there should be no oscillations as it is less
than the diameter of one atom in the sample. This forces the oscillations below
this distance to 0. Once all these processing steps have been completed, the data
can be viewed in k-space and weighted appropriately (Figure 4.22) to compensate
for any amplitude decay with increasing energy as the EXAFS oscillations decay
quickly with k. Energy and k are related through
r
k=

2m(E − E0 )
.
~2

(4.11)

As given theoretically in Chapter 3.2 a Fourier transform is performed to
distinguish nearest neighbour shells in real space. The transform is carried
out using a window over a chosen distance in k-space (Figure 4.23) in order
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to minimise artificial oscillations that arise at high energy from noise in the
spectra. The chosen window should then be used over all the experimental data
to ensure consistency between the data points. In most cases, high P − T data
will be Fourier transformed over a much smaller range (typically up to 7-8 Å−1 ),
compared to reference or glass spectra (up to 10-15 Å−1 ). The minimum distance
is chosen as just above that of the Rbkg distance and it is important to select the
window boundaries at the same value of Y, i.e. where Y=0 (Figure 4.23).
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Chapter 5
An X-ray Diffraction Study of
Haplogranitic Melts
This chapter describes the results of the structural determination of haplogranitic
glasses and melts up to 12 GPa using x-ray diffraction techniques. The nearest
neighbour Si-O and Al-O correlations are monitored to 12 GPa and density
changes between the glass and melt are discussed. The results show that in strong
glass forming networks, with high SiO2 content, the glass structure is analogous
to that of the melt.

5.1

Introduction

Haplogranitic melts are synthesised to represent highly silicic magmas similar to
the last stages of melting during fractional crystallisation. They predominantly
contain Si and Al oxides combined with alkali metals such as Na and K. These can
be found in such environments as subduction zones and other crustal formation
settings [3]. Highly silicic melts have >60% silica content which form polymerised
networks of SiO4−
4 tetrahedra. Due to the abundance of network forming cations
(Si, Al) and fewer network modifying cations (Mg, Ca, Na, K) the SiO4−
4
polymerised chains create ring structures which surround cavities in the melt.
The presence of large cages >2.5 Å in diameter [46], is greatest in silica rich melts
due to their strong network forming ability. These silicic melts have interesting
properties, and in comparison to less polymerised melts, such as basalt, have
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higher viscosity and lower density. As these types of melts are important during
crust formation, understanding their structure and how they behave in situ will
further our knowledge about the properties of melts in subduction zone settings,
and how elements are transported between the mantle and the crust in these
environments. In crustal settings fluids such as H2 O can be involved in the
system so the comparison between hydrous and non-hydrous melts is important
in order to understand the influence of water on magmatic systems. For example,
studies have shown that in subduction zones, volatiles such as water can influence
the incorporation of metals into magmatic fluids [112, 113]; however, little is
understood about the exact structural changes that may occur within the melt
at the conditions of formation (high P − T ) to account for this. Trace elements,
such as Y and Zr, are known to accommodate within haplogranite melt structures
[114, 115]. In order to understand trace element incorporation within silicate melt
structures that contain these elements, the trace element free structure must be
understood. This study was carried out in order to provide insight into the
interactions of major elements within this composition for comparison with trace
element doped studies on the same composition completed in Chapters 6 and 7.

5.2

Data Acquisition and Analysis

Synthetic haplogranite (HPG) glass was synthesised by high temperature homogenisation and flash cooling as described in Chapter 4.4. This composition is
a model for other silicic compositions with a high degree of polymerisation and
has the advantage of containing only four oxides in order to minimise the number
of element contributions in the structure factor. Water was added to the HPG in
order to lower the melting temperature so that melting could be achieved within a
resistively heated diamond anvil cell. Water was added via high pressure addition
in a piston-cylinder press as detailed in Chapter 4.4 and the composition of the
HPG is shown in Table 5.1.
Measurements on HPG glass were carried out up to 12 GPa by cold compression,
and the HPG melts were measured up to 5 GPa using angle and energy-dispersive
x-ray diffraction techniques (Table 5.2). Angle dispersive measurements were
collected on beamlines I15 at the Diamond Light Source and PSICHE at the
synchrotron Soleil, with some high P − T molten data collected using energy
dispersive x-ray diffraction on HP-CAT beamline at the Advanced Photon Source,
USA (Chapter 4.2.3). Not all the data collected on the experiments was of high
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Sample

SiO2

Al2 O3

Initial Dry
78.7 (3) 11.9
Initial Hydrous
71.4 (2) 10.5
Recovered Sample C8 73.4 (2) 11.0
Recovered Sample C10 73.8 (2) 11.1

Na2 O

K2 O

Total

(2) 4.3 (1) 4.5 (2) 99.4 (5)
(2) 3.6 (1) 3.9 (1) 89.4* (5)
(2) 3.9 (1) 4.3 (1) 92.6* (4)
(2) 3.8 (1) 4.1 (1) 92.8* (4)

Table 5.1 Compositions from electron microprobe analysis for the original
starting glass, after water addition, and average for fully glass samples
recovered after the experiments. Analyses are based on average of
10 sample spots and standard deviations are shown in brackets. *
indicates where the low totals are due to the addition of 8-10 wt.%
water.

enough quality to use; for full experimental details of unsuccessful collection see
Appendix One, Table 9.1. For angle-dispersive measurements, to create high
P −T conditions, resistively heated diamond anvil cells (DAC) were used (Chapter
4.3.2). The Pt heating coils surrounded a 4×4 mm rhenium gasket of 200 µm
thickness. Finely ground HPG sample powder was loaded into the 250 µm electroeroded hole previously indented to 90 µm thickness. The powder was packed into
the hole thoroughly to avoid collapse of the sample chamber. In order to access the
highest possible Q-range the diamonds were glued with stycast on to 70° opening
Boehler-Almax seats. Temperatures were recorded by a K-type thermocouple
placed on the very edge of the gasket indent as close to the sample chamber
as possible. Thermocouples were previously calibrated as in Section 4.3.2. To
achieve maximum signal intensity from the low scattering sample the x-ray beam
(wavelengths in Table 5.2) was focussed to 70×70 µm. Diffraction patterns were
collected in the glass and melt for 60 s using a Perkin Elmer (I-15) or MAR image
plate (PSICHE) detector at each pressure point (Table 5.2). For Perkin Elmer
data a background ’dark image’ was collected after each measurement in order
to subtract any background noise inherent in the detector and the MAR was
cleared between each measurement to reduce any possible contamination from
background scattering. All DAC measurements covered a Q-range up to 1112 Å−1 , with free-standing glass measurements covering up to 20 Å−1 . Pressure
was determined in the DAC before each experiment by ruby fluorescence, and at
high temperature it was monitored by a Pt foil inserted into the sample chamber.
Diffraction on the Pt calibrant was collected for 10 s at each pressure point before
and during heating. At each pressure, glass, melt, and quench measurements
were collected where possible. After quenching the gasket was unloaded, the
sample recovered, and the empty gasket replaced in the cell in order to collect
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Sample

Beamline

Technique

Wavelength (Å)

P (GPa)

T (K)

Ambient Dry
Ambient Hydrous
C1

ID-15 ESRF
ID-15 ESRF
PSICHE Sol.

FS glass
FS glass
rh-DAC

0.1701
0.1701
0.2647

C2
C3
C4
C5
C6
C7
C8

I-15 DLS
I-15 DLS
I-15 DLS
HP-CAT APS
HP-CAT APS
I-15 DLS
I-15 DLS

rh-DAC
rh-DAC
rh-DAC
PEP
PEP
rh-DAC
rh-DAC

0.2637
0.2637
0.2637
EDXD
EDXD
0.2637
0.2637

C9
C10
C11

I-15 DLS
HP-CAT APS
I-15 DLS

rh-DAC
PEP
rh-DAC

0.2637
EDXD
0.2637

amb
amb
0.7 (3)
0.8 (3)
1.4 (4)
1.6 (5)
2.3 (5)
2.3
3.3
3.5 (5)
4.1 (5)
4.3 (5)
5.1(6)
5.4
11.8 (5)

amb
amb
na
880 (50)
na
na
na
1700 (50)
1800 (50)
na
na
950 (50)
na
1900 (50)
na

Table 5.2 HPG data collected at various synchrotron sources with experimental
conditions for each sample.
FS glass - free standing glass.
Ambient temperature data was collected at every pressure point
and the highest temperature reached during heating is listed for
each sample. Abbreviations for beamlines are as follows: DLS
- Diamond Light Source, APS - Advanced Photon Source, ESRF
- European Synchrotron Radiation Facility, Sol. - Synchrotron
Soleil. Angle dispersive x-ray diffraction measurements are given with
the wavelengths used during the experiment and the high pressure
techniques used (rh-DAC - resistively heated DAC, PEP - ParisEdinburgh press) are stated. EDXD states where energy dispersive
x-ray diffraction measurements were undertaken and a white beam
was used. Samples C1 to C11 are all hydrous HPG.

the background scattering signal from the diamond anvils.
Free standing ambient glass measurements were performed by Dr S. Kimber using
x-ray diffraction on I-15A beamline at the ESRF, Grenoble. Energy dispersive
x-ray diffraction measurements were made in a Paris-Edinburgh press using the
zirconia 14/3 mm gasket described in Section 4.3.4. The collection techniques
and data processing methods are fully described in Chapter 4.5 and 4.6.
Diffraction patterns collected with angle-dispersive techniques were analysed
using the methodology presented in Chapter 4.5. The S(Q) was obtained by
normalising the diffraction pattern to the inelastic (Compton) and self scattering
profiles for the HPG composition, and the radial distribution function, G(r),
was then produced through a Fourier transform of the S(Q). A smooth cosine
function was applied between 11-14 Å−1 to the S(Q) in order to ensure the S(Q)
oscillates around 1 at high Q. This function was fit based on the oscillations in
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Figure 5.1

The extrapolation of S(Q) with a cosine function at high Q. Fit to
data is shown by dashed red line with extrapolated function shown
by the solid red line. The oscillation is forced around S(Q)=1 at
high Q where there is no further signal from the sample. Inset Main
image is region in dotted line box on full S(Q).

the data (Figure 5.1). Self consistency checks were used to ensure reliability of
the data by various methods (Chapter 4.5.4).
During heating, at temperatures >850 K the samples either recrystallised or
remained non-crystalline. In the cases where crystallisation occurred the
runs were stopped and discarded as the temperature required to melt the
crystals exceeded the heater limits (>1300 K). On these time scales (>1 hour)
recrystallization would be expected to occur above the solidus at ∼840 K, before
melting, unless a liquid phase is reached above the glass transition temperature.
Therefore, if recrystallization did not occur at temperatures above the solidus
the samples are assumed to be in the super-cooled liquid state at >880-900 K
and chemically similar to the melt (temperatures above the liquidus). In any
case, from these results the melt phase and the ambient temperature phase are
identical as no changes were observed between runs at room temperature, and
clearly above melting (Figure 5.2) as seen in C8 where temperatures far exceeded
the liquidus temperature for hydrous haplogranite [116].
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Figure 5.2

5.2.1

Real space G(r) from a haplogranitic sample (C8 at 4.1 GPa)
displaying the compressed glass measurement and one at high
temperature above the liquidus for HPG [116]. It can be seen from
the G(r) that no major structural change occurs between the glass
and liquid state.

Recovered Sample Analysis

On quenching, the heated samples predominantly appeared glassy from both the
DAC and PEP experiments. Two of the recovered samples contained quartz
crystals around the edge of the sample (Figure 5.3 A and C). These samples had
slightly reduced SiO2 content in the bulk glass, and as no evidence of crystals
was seen in the diffraction experiments the crystals must be a quench product.
Recovered quenched samples were polished for electron microprobe analysis at
the EMMAC (The Edinburgh Materials and Micro-Analysis Centre), University
of Edinburgh. Analyses were carried out using a CAMECA SX100 electron
microprobe with a current of 30 nm, a voltage of 15 keV and 8 µm beam size.
Where fully glass samples were recovered (C6, C8, C10) the samples retained a
stoichiometry nearly identical to their starting compositions (Table 5.1), including
totals; therefore it is unlikely the samples underwent any chemical change or
significant water loss. Bubbles were present in some of the quenched DAC samples
(Figure 5.3B), which are likely to be the product of water containing vesicles that
appeared during quenching. This indicates that water remained in the samples
during the experiments.
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Figure 5.3

5.3

Image of quenched glass from A: DAC experiment C1 showing
quench quartz crystal growth. B: DAC experiment C8 with vesicles
in glass. C: Recovered Paris-Edinburgh press HPG sample (C5) with
crystals around edge of capsule.

Structure of Haplogranite

The structure of the HPG glass and melt phases were measured at increasing
P points up to 12 GPa (Table 5.2). Glass measurements were made at ambient
conditions for both the dry and hydrous starting glass, and at P in the hydrous
glass at 0.7, 1.4, 1.6, 2.3, 3.5, 4.1, 5.1, and 11.8 GPa, with high temperature
melt data successfully collected at 0.8, 2.3, 3.3, 4.3 and 5.4 GPa at >880 K. The
measured structure factors, S(Q), and calculated radial distribution functions,
G(r), are shown in Figures 5.4 and 5.5. The S(Q) is of high quality to 11-12 Å−1
in reciprocal space, and a decrease in the intensity of the first sharp diffraction
peak (FSDP), at pressures <4 GPa, with increasing temperature is observed.
This is due to the lower density of the melt and more open structure at high
temperature. Any data collected to less than 12 Å−1 was discarded to ensure
consistent processing between the data sets.
In the S(Q) (Figure 5.4) the FSDP can be seen at 1.75(2) Å−1 in the hydrous
ambient glass. This rapidly increases to 1.93(2) Å−1 with compression of the
glass to 0.7 GPa, and increases gradually to 1.98(1) Å−1 at 5.1 GPa until it reaches
2.09(2) Å−1 at 11.8 GPa. In the molten samples no immediate increase is observed
between the ambient hydrous glass and the first melt at 0.8 GPa, and it increases
to 1.93(2) Å−1 by 4.5 GPa where it matches that of the glass. It is likely that
the ambient P melt (for which no data was collected here), has a lower FSDP
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Figure 5.4
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S(Q) for HPG measurements documented in text and listed in Table
5.2. Black curves show cold compressed glass at high P with orange
curves showing high T molten data collected within 0.5 GPa of glass.
Grey curve is the dry sample at ambient conditions.

Figure 5.5

G(r) for the S(Q) in Figure 5.4. Black curves show cold compressed
glass, and orange, the melt at similar pressure (within 0.5 GPa).
Grey curve is the dry sample at ambient conditions.
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position than the ambient glass as the melt is less dense than the glass. As
discussed in Chapter 2.1, the FSDP is attributed to the intermediate range order
in silicates and therefore the size and number of cages present in the sample. The
shift to higher Q of the FSDP can be linked to the collapse of the interconnected
rings during compression, which appears to be mostly complete in the melt by
4-5 GPa, as the FSDP positions of the glass and melt are identical at 4.1 and
5.1 GPa. If it is assumed that the FSDP position of the ambient liquid would
be at a shorter reciprocal distance than the ambient glass, over the presented
P range there appears to be a greater increase in shift (i.e. cage collapse)
in the melt from 0.7-4.1 GPa, than in the glass, as might be expected in the
more compressible and lower viscosity liquid (Figure 5.6). As seen in Figure
5.6 as temperature increases in samples below 4 GPa, the FSDP decreases in
position and intensity, whereas above 4-5 GPa very little shift is observed. The
melt network is initially more open due to the thermal disorder, and it is more
likely to be able to rearrange on compression compared to the more rigid glass
structure. By 4.1 GPa this difference has reduced completely and the FSDP in
the melt and glass are similar, potentially indicating that the melt network has
been compressed until it resembles that of the glass structure by 4-5 GPa. This
indicates that below 4-5 GPa the melt network is highly compressible compared to
the glass at the same pressure. The higher Q oscillations however, above 2.5 Å−1 ,
are consistently similar between the glass and the melt indicating that the short
range structure, bond distances and atomic positions, are analogous between the
glass and melt structures, which is confirmed by the G(r).
The G(r) are of high quality to 6 Å in real space, which includes up to the
2nd coordination sphere of silica tetrahedra. Between the glass and melt
measurements, the intensity of the first peak, r1 , increases for a given P . This
is related to the thermal expansion of the sample upon heating. The r1 peak is
attributed to the Si-O bond distance and is the most prominent feature in any
silica rich glass or liquid. This occurs consistently at 1.6 Å in good agreement with
other literature data on compositions over this P -range [17, 117, 118]. At the same
temperature this peak decreases in intensity as pressure increases (Figure 5.5),
as expected due to the increase in density under compression. The second peak,
r2 at 3 Å, with a shoulder at 2.5-2.6 Å, arises from the overlapping correlations
between the O-O and Si-Si contributions at 2.8 and 3.2 Å respectively (Figure
5.7). A third broad peak, r3 , is also observed at 4.1 Å which represents the
second nearest neighbour interactions of Si-O. All the features observed in the
G(r) are consistent between different beamlines, x-ray techniques and cell designs,
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Figure 5.6

Shift of the FSDP position with P for different temperatures ranging
from glass to melt. Low pressure, 0.7 GPa, data shows clear decrease
in FSDP position whereas 4.1 GPa data show very little variation.
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Figure 5.7

Fitting procedure for hydrous HPG glasses (same for melts). Left is
a low P sample (square markers), right is the highest P glass (round
markers). Solid lines are the total fits from a sum of the individual
fits (dashed and dotted lines). Fits are labelled on left figure and are
the same correlations on the right. Inset shows the change in Al-O
fit with P . Na-O contributions are only shown on left to show how
minor the correlation is.

indicating the high quality, consistency and reproducability of these data and
data analysis methods used. As seen in Figure 5.2, there is no distinct difference
between the glass and molten state. These results are similar to those measured
for SiO2 and rhyolitic compositions [16, 17, 119] and predicted by MD models
[49].
In order to understand the individual pair correlations present in the HPG
structure the data were fit with individual Gaussians that represent each ion-ion
contribution (Figure 5.7). Two major assumptions had to be made in order to fit
via this technique: (1) That all the correlations are symmetrical, and (2) that the
density, n0 , can be predicted through fixing the Si-O correlation with a known
coordination of CNSi−O =4 and distance rSi−O =1.6 Å over this P range. The first
assumption can be made at short distances because the correlations are nearly
symmetric and there are no contributions from secondary oscillations at r <3 Å.
The second is in agreement with many previous studies on the coordination and
bond distance of Si-O [17, 19, 117, 118], and as the width of the Si-O contribution
is clearly visible, g(r)Si−O can be given a fixed width, CN , and r, allowing an
estimate for the density by integrating under the Si-O contribution. The densities
obtained via this method for each P and used in Equation 4 are shown in Figure
5.9. Self-consistency checks were also completed to confirm the reliability of the
extracted density (see Chapter 4.5.4). For the g(r)Al−O , initial CNAl−O and rAl−O
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Ion-Ion
ri
Si-O
1.6 (2)
Al-O
1.73 (1)
O-O
2.79 (2)
Na-O
2.46
Si-Si
3.2 (2)

k
CNi
0.12
4
0.09 4.3-5.1 (2)
0.2
8.2
0.2
8
0.13
6

Lit. ri
Lit. CNi
1.61
4.0
1.73
4.1
2.65
8
2.46-2.68
8
3.08
na

Table 5.3 Ion-ion contributions used to model individual Guassians, g(r)ind , in
the compositions at ambient conditions. Where bond distances evolved
with pressure this is discussed in the text. ri = bond length, k =width
parameter of Gaussian, CNi = coordination of individual bond. Si-O
literature values from [17, 19, 117, 118], Al-O values from [20, 38],
and O-O correlations from [49, 110], Na-O values from [49, 93, 121].

from [20, 38], were used to refine the fit and the estimated CNAl−O and rAl−O
obtained here are in good agreement with these studies. The correlations for NaO and K-O are so small due to their low Z and concentration that they make very
little contribution to the total G(r) (Figure 5.7 left) as predicted in models by
[49]. O-O correlations were initially fit with CNO−O and rO−O from [49, 110, 120].
In order to fit the r2 contribution a sum between the O-O and Si-Si correlations
was made to estimate the overlaps that might occur at lower r. Although fitting
to 3 Å is not required for the HPG, this was critical in Chapter 7. The parameters
used to model the data are listed in Table 5.3.
The fit results indicate that the Si-O peak has a variation from 1.58 to 1.61 Å
which can be attributed to the error in the Fourier transform. There do not
appear to be any significant changes in rSi−O with melting as no alteration occurs
between the high temperature and corresponding ambient T glass measurements.
This is as expected for such a high silica content composition due to the strong
glass forming nature of these liquids, as seen in SiO2 glass and liquids. In the
11.8 GPa glass, the fits to the first peak in the G(r) do suggest that a change
in CNAl−O may occur (Figure 5.7 right). This is because the density required
to fit the contribution, without an increase in Al coordination, would be the
same as the lowest P data which seems unreasonable. This suggests that either
the CNSi−O or CNAl−O increases. Numerous studies have shown that CNSi−O
in glasses remains constant at 4 until >20 GPa; therefore it is most likely an
affect of CNAl−O . This has been observed previously in silicate glasses by x-ray
diffraction [110] and nuclear magnetic resonance spectroscopy [38], where studies
witness 50% 6-fold Al by 12 GPa. The results here suggest an increase of CNAl−O
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Figure 5.8

Comparison of data presented here with that of [119] at similar
conditions (600 and 800 MPa - 0.6 and 0.8 GPa).

to an average of 5.3(2), suggesting at least 50% 6-fold coordinated Al by 12 GPa.

5.3.1

Anhydrous and Hydrous Haplogranite

The S(Q) and G(r) for the ambient dry and hydrous glasses are shown at the base
of Figures 5.4 and 5.5 and show no variation on the addition of water in the glass
structure except a decrease in Si-O intensity related to a decrease in density with
the addition of water. Anderson et al. [119] also measured an HPG composition
using DAC x-ray diffraction techniques at a similar pressure and using the same
data processing methodology. They proposed that in water saturated HPG melts
at low P , the bond distance of the Si-O increases by 0.095 Å to 1.71 Å from the
glass to the melt phase. They also observe a dramatic shift in the S(Q) FSDP
position from 1.67 Å−1 in the dry ambient HPG glass to 2.14 Å−1 in the hydrous
HPG melt at 600 MPa (0.6 GPa). This has not been observed here with 10 wt.%
H2 O in the composition and there is no observable structural change between
the anhydrous and hydrous compositions in the results of this study (Figure 5.8).
Although there is no molten hydrous data at ambient P presented here, there is no
observable shift in rSi−O or in the FSDP, for the 0.8 GPa melt from the dry glass.
The difference between observations is most likely to be down to the level of noise
and normalisation of the S(Q) in [119] at high temperature compared to similar
high temperature data collected in this study (Figure 5.8). The ambient dry glass
data between the two studies appears very similar, although the high levels of
noise from 8-14 Å−1 in the melt data of [119] would make correct normalisation
very difficult. This could lead to incorrect peak height and width in the lower
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Figure 5.9

Comparison of the densities obtained here with Malfait [122] density
data collected using x-ray absorption on natural granitic samples.
Melt data from this study is shown in red, and glass in blue. Black
squares are reported melt data from [122]. Some data points (6 and
2.5 GPa are from Lu-HPG data shown in Chapter 7.

Q region in the S(Q), which induces incorrect distances in r after the Fourier
transform.

5.3.2

Density Properties

The density, ρ, of the HPG was estimated via fixing the CNSi−O =4 and distance
rSi−O =1.6 Å. In order to compare with reported densities in the literature, the
calculated atomic number density, n0 , must be converted to g/cm3 . This is done
using the formula ρ = n0 M/A0 where M is the atomic mass of the sample
and A0 is Avagadro’s constant. The densities for the hydrous glass and melt
samples are shown in Figure 5.9 and compared to hydrous granitic melt densities
reported by [122], collected using x-ray absorption techniques on natural samples.
The high temperature HPG measurements are in excellent agreement up to
4 GPa suggesting that densities extracted using this method are reasonable. The
hydrous glass densities are consistently higher than those of the melt until 45 GPa where the densities of the glass and melt become similar within error
and are less distinct. The initial lower densities of the melt at P <4 GPa
would be expected due to the more flexible structure and lower viscosity of
the HPG at high temperature. At 4-5 GPa the similarity of the densities may
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corroborate the observations in the FSDP position in the S(Q) (Figure 5.6),
that compression of the silicate melt structure is more rapid until 4-5 GPa but
subsequently becomes similar to that of the glass. Both these observations suggest
that the collapse of voids formed by large cages within the more relaxed melt
network is predominantly complete by 4-5 GPa in highly polymerised structures.

5.4

Conclusion

Platinum wire resistive heaters were successful at producing high P −T conditions
within DAC up to 950 K. Limitations in the number of heater coils and oxidation
of the connectors prevented access to higher temperatures, which would be
required to melt more basaltic or anhydrous compositions. X-ray diffraction
techniques were used to gain insight into the structure of silica rich HPG melts
and glasses at high pressure up to 12 GPa. Although little structural change was
observed over the P −T range, it can be seen that the density of the HPG studied
here is consistent with previous studies and that both the FSDP and experimental
densities reflect a collapse of voids and compression within the melt structure up
to 4-5 GPa. The melt appears considerably more compressible than the glass
up to this P , but further compression causes little differentiation between the
melt and glass structures. The strong glass forming nature of this silica rich
composition produces no overall structural difference between the glass and melt,
dry or hydrous, in contrast to the findings of [119]. This result would suggest that
quenched granitic glasses would be ideal analogues of the melt structure up to
6 GPa; although for density measurements it is critical, especially at P <5 GPa,
that studies are carried out in the molten state. The coordination increase to 50%
6-fold Al-O observed by [20] and [38], also appears confirmed by results presented
here.
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Chapter 6
Trace Elements in Haplogranite
using X-ray Absorption
This chapter begins detailing the results on the incorporation of trace elements
within melt structures using x-ray absorption spectroscopy (XAS). It is a
preliminary study to Chapter 7 in order to corroborate novel x-ray diffraction
results, as XAS is a well established technique for looking at minor elements in
silicates. The first part of this study, on Br in granitic melts, was completed
in collaboration with Dr. B. Cochain and resulted in the publication ’Bromine
speciation in hydrous silicate melts at high pressure’ (Cochain et al. (2015) which
can be found in Publications at the end of this thesis [1]). The structural results
of this work were carried out predominantly by Dr. B. Cochain, although the
initial stages of the analysis were completed by the author and are included to
show the development of high P − T EXAFS and analytical techniques that are
applied in Section 6.3, where analysis was solely undertaken by the author. Any
work carried out by Dr. Cochain is clearly highlighted in the relevant section.

6.1

Introduction

Minor elements, ranging from REE to noble gases, can be incorporated within
silicate melt structures, and depending on the concentration and type of element
contained within a typical melt these elements can play an important role in a
range of magmatic processes. In this chapter the incorporation of trace elements
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Br, Y and Zr within a composition similar to that presented in Chapter 5 will be
discussed. XAS is particularly useful for studying minor elements as it provides
information on the local structure around the specific element being studied.
Quantitative information can be obtained on the number, interatomic distance
and type of nearest neighbour atom interactions.

6.2

Preliminary Study - Bromine in Granitic Melts

Extended X-ray Absorption Spectroscopy (EXAFS) will be used to study the
effect of bromine on the melt structure. Bromine, along with the other halogens
(F, Cl, I), is thought to have an important role during the degassing of magmas
in volcanic eruptions and, subsequently, the transport of these elements from the
mantle and the evolution of the atmosphere [123–125]. Br has also been linked to
the destruction of O3 molecules in the atmosphere [126]. The solubility of these
elements within the melt could influence how these elements are cycled as they are
commonly linked to the degassing of H2 O [125]. Experimental studies have shown
that Br could have multiple cycles that include Br returning to the mantle via
silicate melts rather than the atmosphere through volcanism [127]. Understanding
how Br incorporates in silicate melts, and how it is bonded to other elements,
will therefore, help further understanding of its chemical behaviour.

6.2.1

Experimental Techniques and Analysis

Samples (supplied by C. Martel) for EXAFS were naturally erupted rocks from
Mt Pelee with a nominally similar composition to the synthetic HPG in Chapter
5 (Table 6.1). In order to ensure homogeneity they were remelted, quenched
in water and crushed by R. Champalier and G. Prouteau. They added Br and
H2 O by high temperature pressurisation in an Ar-H2 gas mixture at 1250o C and
0.2 GPa for 42 hours. This composition would not have been suited to x-ray
diffraction in the same way as the HPG due to the complication of having multiple
higher scattering elements (Ti and Fe), but for XAS it is ideal as this only probes
the local structure around the chosen element, in this case, Br.
Samples doped with Br were measured in transmission mode in a Paris Edinburgh
press at the Br K-edge (13,470 eV) on beamline BM23 at the ESRF (Chapter
4.2.4). The energy of the beam was tuned by a Si(111) monochromator and
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Oxide

Original Glass

Recovered Glass

SiO2
TiO2
Al2 O3
FeO
MgO
MnO
CaO
Na2 O
K2 O
P2 O5
Cl
Br
H2 O
Totals

73.27 (70)
0.30 (1)
12.20 (30)
0.83 (16)
0.41 (4)
0.08 (1)
2.29 (14)
4.19 (21)
1.60 (13)
0.01 (1)
0.01 (1)
2.2 (22)
3.50 (50)
100.89 (120)

71.40 (72)
0.29 (1)
12.58 (91)
0.03 (12)
0.40 (19)
0.07 (3)
2.23 (14)
4.82 (29)
1.68 (18)
0.01 (1)
0.01 (1)
2.27 (31)
4.00 (50)
99.79 (130)

Table 6.1 Composition of the original parent glass doped with Br and H2 O, and
the average recovered sample composition based on 10 sample spots
for the quenched glass (2.1 and 3.4 GPa).

the beamsize was 0.1 × 0.5 mm2 . The cell assembly, from [94], comprised of a
boron-epoxy gasket and graphite furnace surrounding a boron-nitride cylinder
and nano-polycrystalline diamond (NPD) capsule [128]. This capsule was used
in order to minimise any Bragg peaks from single or poly-crystalline diamond
that would cause interference and noise in the EXAFS spectra. In order to
minimise the loss of water from the capsule Pt-Rh5% discs were placed at either
end of the NPD cylinder. The boron-nitride (BN) capsule acted as the pressure
transmitting medium within the gasket. Pressure was determined via diffraction
from the BN and a Pt foil inserted at the side of the diamond capsule, and their
equations of states were used to estimate the P − T conditions within the sample
(Chapter 4.3.5). Samples where cold compressed and heated by increasing power
at a constant oil regulated pressure until any Bragg peaks within the sample had
disappeared, ensuring a homogeneous molten state. P − T conditions for the
data collected are listed in Table 6.3. After high P − T measurements, power to
the press was shut off in order to quench the sample. If successfully quenched,
recovered samples were analysed by electron microprobe (EMP) for their final
composition and the presence of any crystals at EMMAC at the University of
Edinburgh with a 15 keV accelerating voltage and 10 µm defocused beam. EMP
collection and analysis was carried out with Dr. Cochain and no major change in
sample composition occured during the experiment (Table 6.1). The Br content
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of the samples was determined by C. Leroy using proton-induced x-ray emission
(PIXE) analyses as detailed in [127] and H2 O content was estimated by Dr. B.
Cochain using Raman spectroscopy.
EXAFS scans on the starting glass sample and references were run for 20 minutes
from 13,300 to 14,300 eV to collect data up to 10-12 Å−1 in k-space. The NaBr
reference was collected to 8 Å−1 due to the number of glitches at high k. Due
to the low intensity of signal in the molten samples spectra were only collected
to 13,710 eV. At each P − T condition a minimum of three EXAFS spectra were
collected in order to minimise the level of noise. During each run, a pellet of NaBr
was recorded on channel I2 after the sample chamber, I1 , in order to calibrate the
edge energy and compensate for any beam drift (Chapter 4.7). Data collected via
absorption spectroscopy was analysed using the theory outlined in Chapter 3.2.
The data were processed using the ATHENA and ARTEMIS software by Ravel
and Newville [129]. Multiple spectra collected under the same conditions were
normalised to an edge jump of 1, merged in energy and were fit with a cubicspline background. In this study the Rbkg was set at 1.35 Å for the references and
1.4 Å for the sample analysis undertaken by Dr. B. Cochain. Once normalised,
the data were plotted as χ(k) and weighted by k 2 in order to increase the high k
signal. χ(k)·k 2 spectra were then Fourier transformed using a Hanning window
over an appropriate k-range for the reference and samples (Table 6.2 and Section
6.2.2).

6.2.2

Results

References
The analysis in this section was undertaken by the author. Reference spectra were
collected on crystalline Br compounds (FeBr2 , NaBr, KBr, KBrO3 ) in order to
fit Br bonding environments of known structures that can subsequently be used
for fitting the samples. χ(k)·k 2 spectra were Fourier transformed in ARTEMIS
over a k-range specified in Table 6.2. These k-ranges were chosen to minimise
the noise at high k that could be introduced into the Fourier transform and
produce artefacts in real space. The fit parameters used to model the EXAFS data
were coordination number (CN ), amplitude reduction factor (S02 ), attenuation
due to thermal disorder in the bond length (σ 2 ), and shift in energy from the
model to the measured distance (∆E0 ) (Table 6.2). The amplitude reduction
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Figure 6.1

Normalised XAS spectra for Br containing crystalline reference
compounds.
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Reference

Bond

k-range

R (Å)

CN

KBr
KBrO3
FeBr2
NaBr

Br-K
Br-O
Br-Fe
Br-Na

2.5-10 3.25 (5) 5.5 (5)
2.5-10.5 1.65 (5) 3.3 (3)
4.2-12
2.3 (4) 6.1 (4)
2.6-8
2.98 (2) 6.0 (5)

R-factor
0.006
0.03
0.004
0.019

σ2

∆E0

S20

0.02 (1) 0.57 (40) 0.49 (2)
0.001 (3)
5.5 (5)
0.51 (7)
0.005 (4) -1.85 (82) 0.50 (1)
0.008 (2)
5.6 (3)
0.55 (4)

Table 6.2 Derived fitting parameters for Br containing reference compounds.

factor, S02 , is related to the sample CN number and arises from the interactions
between multielectron excitations [130, 131]. This factor is dependant on the
beamline conditions and local environment of the element. For unknown sample
environments it is usually measured on a reference sample of known CN and fixed
for determination of CN for experimental samples [131]. All fits aimed to reduce
the correlations between parameters, such as CN and σ 2 or R and ∆E0 , by fitting
over k-weightings of 1, 2 and 3 simultaneously [132]. ∆E0 never exceeded ±6 eV,
which showed that the fit procedure was reasonable [133]. The R-factor, the sumof-squares of the displacement between the model and data (often described as
the goodness of fit), was minimised during each fitting procedure and are listed
in Table 6.2.
The normalised XAS spectra for the Br reference compounds are shown in Figure
6.1. The absorption edge, E0 for the bromide samples is 13,478 eV with a very
slight increase to 13,480 eV for the oxide, KBrO3 . This shift is due to the increase
in oxidation state to +5 in potassium bromate. A clear change in the EXAFS
oscillations is also seen in the oxide, with much more broad oscillations and a
single peak at 13,500 eV. These oscillations produce distinctive differences in k.
The pre-edge feature seen in FeBr3 is related to the number of 1s-4d transitions
that can occur and the less centro-symmetric environment of Fe. Within the
NaBr and KBr samples a split of the absorption crest can be seen, which reflects
the difference in site and symmetry of these compounds compared to the FeBr3
and KBrO3 .
Theoretical backscattering amplitudes and model functions were calculated from
CIF files [134–137] using IFEFFIT [129] after known crystallographic structures.
Analysis of KBr produced a modelled distance for K-Br at 3.2-3.3 Å and a
coordination of 5, in good agreement with [138]. The KBrO3 structure was fit
well with an average bond distance for Br-O of 1.65 Å and CN of 3 as observed
by [139, 140]. The NaBr structure was fit with an Na-Br bond distance of 2.98 Å
with 6 coordination, as found by [141, 142], and FeBr2 structure of Fe-Br 6 CN at
2.36 Å. For FeBr2 the coordination obtained is similar to that found in [143–145]
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Figure 6.2

Top: k2 -weighted EXAFS oscillations from EXAFS in Figure 6.1.
KBrO3 has been divided by a factor of 2 for scale. Collected data
are shown as points, with fits (Table 6.2) in solid lines. Bottom:
Fourier transform of top panel spectra with final fits.
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but the bond distance is 0.3 Å shorter than these studies suggest. In reference [1]
Dr. Cochain fit the FeBr2 structure with slightly different parameters, suggesting
error can arise in the models due to the poor quality at low k of the EXAFS
spectra and subsequently the chosen parameters for the fit. The CNFe−Br in
[1] of 3 is low compared to literature values [145], although the bond distance
produced by Dr. Cochain is in better agreement. The bond distance presented
here is likely affected by the small range of the Fourier transform; however the
CN seems more reasonable. This is one of the limitations of EXAFS analysis,
as the chosen fitting range, window positions and background are at the author’s
discretion, leading to differences in the final fits. Many fits can produce equally
low R-factors, which is often used to present the statistically most likely result,
as multiple energy minima exist depending on the chosen starting values for the
fit parameters [133, 146]. As σ 2 , CN and S20 all contribute to the amplitude of
the fit oscillations; if one is initially input as too high/low this can directly affect
the other. In this case the fit value of σ 2 was considerably lower than that of Dr.
Cochain and therefore enabled a higher CN parameter to be estimated. As the
R-factors are both very low the fits are equally as likely; this difference indicates
the need for an excellent k-range and multiple reference compounds to establish
a reasonable amplitude reduction factor for the data. The other fit parameters
were in good agreement and within error of those reported in [1].

Samples
High P −T data were collected at 2.1, 3.4 and 7.6 GPa, with quench measurements
made at 2.1 and 3.4 GPa. Ambient glass measurements on the free standing
starting glass were also collected. All the analysis in this section was completed
by Dr. Cochain apart from the lowest pressure liquid where the author has
compared derived results to that of Dr. Cochain. As can be seen in Figure 6.3
the noise levels in the data increase considerably at high P −T conditions, making
fitting of the data at k >6 Å−1 difficult. The two maxima in the real space data
also indicate the presence of multiple contributions in the data (Figure 6.4) which
complicates fitting procedures. As can be seen in Figure 6.4 the same features
are observed in all the quench and melt measurements, with peaks at 1.5 and
2.7 Å (uncorrected for phase shift). Using the references these were identified as
most likely to be correlations from Br-O and Br-alkali (Na or K).
The same method of fitting as for the references was used, with the exception
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Figure 6.3

k2 -weighted EXAFS oscillations for the parent glass (Ambient),
quench (Q) and molten (M) samples. Data are points listed in Table
6.3, with fits shown in solid lines.
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Figure 6.4
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Real space Fourier transforms of k2 -weighted data shown in Figure
6.3

P (GPa)

T (K)

2.1 M

2000

This work
2.1 M
2.1 Q
3.4 M

2000
amb
2000

3.4 Q

amb

7.6 M

2000

Amb

amb

Bond

R (Å)

CN

σ2

Br-O
1.67 (2)
2.0 (2) 0.07 (3)
Br-Na
3.49 (5)
5.8 (2) 0.05 (1)
Br-O
*1.75 (6) *3.2 (5) *0.05 (3)
Br-Na
*3.15 (10) *6.1 (2) *0.02 (3)
Br-Na
3.63 (18) 6.5 (4) 0.09 (1)
Br-O
1.83 (18) 2.2 (3) 0.19 (2)
Br-Na
3.63 (38) 6.1 (4) 0.06 (3)
Br-O
1.68 (33) 1.5 (6) 0.03 (2)
Br-Na
3.54 (87) 5.3 (3) 0.01 (7)
Br-O
1.91 (23) 2.1 (6) 0.05 (3)
Br-Na
3.72 (57) 6.6 (7) 0.03 (1)
Br-Na
2.91 (37) 2.5 (1) 0.02 (2)
Br-O (-H) 3.36 (9)
3.5 (7)

R-factor

∆E0

σ3

0.02

3.79 (1.19)

0.005

*0.02

*-0.2 (9)

*0.005

0.12
0.03

-4.58 (11)
5.95 (2.42)

0.008
0.012

0.04

3.25 (1.02)

0.024

0.19

1.90 (92)

0.001

0.02

4.39 (61)

-

Table 6.3 EXAFS derived fitting parameters extracted by Dr. Cochain for the
parent glass, quench (Q) and melt (M) data. ’This work’ is the
same sample as 2.1 M (2.1 GPa melt) with parameters derived by
the author; these parameters are highlighted by * for clarity.

of a much shorter k-range of 2-7 Å−1 due to the noise at high energies, and the
initial input parameters were obtained from the reference fits parameters. For
the data it was important to always use the same k-range to ensure no artificial
oscillations were introduced. Data were first compared to reference spectra to
identify the most likely type of bonding to be present in the sample and reference
spectra bond distances and coordination numbers were used as the initial fitting
parameters. The second correlation in R in all of the samples (Figure 6.4), was
fit much better with NaBr rather than KBr leading to the choice of this alkali
in the fits. Amplitude (S20 ) was set to 0.82(4) for the analysis by Dr. Cochain,
based on the amplitude reduction factor for NaBr, and 0.52(2) for the lowest P
glass analysed by the author. Parameters for the 2.1 GPa melt determined by the
author are shown alongside results by Dr. Cochain in Table 6.3 and presented
in Figure 6.5. The only distinct difference between both sets of results is the
bond distance required to fit the Br-Na correlation which differ by 0.35 Å; this
could be related to the lower S20 value chosen by the author based on the reference
parameters. This value can often vary for the same material [131] and arises from
the use of a different NaBr dataset to that of [1] for comparison. It can be seen in
Figure 6.5 in k-space, that the oscillations >6 Å are more accurately represented
by B. Cochain, enabling a more precise fit of the second correlation in R to be
obtained.
The results by Dr. Cochain were obtained as follows. The first contribution fitted
well with Br-O from NaBrO3 . This indicates that the first shell surrounding Br
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Figure 6.5
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Comparison of fits made by the author and Dr. Cochain for 2.1 GPa
melt to show similarity of results.

in the structure is O at a distance of RBr−O =1.67 Å and CNBr−O =2, which
increases to RBr−O =1.91 Å with increasing P . The second coordinating sphere
is comprised of Na with CNBr−Na =6 and RBr−Na =3.49 Å increasing to 3.72 Å
at 7.6 GPa. The contributions within the quench measurements are at slightly
shorter distances of 1.5 Å; however a reasonable fit could not be attained for
lowest P . The possibility of Br-Si correlations were tested for by including this
correlation in the original fits, however none were found. The results from the
molten and glass samples show that Br is predominantly surrounded by Na in a
similar environment to that of NaBr with two oxygens within the Na coordination
shell. These could be either a result of -OH molecules from the water, or from
silica tetrahedra within the melt structure. Similar structures to NaBr have been
found for Cl where Cl-Ca environments in salt-like arrangements dominate in
Cl-bearing silicate melts [147].
The ambient glass structure could not be fit with the same parameters as for the
melt and quench data. A structure similar to [114] of hydrated Br [Br(H2 O)6 ]−
of 6 H2 O molecules at 3.4 Å and an Na-Br contribution at 2.91 Å were used. The
hydration model approach provided a reasonable fit of the data with 3.5 Br-O(-H)
contributions at 3.36 Å and CNBr−Na =2.5 at RBr−Na =2.91 Å.

6.2.3

Discussion

The results show that there is a distinct difference between the incorporation
of Br in silica rich ambient glass to that of the molten and quenched samples at
high pressure up to 7.6 GPa. A hydrated Br complex consisting of Br[Nax (H2 O)y ]
appears to dominate at ambient conditions, similar to results presented by Louvel
et al. [148]. In contrast, with increasing pressure and temperature, a change to a
Br environment similar to crystalline NaBr occurs (Figure 6.6). A slight increase
in CNBr−O and RBr−O up to 7 GPa is observed, indicating that minor elements
also undergo coordination changes with P in silicate melts, as observed for major
elements such as Si, Al and Ca [19, 20].
The exact nature of the oxygens that coordinate the Br within the melt and
quench structures is not possible to identify using EXAFS. However, Dr. Cochain
proposed the most likely scenario to be the presence of -OH molecules linked to
water present near the alkali ’salt-like’ structure (Figure 6.6). As Br appears to
bond with alkalis in the melt structure, this would suggest that with increasing
alkali content in the melt, the solubility of Br in the melt structure may also
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Figure 6.6

Schematic view of how Br atoms (green) may incorporate in the
ambient glass structure (left) by Br[Nax (H2 O)y ] complexation, to
the incorporation at high P − T in the melt (right), where Br
is surrounded by Na atoms (purple). Oxygen atoms - light blue,
hydrogen atoms - pink. From [1].

increase. The results corroborate existing studies on the increasing partitioning
of Br into silicate melts with a higher number of network modifying cations and
alkalis [127]. Although halogens are most soluble in aqueous fluids, Br solubility
is known to be high in alkali rich hydrous silicate melts [149], and therefore the
incorporation of Br by alkalis in the melt may allow silicate melts to act as carriers
of Br within subduction zones. If any Br was retained within the slab after initial
fluid dehydration, subsequent melting of crustal material at depth may mobilise
any remaining halogens from the slab to the mantle wedge, and possibly transport
halogens into the volcanic arc.
Although there is a very slight difference in coordination (<1) and bond distance
(<0.1 Å) between the melt and the glass, the overall Br environments are
consistent, and the slight changes in CN and R are most likely due to the
high thermal motion within the liquid. There does not appear to be any major
structural difference between the melt and quenched samples, indicating glasses
quenched from high T could be used analogously to the melt, as in Chapter 5.
This study showed the possibility of studying trace elements in HPG at high
P − T conditions using XAS, and how the use of NPD capsules provided a glitch
free signal in the melt under pressure. On the basis of this work a similar study
on Y and Zr in HPG melts was carried out by the author and is presented below
in Section 6.3.
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Oxide

Original Glass

Y Recovered Glass

SiO2
Al2 O3
Na2 O
K2 O
Y2 O3 /ZrO2
Total

72.1 (2)
10.6 (2)
3.7 (1)
3.9 (1)
2.5(1)/2.2(1)
92.8/92.5 (5)*

69.6 (3)
9.75 (3)
4.1 (2)
3.6 (2)
1.2 (2)
88.25 (7)*

Table 6.4 Composition of original starting HPG glasses both Y and Zr doped,
and recovered sample analysis of Y containing HPG data as no Zr
containing samples were succesfully recovered. Samples are based on a
minimum of 10 analysis spots. * The low totals are due to the addition
of water in the sample which cannot be measured by microprobe but
matches well with added H2 O quantities.

6.3

Yttrium and Zirconium in Haplogranite

The local structure of Y and Zr within HPG silicate melts (of the same
composition as Chapter 5) at high pressure and temperature were investigated
to identify the effect of pressure on REE speciation. Trace elements Y and Zr
were chosen as they are chemically similar to Lu and Hf, which are important
trace elements in early Earth dating and formation (Chapter 2.2). Results
from x-ray diffraction on Lu within the same composition are presented in the
following chapter for comparison. Although the intention of this thesis is to
collect information on the incorporation of REE and HFSE in silicate melts at
high P , the absorption K-edge energies of Lu and Hf are too high (>63 keV) to
obtain good quality EXAFS data, and the relatively small atomic numbers of Y
and Zr make them difficult to detect at low concentrations by x-ray diffraction.
Therefore Y and Zr were used in this EXAFS study as proxies for Lu and Hf,
with Lu later studied by x-ray diffraction (Chapter 7), due to their excellent Kedge energies for EXAFS (17,047 and 17,997 eV respectively) that provide a good
absorption signal even at low concentration.

6.3.1

Data Acquisition and Analysis

The HPG was synthesised as for Chapter 5, with the addition of high purity
(>99.99%) Y2 O3 and ZrO2 at 2.5 wt.% to separate samples (Table 6.4). Glasses
were fused in a furnace at 1600°C and fast quenched by immersion of the crucible
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Figure 6.7

Modified cell assembly with BE ’windows’ [86] first used in this study
for EXAFS measurements on Y and Zr. BE ’windows’ in the MgO
gasket provide increased transmission from the sample.

in cold water. Full homogenisation was achieved by repeating this step 3 times
and finely grinding the sample under acetone between each melting. The data
acquisition and analysis techniques employed in Section 6.2.1 were used for the
study of Y and Zr incorporation within the HPG from Chapter 5; however,
modifications were made to the cell assembly in order to maximise the signal from
the sample. A cell design developed by Y. Kono [86] was trialled with boron-epoxy
(BE) ’windows’ in the MgO ring of the gasket to minimise absorption from the cell
assembly (Figure 6.7). As they were successful in minimising glitches in section
6.2.1, nano-polycrystalline diamond capsules were used, and high P −T conditions
were generated by a Paris-Edinburgh press on BM-23 at the ESRF. Experiments
were conducted in a similar set-up to Section 6.2.1 with cold compression of the
sample and resistive heating through a graphite heater. Temperature estimates
were made from previous calibration measurements of the cell-assembly [94] and
the pressure was derived from the cell volume of Pt and MgO within the cell
assembly. In order to monitor the onset of melting, XRD was used to assess the
appearance and subsequent disappearance of Bragg peaks in the spectra during
heating. A minimum of four spectra were collected for each measurement and a
reference foil of Y (or Zr) was measured in channel I2 to monitor any beam drift
(Chapter 4.7).
EXAFS signal analysis was undertaken as described in Section 4.7 with the
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Figure 6.8

XAS spectra for Y containing reference compounds and an example
of one glass and melt spectrum for comparison to references.

specific details as follows. The minimum Rbkg for all analyses was 1.25 Å, set
as the distance at which below no atom-atom interactions could take place.
The spectra were normalised for an edge jump height of 1 and shifted for any
beam drift that occurred over the scan time. The k-range used in the Fourier
transforms was consistent for all measurements of the same type; for the references
a Hanning window over 3-15 Å−1 in k was used, and for the glass and high P − T
measurements the k-range was 2-7 Å−1 in order to minimise any artefacts arising
from the lower quality data at high energy. Fourier transforms and fits were made
over all k-weights (1-3) in order to reduce the correlations between fit parameters
[132] and the results are presented as χ(k).k 3 -weighted in order to view the high
k oscillations.
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6.3.2

Results for Yttrium-doped Haplogranite

Reference spectra were collected from 16,820 to 18,280 eV with a scan time of
30 minutes. Glass and high P − T measurements were collected from 16,820 to
17,580 eV over 15-20 minutes. Normalised XANES and EXAFS spectra collected
on the references and samples are shown in Figure 6.8. Only one glass and
one melt spectra are plotted as the spectra remained identical over all P − T
conditions. In a qualitative description of the XANES spectra it can be seen that
the edge position of the samples and references is at 17,050(±0.5) eV indicating
no change in oxidation state of Y3+ . As in the Br data in Section 6.2.2 the height
of the edge decreases in the molten state due to the thermal disorder within the
sample. There are also noticeable differences in the shape of the absorption crest,
and as a first inference the samples could be assumed to have a more similar
Y structure to the Y3 Al5 O12 from the absence of a 2nd crest peak at 17,062 eV
which is seen in the Y2 O3 . The splitting of the crest in Y2 O3 most likely represents
the inequivalent Y sites of regular and distorted octahedral sites, Y1 and Y2, as
reported by [150, 151]. The slight shoulder at 17,087 eV on the first EXAFS
oscillation is caused by multiple scattering paths that were not fit here. This
XANES comparison between the reference and sample spectra was used as a
starting point for the fits described later in this section.

Yttrium references
Y-containing references (Y2 O3 and Y3 Al5 O12 ) were collected in order to represent
possible coordination sites for Y in silicate melts and glasses. These were fit using
the same methodology as described in Section 6.2.2 with four fit parameters:
CN , σ 2 , ∆E0 and S20 with the amplitude and phase shift calculated by IFEFFIT
[129] from crystalline reference compounds [151, 152]. Only relevant bond
environments that contributed to the EXAFS spectra were included in the fit
and these were identified by individually modelling interactions up to 6 Å and
seeing the largest contributors. Figure 6.9 shows the k3 -weighted EXAFS spectra
for the reference compounds and subsequent Fourier transforms and their fits
with fitting parameters listed in Table 6.5. These fits and parameters compare
well with existing EXAFS data on both references [41, 153–155].
For Y2 O3 an R-factor of 0.02 shows the goodness of fit and three main
contributions can be seen at 1.9, 3.1 and 3.7 Å (uncorrected for phase shift).
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Figure 6.9

Top: k 3 -weighted EXAFS oscillations for the Y containing reference
compounds and their subsequent fits (solid lines). Bottom: Real
space data Fourier transformed from k 3 -weighted data above.
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Y2 O3
Bond Type
Y-O
Y-Y1
Y-Y2
Y-O1
Y-O2
Y3 Al5 O12
Bond Type
Y-O
Y-O
Y-Al2
Y-Al1
Y-Al2.1
Y-Y
Y-O1

R-factor = 0.02
R (Å)
2.28
3.52
3.99
4.20
4.32

(2)
(3)
(2)
(4)
(3)

∆E0 = -4.5 (9)
CN
6.1
6.3
6.0
6.4
5.8

(3)
(3)
(4)
(3)
(4)

S02 = 1.23 (5)
σ2
0.006
0.005
0.006
0.006
0.006

(3)
(2)
(3)
(3)
(3)

R-factor = 0.03 ∆E0 = -4.12 (1.0) S02 = 1.15 (9)
R (Å)
CN
σ2
2.30 (3)
4.1 (2)
0.01 (1)
2.44 (3)
4.2 (3)
0.01 (1)
3.01 (2)
2.0 (2)
0.006 (3)
3.36 (3)
3.9 (3)
0.02 (1)
3.68 (4)
4.2 (4)
0.01 (2)
3.68 (4)
4.1 (3)
0.007 (3)
3.82 (5)
4.5 (4)
0.01 (2)

Table 6.5 EXAFS Fitting parameters derived for the Y containing crystalline
reference compounds.

Initially the first contribution, arising from the shell of O surrounding Y ions in
the crystal structure, was fit in order to fix ∆E0 . The first maxima in R is solely
from the first coordination sphere of Y-O and represents octahedral coordination
of 6 oxygens at 2.28 Å as reported in [156] and [157] where they identified 6
coordinated Y in two sites with an average Y-O bond distance of 2.26 and 2.29 Å.
For the 2nd and 3rd shells ∆E0 was fixed in order to minimise the number of
fit parameters as various σ 2 were required for the fits of individual bonds. The
2nd maxima comprises of 6 Y-Y1 at 3.52 Å, Y1 being the first shell of Y atoms
surrounding the starting Y position. The third shell was fit in the same way
and comprised of 6-coordinated Y-Y2 (the 2nd shell of Y interactions) at 3.99 Å,
6-coordinated O at 4.2 Å and 6-coordinated O at 4.32 Å.
For Y3 Al5 O12 three maxima are seen at 1.9, 2.7 and 3.3 Å (uncorrected for
phase shift) and as with the Y2 O3 the first two represent shells of a single
type of atom surrounding Y. During fitting ∆E0 was fixed by fitting the first
maxima, representing contributions from 8 oxygens in a distorted dodecahedra
configuration with 4 oxygens at 2.30 Å and 4 at 2.43 Å, similar to 2.32 and 2.44 Å
as reported by [158]. The 2nd shell arises from two Y-Al bonds at 3.01 Å, with
the third maxima comprised of multiple bond environments including Y-Al, Y112

Figure 6.10

k 3 -weighted EXAFS oscillations for Y-doped HPG samples at high
pressure and temperature as detailed in Table 6.6. Fits to data are
shown in solid black lines.

Y and Y-O in various shells and distances (Table 6.5). The higher R (>4 Å)
correlations in both references come from higher shell interactions and multiple
scattering paths that were not fit here. Goodness of the fits is indicated by
the small R-factors and deviation from E0 (Table 6.5). The fit to these model
compounds could then be used to fit the measured data as known parameters
could be used in the initial fitting procedures.

Yttrium High Pressure Melts and Glasses
High pressure glass data were collected at 1.5 GPa, with melt data collected
at 1.1, 3.0, 4.1, 6.1, and 7.5 GPa and >1450 K (Table 6.6). The k3 -weighted
EXAFS spectra with fits and corresponding Fourier transforms (uncorrected
for phase shift) for the glass and melts are shown in Figures 6.10 and 6.11.
Fits were made using initial bond distances and coordination numbers obtained
from the crystalline reference samples, and the amplitude for all the melts was
fixed at 0.95(5) from the glass data. The R-factors were all <0.02 with ∆E0
consistently <6 eV which confirms the validity of the fitting procedure. The
errors for coordination where obtained by varying the coordination number until
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Figure 6.11
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Real space data for samples shown in Figure 6.10.

P (GPa)
1.5
1.1
3.0
4.1
6.1
7.5

(3)
(3)
(5)
(5)
(4)
(5)

T (K)

Bond type

300
1450 (50)
1500 (50)
1580 (60)
1600 (50)
1650 (50)

Y-O
Y-O
Y-O
Y-O
Y-O
Y-O

CN
8.1
8.1
7.8
8.1
8.5
7.8

(2)
(3)
(4)
(3)
(4)
(3)

r (Å)
2.38
2.40
2.39
2.37
2.37
2.37

(2)
(4)
(3)
(3)
(4)
(4)

R-factor

σ2

∆E0 (eV)

0.02
0.01
0.017
0.008
0.005
0.004

0.008 (3)
0.02 (1)
0.02 (1)
0.02 (1)
0.022 (4)
0.024 (5)

-3.0 (2)
-3.68 (80)
-4.17 (40)
-1.37 (10)
-4.2 (10)
-4.2 (10)

Table 6.6 Experimental conditions and fit parameters for the Y-doped HPG
samples.

a fit was no longer reached or the R-factor drastically increased representing a
considerable worsening of the derived parameters. The first maximum in R is the
Y-O correlation which is consistent across all P − T conditions, including both
glass and melt spectra. This correlation was fit with Y-O at an average distance
of 2.37 Å and CNY−O =8. This fit was based on the Y3 Al5 O12 standard and could
not be fit with any lower coordinated correlations (Table 6.6). Quenched samples
which were recovered for analysis contained crystals of quartz and micron sized
blobs concentrated in Y (Figure 6.12), within an HPG glassy matrix. The glass
retained a stoichiometry similar to the starting composition (Table 6.4), apart
from a slight reduction in SiO2 and Y2 O3 due to the quartz crystals and nodules.
It is known that crystals were not present during the high P − T experiments due
to the lack of Bragg peaks in the sample from XRD, and the absence of glitches
in the EXAFS spectra which would be caused by crystals floating within a liquid.
The coordination and bond length found for Y-O in these melts is consistent
with those reported for Y-O in other highly polymerised glasses at ambient
conditions. Simon et al. [41] present an increase in coordination and bond
length from CNY−O =6 and RY−O =2.27 Å to CNY−O =8 and RY−O =2.4 Å as the
polymerisation of the glass increases. The bond length and coordination derived
in this study, within a silica rich, highly polymerised HPG composition is therefore
consistent with their results and other studies that indicate REE adopt 8-fold
coordination in highly polymerised compositions [39]. The results within the high
P − T melts, show that no structural change of Y incorporation within the HPG
occurs up to at least 8 GPa. The similarity between the incorporation within the
glass [41] and melt in this study is consistent with the results of Chapter 5, that
silica rich compounds are strong network formers with nearly identical glass and
melt structures.
In silica rich compositions, the high coordination is attributed to the lack of
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Figure 6.12
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Recovered Y-containing sample from 3 GPa and polished lengthwise
down the capsule. White speckles are nodules of concentrated
yttrium and SiO2 . Large white strip is Pt from the pressure
calibrant that has moved into the sample. Large crystals of quartz
can be seen towards the right hand side of the capsule.

non-bridging oxygens where large numbers of interconnected silica tetrahedra
form cages within the structure. This reduces the number of available nonbridging oxygens to bond with large, highly charged elements such as Y and as a
result they therefore adopt high coordination numbers, predominantly bonded to
bridging oxygens. Within the melt network, the 4-7 member ring structures are
unlikely to accommodate Y or other REE within them due to the cavity size of
<2.5 Å; therefore Y is most likely situated within the larger cages in the structure
surrounded by 8 nearest neighbour oxygens. It would appear from this result that
with increasing P the larger sites that contain Y must remain open up to 8 GPa
as no change in bond distance or coordination for Y is observed. This would
indicate that the compression of the melt must arise from the collapse of smaller
cages and those that do not contain REE.
Due to the thermal disorder within the samples at high temperature, and the
noise at high k in situ, the pair correlation functions in real space (Figure 6.11)
are quite broad. These could be fit by a combination of coordination and bond
distances representing different sites. For example, two Y-O bonds of 4-fold
coordination at distances that combined to an average of 2.37 Å, as in Y3 Al5 O12 .
However, due to the fitting procedures and necessity to reduce the number of
fitting parameters, this accuracy could not be achieved here. Simon et al. [41]
suggest that within silica rich compositions the Y-O site is asymmetric, and this
accounts for the longer bond distance than for lower coordinated Y-O. This would
appear realistic in a melt network due to the increased flexibility of the sites and
the presence of various sites with different coordination in the structure. Results
collected within melt structures provide an average over the time of the scan
and present a snapshot of the melt at these conditions. The lack of variation
with increase in P indicates that any structural compression within the melt
network does not affect the incorporation of Y. This is most likely due to the
initial collapse of the cages in which Y is unlikely to be accommodated. As Y
must accommodate in the larger sites due to its radius, there is less influence
upon compression than there would be for lower coordinated species such as Al,
because as the network is more closely packed the number of nearest neighbours
of network forming cations will increase.
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6.3.3

Results for Zirconium-doped Haplogranite

Normalised XAS spectra are shown in Figure 6.13 for the Zr containing reference
compounds, both dry and hydrous Zr bearing HPG glasses, and an example of one
hydrous melt collected. Reference spectra were collected from 17,770 to 18,800 eV
with a scan time of 25 minutes for the glasses, and high P − T measurements
collected from 17,770 to 18,550 eV over 15 minutes due to the increase in noise
levels at higher energy in the molten samples. Only one hydrous glass and a
melt spectrum are shown in Figure 6.13 as subsequent glass and melt patterns
remained similar over all P − T conditions in this study. The absorption edge,
E0 , was set to 18,010 eV for the reference and hydrous samples, and 18,008 eV for
the dry glasses, as can be seen in the XANES spectra.
The ZrSiO4 (zircon) reference spectrum shows a split edge crest with two peaks
at 18,010 and 18,020 eV; this is also seen in the ambient hydrous glass where
the zircon and glass spectra are nearly identical, indicating the environment of
Zr in the HPG may be similar. The molten hydrous spectra also shows the
split crest and the same small peak at 18,055 eV on the first EXAFS oscillation
which represents multiple scattering paths from Zr-Zr atoms [159]. In the molten
case the signal is damped due to the thermal disorder and the 2nd peak on
the crest is not so well defined. The split edge crest represents the distinctive
single site of Zr symmetrically placed within 8 oxygens which are at two different
distances from the central Zr [148]. The monoclinic ZrO2 spectrum shows no
edge shift compared to the ZrSiO4 spectrum indicating no change in valence
of Zr4+ . However, the distinct single peak of the ZrO2 represents the lower
symmetry within the monoclinic structure as Zr is coordinated by a range of
oxygens at different interatomic distances. The double peak, seen clearly in
the first derivative of the XANES (main peak and B in Figure 6.14) is strongly
pronounced in zircon and the hydrous HPG samples, but heavily damped in the
dry glass indicating the hydrous and dry glass local environment of Zr may differ.
In the dry glass the XANES spectrum has a broad white line and the presence
of two small peaks (C in Figure 6.14) on the edge crest. There is noticeably
no multiple scattering peak on the first EXAFS oscillation and the EXAFS
oscillations are broader with a much longer wavelength than those of the zirconlike spectra. Although the dry glass looks nominally similar to the ZrO2 spectrum
the edge peak is split, broader and the pre-edge region contains a well defined peak
(seen clearly at A in Figure 6.14). These features indicate a different environment
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Figure 6.13

XAS spectra collected for the Zr containing references compounds,
the dry and hydrous ambient glasses, and a hydrous high pressure
melt for comparison.
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Figure 6.14

Normalised first derivative of XANES spectra for Zr reference
compounds and dry and hydrous ambient glasses. Highlighting A)
Pre-edge feature, B) Multiple scattering contribution, C) splitting
of the edge crest and lower energy of edge in dry glass.

to either reference sample, but potentially more similar to that of ZrO2 . The preedge feature, which is present in all the samples but much more pronounced in
the dry glass, is the result of 1s-4d transitions where electrons in lower shells
transition to empty bound states [160]. These occur due to p-d mixing if dipole
or quadrupolar transitions are allowed and are related to less centro-symmetric
states. Octahedral states tend to have the lowest pre-edge features due to the
high centro-symmetry and lack of p-d mixing, with the largest pre-edge intensity
present in tetrahedral sites. The very low pre-edge feature within the zircon and
hydrous samples would be consistent with a nearly centro-symmetric octahedral
site, perhaps with some variation in bond lengths.

Zirconium References
Zr-containing references (ZrO2 and ZrSiO4 ) were fit using the same methodology
as described for Y containing samples, with four fit parameters: CN , S02 , σ 2 ,
and ∆E0 . The k3 -weighted EXAFS spectra for the reference compounds and
subsequent Fourier transforms are shown in Figure 6.15 along with the final fits,
and the fitting parameters used are listed in Table 6.7. During fitting, all the
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Figure 6.15

Reference spectra for two Zr containing crystalline compounds. Top
panel is the k-weighted spectra with Fourier transforms shown below
in R.

coordination parameters were fixed from known crystal structure studies [161–
163], and the final fits compare well with previous structural studies on these
compositions, and EXAFS data on Zr containing compounds [114, 115].
For ZrO2 two distinct maxima can be seen at 1.55 and 3.05 Å in real space
(uncorrected for phase shift). Unlike in the Y compounds all of the paths were
fit simultaneously with one ∆E0 and only two σ 2 parameters. This is due to
there only being two main sites for Zr, with O or with Zr. The first maximum
in R represents 7-fold coordination of Zr-O with two oxygens at 2.05 Å and 5
at 2.18 Å as reported in [163]. For the 2nd shell, 7 Zr are found at an average
distance of 3.46 Å with multiple different bond lengths (Table 6.7). This 7-fold
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ZrO2
Bond Type

R-factor = 0.02
CN

∆E0 = -5.3 (5)
R (Å)

Zr-O
Zr-O
Zr-O
Zr-Zr
Zr-Zr
Zr-Zr
Zr-Zr

2
2
3
1
4
1
1

2.05
2.16
2.23
3.33
3.44
3.47
3.58

ZrSiO4
Bond Type
Zr-O
Zr-O
Zr-Si
Zr-Si
Zr-Zr

S02 = 1.23 (2)
σ2
0.003
0.003
0.003
0.005
0.004
0.004
0.004

(2)
(2)
(2)
(2)
(1)
(1)
(1)

R-factor = 0.03 ∆E0 = -4.12 (10) S02 = 0.96 (3)
CN
R (Å)
σ2
4
2.14
0.006 (4)
4
2.29
0.006 (4)
2
3.01
0.002 (4)
4
3.63
0.002 (4)
4
3.63
0.05 (5)

Table 6.7 Fitting parameters for Zr containing reference compounds. See text
for detailed discussion on values fixed from literature.

coordination in both shells is due to the monoclinic structure of low temperature
ZrO2 where 7 oxygens coordinate Zr in a distorted octahedral-like structure [164].
The single peak in the XANES spectra and less prominent pre-edge feature is due
to the reasonable symmetry of the site and dominance of one set of bond lengths,
compared to zircon, where two clear sets of bond lengths for one site are present.
For ZrSiO4 (zircon) three maxima are seen at 1.7, 2.35 and 3.02 Å in real space
(uncorrected for phase shift) and, as in ZrO2 , the first maximum represents
coordination of Zr by O. In the zircon this distance is longer and represents 8-fold
coordination of Zr in large sites within the silicate network. Four Zr-O bonds are
found at 2.14 Å and four at 2.29 Å in a much more regular arrangement than
in ZrO2 , in agreement with [162]. These two distinct bond lengths are reflected
by the presence of two peaks on the edge crest in the XANES spectra (Figure
6.14) and the weaker pre-edge feature confirms the higher centro-symmetry of
the Zr sites. The 2nd shell comprises of Zr-Si atoms at 3.01 Å, with the third
shell being a contribution of both Zr-Si and Zr-Zr at 3.63 Å (Table 6.7). The
higher R (>4 Å) correlations in the ZrSiO4 arise from longer R interactions and
multiple scattering paths that were not fit here. Goodness of both fits is indicated
by the small R-factors and deviation from E0 (Table 6.7). By modelling these
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Figure 6.16

k 3 -weighted spectra for Zr-doped HPG data. Top panel shows
ambient glass data for both the dry and hydrous starting glass.
Lower panel are the high pressure glass and melt results. In both
cases fits made to the data are shown with a solid black line.

correlations they can be used to fingerprint the unknown coordination in the glass
and melt samples.

Zirconium High Pressure Melts and Glasses
Ambient glass data were collected on both the dry and hydrous Zr-containing
HPG glass. High P glass measurements were collected at 1.1 GPa and high
temperature melt measurements were made at 2.5, 4.4, 5.1 and 6.5 GPa at
>1500 K (Table 6.8). The k 3 -weighted spectra and their fits are shown in Figure
6.16, with the Fourier transformed real space correlations (uncorrected for phase
shift) and fits shown in Figure 6.17. Fits were made using the same procedures
as for Y by using known parameters from the reference files and fixing S20 =1.2,
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P (GPa)

T (K)

Bond type

amb. Hyd

300

amb. Dry

300

Zr-O
Zr-O
Zr-Si
Zr-O
Zr-O
Zr-Si

4.0
4.2
3.8
8.3
7.9
4.5

1.1 (3)

300

Zr-O
Zr-Si
Zr-O
Zr-O
Zr-O
Zr-O
Zr-O

8.2
4.3
8.0
7.7
8.1
8.0
8.1

2.5
4.4
5.1
6.5

(4)
(5)
(5)
(6)

1600
1650
1450
1500

(50)
(50)
(50)
(50)

R (Å)

R-factor

σ2

∆E0 (eV)

(3)
(3)
(2)
(2)
(3)
(3)

2.14 (2)
2.29 (2)
3.6 (3)
4.36 (4)
2.20 (2)
3.98 (4)

0.03

0.001 (2)
0.001 (3)
0.03 (1)
0.002 (2)
0.009 (3)
0.003 (1)

-3.5 (5)

(3)
(2)
(3)
(4)
(3)
(4)
(3)

2.22
3.45
2.63
2.21
2.23
2.22
2.20

0.001 (2)
0.06 (2)
0.001 (2)
0.006 (1)
0.008 (2)
0.007 (2)
0.007 (1)

-2.5 (7)

CN

(3)
(3)
(3)
(3)
(3)
(3)
(3)

0.04
0.03

0.006
0.005
0.009
0.008

1.5 (6)

-2.0 (7)
3.2 (5)
-2.3 (7)
-2.7 (6)

Table 6.8 Experimental conditions for Zr-doped HPG data collected and derived
fit parameters for nearest neighbour interactions used to fit Figures
6.16 and 6.17.

that of the crystalline references. CN and r were refined until the best fit and
lowest R-factor were arrived at. The k-range for the fitting was 2.1-7.9 Å−1 for
all the glass and melts. The final parameters and R-factors are detailed in Table
6.8 which shows R-factors consistently lower than 0.05 and ∆E0 <6 confirming
the validity of the fitting methods.
For the ambient glasses (top panels in Figures 6.16 and 6.17) as predicted from
the qualitative XANES description, there are clear differences between the dry
and hydrous Zr-HPG samples. The first maximum in the dry sample is fit with
8-fold coordinated Zr-O at 2.20(2) Å. This distance is slightly shorter than the
average distance for the hydrous glass which is fit with 8-fold coordinated Zr-O at
an average of 2.23 Å with two bond distances (2.14 and 2.29 Å) each with 4-fold
coordination, as in the zircon reference and in agreement with data from [115] for
rhyolitic glasses. This confirms the XANES fingerprint that the well defined split
of the edge of the hydrous HPG was similar to the zircon reference compound.
In the dry HPG there is a 2nd small shell identifiable from the EXAFS at 3.98 Å
in Figure 6.17 which was fit by 4-fold Zr-Si. The 2nd shell of coordinating Si
would be expected in this dry silica rich HPG composition. The Zr-O distance
is similar to that found in the high temperature tetragonal phase of ZrO2 (two
sites of 4-fold coordination at 2.08 and 2.37 Å [160]). This is also reflected in the
XANES spectra, where two dampened peaks are observed at the edge compared
to the single peak for monoclinic ZrO2 , indicating the presence of two sites of
differing bond length, but not as well defined as in the zircon. The pre-edge
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Figure 6.17

Fourier transforms of 6.16 in real space with fits for Zr glasses and
melts shown and parameters listed in Table 6.8.

125

features observed in the dry glass also indicate the presence of enhanced p-d
mixing, and a greater number of 1s-4d transitions caused by a lack of centrosymmetry which would favour the presence of tetragonal ZrO2 . Although it was
not possible to resolve two separate bond distances for Zr-O during the fitting
of the dry glass, the split of the edge crest would indicate the possible presence
of two sites which could not be resolved here. In the hydrous glass the EXAFS
oscillations in k-space can be seen to decrease in wavelength and move to lower k.
This produces a first maximum of coordinating oxygens identical to zircon. The
small 2nd and 3rd shells are fit with the same environments as found in the zircon
reference with Zr-Si and Zr-Zr at 3.6 and 4.64 Å respectively. The presence of a
2nd shell of Zr-Si indicates there is unlikely to be any complexation with water.
The increase in intensity of the peaks on the edge crest is consistent with other
studies [115] where the structural relaxation in the water bearing samples caused
large changes around the edge.
The high pressure glass and melts were fit with the same parameters as for the
ambient hydrous glass as all the high P data collected was in the hydrous sample.
Fits were not made above 2.5 Å due to the thermal disorder present in the sample,
as the fitting procedure used was unable to account for any high R contributions.
The decrease in intensity of the Zr-O contribution with high P − T is consistent
with thermal relaxation and increased disorder. It is most likely that the broad
oscillation around 3.9 Å in Figure 6.17 is due to the same contributions as in the
ambient glass, of Zr-Si and Zr-Zr. Up to 6.5 GPa in the melt no change in bond
distance or coordination for Zr-O was observed.
The damping of the edge crest peaks in the dry glass represents the presence of
a more rigid structure. This is potentially similar to tetragonal ZrO2 formed at
high temperature. Due to the lack of water the structure will have less flexibility
in site size and coordination and the results suggest that on average in the dry
HPG that Zr is accommodated by 8 oxygens with an average bond length of 2.2 Å.
In tetragonal ZrO2 , Zr is accommodated within tetragonal sites coordinated by
four oxygens at 2.08 Å and four at 2.37 Å (an average 2.22 Å) [164] which would
be consistent with results collected here. The two tetragonal sites would decrease
the centro-symmetry of the structure and cause the well defined pre-edge features
observed in the XANES. As Zr is smaller in diameter than REE, Zr could be
incorporated within the smaller 4 to 6-member cages within the network.
The well defined split of intense peaks on the crest of the hydrous glass represent
a single symmetrical 8-fold coordinated site, with 2 distinct bond lengths. The
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high polymerisation of this melt but more relaxed structure due to the presence
of water, would allow Zr to adopt 8-fold coordination in a more regular symmetric
environment as water produces a more open structure and higher number of NBO
[165]. Farges and Rossano [115] found evidence for predominantly 6-coordinated
Zr at 2.08 Å in albite glasses, but observed 7-8 fold coordinated species in the
most polymerised (rhyolitic with NBO<0.12) glasses. As the HPG in this study
is even more highly polymerised it is in good agreement with the results by [115].
Louvel et al. [114] suggested Na may coordinate with two oxygens bonded to
Zr in a complexation of Zr-Si/Na with 7 CN at 2.1 Å, and that the presence of
alkalis greatly influences the bonding environment and therefore solubility of Zr
in silicates. The composition here contains considerably less alkalis and due to
the high number of NBO in the structure, a greater number of zircon-like ZrO8
species are observed in the highly polymerised melt.

6.3.4

Discussion

In both the hydrous Y and Zr containing HPG samples there appears to be no
effect of pressure on the Y or Zr local environments within the melt structure.
Both elements are coordinated in the first shell by 8 oxygens in a similar
configuration to Y and Zr silicate crystalline compounds. There also appears to
be no change between the hydrous glass and melt structures as might be expected
for such a strongly polymerised silica rich composition and as observed in Chapter
5 for the HPG structure. The accommodation of Zr and Y on large 8-fold sites is
caused by the lack of non-bridging oxygens available in the polymerised network.
These sites are less energetically favourable due to the requirement to bond with
predominantly bridging oxygens, and as seen in partitioning data from [33, 34],
these elements preferentially incorporate in minerals or less polymerised melts
when highly polymerised silica rich melts are present. If coordination remains
consistent with P it could be expected that measured partition coefficients at
ambient P with strongly polymerised melts could be good representations of
partitioning at the depth that granitic magmas would be formed at (P <5 GPa).
In more alkali rich granitic compositions it is possible that the Zr and Y would
adopt slightly lower coordination, increasing their preference for partitioning into
the melt rather than crystals. As discussed in [114], greater solubility of these
elements in water rich environments could impact the mobilisation of Zr. As
hydrous melts are prevalent in subduction zones, where melting of subducting
crustal material may produce granitic melts, Zr could be mobilised from the
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subducting slab during melting. Melting of the slab at any depth <6 GPa will
produce the same environment for Zr within the melt and therefore there will be
no effect of P on Zr mobilisation.

6.3.5

Conclusion

X-ray absorption spectroscopy has been used to study the incorporation of trace
elements, Y and Zr, within a highly polymerised melt at high pressures up to
8 GPa. This was the first study to use the BE-window high pressure cell design
for the PEP and data were succesfully collected with a high signal intensity.
In the Y-doped HPG melts up to 7.5 GPa, Y appears to be coordinated by 8
oxygens at RY−O =2.37 Å. This is consistent with results presented on quenched
glasses by [41] and is most likely due to the requirement for the large radii Y
to accommodate within the larger cage structures within the highly polymerised
network. For hydrous Zr-doped HPG melts, Zr appears to be coordinated by 8
oxygens, at an average distance of RZr−O =2.23 Å, up to 8.1 GPa. This site appears
to be reasonably symmetric and similar to that found in crystalline zircon. The
decrease in bond distance from Y to Zr is consistent with the difference in atomic
radii between the two elements (Y = 1.04 Å, Zr = 0.86 Å). This would suggest
that the large cages within the network are modified by the cation which is
present in the melt structure, as the larger Y appears to prop open the silicate
network more than the Zr. With P , both Y and Zr prevent the sites they are
accommodated on from collapsing and compression of the silicate network must
occur via collapse of the unoccupied large cages and smaller rings. This indicates
the importance of undertaking structural studies on low concentrations of trace
elements, as at higher concentrations they may artificially alter the structure to a
greater extent than would occur at natural concentrations. Within the anhydrous
glass, Zr adopts a less symmetric environment within the more rigid structure.
The results on Zr incorporation in the HPG are similar to those found by [115]
in quenched highly polymerised rhyolitic compositions.
For both Zr and Y-doped HPG samples, where glass measurements were made
at a similar pressure to those of the melt, there appeared to be no structural
difference between the incorporation of the trace elements between the glass and
melt structures. This result would suggest that for highly silicic compositions
quenched glass measurements on trace element incorporation using EXAFS
would be analogous to those of the melt. Quenched glass measurements are
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advantageous as they provide an increased signal intensity due to the lack of
high P − T equipment required; therefore lower concentrations can be used that
represent more natural conditions.
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Chapter 7
Structure of Lutetium-doped Melts
and Glasses
This chapter presents the first results on minor REE structural incorporation
in silicate liquids at high pressure using x-ray diffraction. This work follows
on from that of Chapter 6 and uses x-ray diffraction techniques to identify the
bonding environment of Lu, for comparison with the data on Y collected by
x-ray absorption methods. Not all the data collected during the experiments
presented in this chapter was of high enough quality to use for analysis and for
full experimental details of the unsuccessful runs see Appendix One, Tables 9.1
and 9.3.

7.1

Introduction

The structure of two Lu doped (4000 ppm) model end member silicate liquids,
a highly polymerised haplogranite (Si-Al-Na-K-O) of the same composition as
Chapters 5 and 6, and a less polymerised anorthite-diopside (Si-Al-Mg-Ca-O)
are investigated. These have been studied up to 8 GPa using in situ angle and
energy dispersive x-ray diffraction techniques. The haplogranite and anorthitediopside compositions represent different end members of mantle melting and
identify whether observed partitioning changes between melts of varying SiO2
composition could be related to changes of REE environment within the melt
structure.
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7.2

Experimental Procedures

The haplogranite (HPG) and anorthite-diopside (AnD) glasses were synthesised
as outlined in Chapter 4.4. The HPG composition is identical to that of Chapter
5 with the only addition to the starting glass composition being the doping of
4 wt.% of high purity (>99.99%) Lu2 O3 within a portion of each glass. This
equates to 4000 ppm atomic wt.% of Lu. The samples were free from iron so
that the number of elements with bond lengths between 2.2-2.4 Å might be
minimised, as these overlap the Lu-O bond distance. Two experimental methods
were used to obtain structural data at high pressure and temperature conditions.
(1) Measurements on HPG doped melts were carried out up to 8 GPa and 1100 K
using angle-dispersive x-ray diffraction in resistively heated diamond anvil cells
on beamline I15 at the Diamond Light Source (Harwell Campus, UK). Undoped
HPG measurements used in this chapter are the same as detailed in Chapter 5.
(2) Experiments on the AnD doped and undoped melts up to 8 GPa and 2000 K
were collected on beamline 16-BM-B, HP-CAT, at the Advanced Photon Source
(Argonne National Laboratory, USA) by energy-dispersive x-ray diffraction. High
P − T conditions were generated by use of a Paris-Edinburgh press. Ambient
AnD glass data were collected on the PSICHE beamline at Synchrotron Soleil,
Paris, France (for Lu doped AnD glass) and at P02.2 beamline at PETRA III
synchrotron in Hamburg, Germany (for plain AnD glass).
The experimental conditions for all measurements are detailed in Table 7.2. High
P −T DAC measurements carried out on I15 are described in Chapter 5 with glass,
melt and quench measurements collected for 60 s at each pressure where possible.
Pressure was monitored in the same way as Chapter 5, by ruby fluorescence before
heating, and on a Pt foil inserted into the sample chamber during the experiment.
A detailed description of the Paris-Edinburgh press experiment techniques and
cell design can be found in Chapters 4 and 5. Pressure was determined from the
cell-volume change of the pressure transmitting medium in the form of an MgO
cylinder and temperature was estimated by previous power calibrations using this
cell assembly [92]. This calibration also accounts for the effect on pressure of the
distance between the sample and MgO ring at high temperature using the P-V-T
relation of MgO and elastic wave velocity measurements. Diffraction patterns on
the MgO were collected at room temperature and above the melting temperature.
X-ray diffraction was collected for 2 hours using an energy-dispersive germanium
solid-state detector at 2θ angles (2°, 2.7°, 3.5°, 5°, 7°, 10°, 15°, 20°, 27°, 35°)
132

Oxide

HPG initial

HPG recovered

AnD Initial

AnD Recovered

SiO2
Al2 O3
Na2 O
K2 O
MgO
CaO
Lu2 O3
Totals

71.6 (7)
10.5 (3)
3.3 (3)
3.7 (1)
3.9 (1)
93.0* (6)

73.2 (4)
10.7 (1)
3.6 (2)
3.8 (1)
3.9 (1)
95.7* (3)

48.8 (5)
14.7 (2)
10.2 (2)
22.7 (2)
3.6 (1)
100.2 (6)

46.9 (7)
14.4 (4)
14.2 (2)
21.6 (2)
3.3 (1)
100.5 (6)

Table 7.1 Compositions from electron microprobe analysis of both initial and
recovered samples. HPG (haplogranite) and AnD (anorthite-diopside)
compositions given in wt.% oxide. Analyses are based on average of
a minimum of 10 sample spots; standard deviations are shown in
brackets. * The low totals for the HPG composition are due to the
presence of water in the sample and correspond well with the amounts
added during synthesis.

covering up to 20 Å−1 in reciprocal space with Q = 4πE sin θ/12.398, where E is
the energy of the x-rays in keV up to >100 keV.

7.2.1

Recovered Sample Analysis

Recovered HPG quenched samples were polished for electron microprobe analysis at the EMMAC (The Edinburgh Materials and Micro-Analysis Centre),
University of Edinburgh. Analyses were carried out using a CAMECA SX100
electron microprobe with an accelerating voltage of 15 keV and 8 µm beam size.
Where glass was recovered the samples retained a stoichiometry nearly identical
to their starting compositions (Table 7.1); therefore it is unlikely the samples
underwent any major chemical change during the experiments and no loss of
Lu. Back scattered electron images taken of the sample show no evidence for
quench crystallisation and the sample appears glassy (Figure 7.1b). Bubbles are
present in the HPG which is probably due to exsolution of water during quenching
indicating that water remained in the sample during the experiment. The low
microprobe totals (Table 7.1) for the HPG composition are due to the presence
of water in the sample. Quenched AnD samples were analysed at the Centre de
Microanalyse Camparis, University Pierre and Marie Curie. These results (Table
7.1) show that when the sample quenched to a glass (Figure 7.1a) the composition
after the experiment was nearly identical.
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Figure 7.1

7.3

a: Recovered sample from AnD experiment A8-a using a ParisEdinburgh press. b: Recovered sample from HPG experiment D5
from resistive heated DAC polished within Re gasket. Spots are
bubbles within the hydrous sample.

Data Analysis Procedure

A detailed background to the data processing of x-ray diffraction data is presented
in Chapters 4 with data analysis for angle dispersive x-ray diffraction already
presented for the HPG experiments in Chapter 5. The Qmax and normalisation
parameters established in Chapter 4 are used here throughout, as well as the
fitting parameters for undoped HPG obtained in Chapter 5. For the AnD, energy
dispersive x-ray diffraction techniques were used and the data analysis procedure
is described in Chapter 4.6 with specific experimental details below.

7.3.1

Energy Dispersive X-ray Diffraction

Multi angle energy dispersive x-ray diffraction (EDXD) was used to collect in situ
liquid data using a Paris-Edinburgh press. Data were collected for periods of 2
hours in situ within the capsule from [93] (Chapter 4.3.4). This provides a large
sample volume and subsequently high signal intensity from the sample. As data is
collected at fixed angles multiple spectra representing each angle are collected. At
least two spectra were collected at each detector angle and these were summed in
order to improve the counting statistics. Bragg peaks arising from the diffraction
of graphite in the cell assembly, and fluorescence of indium on the detector and
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Figure 7.2

Examples of two fixed angle energy dispersive x-ray diffraction
spectra showing the presence of Kα fluorescence lines from indium
and lutetium. These peaks are removed and a fit made between the
data points from the energies on either side. Channel number is
converted to energy, E, through E=offset + slope × channel where
offset and slope are beamline parameters.

Lu were removed at each angle (Figure 7.2). If peaks were at >30% concentration
between the energies of interest (25 to 55 keV) the data were discarded. Where
required, fits were made to the data to extrapolate the signal after the Bragg and
fluorescence peaks were removed. The aEDXD program developed by Changyong
Park (see [92]) was then used to scale the primary beam by least squares fitting
at the highest 2θ angle, and an evenly spaced S(Q) function was produced by
error weighted spline smoothing of the merged data in Q-space. This technique
is based on the highest diffraction angle oscillating around 1 because as Q → ∞,
S(Q) → 1. The G(r) was then obtained by Fourier transform of the spline
smoothened S(Q).
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Run no.

Comp.

P (GPa)

T (K)

n0 (Å−3 )

Exp. 1
D1
D2
D3
D4
D5

HPG
HPG
HPG
HPG
HPG

+
+
+
+
+

Lu
Lu
Lu
Lu
Lu

0.5
2.1
2.5
3.8
5.8

(2)
(3)
(3)
(2)
(4)

G(r) positions (Å)
r1

r2

r3

910* (50) 0.069 [0.066]
900* (50)
[0.071]
290
0.073
973 (40) 0.079 [0.078]
1073 (40) 0.083 [0.082]

1.59
1.6
1.59
1.6
1.59

2.33
2.37
2.36
2.36
2.35

2.98
2.98
3.01
3.0
2.99

290
290
1570 (50)
1670 (50)
1720 (50)
1770 (50)
1870 (50)
2070 (60)
1570 (50)
2020 (80)
1570 (50)
1750 (50)
1850 (50)
2120 (50)

1.62 2.41
1.62 2.36
1.59 2.78 s
1.61 2.76 s
1.59 2.76 s
1.59
1.60
1.61
1.59 2.34
1.61 2.34
1.59 2.32
1.62 2.32
1.62 2.41
1.61 2.43

Exp. 2
Amb1
Amb2
A1-b
A2-b
A3-b
A4-b
A5-b
A6-b
A7-b
A8-a
A9-b
A10-b
A11-a
A12-b

AnD (†)
AnD + Lu (‡)
AnD
AnD
AnD
AnD
AnD
AnD
AnD + Lu
AnD + Lu
AnD + Lu
AnD + Lu
AnD + Lu
AnD + Lu

0
0
0.8 (3)
2.4 (2)
3.5 (3)
4.8 (3)
6.5 (3)
8.0 (4)
0.8 (3)
2.1 (3)
3.1 (3)
4.2 (3)
5.2 (3)
7.0 (3)

0.081
0.081
0.082
0.084
0.087
0.09
0.092
0.092
0.082
0.084
0.087
0.091
0.094
0.093

3.24
3.25
3.28
3.27
3.27
3.27
3.27
3.24
3.22
3.25
3.17
3.24
3.24
3.16

Table 7.2 P -T conditions of each experimental run as well as estimated
densities and results on positions of the first three peaks in the G(r),
r1−3 . Errors for P and T shown in brackets. Experiment 1: Glass
and melt measurements on the haplogranite carried out on I-15 at
the Diamond Light Source. Where both glass and high T data were
collected, the density in square brackets (e.g. [0.066]) is from the
molten phase. Peak positions are shown only for high T phases
unless none was collected. * on temperature indicates where the
thermocouple failed during the run and a minimum T was estimated
from recrystallisation of Pt and previous thermocouple calibrations.
Experiment 2: Molten anorthite-diopside data collected on HP-CAT
at the Argonne Photon Source in June 2014 (-a) and February 2016
(-b). Within r2 , ’s’ represents where the 2nd peak arises from the
O-O contribution producing a shoulder on the r3 peak and not from
a distinct 2nd oscillation. † denotes collection at synchrotron Soleil,
PSICHE. ‡ denotes collection at Petra P.02 DESY.
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7.4
7.4.1

Results
Haplogranitic Melts

In situ data on the HPG Lu-doped melts were collected between 900-1070 K at
0.5, 2.1, 3.8, and 5.8 GPa (Table 7.2). As in Chapter 5, at temperatures >850 K
the samples either recrystallised (1 in 5 high temperature runs) or remained
amorphous. In the cases where crystallisation occurred water loss may have
occurred, and the runs were discarded as the temperature required to melt the
crystals exceeded the heater limits. If recrystallization did not occur at these
temperatures it is assumed that the samples were in the super-cooled liquid state
at >900 K in agreement with [166]. As in Chapter 5, from the results here the
Lu-doped HPG melt and ambient temperature phases are identical as no changes
were observed in the G(r) between runs at room temperature or above melting
(grey solid line on Figure 7.4) as seen in D4 where temperatures exceeded the
liquidus temperature for haplogranite [116]. This indicates for the HPG at these
pressures that the glass structure is analogous to the melt, as seen in Chapters 5
and 6. As the glass and melt structures are identical in the HPG, and the most
similar P measurements between the undoped and Lu-doped data were collected
in the glass, only the glass data is presented in the S(Q) and G(r) here. The S(Q)
and G(r) are shown in the upper panels (A) of Figures 7.3 and 7.4. In Figure
7.3A the first sharp diffraction peak (FSDP) is seen at 1.98 Å−1 with a slight
increase to 2.01Å−1 at 5.8 GPa. Alteration to the S(Q) from the scattering of Lu
is seen in the 2nd peak between 3-5 Å−1 , where the peak appears less broad in
the Lu-doped case with slightly greater intensity on the upward slope at 3-4 Å−1 .

7.4.2

Anorthite-Diopside Melts

Liquid data on the Lu doped AnD were collected at 0.8, 2.1, 3.1, 4.2, 5.2 and 7 GPa
at 1570-2120 K, with ambient glass measurements collected at room P −T on both
the doped and undoped AnD compositions. Undoped AnD liquid measurements
were also collected at similar regularly spaced pressure intervals (Table 7.2). At
3 GPa data were collected at three temperatures (in steps of 200 K) to show there
was no effect of temperature on the results (Figure 7.5). The measured S(Q)
for the Lu-doped AnD compositions are shown in the lower panel (B) of Figure
7.3 along with the undoped samples for comparison. The FSDP shows a gradual
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Figure 7.3

138

A - S(Q) for HPG Lu-doped (black) and undoped (red dashed) glass
measurements. B - Lu-doped AnD melts (black) and undoped AnD
(red dashed) melts. See Table 7.2 for details. Pressures shown are
for the Lu-doped data with the undoped data collected within 0.5 GPa
of the doped.

Figure 7.4

G(r) for the S(Q) shown in 7.3. A - G(r) for HPG Lu-doped (black)
undoped (red dashed) glasses, with grey solid line a Lu-doped melt
at >970 K for comparison with the glass at 3.8 GPa from D4. B AnD melts.
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Figure 7.5

Radial distribution functions, G(r), collected for Lu-doped anorthitediopside melts at various temperatures above melting. As can be seen
from the G(r) there is no difference within error between the samples
and therefore temperature appears to have no effect on the bonding
environment of Lu within these melts.

increase from 2.05 to 2.1 Å−1 from ambient conditions to 4.5 GPa. As discussed in
Chapter 5, an increase in the FSDP has been observed for other silicate glass and
melt compositions and is attributed to the collapse of voids in the SiO2 network
[14, 17, 118]. A similar increase in intensity between 3-4 Å−1 , as observed in the
HPG, is seen in the Lu-doped AnD S(Q). The resulting real space distribution
functions, G(r), are shown in Figure 7.4B. The main peak positions, atomic
densities and uncertainties in real space for each data point are detailed in Table
7.2.

7.4.3

Structural Results

In both compositions the first peak in the G(r), r1 , is attributed to the rSi−O
at 1.61(2) Å with 4-fold coordination as shown in other silicate glass, liquid
and crystalline structures [16, 118]. In the HPG, the second peak, r2 , only
appears within the Lu-doped samples at 2.36(3) Å and is attributed to the LuO bond distance. This distance is similar to modelled Lu-O bond distances
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Figure 7.6

Measured G(r) (black markers) from Figure 7.4 shown with
Gaussian fits to both the plain (upper panels) and doped (lower
panels) samples.
Individual Gaussians, gind (r), for ion-ion
contributions are labelled (dotted lines) along with the total sum of
Guassians (solid black line). Left panels show the AnD compositions
and right panels, the HPG. Lu-O contributions are shown in the
doped figures by a thick black line and are labelled as Lu-O. Major
element fit parameters are identical between the doped and undoped
samples using parameters described in Table 7.3.

in aluminosilicate glasses at 2.29 Å [167]. In the undoped AnD, the second
contribution arises from the Ca-O correlations at ∼2.4 Å and overlaps the Lu-O
distance. However, the r2 peak in the doped AnD can be clearly seen to increase
in intensity and shift to lower r with the introduction of Lu in the ambient samples
(Figure 7.4B). The correlations observed at 3.0(2) Å in the HPG and 3.2(3) Å in
the AnD are attributed to the sum of the O-O and Si-Si contributions and match
well with G(r) observed in other studies [14, 168, 169], and with MD simulations
by [49] on similar compositions. In the HPG a fourth correlation is visible at 4 Å;
this can be attributed to the secondary interactions of Si-O and is much more
pronounced in the HPG due to the higher concentration of SiO2 .
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Ion-Ion
elements
Si-O
Al-O
Mg-O
Ca-O
Na-O
Lu-O

r
HPG

k
AnD

1.6 (2) 1.6 (2)
1.73 (1) 1.75 (2)
2.00 (5)
2.40 (2)
2.46
2.36
2.29*

HPG
0.12
0.09
0.2*
0.08

CN
AnD

HPG

AnD

0.2
0.15
0.07

4
4.3*
8
8.1

4
4.3*
5
8.1*
6.2*

Table 7.3 Ion-ion contributions used to model individual Gaussians, g(r)ind , in
the compositions at ambient conditions. * indicates that coordination
or bond distances evolved with pressure. The coordination numbers
obtained for Lu are an average over a minimum of 10 fits with error
of ±0.3 for each final value. di = bond length, k = width parameter
of Gaussian, CNi = coordination of individual bond.

7.4.4

Fitting Parameters

Initially the undoped data for each pressure were fitted with a sum of Gaussians
(Figure 7.6). Over this pressure and temperature range it is assumed that the SiO coordination, CNSi−O , of 4 and bond length, rSi−O , of 1.61 Å remain unchanged
[14, 16, 17], due to the incompressibility of the relatively rigid silica tetrahedra.
Other known peak positions and coordination numbers were fixed using data from
literature [20, 49, 170] (Table 7.3). The undoped HPG fit parameters were used
from Chapter 5. The Al-O contribution at 1.73(2) Å occurs under the Si-O peak
and has a calculated coordination of 4.3(2) from [20, 171]. Na and K contributions
are insignificant to the total G(r) due to their light scattering so are not shown
here, as in rhyolitic G(r) models by [49]. In the AnD, special care had to be
taken to correctly fit both Mg-O and Ca-O as these produce broad oscillations and
introduce additional pair correlations. Ca-O correlation parameters, coordination
and bond distance, were taken from literature [20, 49, 170, 172, 173] and a bond
distance of rCa−O of 2.41(2) Å, as observed from the ambient G(r) (Figure 7.4B),
is in good agreement with rCa−O in silicates from other studies (2.41 Å in [170]
and 2.37 Å in [172]). For this bond length an average coordination, CNCa−O ,
of between 7-8 is widely accepted [20, 49, 173] and was used in the fits for the
undoped spectra (Figure 7.6). Based on neutron studies by [170] a slight increase
in CNCa−O with increasing P is estimated, and this was included in the fitting.
However, variations in the CNCa−O between 7-9 have little impact on the average
Lu-O coordination for the doped compositions.
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CNLu−O and rLu−O were calculated by refining the fits until a reasonable
match was achieved within the input parameters. The undoped major element
parameters remained consistent in both the Lu-doped and undoped compositions
to isolate any Lu-O contributions (Figure 7.6). The g(r)ind for Lu-O were
then integrated to obtain the area under the peak. This technique limits
the uncertainty that arises from fitting complex pair distribution functions but
errors in the average coordination arise from the asymmetry of the real g(r)ind
correlations and their high r oscillations. Above 3 Å considerable uncertainty
also arises from the overlapping complex interactions of the partial distribution
functions which makes it impossible to fit the data at r >3 Å.

7.4.5

Lutetium Incorporation

In the HPG melt, a bond distance up to 6 GPa of rLu−O =2.36(3) Å was observed
and found to be invariable with pressure within the accuracy of this technique.
The average CNLu−O was determined to be 8.1(3) at all pressure and temperature
conditions. For the AnD a CNLu−O of 6.2(3) and a rLu−O of 2.29(2) Å were
determined for the lowest pressure data (<5 GPa) and the ambient doped glass.
The higher pressure points show a clear shift in fit correlation to a higher rLu−O
of 2.40(3) Å and an estimated CNLu−O of 7.9 (3) (Table 7.2, Figure 7.7). This
change appears to be abrupt and occurs within 1-2 GPa (from the accuracy of
the data). This is unlike major element coordination changes which undergo a
transition over a broad pressure range [16, 20, 38] and is most likely caused by
reaching the packing limit of the melt at ∼5 GPa [174].
Crystalline oxide bond lengths for Lu-O are in good agreement with the distance
of the r2 correlation at ambient pressure. Tabulated ionic radii by [175] give
six-fold coordinated Lu-O as reported to be 2.24 Å and 8-fold coordinated LuO at 2.32 Å. Studies on other REE glasses, e.g. YbSiAlO/N, have found similar
parameters with Yb-O coordination at 6 and a bond length of 2.22 Å [176]. Other
REE-O such as Dy and La in sodium silicates show decreasing bond length with
atomic radii due to the lanthanide contraction, with 6-fold Dy-O at 2.29 Å and
La-O at 2.48 Å. In this study, a coordination CNLu−O of 6 gives rise to a bond
distance of 2.29 Å, and CNLu−O of 8 gives 2.36-2.4 Å; as might be expected in the
liquid this distance is slightly longer than those of the solids.
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Figure 7.7

7.5

a - Change in fits for Lu-O in AnD with P increase above 5
GPa. G(r) for a low P AnD melt (black circles) and high P
AnD melt above the Lu-O coordination change (grey squares) and
their respective fits (solid lines) are shown. Individual g(r)Lu−O are
marked with a clear shift to higher r seen above 5 GPa. b - Individual
g(r)Lu−O for low P AnD (black circles), high P AnD (grey squares)
and average for HPG (high silica) over the P range studied (open
circles).

Discussion

At the time of writing, this was the first experimental study of its kind to identify
the structural incorporation of trace elements at high pressure within silicate
melt structures using x-ray diffraction. As the results here are in agreement with
REE-O bond environments given above, and corroborate EXAFS results for the
coordination (CNY−O =8) and bond lengths (rY−O =2.37 Å) of Y (a geochemical
proxy for Lu) in silica-rich glasses at ambient P [41] and high P − T (Chapter 6),
this method appears to provide a reliable tool for determining REE speciation
within silicate melts. A major consideration for this technique is that it is
reliant on the applicability of Henry’s law as in order to use trace elements in
models it is assumed that the activity, and hence partitioning of trace elements
is independant of concentration below a given limit. This is because at such low
concentrations they form an insignificant structural part of a phase and do not
alter the thermodynamics of the system. Although Lu here is not at natural
levels of concentration (<2 ppm), in this system we propose that Henry’s law is
still obeyed as: (1) At concentrations of 4000 ppm Lu ions are highly unlikely
to interact with each other; (2) many studies on partitioning of trace elements
have shown that Henry’s law is still obeyed even at several wt. % concentration
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of trace elements [177, 178]; (3) there is a close similarity here with other results
on REE (Y and La) at much lower concentrations [39, 41].

7.5.1

Compositional effect

At low pressure, <5 GPa, the results presented show an increase in Lu coordination from 6 to 8 with increasing silica content of the melt, from AnD to HPG,
coincident with an increase in bond length of 0.07(3) Å, a 7% bond length increase
(Figure 7.7b). This is consistent with observations on Y-O from Chapter 5 where
in the highly polymerised HPG, CNY−O =8 and rY−O =2.37 Å. Other studies have
also observed an increase in coordination in silicate and aluminosilicate glasses
at ambient conditions where an increase to 8-fold coordination was observed on
changing the glass composition [40, 41]. This compositional effect at ambient
conditions is attributed to the higher availability of non-bridging oxygens in the
basaltic network.
The number of non-bridging oxygens is thought to have a major role in trace
element bonding. Silicate melts are often classified by their ratio of non-bridging
oxygens (NBO) versus tetrahedrally coordinated cations (NBO/T) which defines
their degree of polymerisation. The equation N BO/T = 2(N M − T 3+ )/T 4+
is used to determine the polymerisation by the number of network modifying
cations (NM) and tetrahedral cations, charge balanced by network modifiers (T3+
= Al3+ , Fe3+ ) in ratio with the number of network forming cations (Si4+ ). When
NBO/T = 0 the melt is fully polymerised, and an NBO/T = 4 would describe a
fully depolymerised melt where four non-bridging oxygens are free to bond with
cations. Most natural silicate melts have an NBO/T between 0 and 1 [165]. As
REE will preferentially bond with NBO they therefore have higher coordination
in environments where NBO are not freely available (i.e. highly polymerised
melts). The results presented show an increase in the Lu coordination from 6 to
8 with increasing polymerisation of the melt (for HPG the NBO/T=0.03, and
AnD has NBO/T=1.1) with a coincident increase in bond length of 0.07(3) Å.
Many studies on silica rich compositions [33, 41, 46] suggest that there is a larger
number of interconnected tetrahedra in these compositions compared to lower
silica compositions (Chapter 2.1). This polymerisation increases the number of
cages in the structure and reduces the number of NBO available to coordinate
large REE. It is unlikely that Lu, with such a large radius, is able to enter any
4-7 member ring structures. In this situation Lu must be accommodated within
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larger cages in the melt structure (diameter &2.5 Å) surrounded by at least 8
nearest-neighbour oxygens. Within the AnD composition, however, the network
is less polymerised. This allows a greater freedom of sites for Lu incorporation
and more non-bridging oxygens are preferentially available for 6-fold coordination
at P <4-5 GPa.
The results for the HPG presented here are all for a hydrous composition, but
for CNLu−O or rLu−O , it is not likely that the absence of water would affect the
results. Water is proposed to depolymerise the melt structure [179] and as Lu is
already behaving as in a polymerised system it is only expected that this higher
coordination environment would also be present in the anhydrous case.

7.5.2

Pressure Effects

Within the HPG there is no observable pressure effect on Lu incorporation
within the melt structure up to 6 GPa, as also observed for Y and Zr in
Chapter 6. As described in [174] and [46], silica rich melts are predominantly
comprised of interconnected rings of tetrahedra that form cages. Due to the
very low concentrations of network modifying cations in the HPG studied here
the structure of this highly polymerised composition is dominated by these
interconnected tetrahedra. As pressure increases the cages collapse as the network
is compressed. As Lu is unlikely to be accommodated within the predominant
4-7 membered cages there is little compressional effect on its speciation within
the melt as Lu must remain in any available larger cages (Figure 7.8A-B). As the
number of available sites for Lu in highly polymerised melts would be small, Lu
may also prevent the larger cages from collapsing on compression.
Within the AnD an increase in P causes an abrupt Lu-O coordination increase
from 6 to 8 between 4-5 GPa, accompanied by an increase in the bond length
from 2.29 to 2.40 Å (Figure 7.7). Therefore, above 5 GPa the CNLu−O and rLu−O
is similar to that of the HPG. The difference between the behaviour at pressure of
the AnD and HPG melts is due to the initial structure of the melt at <5 GPa. At
low pressure, in the AnD, Lu is free to bond within the network in any available
space and preferentially adopts lower CN . At higher pressure, as the packing
limit of the melt is reached, Lu is forced on to ’crystal-like’ sites and coordination
increases (Figure 7.8C-D). The lower silica content and higher concentration of
network modifying cations in the AnD composition prevent the structure forming
polymerised network cages on compression as there are fewer silica tetrahedra,
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Figure 7.8

Two-dimensional schematic representations of the HPG and AnD
melt structures at ambient pressure (A and C) and at 5 GPa (B and
D). Silica tetrahedra = blue triangles, network modifying cations =
green, Lu atoms = purple. A - A possible HPG structure at ambient
conditions. The silicate network forms rings (2D) and cages (3D)
where cations can be accommodated. B - Upon compression of the
HPG, the interconnected silicate network rings and cages collapse
but Lu (purple) remains in the largest sites available surrounded
by 8 nearest neighbour oxygens. C - A possible ambient structure
of the less polymerised AnD melt. The greater availability of
NBO and higher concentration of cations allow octahedral and
tetrahedral cation sites to exist within the silicate network. D After compression up to 5 GPa, the AnD melt network is packed
closer together and Lu is coordinated by 8 nearest neighbour oxygens
from both silica tetrahedra and octahedral cation sites, as found in
minerals such as garnet.
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and oxygens are available to coordinated cations in tetrahedral or octahedral
configurations similar to those found in minerals. This results in a close packed
network distinctly different from that of the HPG (Figure 7.8) with the presence of
’crystal-like’ sites. The idea of these sites in the melt were developed in silicates
(specifically clinopyroxene) by [180], who proposed that oxide-like, 6-fold sites
might exist in the melt structure and influence partition coefficients due to the
site elasticity and radii. Van Westrenen et al. [181] showed that partitioning
behaviour between silicate melt and garnets could be better explained by the
presence of J3 Al5 O12 sites with 8-fold coordination within the melt, rather than
6-fold J2 O3 sites. As pressure increases in the initially less polymerised structure,
and the melt is packed more closely together it is likely that more ’crystal-like’
sites are created within the melt with a higher coordination environment. These
have a similar bonding environment to sites within minerals such as garnet, and
therefore a reduction at high P in partition coefficient between the melt and
minerals, where REE3+ are usually slightly compatible, would be expected. This
same transition to ’crystal-like’ sites could occur in the silica-rich melts with P ,
however, as the initial CN is already 8 it would be indistinguishable to resolve
using this methodology. This is also unlikely due to the fundamental difference
in structures at ambient conditions.
As pressure increases, the density of the AnD sample also increases, as discussed
for the HPG results presented in Chapter 5. This is due to the increase in
pressure causing a tightening of the tetrahedral network. Molecular dynamic
simulations combined with x-ray diffraction by [174] suggest that compression
within a polymerised network is different to that of a less polymerised melt.
For a depolymerised network, as pressure increases, the packing fraction of the
tetrahedra increases and the number of NBO will decrease as they are forced to
bridge on compression. As they were not initially in ring or cage structures these
are unlikely to form on compression and a close packed structure is generated. In
a highly polymerised melt, the already highly interconnected tetrahedral network
that makes up the cages, collapses to form smaller cages with only a slight change
in the number of NBO [174], preserving some of the ring and cage structures at
P . Wang [174] proposes, in depolymerised systems, that the packing limit of
the melt is reached between a number density of 0.082-0.088 atoms/Å−3 , which
corresponds to approximately 3-7 GPa in the case of the diopside melts. This
pressure range overlaps where the observed change in Lu coordination within the
AnD occurs (Table 7.2). The estimated densities used in this study are shown
in Figure 7.9 with increasing pressure. It can be seen that between 1-5 GPa
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Figure 7.9

Atomic number densities, n0 in atoms/Å3 , for Lu-doped (grey
triangles) and undoped (black squares) AnD melts in this study from
Table 7.2. Dotted lines are the suggested tetrahedral packing fraction
limits from Wang [174] on compression of diopside. The observed
CN change in this study is represented by the hashed box. Errors
on the densities arise from errors on the G(r).

there is rapid density increase as the sample is packed, which then appears to
slow with a further increase in pressure. The observed coordination change is
between pressures marked with the grey box; this appears to be after the sample
has undergone the initial stages of compression. The results on the coordination
change of Lu within these melts corroborate that of [174] in suggesting there is a
distinctly different behaviour between polymerised and depolymerised melts with
increasing pressure, and that the AnD melt is more closely packed than the HPG
at pressures >4-5 GPa, due to the lack of cages formed by the silica tetrahedra.

7.5.3

Impact on Partition Coefficients

The coordination change from 6 to 8 as melt polymerisation increases (i.e. from
the AnD to the HPG) corresponds with results presented by [33] and [34] on
the dramatic increase in REE partition coefficients with melt polymerisation.
This increase in compatibility and preference to incorporate in the mineral as
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polymerisation of the melt increases has been proposed to be due to the energetics
associated with bonding to predominantly bridging oxygens. In depolymerised
melts the freely available non-bridging oxygens mean that at lower P the REE
can more easily incorporate into the melt structure than in the crystal lattice.
From these results it is clear that the melt could have a much stronger influence
on Dmin/melt with pressure than previously expected. The observed decrease in
compatibility between Lu and minerals such as garnet and clinopyroxene with P
(Chapter 2, Figure 2.6) could occur due to the appearance of ’garnet-like’ sites
within the melt. The coordination change in the melt at 5 GPa results in the
Lu
plateauing of the Dmin/melt
as there is little preference for either the mineral or
melt at this pressure. Although Lu has the same coordination in polymerised
melts as the basaltic melts at >5 GPa existing partitioning studies would suggest
that the site or mechanism for Lu incorporation in these melts is different, at least
for low P polymerised melts. This is because opposite partitioning behaviour is
observed; for low pressures an increase in DLu is witnessed with a preference
for crystals over granitic melts, but a decrease in DLu between low pressure
and >5 GPa basaltic melts, indicating a preference for basaltic melts at high
pressures. As no partitioning data is available for granitic melts at P >4 GPa
it could be possible that at these pressures DLu also decreases but from this
study it is suggested that the incorporation of Lu in the structure between the
depolymerised and polymerised melts is different; therefore this would be unlikely.
If partition coefficients in basaltic melts increase with P , as suggested by some
authors [66, 67] this would not alter any results presented in this chapter, and
it may suggest that as pressure is increased in depolymerised systems, the REE
incorporation mechanism between polymerised and depolymerised melts becomes
similar. Changes in partitioning would also be affected by the influence of other
coexisting P effects such as compression of the crystal lattice. Green and Pearson
REE
[72] did observe a small increase of Dcpx/melt
with P up to 2-3 GPa between
clinopyroxene-andesitic melts which suggests that the change in partitioning
cannot only be attributed to one factor as it may vary for different mineralmelt systems where the influence of the crystal or melt is stronger. In the case of
[72] the melts comprised of ∼60% SiO2 content and REE may have coordination
environments in the melt similar to the HPG in this study.
If the coordination increase for Lu at 5 GPa (∼150 km depth) in basaltic-like melts
is consistent with a subsequent decrease and plateau of partition coefficient, this
could significantly affect partitioning at depth. Within the Lu/Hf system during
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mantle melting there is distinctive partitioning behaviour at ambient pressure
where Lu is preferentially incorporated over Hf in crystallising phases. However,
if DLu values decrease with pressure (Figure 2.6), above 5 GPa DLu will approach
DHf , and would result in a much lower partitioning ratio between Lu/Hf than
expected. This decrease in partitioning ratio could have two implications: (1)
if Lu/Hf at depth are no longer partitioned distinctively, Lu/Hf signatures in
melts extracted from the mantle at >4-5 GPa could indicate prior depletion even
though none has occured. (2) radiogenic Lu/Hf signatures in crustal rocks could
be evidence of a superchondritic mantle source rather than a depleted mantle.
Both implications throw greater uncertainty into the debate on when and how
the early Earth crust was formed. Although this structural data cannot identify
exactly what changes would occur at depth it indicates that there is likely to be
a strong melt effect on partitioning that cannot be ignored in partitioning models
and adds further complications to studies dependant on partitioning ratios as
geochemical tracers.

7.6

Conclusion

This chapter presents the first x-ray diffraction measurements on trace elements
in situ within melt structures. It shows that x-ray diffraction techniques can be
used to study trace element incorporation in liquids and can reliably determine a
nearest-neighbour bond distance for minor elements. This technique is applicable
to Lu due to the length of the Lu-O bond distance, as it appears within the G(r)
where there are few correlations. If Fe or other higher scattering elements were
present in the sample it is unlikely this methodology would have been successful.
The results show an increase in coordination from 6 to 8 of Lu with increasing
polymerisation of the melt at lower pressures up to 4-5 GPa, consistent with
an increase in the Dmineral/melt partitioning ratio from <1 to >100 at ambient
pressures. These results are consistent with the results presented for Y in Chapter
5 and show no variation in REE incorporation (CN or bond distance) with
increasing P in polymerised systems. As for Y, this would suggest that the large
atomic radius of Lu prevents the larger occupied cages in the melt collapsing
with P , and compression is caused by collapse of the unoccupied sites. These
results show that both x-ray absorption and diffraction techniques can be used
to identify REE incorporation at high pressure and temperature. Apart from the
higher compressibility within the melt phase, as seen for the undoped HPG in
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Chapter 5, the Lu-doped HPG also appears identical between the glass and melt
phases, indicating quenched glass measurements on REE provide good analogues
for molten silica-rich systems up to 6 GPa.
With pressure, an abrupt coordination increase from 6 to 8 is observed at 45 GPa in less polymerised systems. This coordination change suggests that at
>4-5 GPa compression of the melt results in the formation of ’crystal like’ sites
that accommodate Lu at high pressure. This change in Lu incorporation is likely
to strongly affect the partitioning of Lu at depth, and subsequently cause distinct
changes in the predicted Lu/Hf ratios during early Earth crustal formation. This
may produce a depleted mantle Lu/Hf isotope signatures in crustal samples
extracted from a non-fractionated source at 4-5 GPa, or during shallow melting
produce chondritic signatures from a superchondritic reservoir.
Overall these results indicate that there are important structural changes in
silicate melts that occur with variations in both composition and pressure that
cannot be neglected in standard models. As the melt structure changes with
pressure, using a single melt term to normalise the effects of melt on trace element
partitioning will not accurately predict partitioning behaviour at depth during
magma formation or differentiation. In order to fully understand how partitioning
is affected by melt structural changes, detailed insight into the exact nature of
the Lu sites within the melt network is still required.
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Chapter 8
Structure of Neodymium-doped
Silicate Melts at High Pressure

8.1

Introduction

This chapter continues with the subject of trace element incorporation in
depolymerised melts. In this chapter the speciation of neodymium (Nd) is studied
in the same anorthite-diopside composition as Chapter 7. Nd was used to identify
whether incorporation mechanisms within the melt differ for changing REE, and
to observe whether the same changes seen for Lu occur with other lanthanide
elements. As with Lu, the radioactive decay of 146 Sm-142 Nd is commonly used
for dating crust formation, and interpreting the bulk composition of the early
Earth. Here, the structure of the Nd-doped anorthite-diopside melt is measured
using laser heated diamond anvil cells (LH-DAC) and in the Paris-Edinburgh
press (PEP).

8.2

Experimental Procedures

The anorthite-diopside (AnD) composition was synthesised as described in
Chapter 4.4, and the composition is detailed in Table 8.1. This composition
was doped with 3.8 wt.% Nd2 O3 of >99.99% purity in order to have a similar
concentration to the Lu concentrations in Chapter 7. Nd was chosen due to its
larger radius as it falls towards the opposite end of the lanthanide series from Lu.
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Oxide

Initial

DAC recovered

PEP Recovered

SiO2
Al2 O3
MgO
CaO
Nd2 O3

48.8 (5)
14.7 (3)
10.2 (2)
22.7 (2)
3.4 (1)

49.4 (4)
15.24 (3)
9.8 (2)
22.2 (5)
3.4 (1)

45.7 (5)
13.4 (3)
15.9 (3)
21.4 (4)
2.9 (1)

Totals

99.8 (5)

100.4 (6)

98.7 (5)

Table 8.1 Compositions from electron microprobe analysis of both initial and
recovered samples. Compositions given in wt.% oxide. Analyses
are based on average of a minimum of 10 sample spots, standard
deviations are shown in brackets. Results from both experiments
(DAC and PEP) are shown in columns 3 and 4 to show comparison
between recovery of different experiment types.

It also has the ability to couple with the YAG laser required for laser heating [182].
The Nd-doped glass was transparent and pale purple in colour with the colour
deepening at higher concentrations of doping; this was significantly different to
the Lu doped glass which was always colourless. The glass was checked after
synthesis for a lack of bubbles or crystals and was very finely crushed for one
hour before loading. Data up to 8 GPa at >1500 K in 1 GPa pressure steps were
collected on HP-CAT at the Advanced Photon source to study the low pressure
sample in detail using a Paris-Edinburgh press. These data were collected and
analysed by the same method as described in Chapter 7 for the Lu-doped AnD
samples and the undoped samples used for comparison are the same as described
in Chapter 7. LH-DAC experiments were carried out on the GSECARS beamline
at the APS and measurements on the melt structure were made up to 36 GPa at
>2000 K, with high pressure doped and undoped glass measurements made up
to 60 GPa. As with Chapters 5 and 7 not all of the data collected during the
experiments could be presented in the final results due to varying quality, and
the reasons for not analysing certain data are listed in Appendix One, Tables 9.3
and 9.2.

8.2.1

Laser Heating Experiments

Laser heated diamond anvil cells were used in this study in order to access melting
up to higher pressures relevant to those of the entire upper mantle to mid-lower
mantle. For loading, the sample was initially compressed in a 1 mm culet DAC
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to create very thin (∼5-10 µm) platelets that could be loaded into the the gasket
hole. This enabled very efficient packing of the sample in order to prevent collapse
of the hole during pressurisation or heating. Three platelets of amorphous SiO2
were initially placed in the gasket hole to prevent any contact between the sample
and the diamonds and to act as a pressure transmitting medium. Platelets of
SiO2 were created in the same way and each platelet was checked for a similar
thickness to a standard one made and kept at the beginning of the experiment.
Three platelets of sample were then loaded and the hole was filled with another
three layers of SiO2 . Platelets of the same thickness were used in every loading to
ensure the gasket hole was filled each time and there would be identical sample
intensity for each experiment. For these experiments pressure was monitored by
a ruby loaded into the sample chamber before and after heating. Due to the small
beamsize (<20 µm) it was easy to ensure the laser heating spot was never close
to the edge of the gasket or the ruby.
During laser heating, melting was known to occur by coupling of the laser to
the sample and visually observing the luminescence of the sample. Laser power
was increased incrementally by 0.5 W before opening the shutters and observing
if melting occurred. Once melting occurred no further measurements were taken
and a quench pattern was collected. Patterns were collected at each pressure on
the glass, on melting with the lasers and subsequently on the quench. Patterns on
the glass were collected for up to 60 s using a Perkin Elmer detector, whereas melt
spectra were only collected for a maximum of 10 s in order to prevent damage
to the detector. Backgrounds, as for the DAC experiments in Chapters 5 and 7,
were collected by inserting the empty gasket (after the sample had been recovered)
into the cell and collecting empty patterns. Carbon mirrors were used to focus
the lasers on both sides of the sample; these produce diffuse scattering on the
detector that must be accounted for when subtracting the background. In order
to account for these and other background effects both mirror and non-mirror
background patterns were collected.

8.2.2

Recovered Sample Analysis

After laser heating the samples were recovered as small glass spheres within the
SiO2 pressure medium (Figure 8.1A) with the diameter of the laser size (20 µm).
These were recovered from the gasket using a needle and were mounted and
polished in epoxy resin for electron microprobe analysis. Electron microprobe
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analysis was undertaken at the Centre de Microanalyse Camparis, University
Pierre and Marie Curie using an accelerating voltage of 20 keV and 10 nA for
the major elements (Si, Al, Mg and Ca) and 40 nA for Nd detection. The
beamsize was set at a nominal 1 µm diameter. The initial and recovered
sample compositions are shown in Table 8.1. The recovered DAC samples show
practically identical content indicating there was very little or no diffusion from
the SiO2 pressure transmitting medium and no loss of Nd during heating. From
the presence of spheres within the SiO2 layers we can conclude that the sample
was molten in localised areas with limited diffusion of elements in or out of the
heating spot. This may have been limited due to the very short collection times
(<10 s) at high temperature and the excellent coupling of Nd to the laser. Samples
recovered from the PEP experiments were glassy (Figure 8.1B) but show a slight
change in composition occurred during the experiment. Silica content decreased
by ∼ 4 wt % with MgO increasing by ∼ 5-6 wt %. MgO is likely to have diffused
into the capsule from the cell assembly at high pressure and temperature as the
samples were held for up to 8 hours at high P − T . Silica could also have diffused
out of the sample into the cell assembly at these conditions. However, as the silica
content decreased the polymerisation of the melt was not affected and the melt
still remained depolymerised; the other cation concentrations were also similar so
it is unlikely that the results were dramatically affected.

8.3

Data Analysis Procedure

Data analysis was carried out using the same method as described in Chapters
5 and 7 for both the PEP and DAC experiments. Due to the high background
scattering from the carbon mirrors (Figure 8.2) special care had to be taken
to ensure background removal was consistent for all measurements. This was
completed by scaling the background at the same 2θ angle for every spectrum.
As can be seen in Figure 8.2, the compressed glass measurements were made
without the carbon mirrors to increase the signal intensity, these could then be
compared to the melt measurements where the mirrors were required to assess
the reliability of the decreased signal. Due to the pressure transmitting medium,
in the compressed glass samples the signal collected contained scattering from
both the sample and the amorphous SiO2 . This contribution was removed by
collecting data on a compressed sample with no SiO2 at similar pressure intervals.
This was then compared to the diffraction patterns containing sample and SiO2
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Figure 8.1

Recovered samples both DAC (Ai-ii) and PEP (B) experiments,
taken on the electron microprobe. Ai and Aii clearly show the 20 µm
spheres caused by laser heating.

and the contribution arising from SiO2 was removed from the diffraction signal
(Figure 8.2A). During heating, stishovite and coesite Bragg peaks are produced
as SiO2 recrystallises at high temperature. If this occurred, the Bragg peaks were
removed by masking the diffraction spots on the image plate. These were useful
for corroborating the estimated pressure from the ruby using the phase diagram
of quartz at high pressure and temperature. In some cases during heating the
SiO2 did not recrystallise and the SiO2 contribution was removed via the same
method as the compressed glass.

8.4
8.4.1

Results
Neodymium as a Laser Coupler

This is the first time Nd has been reported as a coupler for LH-DAC experiments
and previous couplers have included other metals such iron and platinum [14, 182].
In order to couple with the YAG laser an element which absorbs at the same
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Figure 8.2

Diffraction patterns for examples of the Nd-doped glass samples
contained in the DAC, with (A) and without (B) carbon mirrors
for laser heating. In A, the sample signal with and without SiO2
contributions is shown.

wavelength of the YAG (1064 nm) is required. Nd was chosen due to its ability
to absorb and fluoresce at this wavelength. The Nd coupler has many advantages
over previous iron coupling measurements including the ability to re-melt the
sample with identical quality, very localised heating, and preservation of the
diamond anvils even at P >50 GPa and T >2000 K. When Fe has been used
as a coupler [14], if the same sample was melted more than once with the laser
a considerable decrease in intensity was observed, indicating that Fe appeared
to diffuse away from the sample spot. With Nd no such decrease in intensity
was observed and the recovered sample analysis suggests that Nd remained
homogeneously distributed. The localisation of heating is improved with Nd
compared to Fe as observed by the partial recrystallisation of the SiO2 thermal
insulation layer. In Fe-doped samples this layer always recrystallised resulting in
considerably more Bragg peaks to remove and additional uncertainty in the data
processing. It is also this improvement in localisation of heating that appears to
protect the diamond anvils from damage at high P − T . With Fe, at P > 40 GPa,
laser heating spots on the culets or cracking of the diamond anvils nearly always
occurred; however no damage was observed at the same conditions with Nd. This
is likely due to greater heat escape from the sample in the case of Fe, which is
inferred by the SiO2 recrystallisation.
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Run no.

P (GPa)

Power (W)

n0 (Å−3 )

Exp. 1

G(r) positions (Å)
r1

r2

r3

Nd doped
amb.
N1
2.1 (3)
N2
6 (2)
N3
8.2 (3)
N4
12 (2)
N5
17.5 (5)
N6
29.3 (9)
N7
35.7 (5)
N8
44.9 (2.0)
N9
60 (3.0)

amb.
40
14
13
15
27
82
81
amb.
amb.

[0.081]
0.084 [0.085]
0.093 [0.093]
0.092
0.093
0.096 [0.094]
0.097 [0.094]
0.097 [0.097]
[0.099]
[0.098]

1.61
1.59
1.59
1.62
1.61
1.61
1.65
1.68
1.69
1.67

(1)
(2)
(2)
(2)
(2)
(1)
(2)
(2)
(2)
(2)

2.48
2.44
2.43
2.41
2.50
2.49
2.61
2.51
2.47
2.56

(2)
(2)
(2)
(2)
(5)
(3)
(4)
(4)
(5)
(3)

3.24
3.07
3.11
3.19
3.17
3.21
3.18
3.37
3.16
3.22

(3)
(3)
(3)
(2)
(4)
(3)
(4)
(6)
(4)
(3)

Undoped

amb.
amb.
amb.
amb.
amb.
amb.
amb.

[0.081]
[0.094]
[0.096]
[0.097]
[0.098]
[0.098]
[0.099]

1.61
1.62
1.63
1.66
1.67
1.68
1.68

(1)
(2)
(1)
(2)
(1)
(2)
(2)

2.46
2.44
2.65
2.43
2.39
2.42
2.45

(2)
(2)
(2)
(3)
(3)
(3)
(3)

3.23
3.18
3.15
3.15
3.15
3.14
3.07

(3)
(3)
(3)
(3)
(3)
(2)
(4)

0.082
0.087
0.092

1.60 (1) 2.43 (2) 3.05 (2)
1.59 (1) 2.44 (2) 3.10 (3)
1.59 (2) 2.41 (3) 3.18 (5)

amb.
7.6 (3)
18.5 (5)
28.8 (5)
35.6 (10)
45.3 (10)
58.0 (20)

Exp. 2
P1
P2
P3

T (K)
0.6 (3)
3.5 (2)
5.5 (3)

1570 (50)
1820 (50)
1850 (50)

Table 8.2 Experimental conditions of each experiment as well as estimated
densities and results on positions of the first three peaks in the G(r),
r1−3 . Brackets in T and P are errors. Experiment 1 was using laser
heating at GSECARS, and experiment 2 results are from HP-CAT
using the Paris-Edinburgh press. Densities given in [] denote the
density of the glass samples at the same pressure as the melt. As
described in the text all undoped data collected in Exp. 1 were glass
due to the lack of laser coupler. Undoped data collected up to 8 GPa
on HP-CAT is described in Chapter 7.
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8.4.2

Structural Results

Details of experimental data collected at each pressure are listed in Table 8.2.
Laser heating melt data on the Nd-doped samples were collected up to 35.7 GPa
with doped glass measurements for comparison also taken at each pressure step.
The highest pressure measurements at 44.9 and 60 GPa were successfully collected
on the glass only due to the low signal intensity of the melt. PEP data using
EDXD were collected on the doped samples in the molten state at 0.6, 3.5 and
5.5 GPa along with undoped AnD melt measurements up to 8 GPa (described in
Chapter 7.4.2). Undoped glass samples were collected up to 60 GPa; no melt
could be collected on the undoped samples in the DAC setup due to the lack
of laser coupler (Nd) in the sample. The structure factors are shown in Figure
8.3 with the lower panel showing comparison between molten Nd-doped samples
(either by LH-DAC or PEP) and molten undoped samples up to 8 GPa, and
the upper panel displaying molten doped data (where possible) from LH-DAC
experiments compared against compressed glass at the same pressure over the
range 8-60 GPa. The subsequent G(r) obtained via Fourier transform are shown
in Figure 8.4. The positions of the prominent peaks and densities used for the
calculation are given in Table 8.2.
In the S(Q) the FSDP of the Nd-doped samples increases from 1.99 Å−1 at
ambient conditions to 2.08 Å−1 by 8 GPa. This is similar to the shift seen in
the Lu-doped AnD over the same P -range and is also observed in the undoped
AnD. There is good consistency between the S(Q) collected via PEP and LHDAC measurements although as can be seen at 2.1, 6 and 8.2 GPa, the noise
at Q >4 Å−1 is much greater in the LH-DAC measurements due to the lower
signal intensity, and subsequently the resolution of oscillations at Q >7 Å−1 is
poorer than in the PEP experiments. This causes broadening of the resolved
peaks in the G(r) which is discussed below. As in the Lu-doped melts, the S(Q)
for the doped and undoped melts are similar except for a slight increase in S(Q)
intensity in the doped spectra between 3-4 Å−1 on the shoulder of the second
peak. This is less distinct than in the Lu-doped samples and not as consistent.
At higher pressures, the FSDP visibly decreases in intensity, broadens and shifts
further to a higher Q of 2.36 Å−1 at 29 GPa until it reaches 2.5 Å−1 by 45 GPa
and appears to remain in this position up to 60 GPa. This is attributed to the
increase in mean Si-O distance as Si coordination increases at high pressure, and
therefore a distortion of the silicate network. A second diffuse peak at 3.2 Å−1
is observed to increase in intensity from 17 GPa in the glass structure whilst the
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Figure 8.3

Structure Factors, S(Q), for Nd-doped (black) and undoped (orange
and green) melts and glasses up to 60 GPa. Lower panel shows
1 GPa pressure steps in the low pressure regime up to 8 GPa with
both the Nd-doped and undoped collected in the molten state at high
temperature. Green patterns in the top panel are undoped glass
measurements for comparison.
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third peak broadens and decreases in intensity. These results are consistent with
data presented on basaltic melts by [14] and SiO2 glasses at high pressure [16, 17].
As can be seen in the LH-DAC samples at 29.3 and 35.7 GPa, the signal intensity
is much lower than that of the glass at the same pressure. This is due to the short
collection time for the melts and carbon mirrors required to align the laser heating
system, as well as the very low scattering of the molten sample at these pressures.
Although the Fourier transform of these spectra appears reasonable, the peaks
appear very broad due to the lack of resolution in the S(Q). This affects the real
intensities of the peaks and makes fitting with appropriate densities difficult as
will be discussed in Section 8.4.4.
In the G(r) the first peak at r1 =1.61 Å in the low P data arises from the Si-O and
Al-O contributions as discussed in Chapter 7. The second peak at r2 =2.4 Å in the
undoped samples is the result of the Ca-O contribution and is seen to increase
in intensity in all the Nd-doped samples, assumed to be a result of the Nd-O
correlation as witnessed for Lu-O in Chapter 7. The third peak, r3 at 3.1-3.2 Å is
a sum of the O-O and Si-Si correlations (Table 8.2). The change in intensities of
the S(Q) peaks above 17.5 GPa is represented in the G(r) by noticeable changes
in the correlations. The first peak in the G(r) which is dominantly the Si-O
contribution is seen to shift to 1.65 Å at 17.5 GPa to 1.68 Å by 35.7 GPa; the
alteration in the first peak height and position is consistent with an increase in
Si-O coordination from 4 to 6 over this range. At 29.3 GPa in the undoped glasses
it can be seen that the second correlation in the G(r) gains intensity and a broad
band is seen to appear at 2.5 Å. Both these changes have been observed in other
silicate melts and glasses [14, 16, 17]. This contribution has been attributed to
the presence of tetrahedral edge-sharing giving rise to O-O correlations at this
distance as compression forces the tetrahedra closer together [17]. The decrease in
the Si-O contribution height with pressure is due to the increasing density of the
sample with compression as observed in Chapters 5 and 7. Above 17.5 GPa this
decrease slows with further increasing pressure which is consistent with the FSDP
shift rate which also slows above this pressure suggesting the rate of densification
is much greater below 20 GPa, and dominant between 0-5 GPa as discussed in
Chapter 7 and by Sanloup [14].
As mentioned, the low signal intensity from the liquid sample may cause artefacts
in the G(r) during the data processing. As this study is focussed on minor
correlations, specifically Nd-O, it is important to be able to distinguish artefact
oscillations from real contributions, especially as slight changes in intensity caused
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Figure 8.4

Radial distribution functions, G(r), Fourier transformed from the
S(Q) shown in Figure 8.3. Lower panel shows 1 GPa pressure
steps in the low pressure regime up to 8 GPa with both the Nddoped and undoped collected in the molten state at high temperature.
Green patterns in the top panel are undoped glass measurements for
comparison.
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Figure 8.5

164

Nd-doped melt data (blue) compared to Nd-doped glass data (black)
at the same pressure. Top panel shows the S(Q) with lower panel
shows the subsequent G(r).

Ion-Ion

r

elements

P1

P2

Si-O
Al-O
Mg-O
Ca-O
O-O
Nd-O

1.6 (2)
1.75 (2)
2.00 (5)
2.40 (2)
3.05 (4)
2.38 (3)

1.6 (2)
1.75 (2)
2.00 (5)
2.45 (9)
3.05 (4)
2.45 (3)

k
P3
1.68
1.80
2.05
2.50
3.00
2.45

(2)
(2)
(3)
(9)
(4)
(3)

P1

P2

CN
P3

P1

0.12 0.12 0.14
4
0.09 0.09 0.12
4.3
0.2 0.2 0.12
5
0.15 0.15 0.14
8.1
0.18 0.18 0.15
9
0.1 0.1 0.08 5.8(3)

P2

P3

4
5.8
4.3-5.2
5.2
5
5.5
9
10.5
9
10
8.2(3) 8.2(4)

Table 8.3 Ion-ion contributions used to model individual Gaussians, g(r)ind , in
the compositions over different pressure ranges. Errors from fitting
the bond distances are given in brackets. The coordination numbers
obtained for Nd are an average over a minimum of 10 fits with error
of ±0.3 for each final value. ri = bond length, k = width parameter
of Gaussian, CNi = coordination of individual bond. P1 = ambient
and 1 GPa data. P2 =2-12 GPa, P3 =17.5 GPa and above

by data processing could alter extracted coordination numbers from CNNd−O .
In Figure 8.5 Nd-doped melts are plotted against their ambient glass spectra to
identify whether the Nd-O correlations considered to be part of r2 in the G(r) are
consistent. As can be seen, most of the G(r) pairs in both the glass and melts are
very uniform, apart from the increase in Si-O correlation length to 1.65 Å which
occurs at lower P in the melt phase, at 17.5 GPa, and not until 30 GPa in the
glass. The only significant correlation differences are seen in 29.3 GPa where an
increase in r1 intensity and decrease in the r2 position is seen in the glass relative
to the melt. Obviously differences between the glass and melt spectra could be
the result of structural changes between the phases, although it is unlikely that
this would be seen at just one pressure. This data suggest that the glass and melt
spectra are predominantly similar in structure over the P -range of this study, with
the only observed difference being the lower P increase of the Si-O distance in
the melt. The overall consistency between the data sets shows that most of the
contributions can be considered real, but that some artefacts may arise during
data processing over the same Q-range due to the varying noise levels in the data
at high Q and should be considered with care in the analysis.

8.4.3

Nd-O at Low Pressure, 1-8 GPa

By comparing the doped and undoped molten data up to 8 GPa the Nd-O
contribution can be seen to appear in the structure from ambient conditions
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at 2.36-2.43 Å (Figure 8.4). The undoped data up to 8 GPa were fit with the
same parameters as in Chapter 7 (Table 8.3) and the CNNd−O and rNd−O could
be extracted by the same method as for Lu-O in Chapter 7, where the same
parameters for the undoped data were fit to the doped where possible, so that the
Nd-O correlation could be extracted (Figure 8.6). For the lowest P (ambient and
1 GPa) data, identical fitting parameters for Nd-O were obtained and resulted in
a CNNd−O =5.8 and rNd−O =2.38 Å. This distance is consistent with the calculated
6-coordinated Lu-O in AnD (Chapter 7), where rLu−O =2.29 Å. The increase in
Nd-O bond distance compared to Lu-O by 0.1 Å is expected, due to the larger
atomic radii of Nd (1.12 Å) compared to Lu (1.001 Å) [175]. This coordination
is also similar to CNLu−O =6 in Chapter 7, showing that both REE adopt the
same coordination in basaltic-like melts at low pressure. Although this distance
is greater than would be predicted by tabulated ionic crystal radii of 2.33 Å for
6-fold Nd3+ coordination [175], this would be expected in the molten phase due
to thermal vibrations and the less rigid structure, and is the same difference
from tabulated radii as observed for Lu. Molecular dynamic modelling of Nd
in ambient pressure silicate glasses obtained CNNd−O =5.5-5.7 and rNd−O =2.32 Å
similar to the results presented here [183]. EXAFS measurements on Nd within
phosphate glasses [184], where CNNd−O =6.4 and rNd−O =2.37 Å, are also very
consistent. In Figure 8.6 (right), it can be seen that in some cases the required
Ca-O correlation fit differed between the doped and undoped samples. This is due
to the overlapping Ca-O and O-O correlations that mean the Ca-O contribution
cannot be resolved explicitly enough to refine a true bond distance. The difference
in the rCa−O required between some of the doped and undoped data is 0.05 Å and
is given as the error on the fits in Table 8.3. If the undoped correlation position
is used for the doped spectra, fitting a CNNd−O >10 is required which seems
unreasonable; therefore the extracted fit parameters are still considered reliable
estimates within error.
As can be seen in Figure 8.7 and from the parameters in Table 8.3, at 2 GPa
there is an increase to CNNd−O =8.2(3) and rNd−O =2.45 Å. The undoped sample
fitting parameters remain as expected over this range, strongly indicating that
there is a change in Nd-O environment. The average coordination appears to
abruptly increase with only slight compression above 1 GPa. This is accompanied
by a slight increase in bond length but due to the underlying Ca-O correlation
this is not precisely resolvable and the large error means this distance could be
anywhere between 2.4-2.5 Å. The Nd-doped melt data collected at 5.5 GPa could
not be fit with anything less than 10-fold coordination. This seems unexpectedly
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Figure 8.6

Left: Ambient Nd-doped and undoped spectra with fits (solid lines).
Individual ion-ion correlations, g(r)ind , used to make the fits are
labelled and the same correlations are used in the doped spectra
with the addition of Nd-O. Right: Fitting of high temperature
and pressure data at 3.5 GPa and the correlations (same labels as
ambient). The error in the Ca-O correlation between the doped and
undoped data is highlighted and the higher r Nd-O correlation can
be seen.

high and is not consistent with the other pressures and is put down to spline
normalisation errors in the data processing, as the oscillations at Q >8 Å−1 seem
unusually intense. No further CN or distance change occurs up to 8 GPa within
the resolution of this technique.

8.4.4

Nd-O at High Pressure, 8-60 GPa

Above 8 GPa the CNNd−O remains at 8.2(4) with possibly a slight increase to
rNd−O =2.45 Å from 17.5 GPa and above. The predicted high pressure increase
of CNCa−O to 10-fold was taken from [20, 185] and fit well with the undoped
spectra over the P3 range; however, the coincident decrease of rCa−O to 2.3 Å was
not observed and could not be fit to the undoped data of this range. Here, the
rCa−O has to increase to 2.5 Å to allow any realistic fitting of the undoped spectra.
Above 29.3 GPa, however, resolving the Ca-O and broadened O-O contribution
becomes increasingly difficult, and both correlations were used to fit one broad
correlation to the r2 contribution in the undoped data. Therefore, the specific
parameters obtained for Ca-O and O-O in this range may not be accurate for
their individual correlations. This should not impact on the Nd-O correlation
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Figure 8.7

Individual g(r)Nd−O correlations to highlight increase in bond
distance and coordination (increased total area of peak). At <1 GPa
(open symbols), correlations are less intense and at lower r, with
increasing r and intensity at >2 GPa (close symbols). The difference
in intensities between data of the same coordination number is due
to the density differences between the samples.

methodology as the contribution of the Nd-O correlation on the G(r) is still
fit separately, minus the undoped correlation parameters. The CNSi−O and rSi−O
were fit accordingly with their expected increased bond distance and coordination
number of 1.68 Å and 6, as well as the known CNAl−O change from 4.3 to 5.2
(Chapter 5). Up to 29.3 GPa, the CNNd−O =8.2 and rNd−O =2.45 Å are consistent
with the observations from the P2 range; but for data above 35 GPa it was not
possible to identify the individual Nd-O contribution successfully. This was due
to the increase in the r2 correlation in the undoped samples due to the O-O
interactions. No distinct shift in r2 position was observed from 29.3 GPa and
35.7 GPa, so it could be assumed that no major change had occurred to CNNd−O
and rNd−O ; however it is unresolvable due to the low signal intensity of the data
at these pressures and therefore broadening of the G(r) peaks. If data could
be collected to a higher Q-range, or from a larger sample volume, it should be
possible to trace the Nd-O contribution to higher pressures.

8.5

Discussion

This study follows on the results of Chapter 7 on the incorporation of Lu within
basaltic-like melts at high pressure and the same assumptions on Henry’s law
168

behaviour are made for the concentrations of Nd in this study (<3800 ppm). The
results presented show an increase in Nd-O coordination from 5.8 to 8.2 above
1 GPa in the AnD melt structure. The CNNd−O of 5.8(3) at <1 GPa is consistent
with CNLu−O =6 at the same pressures, although an increase in coordination
number appears to occur at considerably lower P for Nd than for Lu, as for the
same composition CNLu−O increased from 6 to 8 between 4-5 GPa. As for Lu, it is
most likely at ambient and very low P that Nd is free to accommodate anywhere
within the open depolymerised network, and is not forced to occupy ring or cage
structures due to the low silica content of the AnD. Nd therefore preferentially
adopts the lower CN as the structure is more open and flexible and requires
bonding to only non-bridging oxygens. For Lu, it was proposed that at 4-5 GPa,
after significant compression of the network, the increased network connectivity
forced the Lu on to ’crystal-like’ sites of higher CN . As the atomic radii of Nd
is significantly larger than that of Lu (1.12 to 1.002 Å), this transition may be
forced to occur at lower P for Nd as it can only accommodate in the largest
voids in the melt structure that immediately reduce in number on compression.
During compression, the large atomic radii of Nd could prevent the collapse of
certain voids but the number of nearest-neighbour oxygens surrounding the site
will increase as the network is rapidly compressed between 0-5 GPa. As discussed
in Chapter 7, the density increase is most rapid over this low P range, and
perhaps it is only the smaller radii of Lu that allows it to accommodate more
freely on other lower CN sites within the network before being forced to adopt 8fold CN . This difference between the structural incorporation with P of a HREE
(Lu) and LREE (Nd) suggests that the incorporation of REE in silicate liquids
cannot be considered uniform for all REE despite their similar ionic charge, and
presents the question of how the different REE will behave and where the division
in behaviour arises. As Lu and Nd represent near end members of the light and
heavy REE, perhaps the majority of HREE from Eu to Lu will incorporate as Lu,
and the LREE as Nd. Particularly in systems where there are no crystal lattice
site changes with P , there could be a gradual trend in partitioning with P within
the REE series entirely due to the melt composition. Further structural data on
the incorporation with P on a variety of REE would be required to monitor this.

8.5.1

Implications for Partitioning

At ambient pressures the LREE are known to only be compatible in minerals
with large 8-fold regular lattice sites available, such as garnet, when a basaltic
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melt is present [45]. In minerals with smaller cation sites large REE are usually
incompatible unless the melt is highly polymerised. At high P it appears that
the basaltic melt network becomes increasingly favourable to REE incorporation
as the melt network generates garnet-like 8-fold sites. For Lu, when this increase
in coordination in the melt site was observed, a coincident decrease in partition
coefficient is also witnessed between basaltic melts and major minerals. It was
suggested in Chapter 7 that the decrease in compatibility, so that Lu incorporates
equally in the melt and mineral, was due to the presence of the crystal-like sites in
the liquid leaving no distinct preference for either phase. Due to the large radii of
Nd it is generally incompatible in most mineral phases and prefers to incorporate
in the melt [55]; this could be due to the low pressure structural changes within
the melt that allow it to be accommodated on the ’crystal-like’ sites in the melt
network from between 1-2 GPa. As garnet is not stable at low P in the mantle it
is difficult to interpret whether Nd would be more compatible at very low P .
There appears to be no distinct change in partition coefficients for Nd between
garnet and basaltic melts (Figure 2.6) from 3-10 GPa [69, 73, 74], unlike for Lu
where a distinct decrease was observed over this range. This possibly confirms
that any structural changes occurring within Nd-doped melts are at lower P ,
particularly as a distinct decrease in partitioning is observed for Nd between
clinopyroxene and basaltic melts between 0-3 GPa [73, 75], where partitioning
drops from 0.7 to 0.05, a greater decrease than for any other REE discussed
here (Y, Sm, Lu). The observed partitioning behaviour for REE, of increasing
compatibility in minerals with decreasing ionic radii, can be explained by a
difference in structural behaviour of the melt phase and not only the elasticity
of the crystal lattice. Previously, this trend has always been attributed to the
difficulty of accommodating the LREE with large atomic radii within the crystal
lattice. However this study suggests that the structure of the melt could also
strongly influence this behaviour. As the incorporation of REE in silicate melt
structures appears to differ with P , there may be greater influence of the melt on
partitioning trends and behaviour at depth than previously expected.

8.6

Conclusion

The structural incorporation of Nd in anorthite-diopside melts at high pressure
is different to the heavy REE Lu. Neodymium proved to be an excellent coupler
for laser heating DAC experiments producing homogeneous melting throughout
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the sample and little damage to the diamond anvils. Nd-doped AnD melts were
studied using x-ray diffraction techniques in both laser-heated DAC and PEP
experiments up to 35 GPa. CNNd−O increases from 5.8 to 8.2 between 1-2 GPa, at
much lower pressure than for Lu where CNLu−O increased from 6 to 8 at 4-5 GPa.
The increase in coordination for Nd-O is also not coincident with a distinctive
increase in bond length as clearly observed for Lu-O, where rNd−O ranges from
2.36-2.45 Å, compared to Lu-O where rLu−O increased from 2.29 to 2.42 Å. The
shorter distance of the Lu-O bond means it is more easily resolvable in this
composition than the Nd-O due to less overlap with the Ca-O contribution. This
highlights the limitations in using x-ray diffraction to monitor REE incorporation,
as only elements with bond lengths distinct from other major element correlations
can be resolved using current techniques.
The results show that the incorporation of REE within silicate melts is distinctly
different and that the size of the REE affects the sites it can accommodate on
within the silicate melt network. If it is assumed that all LREE behave in a more
similar way to Nd than Lu, the partitioning of Sm/Nd will not be strongly affected
by this change as the ratio will be maintained across the P -range of the mantle.
The distinct partitioning trend of REE with increasing atomic radii (increasing
compatibility with decreasing radii), could be the result of the changes within the
silicate melt network rather than purely elasticity of the crystal site as presumed
in current models. As with Chapter 7, these results highlight the importance of
collecting structural data on trace element incorporation within silicate melts and
that the effect of the melt cannot be considered negligible in partitioning models.
The current methodology appears to be applicable on molten AnD up to 35 GPa,
although above this the signal intensity from such thin samples becomes too
low and only glass measurements can successfully resolve the structure. With
developments in high pressure techniques with larger sample volumes at high
pressure, and brighter synchrotron sources, it may be possible in the future to
resolve REE incorporation at P >35 GPa. Apart from the previously observed
onset of Si-O coordination change at lower P within basaltic melt structures [14],
glass measurements at corresponding pressures to the AnD melt studied here
appear structurally identical over this P -range up to 35 GPa. This would suggest
that x-ray diffraction measurements performed on REE doped quenched glasses
would have increased signal intensity and could provide good analogues of the
melt phase.
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Chapter 9
Conclusions and Future Work
In this thesis the structure of two end-member melt compositions have been
investigated at high pressure and temperature: a highly polymerised haplogranite
melt up to 8 GPa, and a less polymerised anorthite-diopside composition to
60 GPa. The structure of the granitic melts when doped with trace elements Br,
Y, Zr, and Lu has been studied, including any local environment changes around
the trace elements with pressure and temperature. The incorporation of Lu within
both end member compositions has been studied to identify the different bonding
environments of REE within both highly polymerised and less polymerised melts.
The bonding environment of Nd has also been studied within the less polymerised
AnD melt for comparison between the incorporation mechanisms of varying REE.
Novel experimental techniques have been implemented throughout the work
presented in this thesis. Results in Chapter 6 present the first studies to use
the boron-epoxy ’window’ cell design for x-ray absorption studies in the ParisEdinburgh press. These cells were successfully used to increase transmission
from the low scattering samples. New Pt wire resistive heaters suitable for DAC
experiments have been developed and successfully used to access T >900 K within
the sample chamber. The Pt wire heaters have been calibrated and produce
consistent temperature measurements and power curves between different heaters.
The limitation of this design is the maximum achievable temperature of <1000 K,
although this could potentially be improved with more precise coiling. For YAG
laser heating DAC experiments, neodymium was trialled as a laser coupler with
favourable results. At low concentrations (<1 at.%) Nd was able to act as a laser
coupler without causing extensive damage to the diamond anvils.

173

The haplogranite melts studied in Chapters 5, 6 and 7 are structurally identical
to those of their corresponding glass up to 8 GPa in both the doped and undoped
studies. This would suggest that quenched haplogranitic or granitic glasses from
high P − T could be used as successful analogues for studies on the molten
structure. However, for density studies data must be collected on molten samples
due to the high compressibility of granitic melts compared to their glass up to
5 GPa as observed in Chapter 5. Within the haplogranite structure, Y and
Zr were investigated using x-ray absorption spectroscopy at high pressure and
temperature. Up to 8 GPa the local environment of Y and Zr in the melt structure
remains consistent. Both Y and Zr are found in high, 8-fold coordination with
oxygen at bond distances of 2.37 and 2.22 Å respectively, and no evidence for
complexation with water was observed. The Y and Zr environment within the
glass of the same composition is identical to that of the melt; however, in the dry
haplogranite the Zr local environment appears to become more irregular.
The first x-ray diffraction measurements on trace elements in situ within silicate
melt structures have been presented. The results of Chapters 7 and 8 indicate
that x-ray diffraction techniques can be used to study trace element incorporation
in liquids and can reliably determine nearest-neighbour bond distances for minor
elements. The results show that between a less polymerised to highly polymerised
melt there is a significant change in Lu coordination, from 6 to 8, coincident with
an increase in bond length of 0.07 Å from rLu−O =2.29 to 2.36 Å. This coordination
change can explain why large REE prefer to incorporate in crystalline structures
when partitioning between minerals and highly polymerised melts, as there
are less available sites for accommodating large REE in highly interconnected
networks. An abrupt coordination increase for Lu-O from 6 to 8 was also observed
at 4-5 GPa within the less polymerised system, indicating that pressure has a
substantial effect on REE incorporation within less polymerised silicate melts.
This is corroborated by the results presented on Nd-O coordination within the
same composition, where an increase from 6 to 8-coordinated Nd is observed
between 1-2 GPa in the AnD melt. The difference in behaviour between the
incorporation of REE in highly polymerised (HPG) and less polymerised (AnD)
systems is most likely due to the nature of the silicate network. In the HPG the
high silica content produces a strongly interconnected network, as found in silica
glass, with different sized cages. The large radii REE can only be accommodated
within the largest void structures, and upon compression may prevent these sites
from collapsing. Within the AnD melt network, the higher concentration of
cations prevents a polymerised network forming at low P ; therefore the REE
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may be accommodated in multiple sites within the network. Upon compression,
the cations and silica tetrahedra are packed closer together but do not form rings
or cages as in the HPG network. Instead, ’crystal-like’ sites are generated where
REE can incorporate in a similar configuration to minerals such as garnet.
Although results presented in this thesis indicate the potential for determining
the incorporation of rare Earth and other trace elements in silicate melts, there
are limitations in the methodologies presented. Currently, reasonably high
concentrations (4 wt.% oxide) of the trace elements are required to generate
a large enough signal. This could result in the interaction of these elements
within the sample or alterations to the structure due to the incorporation of these
elements that may not occur at natural (ppm) concentrations. With increasing
brightness of synchrotrons and improved flux, it may be possible in the future
to carry out these measurements at more realistic concentrations. The other
main limitation arises from the overlapping contributions within the G(r). In
this study the REE-O bond distances were resolvable as they occur at a distance
distinctly different to most other ion-ion interactions in the silicates studied. For
smaller radii cations such as Hf, the bond distance prevents a distinct peak being
resolved as it overlaps with the main Si-O and Al-O contributions. If natural
samples were used, that contain elements such as Fe, this would also prevent the
resolution on the REE-O bonding environments required for this study. In order
to study more natural compositions, partial structure factors could be obtained
using isotopic substitution and neutron diffraction.
X-ray absorption and diffraction measurements are useful to corroborate results
on similar elements, although in complicated molten samples, absorption spectroscopy is limited due to the high number of multiple scattering interactions
which are difficult to model. X-ray diffraction is advantageous over EXAFS in
this study as it provides the bonding environments of the entire sample, but with
both techniques, data processing can introduce artefacts that misrepresent the
structure. For x-ray diffraction it is critical that a high Q-range and excellent
background is collected. With higher energy the Q-range can be increased,
and this will decrease the artefacts that arise from the current limits on the
Fourier transform. Currently, at high energy the signal:background ratio is
too high to obtain a useful scattering signal from the sample. As synchrotron
sources are developed with higher flux it will be possible to use higher energy
x-rays and, therefore, access higher Q to study low scattering samples. ParisEdinburgh press experiments using energy dispersive diffraction were particularly
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successful at providing high Q-range and good signal intensity in this study
and are only limited by the P − T conditions that are accessible. As new
experimental techniques are developed it will be possible to increase the sample
volumes that can be used at high P − T . A larger volume provides a greater
signal intensity, and the current small (<100µm) sample size required for high P
DAC measurements is the reason why results on the molten state in Chapter
8 are limited in P to <30 GPa. Zhai and Ito [186] have developed sintered
diamond anvils for multi-anvil experiments that can reach pressures of up to
90 GPa. These would be ideal for providing a much greater signal intensity from
a larger sample volume at high pressure, compared to DAC experiments, and
more accurate temperature measurements than laser heated diamond anvil cells.
As high pressure-temperature techniques develop, x-ray diffraction structural
measurements on trace element incorporation in melts at natural levels of
concentration should be achievable, if the elements have high enough scattering
(i.e. Z>52). In the future, in order to better constrain the behaviour of a wider
variety of trace elements with pressure at different bond distances, a larger Qrange would be required to enable greater resolution between correlations in the
G(r). This could be achieved with higher energy x-rays as discussed, and would
need to be combined with larger sample volumes or greater flux of x-rays so that
signal intensity from the sample is not comprised.
The results presented in this thesis indicate clearly that important structural
changes occur within silicate melts, even for minor elements, and that changes
within the melt structure can explain variations in existing partitioning data
with pressure. For different REE there is a substantial change in the structural
incorporation within less polymerised melts similar to basaltic magmas, indicating
that the behaviour of different sized REE cations cannot only be attributed to
changes in the crystal lattice during partitioning. The data presented here are
in agreement with existing partitioning data for the REE series, where HREE
(such as Lu) are more compatible in minerals than the LREE at P <5 GPa. On
the basis of this thesis, further work should be carried out on other REE within
the lanthanide series to establish whether the change in local environment with
pressure is element dependent, or if a gradual trend with decreasing atomic radii
is present.
Based on the difference in behaviour between Nd and Lu in the AnD composition
in this study, if structural changes within the melt impact partitioning of Lu
and Nd at different pressures, the partitioning behaviour of these elements is
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expected to be different with increasing P . At P >4-5 GPa, partitioning between
Lu and Hf may become similar if Lu becomes more incompatible at depth in
certain minerals. For Nd, as the change occurs at much lower P between 12 GPa, Nd may remain incompatible over the range of melt formation. The
results presented in this thesis provide clear evidence that melt structural changes
influence the local environment of trace elements and these local changes need to
be taken into account in future geochemical models. It is clear that individual
partitioning measurements, not only for different minerals with pressure but also
melt compositions, is required at the P −T conditions of interest, and attempting
to predict partitioning behaviour at depth without experimental data for the
mineral-melt system of interest at high P − T is likely to be unsuccessful.
From the work undertaken in this thesis, it is clear that existing partitioning data
cannot be extrapolated beyond the pressure and temperature conditions of the
experiments due to changes in the melt structure and trace element environments.
This implies that studies need to be focused on constraining and understanding
the trace element sites within melt structures and not just the crystal lattice
sites of minerals present during partial melting. Current understanding of
large-scale melting processes, that are interpreted using partitioning studies,
are therefore limited by the current pressure and temperature range of existing
partitioning data. In order to understand processes such as magma ocean
crystallisation, melting during the moon-forming impact, and early crustal
formation, partitioning experiments and structural studies on melts under the
conditions relevant to these processes must be undertaken.
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Appendix One
Data tables for all the P −T points collected at various beamlines and the reasons
for not including the data in the main text of this thesis. Data was collected over
the course of many different experiments, and for three of the main experiments
that were undertaken during the course of this work, some data could not be
analysed. The reasons for not including some data are listed in the following
tables for the experiments:
1) Haplogranite and Lu-doped haplogranitic collected in resistive heated DAC
experiments on I-15 at the Diamond Light Source in October 2013 (Table 9.1).
2) Anorthite-diopside laser heated DAC experiments on GSECARS at the
Advanced Photon Source in February 2015 (Table 9.2).
3) Anorthite-diopside Paris-Edinburgh press experiments at HP-CAT at the
Advanced Photon Source in February 2016 (Table 9.3).
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Exp. no. Thesis no.
Cell 1
Cell 2
Cell 3
Cell 4
Cell 5
Cell 6
Cell 7
Cell 8
Cell 9
Cell 10
Cell 11
Cell 12
Cell 13
Cell 14
Cell 15
Cell 16
Cell 17
Cell 18
Cell 19
Cell 20
Cell 21
Cell 22
Cell 23

D4
D5
C4
C3
C10
C2
C7
C9
D1
D2
D3
C8
C12
-

Comp.

P (GPa)

HPG + Lu
HPG + Lu
HPG
HPG
HPG + Lu
HPG
HPG
HPG
test
HPG
HPG
HPG
HPG
HPG
HPG + Lu
HPG + Lu
HPG + Lu
HPG
HPG
HPG + Lu

3.8 (2)
5.8 (4)
2.3 (3)
1.6 (5)
1.5 (3)
5.1 (6)
1.4 (2)
3.5 (5)
na
na
na
4.0 (5)
na
na
0.5 (2)
2.1 (3)
2.5 (3)
4.1 (3)
11.8 (5)
2.5 (3)

T (K)

In results?

Reason if not included

973 (40)
YES Chap. 7
na
1073 (40) YES Chap. 7
na
290
YES Chap. 5,7
na
290
YES Chap. 5
na
290
NO
image plate poor
290
YES Chap. 5
na
290
YES Chap. 5,7
na
290
YES Chap. 5
na
na
NO
test cell
NO
incorrect sample loading
NO
sample contaminated
NO
sample contaminated
290
NO
no pressure calibrant
290
NO
no pressure calibrant
950 (50)
Yes Chap. 5
na
290
NO
image plate not symmetric
290
NO
not enough Q-range collected
910 (50)
YES Chap. 7
na
900 (50)
YES Chap. 7
na
290
YES Chap. 7
na
950 (50) YES Chap. 5,7
na
290
YES Chap. 5
na
290
NO
low signal intensity

Table 9.1 Complete list of experimental runs from Diamond Light Source in
October 2013.

Exp. no.

Thesis no.

Cell 1
Cell 1b
Cell 2
Cell 2b
Cell 2c
Cell 3
Cell 4
Cell 5
Cell 6
Cell 6b
Cell 7
Cell 7b
Cell 7c
Cell 8
Cell 8b
Cell 9
Cell 10
Cell 11

N2
N1
N4
GLASS
N3
N5
N7
N6
N8
N9
GLASS

Comp.

P (GPa)

AnD + Nd
6 (2)
AnD + Nd
9.0 (3)
AnD + Nd
2.1 (3)
AnD + Nd
7.4 (3)
AnD + Nd 12.0 (3)
AnD + Nd 11.0 (4)
AnD + Nd 20.8 (6)
AnD + Nd
1-60
AnD + Nd
8.2 (3)
AnD + Nd 15.8 (7)
AnD + Nd 17.5 (5)
AnD + Nd 26.1 (5)
AnD + Nd 35.7 (5)
AnD + Nd 26.1 (5)
AnD + Nd 29.3 (9)
AnD + Nd 44.9 (2.0)
AnD + Nd 60 (3.0)
AnD
1-60

Melt
Y
na
Y
na
Y
na
na
na
Y
na
Y
na
Y
na
Y
N
N
na

In results?
YES Chap.
NO
YES Chap.
NO
YES Chap.
NO
NO
YES Chap.
YES Chap.
NO
YES Chap.
NO
YES Chap.
NO
YES Chap.
YES Chap.
YES Chap.
YES Chap.

Reason if not included
8
8
8

8
8
8
8
8
8
8
8

na
no appropriate background
na
no appropriate background
na
poor Q-range
Too many qtz peaks in spectra
na
na
Identical to Cell 7 (N5)
na
Unable to normalise correctly
na
Rings in diffraction pattern
na
na
na
na

Table 9.2 Complete list of experimental runs from GSECARS at the Advanced
Photon Source in February 2015.
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Exp. no. Thesis no.
Cell 1

Cell 2

Cell 3
Cell 4

Cell 5
Cell 6
Cell 7

P1
P2
P3
A1-b
A2-b
A3-b
A4-b
A5-b
A7-b
A9-b
A10-b
A12-b
A6-b

Comp.
AnD + Nd
AnD + Nd
AnD + Nd
AnD + Nd
AnD + Nd
AnD
AnD
AnD
AnD
AnD
AnD + Nd
AnD + Lu
AnD + Lu
AnD + Lu
AnD + Lu
AnD + Lu
AnD + Lu
AnD + Lu
AnD

P (GPa)
0.6
2.1
3.5
4.5
5.5
0.8
2.4
3.5
4.8
6.5
4.5
0.8
3.1
4.2
5.3
7.0
2.8
2.8
8.0

(3)
(3)
(3)
(4)
(3)
(3)
(2)
(3)
(3)
(3)
(4)
(3)
(3)
(3)
(3)
(3)
(4)
(4)
(4)

T (K)

In results?

Reason if not included

1570 (50)
YES Chap. 8
na
1400 (50)
NO
Too many peaks in spectra
1820 (50)
YES Chap. 8
na
1550 (50)
NO
Too many peaks in spectra
1850 (50)
YES Chap. 8
na
1570 (50) YES Chap. 7,8
na
1670 (50) YES Chap. 7,8
na
1720 (50) YES Chap. 7,8
na
1770 (50) YES Chap. 7,8
na
1870 (50) YES Chap. 7,8
na
1650 (50)
NO
Too many peaks in spectra
1570 (50)
YES Chap. 7
na
1570(50)
YES Chap. 7
na
1750 (50)
YES Chap. 7
na
1750 (50)
NO
not fully molten
2120 (50)
YES Chap. 7
na
1350 (50) YES Appendix 1
na
1750 (50) YES Appendix 1
na
2070 (50) YES Chap. 7,8
na

Table 9.3 Complete list of experimental runs from HP-CAT data collected at
the Advanced Photon Source in February 2016.
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