
 

 

 

Structural insights into 

sodium-rich silicate - carbonate glasses and melts: 

A combined study of  

trace element in-situ XAFS and Molecular Dynamics 

 

 

 

Julia Pohlenz, M.Sc. Geotechnologie 

 

 

Dissertation 

 

Universität Potsdam, Mathematisch-Naturwissenschaftlichen Fakultät 

Anfertigung der Arbeit:  

Helmholtz-Zentrum Potsdam Deutsches GeoForschungsZentrum - GFZ 

 

 

Wissenschaftsdisziplin Mineralogie 

Datum der Disputation: 15.01.2019 

 

 

 

 

 

  



This work is licensed under a Creative Commons License: 
Attribution 4.0 International 
To view a copy of this license visit 
https://creativecommons.org/licenses/by/4.0/ 
 
Betreuer:  
Prof. Dr. M. Wilke, Universität Potsdam  
 
Gutachter:  
Prof. Dr. M. Wilke, Universität Potsdam  
Prof. Dr. G. Franz, Technische Universität Berlin  
Prof. Dr. S. Rossano, Université Paris-Est Marne-la-Vallée 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Published online at the 
Institutional Repository of the University of Potsdam: 
https://doi.org/10.25932/publishup-42382 
https://nbn-resolving.org/urn:nbn:de:kobv:517-opus4-423826 

https://www.researchgate.net/institution/Universite_Paris-Est_Marne-la-Vallee


Eidesstattliche Erklärung 

Hiermit erkläre ich, dass ich die beigefügte Dissertation selbstständig verfasst 

und keine anderen als die angegebenen Hilfsmittel genutzt habe. Alle wörtlich 

oder inhaltlich übernommenen Stellen habe ich als solche gekennzeichnet. Ich 

versichere außerdem, dass ich die beigefügte Dissertation nur in diesem und 

keinem anderen Promotionsverfahren eingereicht habe und dass diesem Pro-

motionsverfahren kein endgültig gescheitertes Promotionsverfahren vorausge-

gangen ist. 

 

Berlin, den 28.04.2018 

Julia Pohlenz 





Daraus hervorgegangene Veröffentlichungen 

Pohlenz, J., Pascarelli, S., Mathon, O., Belin, S., Shiryaev, A., Safonov, O., Velig-

zhanin, A., Murzin, V., Irifune, T., Wilke, M., 2016. Structural properties of so-

dium-rich carbonate-silicate melts: An in-situ high-pressure EXAFS study on Y 

and Sr. J. Phys.: Conf. Ser. 712, 012083. 

Pohlenz J., Rosa A.D., Mathon O.,  Pascarelli S., Belin S., Landrot G., Murzin V., 

Veligzhanin A., Shiryaev A., Irifune T. & Wilke M., 2018. Structural controls of 

CO2 on Y, La and Sr incorporation in sodium-rich silicate – carbonate melts by 

in-situ high P-T EXAFS, Chemical Geology, 486, 1-15. 

 

Förderungen 

Die vorliegende Studie wurde finanziert durch den Helmholtz Impuls- und 

Vernetzungsfonds: HRJRG – 404 (“Structural properties of carbonate-silicate melts 

and their effects on partitioning processes in the deep Earth investigated by synchrotron 

radiation, spectroscopic and ion probe methods”). Sie wurde weiterhin unterstützt 

durch ein Kurzstipendiums des Deutschen Akademischen Austauschdienstes 

DAAD. 

 





Danksagung 

Für die Vollendung meiner Promotion möchte ich mich auf das Herzlichste bei Al-

len bedanken, die mich in der gesamten Zeit tatkräftig und mit gutem Rat unter-

stützt haben. 

Ein besonderes Wort des Dankes möchte ich an meinen Doktorvater richten. Prof. 

Dr. Max Wilke ermöglichte mir nicht nur die Erarbeitung dieses spannenden The-

mas, sondern stand mir fortwährend mit Rat und Tat zur Seite und gab mir mit vie-

len Ideen immer wieder neuen Aufschwung. 

Meinen Kollegen am GFZ gilt ein großer Dank, da sie immer ein offenes Ohr für 

mich hatten und ohne die eine erfolgreiche Durchführung der Arbeit nicht möglich 

gewesen wäre: Hans Peter Nabein für die wertvolle Hilfe im Chemielabor, Reiner 

Schulz, Winfried Steiner, Reik Sünkel, Michael Vogt und Andreas Ebert, ohne die 

niemals die Proben mit der Intern beheizten Gasdruckanlage hergestellt hätten wer-

den können, Dr. Bernd Wunder für die Piston-Zylinder Experimente, Dr. Dieter 

Rhede und Oona Appelt für die Mikrosondenanalysen, Dr. Sandro Jahn, Dr. Daniela 

Künzel und Dr. Johannes Wagner, für die Durchführung der Molekular Simulatio-

nen und wertevolle Hilfestellungen für deren Auswertung. Letzterem möchte ich 

besonders für die vielen investierten Stunden des Gegenlesens und fortwährenden 

Verbesserns des Textes danken. 

Danken möchte ich weiterhin Dr. Sakura Pascarelli, Dr. Olivier Mathon, Dr. Angeli-

ka Rosa, Dr. Innokenty Kantor, Dr. Mohamed Mezouar, Florian Perrin, Sebastian 

Pasternak, Dr. Guillaume Morard, Dr. Sylvain Petitgirard, Dr. Stéphanie Belin, Dr. 

Gautier Landrot, Dr. Vadim Murzin, Dr. Alexey Veligzhanin, Dr. Andrei Shiryaev 

für die Unterstützung der Röntgenabsorptionsmessungen an der European Radiati-

on Synchrotron Facility, Frankreich und des Synchrotron Soleil, Frankreich sowie 

Prof. Dr. Harald Behrens und Dr. Stephan Schuth für die ermöglichten Volatilmes-

sungen an der Leibniz Universität Hannover. 

Mein ganz besonderer Dank gilt Prof. Dr. Monika Koch-Müller sowie Prof. Dr. 

Gerhard Franz, die mich bereits während des Bachelorstudiums intensiv förderten 

und mir die Welt der Mineralogie eröffneten. 

Tief verbunden bin ich meiner Familie und lieben Freunden, die während der ge-

samten Arbeit an meiner Seite standen. Insbesondere möchte ich meinem Großvater 

Manfred Liebscher danken, der mir mit seiner Begeisterung für die Geowissenschaf-

ten immer einen besonderen Ansporn verlieh und dem ich diese Arbeit widme. 





Kurzfassung 

Karbonatische und karbonatreiche silikatische Schmelzen spielen eine ent-

scheidende Rolle in den magmatischen Prozessen der Erde. Die interne 

Schmelzstruktur bestimmt dabei maßgeblich ihre physikalischen und chemi-

schen Eigenschaften. Karbonatreiche Schmelzen können sehr stark mit geo-

chemisch wichtigen Spurenelementen angereichert sein. Die strukturellen Ein-

baumechanismen sind jedoch kaum verstanden, da diese Schmelzen nicht zu 

homogenen Gläsern abgeschreckt werden können, welche üblicherweise für 

strukturelle Untersuchungen genutzt werden. Die vorliegende Arbeit widmet 

sich dem Einfluss von CO2 auf die lokale Umgebung von ausgewählten  

Spurenelementen in karbonathaltigen silikatischen Gläsern sowie silikatisch bis 

karbonatischen Schmelzen. Untersucht werden natriumreiche, stark bis extrem 

peralkaline silikatische und karbonatische Zusammensetzungen, wie sie vom 

Vulkan Oldoinyo Lengai, Tansania, bekannt sind. 

Zum einen werden die lokale Umgebungen von Yttrium (Y), Lanthan (La) und 

Strontium (Sr) in synthetisierten Gläsern und Schmelzen mit Röntgen-

Absorption-Feinstruktur-Spektroskopie (engl. X-ray absorption fine structure 

(XAFS) spectroscopy) untersucht. Insbesondere extended X-ray absorption fine 

structure (EXAFS) spectroscopy liefert elementspezifisch strukturelle Informa-

tionen über Bindungslängen, Koordinationszahlen und Ordnungsgrad. Dem 

hohen Grad struktureller Unordnung in Gläsern und Schmelzen wird in den 

vorliegenden EXAFS-Analysen mit der Verwendung einer asymmetrischen 

Verteilungsfunktion und eines Korrelationsmodells, basierend auf der  

Bindungsvalenztheorie, Rechnung getragen. Für silikatische Gläser mit  

steigendem CO2-Gehalt zwischen 0 und bis zu 7,6 Gew.-% ist festzustellen: 

(1) Konstante Bindungslängen für Sr-O (~ 2,55 Å) und La-O (~ 2,54 Å) in extrem 

peralkaliner Zusammensetzung, sowie für Y-O (~ 2,29 Å) in stark und extrem 

peralkaliner Zusammensetzung. (2) Zunehmende Bindungslängen für Sr-O 

(~ von 2,53 auf 2,57 Å) und La-O in stark peralkaliner Zusammensetzung (~ von 

2,52 auf 2,54 Å). Weiterhin werden silikatische sowie nicht-abschreckbare kar-

bonatische Schmelzen in-situ unter hohem Druck und hoher Temperatur (2,2 

bis 2,6 GPa, 1200 bis 1500 °C, untersucht in einer Paris-Edinburgh-Presse) ana-

lysiert. Ein neu entwickelter Aufbau des Druckübertragungsmediums garan-

tiert eine hohe mechanische Festigkeit und ermöglicht aufgrund hervorragen-

der Transmissivität im relevanten Energiebereich Transmissions-EXAFS an 

niedrigkonzentrierten Elementen. Im Vergleich zu den Gläsern zeigen die 

Schmelzen generell ~ 3 % höhere Y-O-, La-O-, und Sr-O-Bindungslängen und 



 

 

eine erhöhte Asymmetrie in der Paarverteilung. In silikatischen Schmelzen sind 

Y-O-Bindungs-längen konstant (~ 2,37 Å), wohingegen sie in karbonatischen 

Schmelzen zunehmen (bis zu 2,41 Å). La-O-Abstände vergrößern sich systema-

tisch von silikatischen zu karbonatischen Schmelzen (von 2,55 auf 2,60 Å). 

Sr-O-Abstände steigen von 2,60 auf 2,64 Å in silikatischen Zusammensetzungen 

mit steigendem CO2-Gehalt und sind für alle karbonatischen Zusammen-

setzungen konstant.  

Zum Vergleich und besserem Verständnis wurden Y- und Sr-haltige, silikati-

sche und karbonatische Glas- und Schmelzstrukturen in einer explorativen 

ab initio Molekular Dynamik (MD) Studie simuliert. Die MD-Studie bestätigt die 

CO2-abhängigen lokalen Veränderungen um Y und Sr und liefert zusätzliche 

Einblicke in silikatische und karbonatische Glas- und Schmelzstrukturen. In 

natrium-reicher silikatischer Zusammensetzung wird CO2 hauptsächlich als 

freie Karbonatgruppe eingebaut oder teilt sich als nicht-brückenbildendes  

Karbonat genau ein Sauerstoffatom mit einem Netzwerkbildner (Si oder [4]Al). 

Seltener tritt es als brückenbildendes Karbonat zwischen zwei Netzwerkbild-

nern auf; dabei allerdings mit einer gegenüber der statistischen Verteilung 

deutlich erhöhten Präferenz für zwei [4]Al als anliegende Netzwerkbildner. 

C-haltige Schmelzen weisen geringe Mengen an molekularem CO2 auf, welches 

in den abgeschreckten Gläsern fast vollständig als Karbonat gelöst ist. 

Die Kombination aus Experiment und Simulation gewährt außerordentliche 

Einblicke in nur schwierig zu untersuchende Glas- und Schmelzstrukturen. Die 

gewonnenen Daten werden auf Grundlage der Bindungsvalenztheorie gedeutet 

und hinsichtlich potentieller Mechanismen des strukturellen Spurenelement-

einbaus sowie dem daraus ableitbaren Fraktionierungsverhalten in natürlichen 

Schmelzen diskutiert. Neue Erkenntnisse über den strukturellen CO2-Einbau 

werden genutzt, um ein Strukturmodell für karbonatische Schmelzen abzu-

leiten. Dieses basiert auf der Verknüpfung von 7- bis 9-fach koordinierten  

Kationenpolyedern durch die planaren Karbonat-Gruppen, ähnlich wie es im 

Na-Ca-Karbonat Nyerereite zu beobachten ist. Letztendlich leisten die Erkennt-

nisse der Arbeit somit ihren Beitrag, das Verständnis um die einzigartigen  

physikalischen Eigenschaften und geologischen Phänomene dieser Schmelzen 

zu vertiefen. 

 



Abstract 

Carbonate-rich silicate and carbonate melts play a crucial role in deep Earth 

magmatic processes and their melt structure is a key parameter, as it controls 

physical and chemical properties. Carbonate-rich melts can be strongly  

enriched in geochemically important trace elements. The structural incorpora-

tion mechanisms of these elements are difficult to study because such melts 

generally cannot be quenched to glasses, which are usually employed for struc-

tural investigations. This thesis investigates the influence of CO2 on the local 

environments of trace elements contained in silicate glasses with variable CO2 

concentrations as well as in silicate and carbonate melts. The compositions stud-

ied include sodium-rich peralkaline silicate melts and glasses and carbonate 

melts similar to those occurring naturally at Oldoinyo Lengai volcano, Tanza-

nia.  

The local environments of the three elements yttrium (Y), lanthanum (La) and 

strontium (Sr) were investigated in synthesized glasses and melts using X-ray 

absorption fine structure (XAFS) spectroscopy. Especially extended X-ray  

absorption fine structure spectroscopy (EXAFS) provides element specific  

information on local structure, such as bond lengths, coordination numbers and 

the degree of disorder. To cope with the enhanced structural disorder present in 

glasses and melts, EXAFS analysis was based on fitting approaches using an 

asymmetric distribution function as well as a correlation model according to 

bond valence theory. Firstly, silicate glasses quenched from high pres-

sure/temperature melts with up to 7.6 wt % CO2 were investigated. In strongly 

and extremely peralkaline glasses the local structure of Y is unaffected by the 

CO2 content (with oxygen bond lengths of ~ 2.29 Å). Contrary, the bond lengths 

for Sr-O and La-O increase with increasing CO2 content in the strongly peralka-

line glasses from ~ 2.53 to ~ 2.57 Å and from ~ 2.52 to ~ 2.54 Å, respectively, 

while they remain constant in extremely peralkaline glasses (at ~ 2.55 Å and 

2.54 Å, respectively). Furthermore, silicate and unquenchable carbonate melts 

were investigated in-situ at high pressure/temperature conditions (2.2 to 

2.6 GPa, 1200 to 1500 °C) using a Paris-Edinburgh press. A novel design of the 

pressure medium assembly for this press was developed, which features  

increased mechanical stability as well as enhanced transmittance at relevant 

energies to allow for low content element EXAFS in transmission. Compared to 

glasses the bond lengths of Y-O, La-O and Sr-O are elongated by up to + 3 % in 

the melt and exhibit higher asymmetric pair distributions. For all investigated 

silicate melt compositions Y-O bond lengths were found constant at ~ 2.37 Å, 



 

 

 

while in the carbonate melt the Y-O length increases slightly to 2.41 Å. The La-O 

bond lengths in turn, increase systematically over the whole silicate – carbonate 

melt joint from 2.55 to 2.60 Å. Sr-O bond lengths in melts increase from ~ 2.60 to 

2.64 Å from pure silicate to silicate-bearing carbonate composition with  

constant elevated bond length within the carbonate region.  

For comparison and deeper insight, glass and melt structures of Y and Sr bear-

ing sodium-rich silicate to carbonate compositions were simulated in an explor-

ative ab initio molecular dynamics (MD) study. The simulations confirm  

observed patterns of CO2-dependent local changes around Y and Sr and addi-

tionally provide further insights into detailed incorporation mechanisms of the 

trace elements and CO2. Principle findings include that in sodium-rich silicate 

compositions carbon either is mainly incorporated as a free carbonate-group or 

shares one oxygen with a network former (Si or [4]Al) to form a non-bridging 

carbonate. Of minor importance are bridging carbonates between two network 

formers. Here, a clear preference for two [4]Al as adjacent network formers  

occurs, compared to what a statistical distribution would suggest. In C-bearing 

silicate melts minor amounts of molecular CO2 are present, which is almost  

totally dissolved as carbonate in the quenched glasses. 

The combination of experiment and simulation provides extraordinary insights 

into glass and melt structures. The new data is interpreted on the basis of bond 

valence theory and is used to deduce potential mechanisms for structural  

incorporation of investigated elements, which allow for prediction on their  

partitioning behavior in natural melts. Furthermore, it provides unique insights 

into the dissolution mechanisms of CO2 in silicate melts and into the carbonate 

melt structure. For the latter, a structural model is suggested, which is based on 

planar CO3-groups linking 7- to 9-fold cation polyhedra, in accordance to struc-

tural units as found in the Na-Ca carbonate nyerereite. Ultimately, the outcome 

of this study contributes to rationalize the unique physical properties and geo-

logical phenomena related to carbonated silicate-carbonate melts. 
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1 Introduction  

1.1 Motivation and aim of the study 

Carbon (C) is of extraordinary significance for human life on Earth: besides its 

numerous technological applications (Pierson, 2012), its compounds build the 

basis for all known life forms (Pace, 2001) and it plays a major role in creating a 

habitable environment on Earth (Kasting and Catling, 2003). Thus, carbon has 

attracted much attention from the scientific community and the global carbon 

cycle has been intensively investigated regarding the element’s interaction be-

tween atmosphere, hydrosphere, biosphere and near surface reservoirs  

(e.g. Barker et al., 2003; Post et al., 1990; Schimel, 1995). In recent years, the fo-

cus also shifted towards carbon in the deep Earth (Dasgupta and Hirschmann, 

2010; Hazen et al., 2012; Zhang and Zindler, 1993). While carbon-bearing sea-

floor sediments are subducted at continental margins (Seto et al., 2008), magmas 

generated in the upper mantle likewise transport deep-Earth carbon back to the 

surface. In the form of CO2 or carbonate, it is the second most abundant volatile 

component in magmatic systems after water (Carroll and Holloway, 1994). En-

richment in carbon gives rise to carbonatite melts and will produce carbonatite 

rocks, which bear more than 50 mol % of carbonate minerals (Le Maitre et al., 

2005). Carbonatite melts show extremely low densities and viscosities, are high-

ly mobile in mantle and crust and are able to incorporate a wide range of trace 

elements and other volatiles in unusually high concentrations (Dobson et al., 

1996). This makes them excellent metasomatizing agents (Grégoire et al., 2000; 

Kamenetsky et al., 2004) and carbonate metasomatism has been proposed to 

play a crucial role in diamond formation (Pal’yanov et al., 1999). By lowering 

liquidus temperatures of silicate melts (Sifré et al., 2014), carbon also plays a key 

role in deep magma generation (Dasgupta et al., 2007). Carbonatite melts pos-

sess the lowest melting temperatures known in geological systems. In the case 

of the volcano Oldoinyo Lengai in Tanzania (Jones et al., 2013) the melting tem-

perature decreases down to 600 °C due to the hydrous nature of the melt (De 

Moor et al., 2013). It is the only active carbonatite volcano on Earth (Bell and 

Keller, 1995). Its sodium-rich lavas are unique and crystallize to silicate rocks 

(phonolites and nephelinites) or natrocarbonatites. Generally, carbonatites have 

the potential to be strongly enriched in certain trace elements, such as the tech-
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nologically important rare earth elements (Mariano, 1989). To understand car-

bonate-related deep Earth processes (Hazen et al., 2013) as well as the macro-

scopic properties of carbonate-rich silicate and carbonate melts, a thorough un-

derstanding of the molecular structure of such melts is essential (Mysen, 1990).  

Due to their fundamentally different structural characteristics, silicate and car-

bonate melts are immiscible at low pressure conditions (< 3 GPa), but may form 

homogeneous liquids at higher pressures (e.g. Brooker and Kjarsgaard, 2011; 

Lee and Wyllie, 1996). Thus, the role of liquid immiscibility as a consequence of 

decompression during magma ascent has been intensively discussed in the con-

text of natrocarbonatite genesis, next to fractional crystallization or partial melt-

ing (Jones et al., 2013). The conjugate silicate and carbonate liquids show a 

strong fractionation of trace elements (Jones et al., 1995; Martin et al., 2013, 2012; 

Wendlandt and Harrison, 1979). Veksler et al. (1998, 2012) investigated the par-

titioning of several important trace elements in sodium-rich melts, representing 

a simplified bulk compositions of the sodium-rich silicate (Klaudius and Kel-

ler, 2006; Peterson, 1989) and carbonate rocks (Peterson, 1990) from the 

Oldoinyo Lengai. Of all investigated elements, Veksler et al. (1998) found only 

three that were enriched in the carbonate melt: Ba, Sr and La (in decreasing 

compatibility). The remaining rare earth elements as well as all high-field 

strength elements partitioned into the peralkaline silicate melt.  

To further our understanding of the role carbonate and carbonatite melt struc-

ture play in element fractionation, a more systematic approach is necessary. The 

present study aims to unravel the structural incorporation of Y, La and Sr (rep-

resenting heavy and light rare earth elements and alkaline earths, respectively) 

into glasses and melts of various compositions in the system SiO2-Al2O3-Na2O-

CaO-CO2, addressing particularly the role of increasing CO2-content. To track 

down CO2-dependent structural changes in these systems, a combination of 

laboratory and computer based experiments is chosen. X-ray absorption fine 

structure (XAFS) spectroscopy allows to element-specifically analyze the local 

structure in disordered materials; even at high pressure (HP) and high tempera-

ture (HT), if combined with a large volume press (Paris-Edinburgh-press). Re-

sults are interpreted taking into account complementary insights from compu-

tational molecular dynamics (MD) simulations. Ultimately, derived information 
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about the local structure of trace elements will help developing models of trace 

element partitioning, which is used as a versatile tool to enlighten geological 

processes (Green, 1994; Irving, 1978; McIntire, 1963). Local structural infor-

mation will eventually build the basis for a comprehensive model of the struc-

ture of carbonate-silicate melts.  

On that account, chapter 1.2 provides an overview about general structural 

models of silicate and carbonate melts and glasses. Detailed information on the 

applied experimental procedures is found in chapter 2: Firstly, the large volume 

Paris-Edinburgh press is presented in chapter 2.1. Secondly, methods used for 

sample preparation and chemical characterization are outlined in chapter 2.2. 

The structure sensitive methods of XAFS analysis, focusing on extended X-ray 

absorption fine structure (EXAFS) spectroscopy, and MD simulations are ex-

plained and their application explicated in chapters 2.3 and 2.4, respectively. 

Chapter 3 presents the derived results, which are discussed in chapter 4. Ulti-

mately, chapter 5 summarizes the study’s outcome in the context of the current 

geoscientific debate and provides an outlook of future research potential build-

ing up onto results drawn from this study.  

1.2 Structure of silicate and carbonate glasses and melts 

Unlike crystals, which are defined by long-range structural periodicity and 

symmetry, melts only possess short-range to medium-range order (Brown 

et al., 1995). Short-range order can be defined as structural order within ~ 1.6 to 

3 Å radius around a central atom and is manifested as cation-oxygen polyhedra. 

Such polyhedra are defined by specific coordination numbers (N) and atomic 

distances (R). In crystalline materials, the lattice dynamics are generally treated 

according to a harmonic approximation, inducing a Gaussian distribution of 

atoms’ displacement. The effect of thermal and structural disorder is expressed 

in the Debye-Waller factor (σ2). In glasses and even more so in liquids, an en-

hanced anharmonicity dominates, leading to an asymmetric distribution of the 

atomic displacements (Hardacre, 2005). These have to be described using an 

asymmetric distribution function instead of a Gaussian. Medium range order 

on the other hand can be found in the form of repetitive arrangements of linked 
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polyhedral, usually within a radial distance of up to 6 Å. Extended medium-

range order may be present up to > 10 Å around a central atom, manifested in a 

specific network topology. However, with increasing distance from the refer-

ence atom, structural order diminishes (Calas et al., 2006). 

Main constituents of silicate melts are the oxides of silicon (Si), aluminum (Al), 

alkalis, such as sodium (Na) and potassium (K), alkali earths, such as calcium 

(Ca) and magnesium (Mg), as well as iron (Fe). Silicate glass and melt structures 

are commonly described as polymeric networks with SiO44- tetrahedra as the 

basic structural unit (Stebbins et al., 1995), as depicted in Figure 1 a. Oxygen 

atoms that link two tetrahedra (T) are referred to as bridging oxygen (BO), 

whereas oxygen atoms that only connect to one tetrahedron are referred to as 

non-bridging oxygen (NBO). An additional oxygen species is given by the so 

called free oxygen (FO), which do not interact with a network former (e.g. Guil-

lot and Sator, 2011; Mysen, 1983; Nesbitt et al., 2011). Network modifying cati-

ons (e.g. Ca2+ or Na+) can be incorporated at interstitial positions of the random 

network. Y, La and Sr are also known to act as network modifiers in silicate 

glasses and melts (e.g. Clayden et al., 1999; Florian et al., 2007; Henderson et al., 

1985; Jaworski et al., 2012). Depending on bulk composition and respective local 

charge balance needs, bonds between two tetrahedra can be ruptured or cations 

such as Al3+ may replace Si4+ on the tetrahedral position. Experimental evidence 

from EXAFS (e.g. Greaves, 1985; Henderson, 1995) and molecular dynamics 

(e.g. Huang and Cormack, 1990; Smith et al., 1995; Vessal et al., 1992) on alkali-

rich silicate compositions suggest a modified random network. This is charac-

terized by domains or channels enriched in alkali cations and confined by 

NBOs percolating the silicate framework (Figure 1 b). These structural features 

are dedicated to serve as excellent diffusion pathways (Jund et al., 2001). 
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Figure 1: Structural models of silicate and carbonate melts. 

Silicate melts described by (a) a random model (after Genge et al., 1995) and (b) a modified ran-

dom network structure, suggested for alkali-rich compositions (after Greaves, 1985). The perco-

lation channels of the latter are indicated in grey. (c) Carbonate melt structure as suggested by 

Genge (1995). In the models, oxygen can be bridging (BO in red) or non-bridging (NBO in pink). 

Solid lines represent covalent bonds, dotted lines ionic bonds.  

 

One of the most important properties of these polymeric melts is the degree of 

polymerization. A common approach to quantify this is the ratio NBO/T (num-

ber of non-bridging oxygens per tetrahedron), which may be directly calculated 

from the melts chemical composition following a procedure by Mysen (1983). 

However, because the structural role of individual cations in the melt structure 

is not always unique (e.g. Al may act as network modifier or former, Hender-

son, 2005), the NBO/T-parameter can be ambiguous and therefore of limited 

use. An alternative approach is given by the aluminum saturation index (ASI, 

defined as the molar ratio of Al2O3/(Na2O+K2O+CaO)), which distinguishes be-

tween peralkaline, metaluminous and peraluminous silicate compositions. An 

increase in ASI at a constant Si/Al ratio up to 1 usually indicates a higher degree 

of polymerization (Zen, 1988). 
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The structural properties of a given melt strongly influence volatile solubility. 

In silicate melts, CO2 solubilities are one to two orders of magnitude below that 

of H2O (Ni and Keppler, 2013a). They may range between ~ 0.1 wt %, e.g. in 

basalt and rhyolite melts at 0.025 to 1.0 GPa (Botcharnikov et al., 2005; Fogel 

and Rutherford, 1990; Jendrzejewski et al., 1997), and 8 wt % or 15 wt %, e.g. in 

synthetic calcium sodium silicate systems at 0.2 GPa or 1.5 GPa, respectively 

(Brooker et al., 2001a). Mainly depending on chemical composition, silicate 

melts may contain molecular CO2 or carbonate groups (CO3). Generally, the lat-

ter can be incorporated in three potential configurations (De Jong and Brown, 

1980; Eggler and Rosenhauer, 1978; Fine and Stolper, 1985; Kohn et al., 1991; 

Kubicki and Stolper, 1995; Mysen and Virgo, 1980a, 1980b):  

(I) as an isolated and thus free metal-carbonate complex (FC), prefer-

entially associated with alkali earth cations;  

(II) by the attachment to network tetrahedra, preferentially via a non-

bridging oxygen (T–CO3), or even via a bridging oxygen  

( −CO3)T
T ;  

(III) as a bridging element between two tetrahedra (T–CO3–T).  

In contrast to silicate melts, carbonate melts are ionic liquids consisting of car-

bonate groups (CO32-) and metal cations, such as calcium, magnesium, iron 

and/or sodium. Their interaction is mainly controlled by electrostatic forces 

(Treiman, 1989). Recent studies suggest that carbonate liquids contain structural 

units considerably larger than individual CO32- groups (Jones et al., 2013). Using 

vibrational spectroscopy at least two structural sites of CO32- were identified by 

Williams and Knittle (2003) in a synthetic Na2CO3-CaCO3-CaF2 melt and by 

Genge et al. (1995) in synthetic glasses in the systems Mg-K-C-O and 

La-Ca-Ba-S-F-C-O-H. The investigated glasses are exceptional because car-

bonate liquids usually do not quench to glass. Based on their observations, the 

authors suggest that a flexible metal-carbonate framework is constructed by a 

strong interaction of the carbonate with two-valent metal cations, which serve 

as bridging elements between the carbonate molecules (Figure 1 c). 
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A common approach to investigate melt structures is to retrieve a glass by rap-

idly cooling the melt. This assumes that the glass provides an image of the melt 

structure frozen at the glass transition temperature1 (Brown et al., 1995; Hen-

derson, 2005; Seifert et al., 1981). While this approach is applicable for silicate 

melts within certain limitations (e.g. Brooker et al., 1999), carbonate melts are 

generally non-quenchable (Genge et al., 1995). Therefore, they need to be inves-

tigated at temperatures above the liquidus. Useful techniques to study molecu-

lar arrangements of liquids and glasses are provided by infrared or Raman 

spectroscopy (McMillan and Wolf, 1995), nuclear magnetic resonance (NMR) 

spectroscopy (Stebbins, 1995), X-ray scattering/diffraction (Brown et al., 1995; 

Warren, 1937) or neutron scattering (Wilding and Benmore, 2006). An outstand-

ing method to investigate short to medium-range structural environments of 

specific elements, particularly at dilute concentrations, is X-ray absorption fine 

structure (XAFS) spectroscopy (Newville, 2014). It is based on element-specific 

excitation of core electrons and especially extended X-ray absorption fine struc-

ture (EXAFS) spectroscopy is a highly sensitive technique for elucidating bond 

lengths, coordination numbers and the degree of disorder. EXAFS has been suc-

cessfully applied to investigate the local structure of major and trace elements 

in silicate glasses and melts (Brown et al., 1995; Peters and Houde-Walter, 1997; 

Simon et al., 2013). Additionally, molecular dynamics (MD) simulation proofed 

to be very useful to study glass and melt properties at conditions not easily ac-

cessible by laboratory experiments. MD simulations found wide applications in 

geoscience (Cygan and Kubicki, 2001), particularly for the investigation of sili-

cate glasses and melts (e.g. Cormack et al., 2001). 

 

                                                      
1 At the glass transition the melt’s deformation changes from viscous, as in a liquid, to elastic, 

as in a solid (Dingwell and Webb, 1990). Below the glass transition temperature Tg the cooling 

melt structure is no longer able to adjust quickly enough to the change in temperature and falls 

out of equilibrium (Seifert et al., 1981). Generally, this holds true when the viscosity reaches 

1012 Pa*s (Varshneya, 2013).  
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2 Methods 

This chapter presents the methodological approach for investigating car-

bonate – silicate glasses and melts. Glass samples are relatively easy to treat in 

XAFS measurements. On the contrary, in-situ experiments on liquid materials 

require sophisticated technical equipment. The large volume press called Paris-

Edinburgh press allows to apply high temperature and pressure onto the sam-

ple material. Its application will be introduced in chapter 2.1. Chapter 2.2 will 

outline how samples were prepared and characterized. Subsequently, chap-

ter 2.3 and 2.4 will provide insights into the proceedings used in XAFS meas-

urements and the accompanying molecular dynamics simulations, respectively. 

2.1 Paris-Edinburgh press  

 

 

 
 

 

Figure 2: Photograph of the Paris-Edinburgh press.  

The press is installed at beam line BM23, ESRF. X-rays arrive from the left 

hand side of the picture (black arrow) and pass through the sample 

mounted in the press. On the right hand side of the picture is the movable 

XRD detector, used for pressure/temperature-determination of the sample. 
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Originally, the Paris-Edinburgh press (Figure 2) was developed for 

HP experiments on neutron sources (Besson et al., 1992), but was progressively 

adapted to X-ray diffraction (XRD) and X-ray absorption experiments 

(e.g. Morard et al., 2007). The press is operated with oil pressure, which is 

transmitted to the pressure assembly containing the sample through a set of 

anvils with tungsten-carbide cores. The set-up is heated by applying a high cur-

rent at low voltage through the anvils to the graphite heater inside the assem-

bly. To avoid high temperature induced damage, the anvils are connected to a 

water cooling system.  

 

 

Figure 3: Sketch of the modified pressure assembly design of the Paris-Edinburgh press. 

The pressure assembly is based on zircon dioxide (ZrO2), boron epoxy (BE) and hexagonal 

boron nitride (hBN) as pressure media. In order to heat, the molybdenum (Mo) parts transfer 

a current from the tungsten carbide (WC) core of the anvil to the graphite heater. The outer 

ring is made of polyether ether ketone (PEEK) and ensures the stability of the setup. 

This study employed the 2.4 mm pressure assembly design by Morard 

et al. (2007) as well as a refined design of the 2.4 mm pressure assembly used by 

Yamada et al. (2011) for XRD experiments (Figure 3). In the modified set-up, the 
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MgO ring between the graphite heater and the amorphous boron epoxy was 

substituted by hexagonal boron nitride. This modified design showed a much 

better stability compared to the assembly by Morard et al. (2007), due to robust 

and low heat-conducting zircon dioxide parts at the top and the bottom of the 

layered assembly. Secondly, it allows for sufficient X-ray transmittance at the 

relevant energies as the radiation penetrated parts consist of the light materials 

boron nitride (as thermal insulator), boron-epoxy (as pressure medium), and 

polyether ether ketone (for mechanical stabilization). Figure 4 demonstrates the 

extraordinary X-ray transmittance properties as shown by comparative calcula-

tions of Rosa et al. (2016). The center of the pressure assembly contains a graph-

ite heater around a nano-polycrystalline diamond (Irifune et al., 2003), which 

serves as an inert pressure capsule. The sample inside is confined by Pt-10%Rh 

foils at top and bottom. 

 

 
Figure 4: Calculated transmittances of different designs of pressure assemblies. 

Transmittance calculation, assuming empty 2.4 mm cell assemblies, and graphic according to 

Rosa et al. (2016). Cell assemblies as used in EXAFS experiments by Yamada et al. (2011), Co-

chain et al. (2015) and Pohlenz et al. (2016). The HPHT calculation considers the deformation of 

the pressure assembly and thus the change in penetrated material volume as mechanically and 

thermally induced by the press.  
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Pressure and temperature conditions inside the sample capsule are determined 

by the double isochore technique (Crichton and Mezouar, 2002; Zhao 

et al., 1997). Therefore, calibration runs on reference materials (e.g. hexagonal 

boron nitride (hBN), magnesium oxide (MgO), Au, Pt) with known equations of 

states are conducted. XRD is used to probe their volumetric properties at dis-

tinct oil pressures and heating powers. The equation of state of each reference 

material can be used to describe possible combinations of pressure and temper-

ature conditions for a given reference material volume. The intersection of at 

least two equations of states of different reference materials thus indicates the 

prevalent pressure and temperature inside the sample capsule at a given oil 

pressure and heating power. Uncertainties of this method are in the order 

of 0.2 GPa for the pressure and about 13 % for the temperature (Crichton and 

Mezouar, 2002). 

2.2 Preparation and characterization of materials 

2.2.1 Preparation of model compounds 

Model compounds for Y, La and Sr XAFS analysis were Y2O3, La2O3 and SrCO3. 

Table 1 lists the local structural data documented in the literature (derived by 

XRD). In the case of Y2O3, there are two different Y positions. Three-fourths of 

the positions are made up by Y1, which is coordinated by three sets of two ox-

ygens of specific bond length (R). Y2 is symmetrically coordinated with six ox-

ygens at a common distance. Both environments have a coordination num-

ber (N) of 6 and an average distance of RY-O at 2.28 Å. The La site in La2O3 has 

7 oxygen neighbors of three individual distances at an average distance RLa-O of 

2.53 Å. Sr in SrCO3 has 9 oxygen neighbors of five different distances at an av-

erage distance RSr-O of 2.64 Å.  

Each model compound was ground and mixed with cellulose in an agate mor-

tar to reach an optimum dilution level and pressed to a pellet of adequate 

thickness for EXAFS measurements. 
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Table 1: XRD structural first shell data of Y, La, and Sr in model compounds. 

Indicated are the coordination number N, individual cation-oxygen bond lengths 

RM-O and the respective average. The standard deviation is given in parentheses 

and refers to the last printed digit. 
 

 

 N RM-O [Å] average RM-O [Å] 
 

Y-O in Y2O3 (Kevorkov et al., 1995) 
 

   Y1-O 

(24 x Y1 in a unit cell) 

2 2.243 (4)  

2 2.272 (3)  

2 2.331 (3) 2.28 

    

   Y2-O 

(8 x Y2 in a unit cell) 

6 2.280 (3) 2.28 

 

La-O In La2O3 (Schiller, 1986) 
 

  

 

3 2.365 (1)  

1 2.457 (4)  

3 2.727 (1) 2.53 
 

Sr-O in SrCO3 (De Villiers, 1971) 
 

 1 2.552 (9)  

 2 2.561 (6)  

 2 2.634 (5)  

 2 2.666 (5)  

 2 2.725 (4) 2.64 
 

 

2.2.2 Sample preparation of silicate – carbonate glasses and melts 

Glasses and melts ranging from silicate to carbonate compositions were synthe-

sized in the system Na2O-CaO-Al2O3-SiO2-CO2 at constant Si/Al (~ 4.8) and 

Ca/Na (~ 0.35) ratios (Figure 5, Table 4). Two compositional ranges were in fo-

cus on the silicate side, each with increasing CO2 contents: one Si-Al-rich (sSA), 

strongly peralkaline, and one Na-Ca-rich (sNC), of even higher peralkalinity 

(cf. Table 4). sSA represents a simplified version of the bulk composition of 

nephelinitic rocks found at the Oldoinyo Lengai and is similar to the silicate 

melt of the trace element partitioning experiments by Veksler et al. (1998). 

sNC represents a simplified composition of silicate glasses found in nepheline 

melt inclusions and as matrix glass in silicate rocks of the Oldoinyo Lengai (De 

Moor et al., 2013). On the carbonate side, three compositions with SiO2 contents 
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between 0 and 6 wt % were investigated, similar to natural melts of Oldoinyo 

Lengai carbonatites (Petibon et al., 1998).  

 
Figure 5: Chemical composition of glass and in-situ melt samples. 

Chemical composition in wt % of investigated silicate glass samples for strongly peralkaline 

(sSA, blue oval) and extremely peralkaline (sNC, green oval) compositions. Both series with 

~ 0.5 wt % Y2O3 and SrO or La2O3. All investigated in-situ melt samples for sSA, sNC and CAR 

compositions are marked with stars and contain ~ 2 wt % Y2O3 and SrO or 6 or 3 wt % La2O3.  

All syntheses were performed with powders of SiO2, Al2O3 (both dried 

at 400 °C), Na2CO3, CaCO3, SrO, Rb2CO3, Nb2O5, Y2O3 and La2O3 (all dried 

at 200 °C). The reagents were ground with ethanol in an agate mortar for ho-

mogenization. Trace-element free glasses of sSA and sNC were prepared by 

mixing the powders in respective proportions. They were decarbonated and 

further homogenized during melting at 1200 °C for at least 24 h. The melts were 

quenched to glasses by placing the crucible in a water bath right after retrieving 

it from the furnace. The glasses were finely ground and dried at 200 °C. In a 

first series they were mixed with ~ 0.5 wt % Y2O3, SrO and Rb2CO3 each and in a 

second series with ~ 0.5 wt % La2O3 and Nb2O5 each. These mixes were fused 

again at 1200 °C for at least 24 h, quenched to glass and finely ground. Oxide-

carbonate mixes from the first step (containing the same Si-Al-Na-Ca ratios) 

were added to achieve varying CO2 content without changing the ratios of the 

remaining elements. The final mixtures were dried at 200 °C, prepared in a plat-

fei
e 
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inum capsule and run for 48 h at 1200 °C and 0.7 GPa in an internally heated 

pressure vessel (for more details on the vessel refer to Roux et al., 1994). Addi-

tionally, CO2-free and low CO2-bearing samples of sSA and sNC composition 

were prepared with ~ 2 wt % H2O. One further synthesis of Y and Sr bearing 

sSA composition with a final CO2 content of 6 wt % was prepared using a piston 

cylinder apparatus at 1200 °C and 1.5 GPa. Glass samples for ex-situ XAFS at 

ambient conditions were prepared by cutting pieces of the synthesized glasses 

to an appropriate thickness. Y- and Sr-doped glasses were prepared for meas-

urements in fluorescence mode and cut to thin plates of a thickness of ~ 0.6 mm. 

La-doped glass samples for measurements in transmission mode were prepared 

as cylinders of lengths between 5 and 10 mm.  

Melts for in-situ XAFS, were prepared to allow for full investigation along the 

silicate-carbonate join. Silicate compositions were prepared as described above, 

whereas carbonate (CAR) compositions were prepared as follows: CO2-free 

glasses (same starting material as for the ex-situ glasses) were mixed with oxide-

carbonate or Na2CO3-CaCO3 mixtures (of same Si/Al or Na/Ca ratios) to reach 

varying CO2 contents in the final compositions. Adequate proportions of Y2O3, 

SrO and La2O3 were added to obtain 2 wt % Y and Sr or 3 or 6 wt % La. These 

mixtures were dried and filled into cylinders of nano-polycrystalline diamonds 

(Irifune et al., 2003), used as a pressure capsule in in-situ XAFS experiments. 

2.2.3 Chemical sample composition 

All synthesized glasses used for ex-situ XAFS were analyzed by electron micro-

probe (Table 4). Run products of in-situ XAFS experiments, i.e. quenched in-situ 

samples, were recovered from the nano-crystalline diamond capsule, mounted 

in epoxy, ground and polished. Quenched in-situ samples of CAR compositions 

were dry ground and polished to avoid dissolution of the microcrystalline car-

bonate quench products. Only La-bearing CAR compositions were retrievable. 

In addition to elements given by the starting composition, quenched in-situ 

samples were also analyzed for boron. This is necessary because of a potential 

boron contamination originating from the boron nitride pressure assembly of 

the Paris-Edinburgh press (Seifert, 2013). Analysis was conducted by a JEOL 
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Hyperprobe JXA-8500F with field emission electron source or a JEOL SUPER-

PROBE JXA-8230 with a LaB6 cathode. An acceleration voltage of 10 to 15 kV, 

a beam current of 5 to 10 nA and an enlarged beam diameter of at least 20 μm 

was employed. To impede analytical artifacts by Na migration due to the elec-

tron beam, Na was analyzed first and measurement conditions were chosen to 

create a low beam current density of 0.01 to 0.03 nA/μm2. Counting times 

were 5 s for the major elements, 20 s for Rb, 30 s for Y and Sr, 50 s for La and Nb 

and 80 s for B on the peaks and 5 s on the background. The standards used were 

plagioclase for SiO2 and Al2O3, diopside for CaO, tugtupite for Na2O, yttrium 

phosphate for Y2O3, SrSiO3 for SrO, RbAlSi3O8 for Rb2O, lanthanum phosphate 

for La2O3, niobium metal for Nb2O5 and schorl for B2O3. Counting errors of 

X-ray intensities were between 2 % (major elements) and 4 % (trace elements). 

Each sample was scanned in two lines with 20 to 50 points each. 

CO2 contents of all glasses were determined with an Eltra CS800 analyzer and 

H2O contents of water bearing samples were determined by a Karl Fischer titra-

tor CA100 at Leibniz University, Hannover, Germany. Sample volumes from 

piston cylinder syntheses and sample volumes of quenched in-situ samples 

were too small to be analyzed for CO2 content. 

2.3 X-ray absorption fine structure (XAFS) experiments 

2.3.1 Theoretical introduction to XAFS 

A direct method to investigate the short- to medium-range structural environ-

ment of specific elements is given by X-ray absorption fine structure (XAFS) 

spectroscopy (Newville, 2014). It is based on the absorption of X-rays of distinct 

energies (E) by electrons in tightly bound quantum core levels of the atom, such 

as in the K or L shells. If the energy of the incoming X-ray is equal to the bind-

ing energy of an electron, the electron may be removed from its quantum level, 

leaves a core hole and the corresponding X-ray is absorbed (Figure 6, indicated 

in blue).  
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Figure 6: Scheme of the photoelectric effect and relaxation by fluorescence.  

An incoming X-ray is absorbed by the atom and promotes a core level electron (in this example 

from the K shell) to the continuum. This creates a photoelectron and a hole in the core electron 

level (in blue). The excited state may decay by electron movement from a less tightly bound 

orbital to the empty core level (in green) with the emission of X-rays (Kα and Kβ). The X-ray 

energy is equal to the energy difference between the two levels. Graphic modified after 

Newville (2014). 

Electrons, which are excited to the continuum as photoelectrons travel as spher-

ical wave and may be backscattered by neighboring atoms. Interference of out-

going and backscattered photoelectrons creates modulations of the absorption 

coefficient of the absorbing atom which are detected in the extended X-ray ab-

sorption fine structures (EXAFS). EXAFS provides information about interatom-

ic distances, bond angles, coordination numbers and the degree of order (Rehr 

and Albers, 2000) as illustrated in Figure 7. The X-ray absorption near edge 

structures (XANES) are generated by more complex processes, involving transi-

tions of the excited electron to localized unoccupied electronic levels (pre-edge 

features) as well as multiple scattering events. XANES is a particularly sensitive 

probe of the coordination symmetry and the oxidation state of the absorbing 

species (Behrens, 1992).   
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Figure 7: Scheme of the creation of photoelectron interferences.  

The photoelectron waves generated in the sampled atom by an incoming X-ray propagates to 

neighboring atoms. The outgoing and backscattered waves (solid, respectively, dashed red 

lines) create interferences. These depend on the type of neighboring atoms, their distance, 

number and disorder and give rise to the EXAFS oscillations. Graphic modified after Rehr and 

Albers (2000). 

 

 
 

Figure 8: X-ray absorption fine structures of the Y K-edge of Y2O3. 

Shown are the near-edge region (XANES) and the extended fine structures (EXAFS) as a func-

tion of energy μ(E). The inlet shows the fine structure function χ(k).  
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Figure 8 shows a typical XAFS spectrum of the Y K-edge of Y2O3. At the ioniza-

tion energy of the core electron E0, a sharp rise in absorption is observed, called 

the absorption edge (Newville, 2014). Its intensity can be described by the edge 

jump Δμ, which is the difference of absorption below and above the edge ener-

gy and is proportional to the element concentration. The XANES region typical-

ly ranges from below the edge to ~ 30 eV above the edge (orange area in Figure 

8). The EXAFS region reaches from beyond the edge up to several hundred eV 

(blue area in Figure 8). For high-quality measurements, samples are ideally 

prepared to reach a total absorption of 1 and an edge-jump of 1 (Brown et al., 

1995; Bunker, 1983).  

In XAFS analysis, the X-ray absorption signal μ(E) is composed of two parts 

(eq. 1): (1) The absorption energy due to the excitation of a core level electron of 

an isolated atom μ0(E). (2) The X-ray absorption due to interferences of the pho-

toelectron’s interactions with neighboring atoms (Figure 7), known as the  

EXAFS fine-structure function χ(E). 

μ(E) = μ0(E)[1 + χ(E)] (1)  

As EXAFS analysis only regards the fine structure function, χ(E) can be isolated 

from eq. 1 by employing the edge jump Δμ as follows: 

χ(E) =  
μ(E) − μ0(E)

Δμ
 (2)  

From a quantum mechanical point of view, the X-ray absorption μ(E) repre-

sents the transition from the initial quantum state, i|, with an X-ray and a core 

electron to the final quantum state, |f, with a core hole and a photo electron. As 

such it can be described with Fermi’s Golden Rule, with the transition repre-

sented by the interaction term H: 

μ(E) ∝ |〈i|H|f〉|2 (3)  

Eq. 3 can be adopted to describe Fermi’s Golden Rule for the isolated EXAFS 

signal χ(E). The final quantum state |f consists of two contributions: the por-

tion related to the isolated atom, |f0, and the portion that is evoked by the 
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neighboring atoms |Δf. Thus, the fine structure χ(E) can be expressed by only 

focusing on the latter part: 

χ(E) ∝ 〈i|H|Δf〉 (4)  

Since EXAFS is interpreted in terms of waves created by the photoelectrons, it is 

convenient to convert the X-ray energy E into the kinetic energy of the photo-

electron and convert it to the wave number k. the kinetic energy of the photo-

electron is measured with respect to the absorption edge E0: 

k = √
2me(E − E0)

ħ2
 (5)  

Here, ħ the reduced Planck constant and me the electron mass. A common solu-

tion of eq. 4 in wave space is derived by applying a range of assumptions 

(Newville, 2014) and results in eq. 6: 

χ(k) = ∑
S0

2Njfj(k)e−2Rj/λ(k)e−2k2μj
2

kRj
2

j

sin [2kRj + δj(k)] 

(6)  

 

Here, j refers to the atom type coordinating the central atom, N is the coordina-

tion number of the central atom in regard to atoms of j, R is the average bond 

length between the central atom and the atoms of j and σ2 the corresponding 

Debye-Waller factor. f(k) and δ(k) describe scattering properties of atoms of j, 

i.e. its amplitude and phase-shift function, respectively. λ(k) represents the 

mean free path of the photoelectron, i.e. the distance it can travel before scatter-

ing inelastically (or the core hole is filled). S0 is referred to as the amplitude re-

duction factor and accounts for intrinsic losses due to relaxation of the other 

electrons in the excited atom. 

XAFS can be measured in two ways (Newville, 2014). In transmission XAFS the 

absorption is derived by sampling the intensity of an X-ray beam before (I0) and 

after (I) being transmitted through a sample of thickness t. This is based on the 

Beer-Lambert law, which describes the absorption coefficient μ as the probabil-

ity that an X-ray will be absorbed passing through a material:  
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I =  I0e−μt (7)  

By normalizing over the sample thickness the X-ray absorption can be meas-

ured as:  

μ(E) = ln
I0

I
 (8)  

A second way to measure XAFS takes into account that the excited states will 

eventually decay, usually within a few fs. This most likely happens by one of 

two main mechanisms. An electron of a less tightly bound orbital fills the deep-

er core hole and simultaneously ejects either an X-ray (X-ray fluorescence, indi-

cated in green in Figure 6) or a second electron (Auger effect). In both cases, all 

core holes will be gradually filled with less tightly bound electrons until the 

atom is fully relaxed. The emitted particles (X-ray photon or electrons) have 

characteristic energies, which are shell and atom specific. The probability of 

emission is directly proportional to the absorption probability. Thus, a second 

possibility to measure X-ray absorption is in fluorescence mode as given by:  

μ(E) ∝  
If

I0
 (9)  

With If as the measured intensity of the fluorescence line (or electron emission) 

associated with the absorption process.  

As the core-level electrons of every atom have distinct binding energies, XAFS 

measurements can be element-specifically conducted by tuning the X-ray ener-

gy to the appropriate absorption edge. XAFS techniques rely on brilliant X-ray 

radiation with a continuous spectrum. Thus, more than 99 % of all EXAFS stud-

ies are conducted at synchrotron light sources (Gurman, 1995), such as the Eu-

ropean Synchrotron Radiation Facility (ESRF) in Grenoble, France or Soleil Syn-

chrotron, Gif-sur-Yvette, France.  
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2.3.2 XAFS measurements  

Y K-edge (17.038 keV) and Sr K-edge (16.105 keV) fluorescence XAFS as well as 

La K-edge (38.925 keV) transmission XAFS measurements on glass samples 

were performed at SAMBA beamline at SOLEIL Synchrotron, France (Briois 

et al., 2011) using a Si 220 double-crystal monochromator. Two mirrors at a 

grazing angle of 3 mrad were employed. The beam was focused and had a size 

of 500 x 500 μm2 FWHM. The energy of the monochromator was calibrated at 

the Zr K-edge using a metallic Zr-foil. In fluorescence mode the sample was 

turned to 45 ° to the beam with a detector angle of 90 ° to the incident beam. 

The fluorescence signal was collected with a 35-pixel Ge detector (Canberra) 

and dead-time corrected.  

All experiments on in-situ melt samples at high pressure and temperature 

(HPHT) and on the quenched in-situ samples, still at high pressure (HP), were 

conducted in transmission mode using a Paris-Edinburgh press (Morard et al., 

2007; Rosa et al., 2016) installed at beam line BM23, ESRF (Mathon et al., 2015). 

One series of runs employed the 2.4 mm pressure assembly design after Morard 

et al. (2007). Subsequent runs used a design that was modified after Yamada et 

al. (2011) as presented in chapter 2.1. The liquid state of the in-situ experiments 

was determined by the absence of crystalline phases in the sample volume as 

indicated by in-situ XRD. Pressure and temperature conditions applied by the 

Paris-Edinburgh press were chosen to stabilize one homogenous melt, avoiding 

potential liquid immiscibility. Silicate compositions were investigated as melts 

in-situ at 2.2 GPa and 1500 °C and afterwards as quenched glasses (quenched in-

situ samples). The quench was accomplished by cutting the power supply to the 

graphite heater. During the quenching process the pressure dropped to 1.8 GPa. 

Carbonate melts do not quench to a glass and were investigated only in-situ at 

2.6 GPa and 1200 °C. The XAFS measurements were carried out using a Si(111) 

double-crystal monochromator. Harmonic rejection down to a level of 10-5 was 

achieved by using a vertical deflecting double mirror system. For Y and Sr 

measurements, Rh-coated mirror strips were used and inclined to a grazing an-

gle of 3 mrad. For La measurements, Pt-coated mirror stripes were used and 

inclined to a grazing angle of 2 mrad. The beam was vertically focused down to 
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50 µm FWHM using the bender mounted on the second mirror of the double 

mirror system and horizontally collimated to 0.1 mm using slits.  

All model compound pellets were measured in transmission mode at both syn-

chrotron facilities. Spectra of each sample were recorded starting from at 

least 150 eV below the edge. Glass and in-situ measurements of Sr reached up 

to 650 eV (k of 13 Å-1), of Y and La up to 750 eV (k of 14 Å-1) above the edge. 

Model compound spectra were collected up to 965 eV (k of 16 Å-1) above the 

edge. For each sample, two to four spectra were measured until sufficient 

counting statistics and adequate signal to noise ratios were reached. 

2.3.2.1 Data Processing 

XAFS spectra of each individual sample were summed and averaged using the 

Athena software (Ravel and Newville, 2005). Further analysis was conducted 

using the XAFS package (Winterer, 1997). All spectra were background correct-

ed by subtracting a polynomial function fitted to the spectral region below the 

edge. The edge position E0 was identified by fitting an error function. Addition-

al step height correction was needed for Y and Sr spectra, which show a strong 

peak at the main edge. This was done by adjusting the edge-jump to an isosbes-

tic point (for Y at ~ 60 eV, for Sr at ~ 90 eV after the edge). EXAFS oscillations 

were background-subtracted and normalized using a natural cubic spline func-

tion. The normalized EXAFS signal χ(E) was transformed into k space using 

eq. 5. To enhance features at higher energies the spectra were k3- or 

k2-weighted. While crystalline materials can be adequately fitted with a 

k-weighting of 3, the EXAFS of glasses and melts are usually only fittable using 

a k-weighting of 2.  

2.3.2.2 EXAFS Fit Model 

Glasses and melts are highly disordered systems, thus the EXAFS basically con-

tain contributions from the first coordination shell (cation-oxygen pairs). To 

account for the enhanced anharmonicity of the lattice dynamics in glasses and 
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melts (cf. chapter 1.2) various methods for data analysis have been suggested 

(Daryl Crozier, 1995; Filipponi, 2001; Simon et al., 2013; Yang et al., 1997). In this 

study, an EXAFS fit model as given in eq. 10 and 11 was applied (analytical dis-

tribution fit as in Winterer, 1997). The model is based on an asymmetric distri-

bution function to describe the first coordination shell of the metal cations in 

glasses and melts. The model is applied at constant values for S0. 

χ(k) = f ∗
Rs

2

Ns
∗  

𝐍

𝐑𝟐
∗ e{2k2∗(σs

2−𝛔𝟐)} ∗ (1 + z(k)2)−
m+1

2  

∗ sin {δ(k) + 2k ∗ (𝐑 − Rs) −
fc ∆𝐄𝟎𝐑

k
+ (m + 1)(−z(k) + arctan (z(k)))} 

(10)  

where 

z(k)  = 2k ∗ |𝐡| (11)  

Where f is the amplitude of the reference, δ the phase of the reference, Ns the 

path degeneracy of the reference, Rs the path length of the reference, σ2s the De-

bye-Waller factor of the reference, fc the conversion factor of 0.262467 V-1Å-2, 

and m the power of the weighing function. Parameters to fit are in bold: N as 

number of neighbors, R as average bond length, σ2 as Debye-Waller factor, ΔE0 

as inner potential shift (deviation from the theoretical Fermi level) and h as 

asymmetry parameter. The resulting distribution function p(r) of atoms around 

the X-ray absorbing atom as a function of distance r is given by eq. 12 (Winter-

er, 1997; Yang et al., 1997). 

p(r) = g(r) ∗ N =  
N

m!
∗ (

1

|h|
)

(m+1)

∗ (r − R)m ∗ e
{−

r−R
|h|

}
 (12)  

Reference material fits 

As references served phase and amplitude functions derived from the model 

compounds (Y2O3, La2O3, SrCO3) using the FEFF9 package (Rehr et al., 2010). 

The measured model compound EXAFS were Fourier filtered (using a Kaiser 
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Bessel window with a weighing of 4) to extract their first shell contribution. 

The FEFF calculation was optimized to obtain best one-shell fit results for each 

model compound (with variable N, R, σ2, h, ΔE0 and iterating through fixed 

values of S0). Best fits were determined by derived structural parameters (espe-

cially N and R) being consistent with XRD structural data (Table 1), statistical 

parameters (standard deviation of fit parameters, reduced χ2 of fits) and ob-

tained results being independent of k-weighing (2 or 3). The potential was op-

timized with a self-consistent potential radius (SCF) of 4 Å and a maximum ef-

fective (half-path) distance (RPATH) of 7 Å. In all model compounds, the ab-

sorbing element is surrounded by first shell oxygens Or at different distanc-

es r (in Å), which lead to individual paths in the FEFF calculation. The fit quali-

ty proved to depend on the chosen path as well as on the used cut-off radius. 

Best fits were obtained for Y2O3 using the path of Y1-O2.272 and a cut-off at 4 Å, 

for La2O3 using the path of La-O2.365 and a cut-off of 3 Å and for SrCO3 using the 

path of Sr-O2.2724 and a cut-off of 6 Å. Respective phase and amplitude functions 

as well as associated values of ΔE0 and S0 were used in subsequent fitting of 

melt and glass samples. The parameter m is not a fit parameter and has to be 

chosen prior a given fit. It substantially influences the shape of the fitted distri-

bution function at higher distances. Tests showed that best results were ob-

tained with an m of 2. 

Coordination number – bond length correlation 

To mitigate the often considerable uncertainty in fitting the coordination num-

ber N (e.g. Brown et al., 1995), N was correlated to R according to bond valence 

theory (Bickmore et al., 2017; Brown, 2009), which employs the parameter of 

bond valence or bond strength s (Brese and O’Keeffe, 1991). s is defined by di-

viding the formal charge zc of a cation by its coordination number N (eq. 13). It 

also can be derived from the relationship between a measured bond length R 

and an empirically determined ideal bond length R0 for a given material 

(eq. 14). 

s =
zc

N
         or         s =  e

R0−R
0.37  (13)  and (14)  
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Due to thermal expansion at higher temperatures, R0 has to be corrected by 

adding the product of the temperature and the thermal expansion coefficient α 

(Hazen et al., 2000): 

α = 4.0(4) ∗
N

i2zcza
∗ 10−6K−1 (15)  

Where i2 is an empirical ionicity factor (of 0.5 for silicates and oxides) and zc 

and za are cation and anion valences. It is reasonable to assume that the range of 

pressures investigated in this study has only minor impact and thus does not 

require correction.  

Table 2: Parameters of linear approximation of N-R correlation. 

Indicated are the element-specific parameters mNr and nNR as coefficients of 

the linear regression N(R)= mNR * R + nNR for each studied cation-oxygen pair 

and temperature conditiona. Respectively determined N deviate at most 1 % 

from N calculated directly applying eq. 13 and 14 according to bond valence 

theory. 

 

 Y-O La-O Sr-O 
 

ambient 

temperature 

mNR 

nNR 

20.20 

-39.96 

23.88 

-52.51 

18.42 

-40.51 

     

1500 °C 
mNR 

nNR 

19.55 

-38.69 

22.87 

-50.29 

17.27 

-37.96 

     

1200 °C 
mNR 

nNR 

19.45 

-38.48 

23.07 

-50.72 

17.49 

-38.46 

 

a N: coordination number, R: average bond length 

 

Element specific values of R0 as given by Brese and O’Keeffe (1991) and Hazen 

et al. (2000) were employed in eq. 13 to 15 to derive N-R correlations for Y, Sr 

and La at the prevalent temperatures. According to input requirements of the 

software package XAFS the correlation was fitted linearly over the region of 

experimentally observed bond lengths in this study in the form of 

N(R) = mNR * R + nNR. The determined model parameters mNR and nNR for differ-
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ent temperatures are used to correlate N to R in the EXAFS fits and are given in 

Table 2.  

2.3.2.3 EXAFS Sample fits of melts and glasses 

Glass and in-situ EXAFS χ(k) were fitted in unfiltered k space, with k3-weighing 

for Y and k2-weighing for Sr and La. Values of S0 and ΔE0 were taken from the 

model compound fits and N was correlated to R as explained above. Thus, fit-

ted parameters for glass and melt samples were reduced to R, σ2 and h. The lat-

ter two are closely correlated parameters describing the structural disorder of 

the local arrangement and they are particularly sensitive to the amplitude of the 

EXAFS. In combination with relatively short EXAFS signals, a simultaneous fit 

of all three parameters is unfortunately not feasible. Starting values of σ2 and h 

were derived by a preliminary fit approach, under the assumption that glass- or 

melt-state dependent and element specific values of σ2 and h can be applied. 

This procedure involved running through different combinations of fixed val-

ues for σ2 and h at different sets of variable and fixed parameters (out of R, N, 

σ2, h and ΔE0). Optimal values for σ2 and h were chosen according to fit con-

sistency (e.g. physical meaning, resemblance of results in k2- and k3-weighted 

fits) and statistical parameters. In a second step, derived values of σ2 and h were 

refined by an iterative fit procedure, letting R run free and alternatingly setting 

one amplitude parameter constant to values as derived from the previous itera-

tion. Tested fit models of: (I) variable σ2 and R; or (II) variable h and R showed 

that σ2 and h can be treated as constant for a given element in the suite of melts 

or glasses (independent of ΔE0 being fixed or variable). This is closely linked to 

the fact that these parameters are strongly correlated. They therefore show large 

standard deviations (0.005 - 0.010 Å-2 for σ2, 0.01 - 0.06 Å-1 for h). During the fit 

procedure, initial values for ΔE0 were refined to a minor degree (max. 2 eV). 
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2.4 Ab initio molecular dynamics simulations 

2.4.1 Theoretical fundamentals on molecular dynamics 

Molecular dynamics (MD) refers to computer simulations, which model the 

interactions of Lagrangian particles (e.g. atoms, molecules, granules) over time. 

The method was first implemented using a hard sphere model to represent at-

oms (Alder and Wainwright, 1959). They are widely used in chemistry, physics 

and biology at many different types of systems, such as glasses, liquids, solids, 

surfaces or proteins. They are particularly advantageous in modeling systems 

which are often difficult to access experimentally, such as disordered systems 

and/or systems at elevated pressure/temperature conditions (Allen and Til-

desley, 1989). MD provides a window into the dynamical behavior of a system 

of particles by iteratively calculating its total energy and acting forces for each 

simulation time step. From the resulting trajectory it is possible to calculate dy-

namical properties such as absorption spectra, rate constants or transport prop-

erties as well as equilibrium properties such as pressure, temperature, volume 

and structure (Tuckerman and Martyna, 2000).  

There are many approaches to solve the equations of motion of an assembly of 

atoms in MD simulations. In the so-called classical approach, the force field re-

sponsible for atomic interaction can be derived from element specific interac-

tion potentials, which are empirically determined. On the other hand, in ab ini-

tio (or first-principle) MD the energy of a system is calculated from quantum 

mechanics, often within the density functional theory framework (Hohenberg 

and Kohn, 1964; Kohn and Sham, 1965). Ab initio MD can be a powerful and 

highly predictive tool, also for highly elaborated systems, where classical inter-

action potentials may not sufficiently describe behavior of involved atoms. 

However, its high computational demand currently restricts ab initio simula-

tions to time spans of 10 – 100 ps and system sizes to a few hundred atoms2. To 

overcome the thereon based large surface effect on the cell boundaries, the sim-

                                                      
2 In contrast to classical MD, which are applicable for several thousands of particles over time 

spans of ~ 10 ns. 
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ulation cell is duplicated in all three dimensions as exemplary shown for two 

dimensions in Figure 9. 

 
Figure 9: Schematic illustration of two-dimensional periodic boundaries in MD simulations.  

The simulation cell (in the middle) contains three atoms (red, green and grey) and is surround-

ed by periodic duplicates (after Hoover and Rossj, 1971). This set-up enables to also realistical-

ly reproduce the behavior of particles close to the boundaries. Here, the grey atom is about to 

leave the simulation cell to the top. The periodic boundaries ensure that it is immediately re-

placed by its periodic image entering from the bottom. This ensures constant numbers of atoms 

in the simulation cell at all times. 

2.4.2 Procedure of MD simulations 

All MD simulations in this thesis are ab initio simulations of Born-

Oppenheimer-type and were performed using the QUICKSTEP module 

(VandeVondele et al., 2005) of the CP2K software package (Hutter et al., 2014). 

The Perdew-Burke-Ernzerhof exchange correlation functional (Perdew 

et al., 1996) and Goedecker-Teter-Hutter (Goedecker et al., 1996) norm-

conserving pseudopotentials were employed. As basis sets served double-zeta 

valence plus polarization basis sets (VandeVondele and Hutter, 2007). A plane 

wave cutoff of 120 Ry was chosen as a compromise between accuracy and 

efficiency. The simulations were run in a canonical ensemble. 
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Table 3: Simulations cell parameters for Y-bearing melts.  

Indicated are the number of atoms (n), the box lengths and the respec-

tive densities for each Y-bearing composition. Corresponding Sr cells 

were designed by substituting a set of Y, Na and O for one Sr (on for-

mer Y position). Box lengths were chosen to create densities estimated 

for ~ 2 GPa and 3000 K. 

 

  sSA00 sSA03 sNC10 CAR40/41 

 

N
u

m
b

er
 o

f 
at

o
m

s 

nO 115 118 106 106 

nSi 40 40 24 - 

nAl 8 8 5 - 

nNa 31 29 38 49 

nCa 6 6 8 10 

nC - 2 11 35 

nY 1 1 1 1 

ntotal 201 204 193 201 

Box length [Å] 14.2 14.3 14.5 14.3 

density [g/cm3] 2.44 2.41 2.17 2.13 

 

Two series of explorative MD simulations were conducted: one focusing on Y 

and one on Sr bearing melts. Each series comprises four different compositions 

corresponding to sSA with 0 and 3 wt % CO2 (sSA00 and sSA03), sNC with 

10 wt % CO2 (sNC10) and silicate free carbonate (CAR41). To reach low ele-

mental concentration of Y and Sr analogue to the chemical composition of XAFS 

samples, only one single atom of Y or Sr was introduced into the simulation 

cell. The cubic simulation cells contained ~ 200 atoms (Table 3). Periodic bound-

ary conditions are applied at all times. Lengths of the cell box were chosen to 

represent densities corresponding to conditions of ~ 2 GPa (see Appendix 1 for 

calculations).  

Initial configurations for Y-bearing melts were derived from a random distribu-

tion of atoms, taking into account typical interatomic distances. Such initial con-

figurations are usually unrealistic and firstly need to be equilibrated until the 

systems properties do not change significantly. Especially in silicate networks, 

reaching equilibrium is a sluggish process that is circumvented by elevated 

temperatures (e.g. Cormack et al., 2001). Thus, each cell was equilibrated 
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at 3000 K for at least 50 ps. The simulations were performed with 1 fs time step 

and data were collected for every second time step. The temperature was con-

trolled by a Nosé-Hoover thermostat (Hoover, 1985; Nosé, 1984). Starting con-

figurations for Sr melt simulations were derived from equilibrated Y-bearing 

melts by substituting Sr for Y, while eliminating one Na and one O to maintain 

charge balance. As cell box lengths remained constant, densities in the 

Sr-bearing melts represent conditions of ~ 1.8 GPa. The new cells were equili-

brated for at least 50 ps. Additionally, Y melts were quenched in order to obtain 

corresponding glass structures. For this, the last step of each Y melt served as 

starting configuration for the quench and was cooled down to ambient temper-

atures (300 K) by 100 K every 2 ps (i.e. with a quench rate of 5 * 103 K/s). The 

final quench products were run at 300 K for 20 ps and sampled every second 

time step. 

2.4.3 Evaluation of molecular dynamics simulations 

Basic structural information is derived by statistically evaluating all atomic con-

figurations within the last 20 ps of each simulation. A very descriptive approach 

to characterize structural properties is given by partial radial distribution func-

tions. They represent the likelihood gij to find a specific pair of atoms i and j at a 

distance r for each step: 

g
ij
(r)=

1

cicjρ0
N

(∑ ∑ δ(r- (ra-rb))

Nj

b=1

Ni

a=1

) (16)  

In this equation, N is the total number of atoms, ρ0 the atomic number densi-

ty, ci the concentration of atom type I, and Ni the number of atom type i. ra and 

rb are atomic position vectors of atoms a and b, r is a distance vector of a specific 

length and δ is the Kronecker delta. Mean structural information can be ob-

tained by averaging the partial radial distribution functions over the relevant 

time span. The average coordination number of atom type i by j is determined 

by integrating gij(r) in between 0 and a cut-off, conventionally the first mini-

mum rmin. The most probable bond length r̂ is given by the first maximum 
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of gij(r). The mean bond length r̅, as also is referred to as R in EXAFS analysis, is 

defined by: 

∫ g
ij
(r)dr

r̅

0

 = ∫ g
ij
(r)dr

rmin

r̅

 (17)  

Due to the asymmetric character of the distribution with tailing out to long dis-

tances, r̂ is smaller than the average bond distance r̅. 

For each simulation run, the partial pair distribution functions gX1X2(r), with 

X1/2 = Y, Sr, Si, Al, Na, Ca, C, or O, were extracted. They are given in Appendix 2 

to 4. Appendix 5 presents the corresponding cut-off values as defined by the 

first minimum rmin. Additional structural information can be derived by evaluat-

ing the second shell around a cation, i.e. their closest cation neighbors (Appen-

dix 6). They are defined by a distance to the central cation, which is below the 

sum of the element specific cut-off values of the central atom and the cation in 

question. In an additional approach, an algorithm was developed to investigate 

the coordination environment of Y, Sr and C in detail. The method distin-

guishes between different oxygen species in the vicinity of specific elements: 

bridging oxygen (between Si-Si, Si-[4]Al, [4]Al-[4]Al as BOSi-Si, BOSi-Al or BOAl-Al), 

non-bridging oxygen (adjacent to Si or [4]Al as NBOSi or NBOAl), free oxygen 

(FO) or oxygen tri-clusters (TO). For computational reasons, the trajectories had 

to be sampled down to contain only 2000 steps, still covering the whole time 

period. 
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3 Results 

3.1 Application of the novel pressure assembly design  

A modified design of the pressure medium assembly used in the Paris-

Edinburgh press allows for low content element transmission EXAFS at ener-

gies > 12500 eV (e.g. with 2 wt % Y2O3 or SrO and 3 wt % La2O3). Although an 

ideal absorption of 1 and edge-jump of 1 are not feasible using this set-up, suffi-

cient edge-jumps of ~ 0.2 and total absorptions between 2 and 3 can be realized.  

  
 

Figure 10: Pressure and temperature calibration of the modified pressure assembly design in 

the Paris-Edinburgh press. 

(a) Pressure and (b) temperature calibration is based on XRD determined volumetric changes of 

reference materials (gold (Au), NaCl, hexagonal boron nitrite (hBN), and platinum (Pt), 

cf. chapter 2.1) at HPHT and solving their equation of states. Temperature calibration was con-

ducted at a Poil of 200 and 300 bar (Psample of ~ 2 GPa and ~ 3 GPa).  

The sample pressure Psample is generated by the oil pressure Poil, which is applied 

to the press. The new set-up was calibrated to sample pressures up to 3 GPa 

(corresponding to Poil of 300 bar, Figure 10 a) at ambient temperature:  

Psample[GPa] ≈ 0.01 Poil [bar] (18)  
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The sample temperature Tsample depends on the applied heating power ℙheat and 

was calibrated up to ~ 1800 K (corresponding to ℙheat ~ 400 watt, Figure 10 b). 

The temperature correlation is independent of the applied pressure of Psample 

of 2 or 3 GPa (corresponding to Poil of 200 or 300 bar, respectively):  

Tsample[K] ≈ 3.72 + 273 ∗ ℙheat[W] (19)  

The set-up was successfully tested up to ~ 2000 K at 2.5 GPa as extrapolated 

from the calibration in eq. 19 (Pohlenz et al., 2016). 

3.2 Chemical composition of glass and melt samples 

Details on the chemical composition of all investigated samples can be found in 

Table 4. These data are derived from electron microprobe analysis, except for 

carbonate samples that were not quenchable to a homogeneous glass. Nominal 

compositions are given in these cases. Silicate glass samples (sSA and sNC) con-

tain trace element contents of Y2O3, SrO and La2O3 around 0.5 wt %, while sili-

cate and carbonate in-situ melt samples contain 1.2 to 2 wt % Y2O3 or SrO or 3 to 

6 wt % La2O3. Additionally, B2O3 contaminations (cf. chapters 2.1 and 2.2.3) 

were detected of around 2 wt % in all in-situ melt samples, exceptionally ex-

ceeding 10 wt % (cf. samples Y & Sr P28c and La P40c in Table 4). The difference 

to 100 wt % in the derived totals may be caused by: (1) Undetermined amounts 

of volatiles, such as H2O or CO2 (accidentally attracted during sample synthesis 

or during the in-situ runs), (2) too low contents of Na2O depending on incident 

beam current density and/or total Na content (Morgan and London, 1996). 

However, the low standard deviation within each sample analysis suggests 

chemically homogeneous samples. Backscattered electron images provide no 

signs of crystallization or bubble nucleation in glass samples up to 4.5 wt % CO2 

at 0.7 GPa / 6.0 wt % at 1.5 GPa in sSA composition as well as up to 7.6 wt % 

CO2 at 0.7 GPa in sNC composition. These values are well within the  composi-

tion-   and  pressure-dependent  CO2-solubility   limits  reported  in  
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Table 4: Chemical composition of ex-situ glass samples and quenched in-situ samples.  

The composition in wt % was determined by electron microprobe analysis (unless indicated oth-

erwise). CAR compositions (with > 34 wt % CO2) of the in-situ runs did not quench to glasses and 

compositional analyses was not feasible. Volumes of glass samples synthesized in piston cylinder 

experiments and quenched in-situ samples were too small for analyzing the CO2 content. The 

standard deviation is given in parentheses and refers to the last printed digit. 

 

 
[wt %] SiO2 Al2O3 CaO Na2O Y2O3 SrO Rb2O* B2O3 

EMPA 

Total 
CO2

c H2O** Total ASIa 

Samples
 

 

Y
 &

 S
r 

gl
as

se
s 

sSA0.0c 57.4 (2) 9.9 (1) 8.4 (1) 22.8 (2) 0.64 (4) 0.53 (3) 0.54 (3)   100.1 (3) 0.0 (1)   100.1  0.19 
sSA0.2ch 56.9 (2) 9.6 (1) 8.1 (1) 22.1 (2) 0.62 (4) 0.52 (3) 0.54 (3)   98.3 (4) 0.2 (1) 1.8 (1) 100.3  0.19 
sSA0.7c 57.9 (3) 9.9 (1) 8.3 (1) 22.7 (2) 0.58 (3) 0.49 (3) 0.51 (3)   100.3 (3) 0.7 (1)   101.1  0.19 
sSA1.5c 57.4 (2) 10.0 (1) 8.3 (1) 22.6 (2) 0.67 (3) 0.57 (4) 0.49 (4)   100.0 (3) 1.5 (1)   101.5  0.19 
sSA2.1c 57.6 (2) 10.0 (1) 8.2 (1) 22.3 (2) 0.52 (3) 0.42 (3) 0.44 (4)   99.4 (3) 2.1 (2)   101.5  0.19 
sSA2.4ch 55.7 (2) 9.5 (1) 8.0 (1) 21.6 (2) 0.56 (3) 0.47 (3) 0.49 (4)   96.4 (4) 2.4 (1) 1.9 (1) 100.7  0.19 
sSA3.8c 54.3 (6) 9.7 (2) 7.9 (1) 19.7 (2) 0.57 (4) 0.44 (5) 0.47 (3)   93.1 (6) 3.8 (1)   96.9  0.21 
 sSA3.9c 57.7 (2) 10.0 (1) 8.1 (1) 21.5 (2) 0.53 (3) 0.00 (0) 0.00 (0)   97.8 (3) 3.9 (1)   101.6  0.20 
sSA6.0c 56.8 (11) 10.2 (2) 6.7 (3) 17.9 (9) 0.49 (4) 0.35 (5) 0.42 (4)   92.9 (11) 6 n   98.9  0.24 
sNC0.8c 42.7 (4) 8.2 (2) 13.1 (1) 30.2 (3) 0.76 (7) 0.61 (5) 0.30 (4)   95.8 (5) 0.8 (1)   96.6  0.11 
sNC5.0c 41.2 (3) 7.8 (2) 12.4 (1) 28.9 (4) 0.64 (7) 0.51 (5) 0.27 (3)   91.7 (4) 5.0 (2)   96.7  0.11 

Y
 &

 S
r 

in
-s

it
u

 

                        
P00c 58.8 (10) 10.7 (3) 7.9 (3) 19.4 (2) 1.65 (5) 1.33 (4)   0.5 (5)  100.2 (10) 0 n   100.2  0.23 
P05c 54.8 (10) 9.9 (3) 8.1 (3) 18.3 (4) 1.65 (8) 1.21 (4)   1.3 (3)  95.3 (17) 5 n   100.3  0.22 
P10c 46.2 (5) 8.1 (2) 9.1 (2) 19.5 (2) 2.01 (6) 1.29 (4)   2.8 (3)  89.0 (6) 10 n   99.0  0.17 
P28c 22.3 (9) 5.0 (5) 14.8 (8) 19.6 (6) 1.9 (3) 0.73 (5)   10.0 (3) 74.4 (14) 27.5 n   103.0  0.09 
P35c 6.2 n 1.1 n 14.7 n 39.6 a 2.0 n 1.8 n       34.6 n   100.0 n 0.01 
P39c 1.6 n 0.3 n 14.9 n 40.4 a 2.0 n 1.8 n       39.0 n   100.0 n 0.00 
P41c 0.0  n 0.0 n 15.1 n 40.7 a 1.8 n 1.7 n       40.7 n   100.0 n 0.00 

 

 

          La2O3 Nb2O5              
 

 

L
a 

gl
as

se
s 

sSA00c 57.5 (4) 10.1 (1) 8.1 (1) 22.9 (4) 0.5 (2) 0.60 (6)     99.7 (9) 0.2 (1)   99.9  0.19 
sSA00ch 55.7 (5) 9.8 (1) 7.9 (1) 22.0 (3) 0.5 (2) 0.71 (4)     96.7 (6) 0.3 (1) 1.9 (1) 99.0  0.19 
sSA02c 56.2 (4) 9.8 (2) 8.1 (1) 22.4 (4) 0.5 (2) 0.64 (5)     97.6 (8) 1.85 (4)   99.4  0.19 
sSA02ch 54.7 (6) 9.5 (2) 8.0 (2) 21.6 (3) 0.5 (2) 0.64 (5)     94.9 (9) 2.27 (6) 2.0 (1) 99.2  0.19 
sSA04c 54.7 (6) 9.6 (1) 7.9 (1) 21.5 (3) 0.3 (1) 0.54 (4)     94.7 (8) 4.37 (3)   99.0  0.19 
sNC00c 42.7 (7) 7.6 (1) 12.0 (2) 28.4 (15) 2.5 (2)       93.2 (9) 0 n   93.2  0.11 
sNC03c 44.4 (4) 7.9 (2) 12.5 (4) 29.8 (6) 0.5 (1) 0.72 (4)     95.8 (11) 3.1 (7)   98.9  0.11 
sNC06c 43.5 (5) 7.7 (1) 11.7 (1) 26.2 (4) 0.4 (2) 0.62 (4)     90.3 (9) 6.4 (5)   96.7  0.12 
sNC08c 42.3 (4) 7.5 (1) 12.0 (1) 28.9 (9) 0.6 (2) 0.78 (4)     92.0 (9) 7.6 (2)   99.6  0.11 

                         

L
a 

in
-s

it
u

  

PsSA00c 54.9 (4) 9.9 (1) 7.8 (2) 20.5 (4) 4.8 (3)     1.1 (11) 99.0 (12) 0 n   99.0  0.21 
PsSA05c 52.4 (6) 9.4 (2) 7.5 (2) 21.1 (3) 2.7 (2)     1.3 (8) 94.4 (11) 5 n   99.4  0.19 
PsNC00c 36.2 (5) 6.7 (1) 9.2 (3) 24.6 (4) 3.6 (3)     6.6 (11) 86.9 (16) 0 n   86.9  0.12 
PsNC10c 45.7 (6) 8.7 (3) 6.7 (2) 20.3 (6) 2.1 (2)     1.0 (10) 84.6 (15) 10 n   94.6  0.19 
P35c 6.4 n 1.2 n 14.8 n 39.9 n 3.0 n     2.1 (18)e   34.7 n   100.0 n 0.01 
P39c 1.6 n 0.3 n 15.1 n 40.7 n 3.0 n     2.5 (11)e   39.3 n   100.0 n 0.00 
P40c 0.0 n 0.0 n 14.7 n 39.7 n 6.0 n     11.6 (83)e   39.6 n   100.0 n 0.00 

 

s the sample names represent a code, which indicates following sample specifications: Letters - experimental 

runs on glasses (of sSA or sNC compositions) or conducted in-situ with the Paris-Edinburgh press (P); Digits 

- the carbon content; an additional h identifies H2O-bearing samples. An example: PsSA05c represents a 

sample, used for in-situ measurement in the press of sSA composition with 5 wt% CO2. 

c CS analyser, n given as nominal according to starting composition, e EMPA measured boron is roughly 

estimated by averaging individual boron concentrations of the different carbonate mineral quench products 

and excluded in the total sum.  
a aluminum saturation index (ASI, defined as the molar ratio of Al2O3/(Na2O+K2O+CaO)). 

* Rb and Nb in some of the glass samples were not further investigated for this study. 
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literature (e.g. Ni and Keppler, 2013a). The images also proofed that silicate in-

situ run products quenched to homogeneous glasses (exemplary depicted by 

Figure 11 a).  

  

  Quenched in-situ samples  

   La PsSA05c with 5 wt % CO2   La P28c with 28 wt % CO2 
 

  

 
 

 

 

 
 

 

 

 
 

 

 
 

 

 

Figure 11: Photographs (top) and backscattered electron images (bottom) of quench prod-

ucts from HPHT runs.  

(a) Typical glass of quenched in-situ low-carbonate silicate melt samples (exemplary depicted 

by La sSA05 with 5 wt % CO2). It shows some bubbles as a result of quenching. (b) Quench 

product of immiscible silicate (glassy drop) and carbonate (microcrystalline intergrowth tex-

ture) melt of La bearing sample with 28 wt % CO2, excluded from further analysis. Both pho-

tographs at the top show a clear contamination of graphite at the rims. 

b 

 
a 

 

100 μm 100 μm 
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Although pressure and temperature conditions were chosen to prevent the car-

bonated silicate melt from unmixing, the La sample with 28 wt % CO2 showed 

liquid immiscibility: a glassy droplet of quenched silicate melt in the center sur-

rounded by quenched intergrown microcrystalline carbonates (Figure 11 b). 

Liquid immiscibility is very sensitive to the exact chemical composition. Slight 

chemical variations in the starting materials, e.g. by accidentally trapped H2O or 

the relatively enhanced content of La2O3, are likely triggers for the prevalent 

immiscibility. The grain sizes of the recovered materials are too small for elec-

tron microprobe phase identification in the complex Na-Ca-carbonate system 

(Shatskiy et al., 2013, 2015). The sample with liquid immiscibility was excluded 

from further structural analysis, as the measured EXAFS is composed of inde-

terminable contributions of La in the silicate or carbonate compartment. All 

quench products show pronounced rims of graphite aggregates (Figure 11 a, b, 

top). Possibly, they stem from interactions with the carbon bearing parts of the 

pressure assembly. Quenched in-situ samples of silicate compositions 

with ≥ 5 wt % CO2 show increasing signs of CO2 degassing in form of quenched 

bubbles (cf. Figure 11 a). The degassing was likely triggered through tempera-

ture and pressure release after the in-situ run. 

3.3 X-ray absorption fine structure (XAFS) 

3.3.1 X-ray absorption near edge structure (XANES) 

Y, La and Sr K-edge XANES spectra of model compounds as well as from se-

lected in-situ melts at HPHT and their glassy quench products at HP are pre-

sented in Figure 12. Roman numbers in the figure indicate features, which are 

described in the following. The maximum of the Y K-edge (Figure 12 a) consists 

of two features, particularly noticeable for the model compound Y2O3 (I). The 

first EXAFS of Y2O3 possesses a pronounced fine structure on the low-energy 

limb (II). The quenched in-situ samples show a distinct change in the main-edge 

(I) from CO2-free sSA composition, with the second feature as prominent peak, 

to the 28 wt % CO2 bearing composition, with the first as prominent peak. In Y 

bearing HPHT in-situ melts the second feature is generally reduced to a shoul-

der, again diminishing in intensity when comparing CO2-free sSA and silicate-
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free CAR41 composition. All spectra of the La K-edge are relatively similar. 

They show only weakly developed features due to the strong core-hole lifetime 

broadening. Particularly the spectral features of the HPHT in-situ melts become 

fairly weak. In case of Sr (Figure 12 c), SrCO3 with Sr in 9-fold coordination 

shows a quite narrow main-edge maximum (III), followed by a relative intense 

first EXAFS (IV) exhibiting considerable fine structure between 16130 and 

16145 eV. In contrast, the main-edge maximum (III) of the quenched in-situ 

sample is wider with an additional shoulder on the high-energy limb (V). The 

first EXAFS (IV) maximum is shifted to higher energy compared to SrCO3 for all 

melts and quenched in-situ samples. The main-edge maximum (III) becomes 

wider and more asymmetric at HPHT conditions, especially in case of the CO2-

free melt.  

 

 
 
Figure 12: Normalized Y, La and Sr K-edges XANES 

Model compounds are represented with thin lines and selected in-situ melts at HPHT and 

glassy, quenched in-situ samples at HP with thick lines. At HP conditions (solid lines), the 

K-edges of 0 and 10 or 28 wt % CO2 bearing glasses are plotted; at HPHT conditions (dotted 

lines), the K-edges of pure silicate and pure carbonate melts are plotted. The flattening of the 

pre-edge of the La XANES (VI) is relatively long due to its large core-hole lifetime and would 

be seen in an enlarged E range. Further spectral features indicated with roman numbers are 

described in the text. 
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3.3.2 EXAFS of model compounds 

 
Figure 13: Y, La and Sr EXAFS and their Fourier transforms in model compounds. 

(a) K-edge EXAFS of Y, La and Sr in model compounds. (b) Magnitudes of the Fourier trans-

forms (FT) of the EXAFS and respective fits. Distances of the FT are not corrected for the phase 

shift introduced at the scattering event. This is accounted for by the term ΔR. (c) Fourier fil-

tered first shell oxygen EXAFS signals of indicated model compounds and corresponding fits. 

EXAFS spectra of model compounds (Y2O3, La2O3, SrCO3) showed strong oscil-

lations up to a k of 16 Å-1 for Y, 12 Å-1 for La and 11 Å-1 for Sr (Figure 13 a). Fou-

rier filtering of the first shell oxygen signal (as represented in Figure 13 b) re-

duced the evaluable signal length down to 11 or 13 Å-1 (Figure 13 c), due to 

windowing effects. Fit ranges were adopted to reach sufficient signal length to 

independently fit the five parameters of N, R, σ2, h and ΔE0 according to the 

procedure explained in chapter 2.3.2.2. The corresponding single shell fits agree 

well with the Fourier filtered EXAFS (Figure 13 c) and also as Fourier trans-

forms with the first shell of the Fourier-transformed unfiltered EXAFS (Figure 

13 b). The difference in height of the 1st shell maximum between the Fourier 
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Transforms and the fits is explained by a windowing effect induced during 

1st shell filtering, that used relative narrow limits to only include 1st shell contri-

butions. Derived fit parameters (Table 5) are consistent with published X-ray 

diffraction data (Table 1, references therein) and EXAFS data on Y2O3 (Simon et 

al., 2013), La2O3 (Ali et al., 1997), and SrCO3 (O’Day et al., 2000). 

Table 5: Y, Sr, La K-edge EXAFS local structure parameters in model compounds.  

Results of N, R σ2 and h a do not depend on k-weighting within the range of errors and are in 

good agreement with diffraction and further EXAFS data (cf. text for references). Parameters in 

bold (S0, ΔE0) will be used in subsequent EXAFS fits of glass and melt samples (for Y as taken 

from χk3, for La and Sr as taken from χk2). Standard deviation in parentheses refers to last print-

ed digit. 
 

 

 Y-O in Y2O3 La-O in La2O3 Sr-O in SrCO3 

fit range  2.7 – 13 Å-1 3-12 Å-1 2.7 – 11.7 Å-1 
 

   

k-weighing χk2  χk3 χk2  χk3 χk2  χk3 
 

   

parametersa       

S0         0.94 0.94 0.94 0.94 0.98 0.98 

N 5.8(3) 6.2(5) 8.1(7) 7.6(5) 9.4(5) 9.0(8) 

R [Å] 2.293(5) 2.28(1) 2.60(3) 2.58(2) 2.60(1) 2.602(8) 

σ2 [Å-2] 0.005(3) 0.006(3) 0.004(2) 0.006(1) 0.01(1) 0.012(4) 

h [Å-1] 0.0(3) 0.02(4) 0.05(2) 0.04(1) 0.0(3) 0.0(4) 

ΔE0 [eV] 1.9(3) 1.1(8) -0.1(9) -0.9(8) -2.6(5) -2.5(6) 
 

 

a S0: Amplitude reduction factor, N: Coordination number, R: average bond length, σ2: Debye-

Waller-factor, h: asymmetry parameter, ΔE0: E0 edge shift. For further details refer to chapter 2.3. 

3.3.3 EXAFS of glass and melt samples 

All results of the EXAFS fits of glass and melt samples are given in Table 6, 

while element specific data are shown in Figure 14 to Figure 16 for Y, La and Sr, 

respectively. Due to their configurational disorder, EXAFS spectra of glass 

samples and quenched in-situ samples show shorter refineable k-ranges com-

pared to model compound spectra. Significant oscillations in these glasses reach 

up to a k of 13 Å-1 (Y, La) or 10 Å-1 (Sr). Spectra of in-situ experiments exhibit 

distinctively  reduced  amplitudes  to  about  half  of  that of  the  corresponding  
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Table 6: Y, La and Sr K-edge EXAFS local structure parameters of glass samples, in-situ melt sam-

ples at HPHT and their quench products at HP.  

Fixed parameters: S0 as determined by model compound fits, σ2 and h as derived through the prelim-

inary fit procedure (cf. chapter 2.3.2.3). During that procedure the parameter ΔE0 derived from mod-

el compounds was slightly refined. N is positively correlated to R as explained in chapter 2.3.2.2. 

Calculated bond strengths s are in italic. Standard deviations of EXAFS measurements in parentheses 

refer to the last printed digit. 

 

  Y   Sr    La  
  S0=0.94 

ΔE0=1.5 eV 
  S0=0.98 

ΔE0=-2.5 eV 
   S0=0.94 

ΔE0=-0.5 eV 
 

  

 

 

 

 

 

  

 

 

g
la

ss
 

σ
2
 [Å

-2
] 

h [Å
-1

] 
0.003

 

0.05
 

 
 

0.011
 

0.07
 

 
  

0.003
 

0.09
 

  

 R [Å] N s [vu]  R [Å] N s [vu]   R [Å] N s [vu] 
sSA0.0c 2.29 (1) 6.3 0.47  2.53 (1) 6.0 0.33  sSA00c 2.52 (1) 7.7 0.39 

sSA0.2ch 2.29 (1) 6.3 0.48  2.53  (1) 6.1 0.33  sSA00ch 2.53 (1) 8.0 0.38 
sSA0.7c 2.29 (1) 6.3 0.47  2.53 (1) 6.1 0.33  sSA02c 2.53 (1) 7.9 0.38 
sSA1.5c 2.29 (1) 6.3 0.47  2.53 (1) 6.1 0.33  sSA02ch 2.54 (1) 8.1 0.37 
sSA2.1c 2.29 (1) 6.3 0.47  2.53 (1) 6.2 0.33  sSA04c 2.54 (1) 8.0 0.37 

sSA2.4ch 2.29 (1) 6.3 0.47  2.54 (1) 6.3 0.32  sNC00c 2.53 (1) 8.0 0.38 
sSA3.8c 2.29 (1) 6.4 0.47  2.55 (1) 6.4 0.31  sNC03c 2.54 (1) 8.1 0.37 
sSA3.9c 2.29 (1) 6.3 0.47  -  - -  sNC06c 2.54 (1) 8.0 0.37 
sSA6.0c 2.30 (1) 6.4 0.47  2.57 (1) 6.9 0.29  sNC08c 2.53 (1) 8.0 0.38 
sNC0.8c 2.29 (1) 6.4 0.47  2.55 (1) 6.4 0.31       
sNC5.0c 2.29 (1) 6.4 0.47  2.55 (1) 6.5 0.31       

q
u

en
ch

ed
 

 in
-s

it
u

 (
H

P
) 

        
  

P00c 2.29 (1) 6.3 0.48  2.52 (1) 5.9 0.34  PsSA00c 2.53 (1) 7.8 0.39 
P05c 2.29 (1) 6.3 0.48  2.54 (1) 6.3 0.32  PsSA05c 2.53 (1) 7.9 0.38 
P10c 2.29 (1) 6.3 0.47  2.58 (1) 7.0 0.29  PsNC00c 2.54 (1) 8.1 0.37 
P28c 2.31 (1) 6.7 0.45  2.55 (1) 6.5 0.31  PsNC10c 2.55 (1) 8.3 0.36 

 

   

 

 

  

 

 

in
-s

it
u

  

(H
P

H
T)

 

σ
2
 [Å

-2
] 

h [Å
-1

] 
0.004

 

0.13
 

 
 

0.011
 

0.17
 

 
  

0.003 
0.16

  

 R [Å] N s [vu]  R [Å] N s [vu]   R [Å] N s [vu] 
P00c 2.37 (1) 7.6 0.40  2.60 (1) 7.0 0.29  PsSA00c 2.55 (1) 8.0 0.38 
P05c 2.36 (1) 7.5 0.40  2.61 (2) 7.1 0.28  PsSA05c 2.57 (1) 8.5 0.36 
P10c 2.36 (1) 7.5 0.40  2.61 (1) 7.1 0.28  PsNC00c 2.57 (1) 8.5 0.35 
P28c 2.38 (1) 7.8 0.39  -  - -  PsNC10c 2.58 (1) 8.6 0.35 
P35c 2.40 (1) 8.1 0.37  2.64 (1) 7.6 0.26  P35C 2.58 (1) 8.8 0.34 
P39c 2.41 (1) 8.3 0.36  2.64 (2) 7.6 0.26  P39C 2.60 (1) 9.2 0.33 
P41c 2.41 (1) 8.5 0.35  2.64 (1) 7.7 0.26  P40C 2.59 (1) 9.1 0.33 

 

glasses. This is due to the enhanced thermal and configurational disorder in 

melts and results in drastically shortened signal length with  significant  EXAFS 

oscillations only up to a k of 8.5 Å-1 (Y, La) or 7 Å-1 (Sr). Particularly, Sr K-edge 

melt spectra are of poor quality. A likely cause is its tendency to create ionic 

bonds, which only show relatively weak cation-ligand correlations (Penner-

Hahn, 2005). In the EXAFS of all elements, a minor multi-electron excitation 

features at ~ 7 Å-1 was observed (cf. to Y K-edge EXAFS of Simon, 2016). Due to 
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the reduced EXAFS range and low signal-to-background ratio, this feature 

could not be corrected for (Bunker, 2010). Although this effect may introduce a 

slight systematic error to the data analysis, mainly leading to an underestima-

tion of the coordination number (D’Angelo et al., 1996), the relative trends are 

not affected. All fits were applied over the maximum possible fit ranges and the 

consistency of the derived values was confirmed by additionally fitting all spec-

tra over the corresponding short range of in-situ data at HPHT. It has to be not-

ed that depending on the N-R-correlation applied in the fit model (cf. chap-

ter 2.3.2.2), the coordination number N follows closely each observed trend of 

the bond length R.  

Y K-edge EXAFS 

Normalized Y K-edge EXAFS spectra and corresponding fits of all investigated 

samples are shown in Figure 14 a. Derived values of RY-O are shown in Figure 

14 b for glass samples and in Figure 14 c for in-situ melt samples and their 

quench products. For all water-free and water-bearing sSA and sNC glasses 

with CO2 contents up to 6 wt %, fitted RY-O-values are invariable at ~ 2.29 Å 

within the errors. For in-situ melt samples, a common RY-O of ~ 2.37 Å is found 

for all silicate compositions, whereas the quench products show a value 

of ~ 2.29 Å. In-situ melt samples with CO2 concentrations > 34 wt % show a 

small but systematic increase in RY-O up to 2.41 Å for the highest CO2 concentra-

tion. Despite its boron contamination, the sample at 28 wt % CO2 falls in line 

with this trend. 

La K-edge EXAFS 

Figure 15 shows k2-weighted La K-edge spectra and fits (a) as well as derived 

values for RLa-O in glass (b) and in-situ melt samples and their quench prod-

ucts (c). RLa-O in water-free sSA glass samples increases from 2.52 Å to 2.54 Å 

with increasing CO2 content (Figure 15 b, dark triangles). The water-bearing 

sSA glass samples show slightly increased bond lengths compared to their wa-

ter-free counterparts (Figure 15 b, blue stars). On the other hand, all RLa-O in sNC 
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glass samples are slightly higher compared to bond length of Y-O at ~ 2.54 Å, 

unaffected by CO2 content (Figure 15 b, light triangles). Consistently, in 

quenched melts and in in-situ melts (Figure 15 c, diamonds and circles, respec-

tively) the carbon-free sNC samples also show an increase in bond length com-

pared to the carbon-free sSA samples. The in-situ melt samples are shifted to 

higher RLa-O in total. CAR compositions reach RLa-O of up to 2.60 Å. Note, that the 

pure carbonate sample was highly contaminated by B2O3 (exceeding 10 wt %). 

Sr K-edge EXAFS 

k2-weighted Sr K-edge spectra and fits as well as derived RSr-O for glass and in-

situ samples are shown in Figure 16. RSr-O values of sSA glasses (Figure 16 b, 

dark triangles) increase with CO2 content from 2.53 Å to 2.57 Å. Water-bearing 

sSA glasses appear to show slightly increased bond length compared to water-

free sSA glasses. RSr-O values of sNC glasses remain at 2.55 Å, unaffected by CO2 

content (Figure 16 b, lighter triangles). Consistently, quenched in-situ samples 

show an increase in RSr-O from 2.52 to 2.58 Å with CO2 content. In-situ melt sam-

ples on the other hand show only a slight increase from 2.60 to 2.61 Å up 

to 10 wt % CO2, only to sharply increase at higher carbonate contents, up 

to 2.64 Å in CAR compositions (Figure 16 c). The highly boron contaminated 

quenched in-situ sample at 28 wt % CO2 does not fit in this trend, while the cor-

responding in-situ melt sample could not be analyzed due to extremely poor 

data quality3.  

 

                                                      
3 Most likely this is due to a continuously changing sample composition, triggered by an ele-

mental exchange with the pressure assembly (cf. significant boron assimilation in Table 5). Ac-

cordingly, the ever changing absorption properties create very unstable conditions and inhibit 

reliable EXAFS measurements. Only after several hours (> 10 h) of equilibration at HPHT, an 

EXAFS spectrum could be recorded. Nonetheless, the signal was not analyzable in a physically 

reasonable manner. The melt quenched to a homogenous glass, albeit showing clear signs of 

decarbonization in form of numerous bubbles. 
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Figure 14: Evolution of Y K-edge EXAFS in glasses and melts. 

(a) Normalized k3-weighted Y K-edge EXAFS χ (k) and fits of glass samples, in-situ melt sam-

ples at HPHT and corresponding quenched in-situ samples at HP. Compositions range from 

CO2-free silicate (sSA and sNC) to pure carbonate; with CO2 contents as indicated by the digits 

in the sample name and h identifying H2O-bearing samples (cf. Table 4). (b) Bond length RY-O as 

a function of CO2 content for glass samples and (c) for in-situ melt samples at HPHT (circles) 

and to glass quenched in-situ samples at HP (diamonds). Dashed marker lines indicate samples 

with high B contamination. 
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Figure 15: Evolution of La K-edge EXAFS in glasses and melts. 

(a) Normalized k2-weighted La K-edge EXAFS χ (k) and fits of glass samples, in-situ melt sam-

ples at HPHT and corresponding quenched in-situ samples at HP. Compositions range from 

CO2-free silicate (sSA and sNC) to pure carbonate; with CO2 contents as indicated by the digits 

in the sample name and h identifying H2O-bearing samples (cf. Table 4). (b) Bond length RLa-O as 

a function of CO2 content for glass samples and (c) for in-situ melt samples at HPHT (circles) 

and to glass quenched in-situ samples at HP (diamonds). Dashed marker lines indicate samples 

with high B contamination. 
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Figure 16: Evolution of Sr K-edge EXAFS in glasses and melts. 

(a) Normalized k2-weighted Sr K-edge EXAFS χ (k) and fits of glass samples, in-situ melt sam-

ples at HPHT and corresponding quenched in-situ samples at HP. Compositions range from 

CO2-free silicate (sSA and sNC) to pure carbonate; with CO2 contents as indicated by the digits 

in the sample name and h identifying H2O-bearing samples (cf. Table 4). (b) Bond length RY-O as 

a function of CO2 content for glass samples and (c) for in-situ melt samples at HPHT (circles) 

and to glass quenched in-situ samples at HP (diamonds). Dashed marker lines indicate samples 

with high with B contamination. 

  



Results 47 

 
 

In H2O-bearing sSA glasses, La-O and Sr-O bond lengths appear to be slightly 

increased compared to their H2O-free counterparts. Since only two data points 

each are available and the observed shifts are within the error, further discus-

sion would lack a significant basis. In-situ experiments show B2O3 contamina-

tions of ~ 2 wt %, induced by the boron containing pressure assembly. This val-

ue was exceeded in two samples, in which B2O3 contents surpass 10 wt % (Table 

4). In these experimental runs, metal – oxygen bond lengths tend to be lower 

than suggested by the overall observed trend. The comparably small boron 

groups (with B-O bond length 12 % shorter then Si-O) act as network formers, 

assumingly in roughly equal fractions of trigonal-planar [BO3]-3 and tetrahedral 

[BO4]-5 (cf. sample no. 54 in NMR studies of Martens and Müller-Warmuth, 

2000; Navrotsky, 1996). The observed bond length anomaly cannot be resolved 

in detail within the scope of this study and effected samples are excluded from 

further investigation.  

 
 

Figure 17: Fitted pair distribution functions of Y-O, La-O and Sr-O. 

Fitted pair distribution functions p(r) of (a) Y-O, (b) La-O and (c) Sr-O for 

in-situ melt samples at HPHT and quenched in-situ samples at HP. 
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Figure 17 shows the fitted pair distribution functions, which prominently illus-

trate: (1) the enhanced asymmetric distributions found in the glasses of 

quenched in-situ samples (HP) and even more pronounced in in-situ melts 

(HPHT) and (2) the increasing trend of local disorder around the central atom 

along Y < La < Sr, expressed in increasing Debye-Waller factors σ2 and asym-

metry parameters h for Y, La and Sr (cf. Table 6). 

3.4 Molecular dynamics simulations 

3.4.1 Evaluation of the equilibration state 

To ensure that information derived from MD trajectories is representative, one 

has to verify that the simulated system has reached an equilibrium state within 

the run time. One way of doing this is by demonstrating that structural parame-

ters, such as coordination numbers or proportions of distinct oxygen species, 

are constant over the sampled time period. In the MD simulations of the silicate 

melts the fractions of specific oxygen species of bridging oxygens (BO), non-

bridging oxygens (NBO) and free oxygens (FO) fluctuate relatively stable 

around stationary values over time (Figure 18). Striking is the irregular course 

in sNC10 compositions, especially stressed by the fluctuations in the Sr melt 

towards the end of the run. In the quenched glasses, the evolution of the frac-

tions of oxygen species is considerably erratic, with sudden jumps followed by 

regions of constant values over several time steps. Still, oxygen species fractions 

in glass runs show amplitudes similar to their melt counterparts and also fluc-

tuate around a constant value. For carbonate melts, which are of ionic character, 

it is of no sense to define BO or NBO. Instead coordination numbers are regard-

ed: C is constantly 3-fold coordinated, with 6 to 7 Na cations as 2nd shell neigh-

bors.  

Carbonate melts are generally non-quenchable. The simulation of the quench 

produced unphysical configurations, where all C atoms are in isolated posi-

tions, without any coordinating oxygens. Thus, the simulated carbonate quench 

products are excluded from further investigation. 
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Figure 18: Time-dependent structural evolution in simulated glasses and melts. 

Evolution of prevalent oxygen species as fractions of bridging oxygen (BO), non-bridging oxy-

gen (NBO) and free oxygen (FO) in silicate compositions (sSA00, sSA03, sNC10) and of preva-

lent coordination numbers NC-NA of Na neighbors in the 2nd shell and NC-O of 1st shell oxygen 

neighbors around C in carbonate melts (CAR40).  

3.4.2 General structural characteristics of simulated glasses and melts 

The equilibration test already provides first insights into structural properties of 

the glasses and melts. A more detailed view on the proportions of oxygen spe-

cies is presented in Figure 19 with focus on the network former type, Si or [4]Al, 

adjacent to BO and NBO (cf. numeric values in the  Appendix  7).  Pure  to  low- 
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Figure 19: Proportions of oxygen species in silicate simulated glasses and melts. 

Fractions of free oxygen (FO), non-bridging oxygen (NBO), bridging oxygen (BO) and tri-cluster 

oxygen (TO) in silicate glasses and melts: differentiated by involved network formers of [4]Al and 

Si. Carbonate melts contain no NBO or BO. 
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carbonate silicate glasses and melts (sSA00 and sSA03) contain similar fractions 

of NBO (~ 40 %) and BO (~ 60 %). Both oxygen species are mainly formed 

with Si: either as NBO coordinating an Si (NBOSi) or as a BO in between two Si 

(BOSi-Si), each prevalent with ~ 40 %. Approximately 15 – 20 % of the oxygens 

are BOSi-Al and only 4 % of the oxygens are NBOAl. In sNC10 composition, the 

dominant oxygen species is NBO (40 – 50 %). With increasing CO2 contents, 

there is an increase in free oxygens FO: While there is almost no FO in sSA00, 

there are ~ 4 % FO in sSA03 and up to ~ 25 % FO in sNC10 composition. The 

FOs are established on cost of BOs (which only reach ~ 30 % in sNC10). BOSi-Si is 

still dominant configuration. Minor amounts (≤ 1 %) of oxygen tri-clusters (TO) 

are detected across different compositions.  

Figure 20 presents average coordination numbers as well as mean and most 

probable bond lengths of all cation types present in the simulations (cf. numeric 

values in Appendix 8, specific coordination number distributions in Appen-

dix 9). In each simulation run, Si is basically tetrahedrally coordinated: in glass-

es with coordination numbers of 4.00 to 4.01 and in melts of 3.96 to 4.06. Al is 

mainly found in four-fold coordination as [4]Al. Still, a considerable share of 

five-fold coordinated [5]Al is present. Especially in melts, [5]Al can make up as 

much as ~ 30 % of all Al (cf. Appendix 9). This results in average Al coordina-

tion numbers of 4.15 to 4.21 in glasses and of 4.28 to 4.46 in melts. CO2-bearing 

compositions are dominated by carbonate, i.e. three-fold coordinated C. From 

sSA03 to CAR40, NC-O increases from 2.82 to 2.98 in Y-bearing and from 2.86 to 

3.00 in Sr-bearing melt composition. This corresponds to decreasing propor-

tions of molecular CO2 from ~ 10 % in sSA03 to 0 % in CAR40 (cf. Appendix 9). 

In contrast to these relatively stable patterns is the structural evolution of the 

remaining cations Y, Sr, Ca and Na along the join sSA00 – CAR40. Conspicuous 

is the sudden drop in their coordination numbers in sNC10 composition, which 

is potentially non-equilibrated (cf. Figure 18). Ignoring these irregularities, NY-O 

is constant for sSA00 and sSA03 at ~ 6.6, with an increase to ~ 7.0 for CAR40. 

Opposing, NSr-O increases already with initial CO2-addition from ~ 7.5 in sSA00 

to ~ 7.9 in sSA03 and CAR40.  
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Figure 20: Coordination numbers and bond length in simulated glasses and melts. 

The CO2 dependent evolution of coordination numbers and bond lengths along the 

compositional join sSA00 - sSA03 - sNC10 - CAR40 for all involved cations (Y or Sr, 

Na, Ca, Al, Si and C). Diamonds indicate the glasses, circles indicate melts. 

In general, the MD derived bond lengths (average bond length r̅ and most 

probable bond length r̂) for each cation type are basically constant over the 

compositional join sSA00 – CAR40 (cf. numeric values in Appendix 8). Here, the 

focus lies on r̅, as this corresponds to the mean bond lengths R derived in  

EXAFS analysis. As Si-O and Al-O bond lengths distribution are symmetric in 

glasses, r̅ and r̂ are both the same at ~ 1.64 Å for Si-O and ~ 1.78 Å for Al-O. In 

the melts, r̅Si−O and r̅Al−O are slightly higher at 1.71 Å and ~ 1.90 Å, respectively. 

In Y-bearing composition, r̅Al−O increases from 1.90 to 1.96 Å along the compo-

sition of sSA00 to sNC10. All other cations have an r̅ of constantly higher values 

compared to r̂ in melts and in glasses. r̅C−O is of ~ 1.30 Å in glasses and ~ 1.33 Å 

in melts. r̅Y−O is ~ 2.28 Å in glasses and 2.50 Å in melts. Sr-O has a r̅Sr−O of 
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~ 2.83 Å in melts. Values of r̅ are up to 2.79 Å for Na and 2.65 Å for Ca in melts. 

Further details of the coordination environment of all involved cations, espe-

cially regarding their second shell cation neighbors are presented in Appen-

dix 6. 

3.4.3 Local structure of Y and Sr in simulated glasses and melts 

Enhanced insights into the structural incorporation of Y and Sr are obtained by 

evaluating the structural role of coordinating oxygens, i.e. the proportions of 

BO, NBO and FO around a selected central cation. Figure 21 presents the distri-

bution of coordination number of Y and Sr in all glasses and melts and respec-

tive average proportions of oxygen species in their first shell (cf. numeric values 

in Appendix 10 till 12). The following descriptions refer to averaged values over 

all coordination numbers. Y is mostly 6- or 7-fold and Sr 6- to 9-fold coordinat-

ed. Most Y or Sr coordinating oxygens are NBOSi (~ 80 % in Y sSA, dropping 

down to ~ 60 % in Y sNC in glasses and melts; 55 - 60 % in Sr sSA and sNC 

melts, blue dotted bars in Figure 21). While Sr is not associated with any NBOAl, 

minor amounts are found around Y (~ 10 % in glasses and up to 7 % in silicate 

melts, green dotted bars in Figure 21). Second most abundant oxygen species 

around Y and Sr are bridging oxygens, especially pronounced in sSA03: Sr is 

coordinated by BO with up to 44 %, Y with up to 22 % in the melt and with up 

to 18 % in the glass (solid dark and light blue bars in Figure 21). In sSA00 and 

sNC10, Y and Sr are less likely coordinated with BO. In all cases, the most 

abundant BO is BOSi-Si. Still 7 to 12 % of BOSi-Al is found in melts of Sr sSA, 

Y sSA03 and Y sNC10 (light blue bars in Figure 21). In general, higher fractions 

of BO are found for higher coordinated Y and Sr cations. FO are only of minor 

importance in the coordination around Y in sSA composition (up to 2 %), how-

ever are frequently found around Y and Sr in sNC10 composition (16 – 28 %, 

orange bars in Figure 21). Exotic oxygen species are only found in very minor 

proportions with up to 0.2 % of BOAl-Al in Sr sSA03 melt and of up to 0.3 % TO in 

silicate Y melts. 
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Figure 21: Proportions of oxygen species associated with Y and Sr in simulated glasses and melts. 

Fractions of free oxygen (FO), non-bridging oxygen (NBO), bridging oxygen (BO) and tri-cluster 

oxygen (TO) in the coordination environment of Y and Sr: differentiated by Y and Sr coordination 

number N (horizontal axis) and by involved network formers of [4]Al and Si. 
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3.4.4 Local structure of C in simulated glasses and melts 

 
Figure 22: Potential carbonate – network interactions as found in MD simulations. 

Carbonate groups were found to interact with the network formers Si or [4]Al either via a bridg-

ing oxygen (BO) or a non-bridging oxygen (NBO). It may be in a non-bridging position  

associated to one NBO (a), to a BO (b) or to a BO and a NBO to form the complex depicted in 

(c). It also may be in a bridging position between two network formers (T–CO3–T) as in (d) or 

even between three network formers ( CO3
−T

T−
T− ) as in (e). Created with the software AVOGA-

DRO (Hanwell et al., 2012) and VESTA (Momma and Izumi, 2008). 

C in glasses and melts can be present as two-fold coordinated molecular CO2, as 

three-fold coordinated carbonate group (CO3) or in very rare cases even as 

CO- or CO4-groups. The following list presents all carbonate groups found in 

the present MD study and their network interactions are illustrated in Figure 22:  

 FC is a free carbonate group, which has no connection to a net-

work forming Si or [4]Al.  

 T–CO3 is a carbonate group, where one oxygen is shared with a 

network former. Accordingly, there are Si–CO3 formed via an 

NBOSi, [4]Al–CO3 formed via an NBOAl (Figure 22 a) or −CO3T
T  

formed via a BO (not further specified whether with Si or [4]Al, 

Figure 22 b). A special case is given by the complex = CO3T
T  

(Figure 22 c), where two of the carbonates’ oxygens are connected 
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to the same network former. At least one of the involved oxygens 

is an NBO and the associated network formers may be [4]Si, [5]Si or 
[4]Al. 

 T–CO3–T is a carbonate group, which has a bridging role between 

two network formers. Depending on the network former species, 

it can be specified as Si–CO3–Si, Si–CO3–[4]Al or [4]Al–CO3–[4]Al 

(Figure 22 d). In rare cases, all three oxygens are shared with dif-

ferent network formers, referred to as tri-cluster carbonate CO3
−T

T−
T−  

(Figure 22 e). 

The proportions of C species shown Figure 23 (cf. numeric values in Appen-

dix 13) can be summarized as follows: 

(I) The simulated glasses almost only contain carbonate, while the 

corresponding melts show significant amounts of molecular CO2 

(up to 18 % in sSA03). Only minor amount of molecular CO2 are 

found in quenched Y sNC10 glass and in CAR40 melts (≤ 2 %). An-

other rare species are CO4-groups, making up at the maximum 

1.4 % (in Sr sSA03 melt). 

(II) CO2 mainly occurs as an isolated group. In rare cases it shares one 

oxygen atom with a network former (cf. Appendix 13). 

(III) While the Y sSA03 melt mainly contains FC (38 %), the chemically 

corresponding Sr sSA03 melt mainly contains T–CO3 (59 %).  

(IV) In sNC10 compositions the main species is generally FC with up 

to 60 % in Sr melt. The 2nd most abundant species is Si–CO3 with 

up to 30 %. 

(V) All silicate compositions contain minor proportions of T–CO3–T 

(≤ 9 %), with relative equal proportions of Si–CO3–Si and  

Si–CO3–[4]Al and smaller amounts of [4]Al–CO3–[4]Al. 

(VI) All silicate melts apart from Sr sNC10 show minor proportions of 

= CO3T
T  (≤ 2 %).  

(VII) The quenched glasses have an increased share of [4]Al–CO3 in 

comparison to the melts. This is especially pronounced for the 

Y sSA03 glass with 38 % [4]Al–CO3 vs. 3 or 11 % in Y or Sr sSA03 

melt. 



Results 57 

 
 

   Y glasses Y melts Sr melts 

s
S

A
0

3
 

fr
a

c
ti
o

n
 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0  
 

 
 

 
 

s
N

C
1

0
 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0  
 

 
 

 
 

C
A

R
4

0
 

 CO      CO2    CO3    CO4 

 
 

 
 

 

       FC 

    = CO3T
T  

     −CO3T
T  

[4]Al−CO3 

    Si−CO3 

[4]Al−CO3− [4]Al 

    Si−CO3− [4]Al  

    Si−CO3−Si 

      CO3
−T

T−
T−  

 

 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0  

   
 

     CO      CO2    CO3    CO4      CO      CO2    CO3    CO4 

 

 

 

Figure 23: Proportions of C species in simulated glasses and melts. 

Fractions of free C (FC), non-bridging C (T–CO3), bridging C (T–CO3–T) and tri-cluster C 

( CO3
−T

T−
T− ) in glasses and melts: differentiated by C coordination numbers (horizontal axis) and by 

involved network formers and by structural units. 
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3.4.5 Summary of molecular dynamics simulations  

Several snapshots of the simulated trajectories are given in Figure 24. Although 

they cannot represent the average melt structures completely, they contain a 

selection of possible configurations and give a general impression of the preva-

lent interactions. Snapshots of the Y sSA00 (Figure 24 a) and Y sSA03 (Figure 24 

b) melts clearly show the loosely connected network of Si and [4]Al. The network 

modifying Na and Ca cations are located in the cages and channels constructed 

by the network. Y is also located in such a cage with 6 to 7 coordinating ox-

ygens in average, mostly as NBOSi. Y sSA03 melt contains carbonate groups, 

mainly surrounded by Na. Here, one planar carbonate is edge-sharing connect-

ed to a [4]Al to form an = CO3T
T . The atoms of sNC10 are not equally distributed 

but tend to separate into a C/Na/Ca-rich compartment (left hand side of Figure 

24 c) and a Si/Al-rich compartment (right hand side of Figure 24 c). The creation 

of a carbonate dominated compartment correlates to the highly elevated frac-

tion of FO found for sNC10 composition (Figure 19). Over the simulation run, Y 

constantly tends to be located at the interface between silicate- and carbonate-

rich compartments. Carbonate groups tend to avoid interactions with network 

formers; however one configuration of = CO3T
T  is shown in the selected snap 

shot. The degree of this separation is ever changing over the run time of the 

simulation, which indicates the absence of an equilibrium state (as already indi-

cated by huge variations in the time dependence of the oxygen environment in 

Figure 18). Here, a snapshot was selected in which the separation is particularly 

pronounced. The heterogeneities exclude the sNC10 sample as consistent mem-

ber of the investigated silicate – carbonate join. This is already perceived in the 

distinct coordination number outliers presented in Figure 20, implying severe 

structural differences of sNC10 compared to the other compositions. 
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Figure 24: Selected snapshots of simulated Y melts. 

Presented are the Y melts of sSA00 (a), sSA03 (b), sNC10(c) and CAR40 (d). The coordination pol-

yhedra of Si, Al and C are depicted in the same color as the respective atom and also represent 

the corresponding oxygens. Thus, only oxygens not coordinating Si, Al or C are shown in red. 

The coordination number of Y is indicated by its bonds to first shell oxygens. 

The pure carbonate melt Y CAR40 (Figure 24 d) contains planar carbonate 

groups which are either corner, edge or face sharing with adjacent Na and Ca 

cations in random distribution. Y is usually eight-fold coordinated within this 

structure. The snap shot presents the occurrence of molecular CO2 as well as 

two oxygens, not associated to a carbonate group. A closer look into the car-

bonate melt reveals the formation of channels, stretching throughout the simu-

lation cell as depicted in Figure 25.  
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Figure 25: Selected snapshots of simulated Y carbonate melts indicative for channel for-

mation. 

Na/Ca-O bonds are included to emphasize the channel structures. The carbonate group inter-

acts (1) corner, (2) edge or (3) face sharing with adjacent Na or Ca polyhedra (indicated in (a)). 
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4 Discussion 

4.1 EXAFS and simulation experiments on silicate-carbonate glasses and 

melts  

EXAFS was used to study the local structural environment of Y, La and Sr at 

low concentrations in synthetized glasses of various carbonate contents. In-situ 

EXAFS at high pressure and temperature made it possible to investigate melts 

ranging over the complete join from silicate via carbonate-bearing silicate to 

non-quenchable carbonate compositions. A novel design of the pressure assem-

bly for the Paris-Edinburgh press was employed, which shows enhanced me-

chanical stability and transmittance properties. Thus, low element transmission 

EXAFS (down to ~ 2 wt % Y2O3 or SrO) at high pressure and temperature (up to 

2.5 GPa at ~ 2000 K) was feasible at relevant X-ray energies (> 12500 eV). The 

structural changes of the local environments of Y, La and Sr observed along the 

silicate-carbonate join are rather small. In the investigated melts, the absolute 

variations in oxygen bond lengths of Y, La and Sr are below 0.04 Å. Neverthe-

less, such magnitudes are in good agreement with bond lengths variation be-

tween CO2-free and CO2-bearing rhyolitic, basaltic and kimberlitic melts 

(e.g. ΔRCa-O ≤ 0.05 Å) in MD studies of Guillot and Sator (2011, online version, 

Table C2). The significance of observed bond length variations is further sup-

ported by:  

(I) Consistent element-specific bond lengths found in glass samples 

and quenched in-situ samples.  

(II) Consistent general trends in bond lengths evolution along the 

studied joins for all elements in glass samples, in in-situ melt 

samples as well as in their quenched counterparts (cf. trends in 

Figure 14 b with Figure 14 c, in Figure 15 b with Figure 15 c and 

in Figure 16 b with Figure 16 c).  

(III) Variations in Y and Sr K-edge XANES along the join silicate-

carbonate melt indicate a continuous structural change of their 

coordination environment. 

The first point implies that neither an effect of different elemental concentra-

tions for Y, Sr and La (~ 0.5 wt % of Y2O3, SrO, La2O3 in glasses; 1.2 - 2 wt % Y2O3 

or SrO, 3 or 6 wt % La2O3 in melts) nor a pressure induced effect is observable. 
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The second point implies, at least within the resolution of this experimental set-

ting, a qualitative transferability of bond length characteristics from glass to 

melt structure. In-situ measurements at HPHT are of poorer quality (e.g. regard-

ing EXAFS length, signal-to-background level) due to the enhanced thermal 

damping of the EXAFS signal. The increased absolute bond lengths of in-situ 

melt samples compared to glass and quenched in-situ samples are attributed to 

the thermal expansion (consistent with the linear thermal expansion expected 

by Hazen et al. (2000), cf. eq. 6). The wider maxima in the pair distributions and 

their enhanced asymmetries (cf. Figure 17) are due to increased thermal and 

configurational disorder in the melts.  

Explorative MD studies were concomitantly conducted to (1) find support for 

EXAFS derived structural properties of Y and Sr, (2) elucidate the local envi-

ronment of the remaining atoms in the composition and (3) provide general 

structural information on the silicate to carbonate glasses and melts investigat-

ed. It has to be stressed, that the presented MD studies are highly sensitive to-

wards sampling effects due to relatively short run times and the small number 

of simulated atoms (~ 200). This is especially evident for low-content elements 

(Y and Sr in all compositions, C in sSA03) as an accidently captured meta-stable 

motif may severely bias the statistics of the configurational analysis. For these 

elements, derived average values are only of indicative character. This is for 

example manifested by comparing the low C-bearing Y and Sr sSA03 melts. 

Although both melts essentially have the same chemical composition, the ob-

served average local structure of C differs dramatically (Figure 23). However, it 

is reasonable to assume that major element data are valid, as they show con-

sistent structural trends along the investigated joins as well as between chemi-

cally corresponding Y and Sr compositions (cf. oxygen species in Figure 19, 

R and N in Figure 20, carbon species in high-carbon melts of sNC10 and CAR40 

in Figure 23, major element PDFs in Appendix 2 till 4). 

 

 



Discussion 63 

 
 

 
 
Figure 26: Comparison of MD simulated and EXAFS PDFs of glasses and melts. 

PDFs derived from simulations as g(R) and EXAFS PDFs as p(R) = g(R)*N were normalized to 

their maximum for comparison and to cancel out amplitude effects of different concentrations 

(eq. 16). 
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Trace element data of simulations and EXAFS can be checked for consistency by 

comparing MD-derived PDFs with the fitted PDFs (cf. eq. 12) from EXAFS 

analysis (Figure 26). PDFs derived from EXAFS are subjects to following re-

strictions:  

(I) In addition to single scattering effects between the respective atom 

pair, the EXAFS signal may show contributions of multiple scat-

tering events of different atomic backscatterers (Stern et al., 1992). 

This effect does not interfere with PDFs presented here, as the 

EXAFS of disordered glasses and melts essentially contain first 

shell contributions only.  

(II) As EXAFS generally lacks low-k information, the derived PDFs 

have a lack of information towards higher distances, expressed in 

an underestimation of the tail (Crozier, 1997; Eisenberger and 

Brown, 1979; Filipponi, 1994; Stern et al., 1992). A method to over-

come this is presented by Stern et al. (1992), however is not appli-

cable for highly disordered systems.  

(III) A common assumption in EXAFS fitting is an underlying baseline 

of gbase(R) = 0 (Filipponi, 1994). This results in the PDFs descending 

down to 0 after the first shell maximum. While this assumption 

holds true in crystalline materials, it is not valid for highly disor-

dered materials such as melts. Filipponi (1994) developed a meth-

od to account for this effect by including an additional back-

ground function into the fit procedure. This function relies on 

supplementary structural information, e.g. derived from addition-

al diffraction or MD studies. As this function is highly tempera-

ture-sensitive, it should only be used for experiments conducted at 

the same temperature conditions. This is not the case in this study. 

Point (II) and (III) provide the reasons for the fact that the EXAFS PDFs are sig-

nificantly lower towards larger distances. The simulated PDFs are slightly noisy 

since they are retrieved from only one atom of Y or Sr over the sampling time. 

In contrast, the EXAFS PDFs are smooth since they represent a fitted distribu-

tion function. For Y glasses, simulated and EXAFS PDFs agree very well regard-

ing their most probable bond length, i.e. the position of the maximum of the 

distribution. For Y melts, simulated and EXAFS PDFs show slight but unsys-

tematic differences in maxima positions. For Sr melts, EXAFS PDFs maxima 

tend to be at slightly lower positions compared to simulated PDFs maxima for 
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CO2-free compositions. This is balanced out with increasing CO2 content until 

both maxima are coinciding for the pure Sr carbonate melt. simulated PDFs 

generally show a wider distribution. This might be largely attributed to the ele-

vated temperatures of 3000 K prevalent in MD runs, which trigger an increased 

thermal disorder.  

For the first time, the presented EXAFS dataset allows us to track local structur-

al changes of minor and trace elements along the silicate-carbonate join, as rela-

tive differences within one experimental series can be interpreted. It should be 

noted though, that comparison to results of other studies may show systematic 

deviations due to differences in the fit models. In order to constrain the struc-

tural control on chemical partitioning in these systems, and to provide prime 

insights into the incorporation mechanisms, the observations were interpreted 

using established concepts of metal incorporation in silicate glasses and melts 

and compared to results drawn from concomitant MD simulations. 

4.2 Structural properties of sodium-rich silicate glasses and melts 

4.2.1 General structural characteristics  

The low ASI values of the sodium-rich compositions studied (cf. Table 4) reflect 

the excess of Ca and Na compared to Al. Consequently, Al is assumed to be 

predominantly in tetrahedral coordination and to act as network former. This is 

confirmed by MD simulations, in which Al is in a mainly four-fold coordination 

(cf. NAl-O of between 4.15 and 4.46 in Figure 20 and Al coordination number dis-

tribution in Appendix 9). Still, sSA and sNC, have overall low concentrations of 

network forming cations and consequently low degrees of polymerization as is 

clearly illustrated in the corresponding simulated melt snapshots in Figure 23. 

The simulations further show that with decreasing ASI along sSA00 – sSA03 – 

sNC10, the fraction of BO also decreases. This is mainly due to a distinct in-

crease in the fraction of FO and a minor increase in the fraction of NBO in 

sNC10 composition only (Figure 19). This correlation demonstrates the fragility 

of the NBO/T parameter as an indicator for a melt structure. It only considers 

NBO as driving parameter and totally neglects BO and FO variations, which 
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highly influence polymerization characteristics. Additionally, it does not take 

into account the effect of variable field strength of cations. 

 BOs in the simulated samples are mainly formed in between Si-Si or [4]Al-Si, 

with oxygen in between [4]Al-[4]Al appearing only in minor proportions. In 

glasses, the ratio BOAl-Al/BO is between 0.2 and 0.6 % and in melts between 0.6 

and 1.0 % (recalculated from the basis O to the basis BO according to Appen-

dix 7, cf. Figure 19). Especially the latter ratio rather corresponds to a random 

distribution of [4]Al and Si to form BOs, where BOAl-Al/BO would be ~ 1 % (cf. 

Table 7). This is contradictory to the commonly assumed Al-Al avoidance rule, 

as known from crystalline minerals (Loewenstein, 1954). The Al-Al avoidance 

rule was found to be violated in aluminosilicate glasses for increasing cation 

field strengths of involved network modifiers (e.g. 17O and 29Si NMR studies of 

Lee and Stebbins, 1999, 2000; Stebbins et al., 1999) or at elevated temperatures 

(17O NMR studies of Dubinsky and Stebbins, 2015). Despite the fact, that strict 

Al-Al-avoidance would be formally achievable, MD studies on Y and La doped 

aluminosilicate melts (Haigis, 2013) and 27Al NMR studies of lanthanum alumi-

nosilicate glasses (Jaworski et al., 2012) report a random distribution of [4]Al 

and Si. 

Table 7: Calculated random proportions of BO species. 

The probabilities4 are derived under the assumption that [4]Al and 

Si are randomly associated with NBO and BO. 
 

 

 sSA00 sSA03 sNC10 
 

BOSi-Si 78.1% 78.1% 77.2% 

BOSi-Al 20.8% 20.8% 21.8% 

BOAl-Al 1.1% 1.1% 1.0% 

 
 

                                                      
4 As simplified calculated probability p on the basis of atom numbers given in Table 3 and aver-

agely assuming 65 % of Al in tetrahedral coordination (cf. Appendix 9):  

pBO-Si-Si=[nSi/(nSi+nAl)]*[(nSi-1)/(nSi+nAl-1)],    pBO-Al-Al=[nAl/(nSi+nAl)]*[(nAl-1)/(nSi+nAl-1)], 

pBO-Si-Al=[nSi/(nSi+nAl)]*[nAl/(nSi+nAl-1)]+[nAl/(nSi+nAl)]*[nSi/(nSi+nAl-1)]. 
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In sSA melts at least 1 % of the oxygens forms tri-clusters (TO), i.e. they have a 

bridging function between three network formers. The existence of TO was ear-

ly proposed by Lacy (1963) and Toplis et al. (1997) and was ever since strongly 

debated (e.g. Henderson, 2005). Minor proportions of TO in aluminosilicate 

glasses and melts are commonly found in MD studies (Cormier et al., 2003; 

Du, 2009; Iftekhar et al., 2012; Jaworski et al., 2012; Okhotnikov et al., 2013; 

Vuilleumier et al., 2009; Wagner et al., 2017; however, normally not evaluated 

regarding its stability over time). 

4.2.2  Y, La and Sr in sodium-rich silicate glasses and melts 

Particularly the incorporation of the network modifiers Y, La or Sr as major 

components into silicate glasses has seen a number of studies, mainly due to 

their technical significance (such as in optical or medical applications or in the 

context of nuclear waste disposal, e.g. Du, 2009 references therein; Marchi 

et al., 2005; McKeown et al., 2003; Xiang and Du, 2011). Only a few studies con-

centrated on low elemental concentrations, typically relevant for geological sys-

tems (e.g. Haigis et al., 2013; Kohn et al., 1990; Ponader and Brown, 1989; Simon 

et al., 2013).  
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Table 8: Reported Y, La, Sr oxygen coordination and bond lengths in silicate glasses and 

melts. 

 

 N R [Å] Method and Reference 

 
Y    

glasses 6.2-7.0 2.24-2.34 

EXAFS: Simon et al. (2013); neutron/X-ray scattering: Pozdnya-

kova et al. (2008); classical MD: Du (2009), Iftekhar et al. (2012), 

Okhotnikov et al. (2013) 

    

melts 6.2-7.9 2.38-2.57 
classical MD: Haigis et al. (2013), ab initio and classical MD: 

Wagner et al. (2017) 
 

La 
   

glasses 6-9 2.35-2.59 

EXAFS: Larson et al. (1991), Ponader and Brown (1989); X-

ray/neutron scattering: Pozdnyakova et al. (2008), Wilding et al. 

(2007); classical MD: Jaworski et al. (2012), Okhotnikov et al. 

(2013), Park et al. (2002) 

    
melts 6.7-8.2 2.55-2.71 ab initio and classical MD: Wagner et al. (2017) 

 

Sr 
   

glasses 5-8 2.5-2.73 

EXAFS: Kohn et al. (1990), McKeown et al. (2003); X-ray/neutron 

scattering: Cormier et al. (1999), Creux et al. (1995), Johnson et al. 

(2007); classical MD: Xiang and Du (2011) 

 

 

Y, La and Sr coordination numbers and distances derived by EXAFS (Table 6) 

and MD simulations (Figure 20 and Appendix 8) in CO2-fee silicate glasses and 

melts are in good agreement with data of previous studies (Table 8, references 

therein). Figure 27 presents the range of bond distances and calculated bond 

strengths for Y-O, La-O and Sr-O. Concurrent MD studies confirm increased 

average bond lengths for all cations in melts compared to glasses. At the same 

time the most probable bond length basically remains constant. This implies a 

widening of the coordinating oxygen distribution as the prevalent expansion 

mechanism. 
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Figure 27: Correlation of bond length R and bond strength s for relevant cations.  

Variation in average bond lengths of Si-O, Al-O, Ca-O and Na-O as observed in silicates were 

taken from literature (Brown and Gibbs, 1970; Brown et al., 1969; Gibbs et al., 1972). Y-O, La-O 

and Sr-O bond lengths distribution in CO2 free sSA glasses as determined in this study. The size 

of the circular symbols corresponds to the probability of the respective bond length. Bond 

strengths were calculated according to eq. 5 and with data of Brese and O’Keeffe (1991).  

A compelling model to describe the association between a cation and the net-

work is given by the bond valence theory (Brown, 2009), which allows to ra-

tionalize the relation between the bond length R and the bond valence or bond 

strength s (in valence unites, vu) and eventually the coordination number N 

(cf. eq. 13 and 14). Additionally, stable structures require satisfied electrostatic 

valences as described by Pauling’s 2nd rule: i.e. the sum of all bond valences of 

an ion needs to equal its formal charge within ± 0.1 vu. Figure 27 presents the 

classical Pauling bond strengths of Si-O and Al-O in tetrahedral coordination 

and Ca-O and Na-O in 6- and 7-fold coordination as calculated by eq. 13. In al-

kali silicate structures, individual bond lengths of Si-O, Al-O, Ca-O or Na-O 

may show huge variations; consequently, individual effective bond strengths 

cover large ranges (cf. Figure 27). These variations clearly depict the sensitivity 
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of structural arrangements towards the competition between different ions to 

reach their energetic most favorable configuration. The ability of a cation to 

promote its preferred local environment can be described by its field strength sf: 

sf = zc/Ri
2 (20)  

with zc as the cation valence and Ri as the ionic radius (cf. Table 9). Bond va-

lence theory proved as a useful approach to understand the local environment, 

of several metal cations in silicate melts. This was successfully employed in 

combination with data retrieved from X-ray absorption spectroscopy, in latter 

years also in corroboration with MD: e.g. Zr (Farges et al., 1991), 

Th (Farges, 1991), U (Farges et al., 1992), Ni (Galoisy and Calas, 1993), Ti (Farges 

et al., 1996), Fe (Rossano et al., 2000), and also Y (Haigis et al., 2013; Simon et al., 

2013). Rossano et al. (2002) and Trcera et al. (2011) used the bond valence model 

to check the validity of the structural models derived by MD simulations using 

classical potentials. This provided a substantial improvement for employing the 

MD models for calculating XANES spectra of the Mg K-edge (Trcera et al. 2011). 

 

Table 9: Cation field strength of compositional cations.  

Calculated with ionic radii of Shannon (1976) and in decreasing order. In 

bold are the field strengths of cations investigated with EXAFS. 
 

 

 

Cation field strength sf [vu/Å2] 

Coordination IV V VI VII VIII IX X XII 

  Si4+ 59.17        
Al3+ 19.72        
Y3+   3.70 3.26 2.89 2.60   
La3+   2.82 2.48 2.23 2.03 1.86 1.62 
Ca2+   2.00 1.78 1.59 1.44 1.32 1.11 
Sr2+   1.44 1.37 1.26 1.17 1.08 0.96 
Na+ 1.02 1.00 0.96 0.80 0.72 0.65  0.52 
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4.2.2.1 Bond valence theory applied on Y, La and Sr 

Figure 28 shows potential network former – network modifier configurations. 

Oxygen valences are already, at least partly, compensated by Si or [4]Al or by 

additional network modifiers (as given by s in Figure 27). The formation of a 

distinct structural unit strongly depends on the ability of a cation M to provide 

the respective bond valence to maintain electrostatic neutrality for the linking 

oxygen (as indicated next to the M-O bonds in Figure 28).  

NBOs (Figure 28 a, b, c) have a much higher need for charge compensation than 

BOs (Figure 28 d, e, f). This leads to a strong competition for the modifying cat-

ions to bond to NBOs in the order of Y > La > Sr, according to their average abil-

ity to supply bond strength (Figure 27), which depends on their field strength 

(Y > La > Sr in 6- or 7-fold coordination, cf. Table 9). In Ca-bearing composi-

tions, this effect is enhanced: Y shows the highest bond strength, whereas La 

and Sr additionally compete with Ca (cf. Table 9, Figure 27). Y’s strength is also 

manifested in its lower local disorder, expressed in lower σ2 and h, compared to 

Sr or La in the silicate and carbonate compositions investigated (Table 6).  

Of the presented NBO-configurations, Al-NBO with an additional network 

modifier (Figure 28 b) and Si-NBO without additional network modifiers 

(Figure 28 c) require the highest charge compensations. Both, Y and La may 

show high bond strengths (≥ 0.65 vu) and could potentially charge balance the 

linking oxygen. However, this would require all involved bond lengths to be 

pushed to the limits usually observed in silicate structures and is thus unlikely. 

Instead, balancing out Si-NBO units with an additional network modifier 

(Figure 28 a) is easier to achieve by Y and La but also by Sr. Accordingly, fur-

ther network modifying Na or Ca in vicinity would reduce the required charge 

balance drastically and thus, facilitate the structural linkage to cations with 

lower bond strength (e.g. La with an average s of 0.39, Sr with an average 

s of 0.33 vu). Bridging oxygens in Si-BO-Si (Figure 28 d) and Si-BO-Al (Figure 

28 e) units may already be in electrostatic balance. However, a structural link to 

a cation with low bond strength such as La and Sr is still achievable. To summa-

rize, Y strongly favors NBO-rich environments, whereas La and even more 
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pronounced Sr generally favor NBO environments in association with addition-

al network modifiers and are better able to adapt to BO-rich environments. 

 
Figure 28: Potential structural units in silicate networks. 

Potential structural units of modifying cations M interacting with the non-bridging oxygens of 

the silicate network (top) and with the bridging oxygens (bottom). Values next to M-O bonds 

indicate the proportion of sM-O supplied by the cation to ensure an electrostatic valence on O 

equal to 2 (P as calculated from classical Pauling bond strengths, values in parentheses as calcu-

lated from maximum and minimum values of bond strength of involved atoms, cf. Figure 27). 

Created with the software AVOGADRO (Hanwell et al., 2012) and VESTA (Momma and Izumi, 

2008).  

The bond valence considerations are supported by the MD studies as they em-

phasize a strong preference of NBO and thus avoidance of BO in the coordina-

tion environment of Sr and even stronger of Y: In sSA00 melts, the fraction of 
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BOs adjacent to Y is only 1/3 of that in the bulk composition, for Sr it is only 2/3 

(compare values of BO in the 1st shell of Y and Sr in Appendix 11 and 12 with 

values of BOs in bulk compositions from Appendix 7). At the same time, Sr is 

surrounded by twice as much BO than Y in all investigated melt compositions 

(compare values of BO in the 1st shell of Y and Sr in Appendix 11 and 12). Y also 

tends to interact with at least some NBOAl (up to 6 % of all NBO), while Sr only 

interacts with NBOSi. This clearly demonstrates Sr’s ability to adapt to structural 

motifs with higher local electrostatic valences. In Y glasses with lower average 

Y coordination numbers, even less BO coordinates Y (down to 1/10 of bulk BO 

fraction) and even more adjacent NBOs are associated with an Al (up to 14 %).  

The local environments of Y and Sr show a clear Al-Al-avoidance in glasses  

(total oxygen BOAl-Al fractions of 0.0 %) and a slight avoidance in melts (total 

oxygen BOAl-Al fractions of ≤ 0.1 %). This is in contrast to the rather random 

BO distribution between Si and Al as found in the overall melt compositions 

(cf. chapter 4.2.1). It indicates, that the increased BOAl-Al fractions found in melts 

are not triggered by Y as stabilizing factor, as was suggested for other rare earth 

elements (for La by Jaworski et al., 2012). 

4.2.2.2 Local structure of Y, La, Sr in CO2-free glasses and melts 

In CO2-free glass samples, bond lengths of Y-O are similar for sSA and sNC 

(ASI of 0.19 and 0.11, respectively) compositions. This is in agreement with a 

former EXAFS study by Simon et al. (2013), that only shows an increase of 

Y-O bond lengths in more polymerized compositions above an ASI of 0.64. This 

bond length increase is consequently accompanied by a bond strength decrease 

and thus prevents over-bonding of bridging oxygen (i.e. keep their bond-

valence sum at approximately 2).  

La-O and Sr-O seem to undergo a slight increase in bond length from sSA to 

sNC CO2-free compositions. This effect may be triggered by the unique struc-

tural characteristics of the sodium-rich compositions (sNC with ~ 32 mol % 

Na2O compared to sSA with ~ 23 mol % Na2O, cf. Table 4, recalculated 

in mol %). Si K-edge XAFS on silicate glasses with more than ~ 30 mol % Na2O 

show drastic adjustments in the network structure (Henderson, 1995). These are 
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interpreted in the context of a modified random network model (cf. chapter 1.2 

and Figure 1 b), where alkali-rich channels separate the silicate network into 

many sub-networks of higher local polymerization (Greaves, 1985; Jabraoui 

et al., 2016). EXAFS derived bond length variations in this study imply: (1) Due 

to its high field strength, Y is able to establish its favored configuration in close 

association with NBOs in the extremely peralkaline compositions. (2) In com-

parison to Y, La is of larger size and Sr is of lower field-strength. In the extreme-

ly peralkaline composition, on the one hand, La and Sr could easily promote 

their favored configuration in the relatively dynamic (percolation) channels, 

outcompeting the other low field strength cation Na. On the other hand, larger 

sites are provided in the locally higher polymerized silicate subnetworks 

(cf. Simon et al., 2013, references therein).  

In the MD simulation of the corresponding composition sNC10, the ongoing 

structural rearrangements and small systems size prevent statistically reliable 

conclusions. However, the indicated separation into a C/Na/Ca-rich and a Si/Al-

rich compartment (cf. chapter 3.4.5) could be interpreted in two ways: (I) as an 

attempt to form a modified random network with the C/Na/Ca-rich compart-

ment corresponding to the percolation channels separating the silicate network; 

(II) as an unmixing according to the phenomenon of liquid immiscibility be-

tween a silicate and a carbonate melt. Unfortunately, particularly the simulation 

cell size with only ~ 200 atoms is too small to allow for further conclusions. 

4.2.2.3 Local structure of Y, La, Sr in CO2-bearing glasses and melts 

The EXAFS data suggest that introducing CO2 into the sSA glasses gradually 

increases both the La-O and Sr-O bond length (Figure 15 b and Figure 16 b). 

This has two possible implications: (1) Y, with its higher field strength (cf. Table 

9), successfully competes for its favored structural configuration, unaffected by 

introduced CO2. (2) CO2 preferentially assimilates in structural environments 

associated with La or Sr. Two potential environments for CO2 dissolution based 

on bond valence considerations are suggested and summarized in Figure 29. 

(I) CO2 attachment to a non-bridging oxygen with one or two additional 

adjacent network modifiers (Figure 28 a, b) to form T–CO3 with a non-
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bridging oxygen (Figure 29 a). To avoid an over-bonding of the link-

ing oxygen, the bond strength contribution of associated network 

modifiers needs to decline by increasing their distance. This mecha-

nism would agree well with numerous observations of carbonate hav-

ing a close association to network modifiers such as Ca (e.g. Brooker 

et al., 2001b; Haigis et al., 2013).  

(II) CO2 incorporation in regions with a locally high tetrahedron density 

(Figure 28 d, e, f), such as in between two tetrahedra to form T–CO3–T 

(Figure 29 b). This locally introduces additional oxygens and also re-

quires large shares of electrostatic valence provided by the two linking 

oxygens to charge balance C. For network modifiers in vicinity, this 

leads to an increase in coordination number and a decrease in bond 

strength.  

Apart from different preferences of Y, La and Sr to associate with certain struc-

tural units, La and Sr are inferior in competing for a favorable environment due 

to their lower cation field strengths (cf. chapter 4.2.2.1). Consequently, Sr is 

most sensitive towards CO2-induced structural changes followed by La. Addi-

tional dissolution mechanisms are possible, e.g. the formation of metal carbon 

complexes which are only loosely associated to the silicate network. However, 

they are not resolvable by investigating EXAFS bond length variations of the 

studied elements here. 

In the extremely sodium-rich sNC glasses, CO2 dissolution has no detectable 

impact on oxygen bond lengths of Y, La and Sr. In the light of the modified 

random network model, this implies that the strongly microsegregated silicate 

network (cf. chapter 1.2 and 4.2.2.2) is rather flexible in adjusting to the electro-

static needs of dissolved CO2 and network modifiers, not forcing unfavorable 

configurations. 
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Figure 29: Two potential mechanisms of CO2 dissolution in vicinity to La or Sr. 

(a) The carbonate as T–CO3 between a network former, La or Sr and an additional network 

modifier. (b) The carbonate as a T–CO3–T between two network modifiers and adjacent to La or 

Sr. Created with the software AVOGADRO (Hanwell et al., 2012) and VESTA (Momma and 

Izumi, 2008).  

The MD simulations suggest an increase in Y and Sr coordination number as a 

function of CO2 along the join sSA00 to CAR40, except sNC10 which shows 

compartment separation (cf. Figure 20). These trends in coordination numbers 

correspond well to the EXAFS derived trends in coordination numbers, which 

can be directly concluded from the determined bond lengths, to which they are 

correlated (cf. Table 6, Figure 14 and Figure 16). Thus, both EXAFS and MD da-

ta show: (1) initially constant Y bond lengths / coordination numbers, which 

only increase in carbonate compositions and (2) immediately increasing Sr bond 

lengths / coordination numbers, starting with the first introduction of CO2 into 

the system. On the one hand, PDFs obtained from the MD studies demonstrate 

that the change in Sr coordination number in melts can be mainly attributed to 

an increase in amplitude, e.g. a real increase in coordination number (Appen-

dix 4). On the other hand, they show that the change in Y coordination number 

can be mainly attributed to a widening of the first coordination shell, i.e. an in-

crease in disorder (Appendix 3). It is tedious to transfer detailed structural 

mechanisms derived from MD studies conducted at 3000 K to melts or even 
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glasses investigated with EXAFS at much lower temperatures. Nevertheless, an 

increase in local disorder around Y as a consequence of structural adaption of Y 

to changing environments is also documented by Simon et al. (2013) in EXAFS 

studies on silicate glasses and melts. There, the observed increases in Y bond 

length were attributed to an increase in local disorder rather than to a shift of 

the most probable bond length. 

4.2.3 C in sodium-rich silicate glasses and melts 

The CO2 speciation in silicate melts is controlled by melt composition, pressure 

and temperature (Ni and Keppler, 2013b). At elevated temperatures, the equi-

librium CO2 + O2- ↔ CO32- shifts towards molecular CO2 (e.g. Morizet et al., 2001; 

Nowak et al., 2003), at elevated sodium contents it shifts towards carbonate 

(e.g. Brooker et al., 2001b; Kohn et al., 1991). In chemical analogy to alkali sili-

cate melts investigated with infrared spectroscopy (Konschak and Keppler, 

2014), carbonate is assumed to be the predominant species in compositions syn-

thesized in this study. This assumption is supported by the presented MD sim-

ulations (cf. chapter 4.2.3). Several other recent MD studies in silicate melts ob-

served carbonate either as free carbonate (FC), as associated with one network 

tetrahedron (T–CO3) or as bridging between two network tetrahedra (T–CO3–T). 

Classical MD studies of Guillot and Sator (2011) concentrated on CO2 solubility 

in rhyolitic, basaltic and kimberlitic melt. In experiments containing 2 wt % 

CO2, these authors identified typical structural units of T–CO3–T and T–CO3 

with a distinct preference to associate with NBO over BO. Vuilleumier 

et al. (2015) compared results of classical MD and ab initio MD on basaltic and 

kimberlitic melts (each with ~ 20 wt % CO2). The authors showed that ab initio 

MD yields very different proportions of carbonate complexes, calculating 48 % 

as T–CO3, 31 % as T–CO3–T and 21 % as free carbonate in basaltic melts and 

75 % as free carbonate, 22 % as T–CO3 and 3 % as T–CO3–T in kimberlitic melts. 

The free carbonate was always in close association with an alkali earth cation.  

 

In this study, MD confirms carbonate as the dominant species (cf. Figure 23, 

> 80 %). As already proposed on the basis of EXAFS data (cf. mechanisms (I) 

discussed above), the formation of T–CO3 is one major carbonate incorporation 
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mechanisms in silicate networks. 30 to 60 % of all C form such configurations, 

with a strong preference for NBOSi in melts (Figure 23 and Appendix 13). The 

proportion of T–CO3 declines from sSA03 to sNC10 composition on the account 

of creating more FC (up to 60 %). In sNC10 composition, this is attributed to the 

creation of a carbonate-rich compartment, characterized by loosely interacting 

free carbonate groups and network modifiers. The formation of T–CO3–T struc-

tural units (cf. mechanism II) is rather insignificant, with occurrences of be-

low 2 % (Figure 23 and Appendix 13). It is noteworthy that of all T–CO3-T units, 

12 to 25 % are [4]Al–CO3–[4]Al, which is significantly more than a random 

Al-Si distribution would suggest (~ 1 %, in analogy to calculations presented in 

Table 7). Furthermore, MD suggests FC as most dominant carbonate configura-

tion: up to 100 % in carbonate melts, up to 46 % in the silicate composition of 

sSA03 and up to 60 % in the separated liquid of sNC10.  

MD studies suggested that next to carbonate, at least 8 mol % of the carbon is 

found in the form of moleculare CO2 in sodium-rich silicate melts. Otherwise, 

their quenched counterparts contain either no or insignificant amounts of mo-

lecular CO2. A lack of molecular CO2 in depolymerized glasses is well docu-

mented in experiments (e.g. Blank and Brooker, 1994; Fine and Stolper, 1985). 

Classical MD studies of Guillot and Sator (2011) on kimberlitic, rhyolitic and 

basaltic melts also found significant proportions of molecular CO2 at high tem-

perature (> 1700 K). Furthermore, they observed a temperature dependence of 

the CO2:CO3 ratio, which would suggest no molecular CO2 in the depolymer-

ized basaltic composition at lower temperatures, which are representative for 

glasses. There is additional experimental evidence that CO2 formation is strong-

ly triggered by increasing temperatures from annealing experiments in albitic, 

dacitic and jadeitic glasses (Morizet et al., 2001; Nowak et al., 2003) and from 

diffusion experiments in albitic and jadeitic melts (Spickenbom et al., 2010).  

4.3 Structural properties of carbonate melts 

In the carbonate-dominated melts (CAR), an increase in bond length compared 

to the CO2-free or low-CO2 content melts can be inferred for all studied ele-

ments (Figure 14 c, Figure 15 c, Figure 16 c). In the case of Y, this is the first ob-
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served change in bond lengths along the complete join between silicate and car-

bonate melt: Only at exceedingly high CO2 contents between the silicate-poor 

carbonate (CAR35 and CAR39) and silicate-free carbonate (CAR41) composi-

tions, Y adapts to the carbonate-dominated environment. This confirms the mu-

tual avoidance of Y and CO32-, as already suggested by the insensitivity of Y 

towards moderate CO2 increases in silicates (cf. chapter 4.2.2.3). La shows con-

tinuously increasing bond lengths with increasing CO2 content up into the car-

bonate region (excluding the highly boron contaminated pure carbonate sam-

ple), continuing the trend already observed for moderate CO2 contents. Sr on 

the other hand shows a different picture. Although the Sr-O bond length is gen-

erally increased compared to silicate composition, no change is detectable be-

tween the silicate-poor CAR35 and the silicate-free CAR41 composition. This 

implies that Sr is already located in an energetically stable carbonate environ-

ment and remains unaffected by further decrease in the amount of 

SiO4-tetrahedra. This observation is consistent with a close association of Sr to 

CO32- as already suggested by the sensitivity of the Sr environment to moderate 

changes in CO2 content in silicate compositions. 

A long-standing problem is the development of structural models of carbonate 

melts, which are of ionic character. Based on results of vibrational spectroscopy 

on carbonate compositions exceptionally quenchable to glasses, Genge et al. 

(1995) suggest that the carbonate melt structure is a loose framework formed by 

carbonate ions and alkali earths as bridging cations. This framework is support-

ed by modifying cations or molecular groups (e.g. alkalis or metal hydroxyl 

complexes) in interstitial positions as depicted in Figure 1 c. According to bond 

valence considerations, the bridging alkali earth cation would need to provide 

~ 0.67 vu to reach electrostatic neutrality on the linking oxygens (already sup-

plied with ~ 1.33 vu from 3-fold coordinated C4+). This requirement translates to 

3-fold coordinated alkali earth cations. In the hypothetical case that a 3-valent 

cation (such as Y or La) serves as a bridging element, an average coordination 

number of 4.5 would be expected. All investigated elements in carbonate com-

positions studied here show coordination numbers above 6 and respective bond 

strengths below 0.5 vu. This is also true for the alkali earth Sr and excludes the 

investigated cations and elements with similar chemical behavior (such as Ca 

for Sr) from performing the bridging function as described in that model.  
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On the basis of the EXAFS-derived data and due to the close chemical resem-

blance of the CAR composition to the mineral nyerereite (Na2Ca(CO3)2), a struc-

tural carbonate melt model in analogy to motifs found in this mineral (Bolotina 

et al., 2017; Gavryushkin et al., 2016) is suggested. Nyerereite is often observed 

in natural samples from Oldoinyo-Lengai and in quench products from Na-Ca-

rich carbonate-silicate melts (Safonov et al., 2017 and ref. therein). Its structure 

is built by stacked blocks of Na-Ca-Na layers (Figure 30 a). The Na and Ca poly-

hedra are highly irregular with 6, 8 or 9 vertices. Bond lengths to oxygen range 

from 2.29 to 2.97 Å (with an average around 2.5 Å). The carbonate groups are 

oriented either nearly horizontally (Figure 30 c) or strongly inclined (60 – 70 ° 

with regard to the stacking, Figure 30 b) and show a distinct deviation from 

planarity (dihedral angles between 1 and 8.2 °). Carbonate oxygens can be 

linked to three or four adjacent Ca and Na polyhedra and the polyhedra are 

connected to the CO3-group by sharing either corners or edges. Local structural 

units as found in nyerereite are potential candidates for also creating highly 

disordered glass and melt structures.  

The observed EXAFS coordination environment of Sr in CAR melts with 7 to 8 

oxygens at a distances averaging at 2.64 Å is in good agreement with the highly 

coordinated Ca or Na polyhedra found in nyerereite. The slight deviation of the 

average bond lengths may be explained by considering that (1) Sr is slightly 

bigger than Ca in nyerereite and (2) a generally increased bond length at high 

temperatures. Carbonate groups are coordinated by 8 to 9 metal cations and 

readily adapt to their electrostatic requirements. In such a flexible structure of 

CO3-groups, even the higher charged Y and La could be easily incorporated in 

irregular coordination polyhedra with 7 to 9 oxygens at distances between 2.37 

and 2.90 Å as found by EXAFS. 

In fact, the concomitant MD study reveals that the carbonate groups are ran-

domly distributed in CAR40 melts, with ~ 7.7 coordinating Na, Ca and 

Y/Sr polyhedra. The coordination polyhedra of Na and Ca are rather distorted 

and are corner-, edge- or even face-sharing with the planar carbonate. Thus, the 

planar carbonate can be located in various coordination environments. This is 

in agreement with results from vibrational spectroscopy (Genge et al., 1995; 

Williams and Knittle, 2003), which provided evidence for at least two different 

structural sites of carbonate in melts and exceptionally quenched glasses. 
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A deeper look into the simulated structure may indicate that the simulated melt 

is percolated by channels (exemplary depicted Figure 25), which are present 

over the entire simulation run times. They give rise to the reduction in 2nd shell 

neighbors down to ~ 7.7 compared to 8 to 9 as found in the channel-free crystal 

structure of nyerereite (cf. Figure 30 b and c). However those channels may be 

an artefact in the simulation caused by confinement effect due to the restriced 

cell size and needs further verification in future studies. 

 

 

 
Figure 30: Crystal structure of nyerereite. 

(a) Crystal structure of nyerereite, Na2Ca(CO3)2, illustrating the stacking of Na-Ca-Na layers. 

Carbonate groups are either located within the Ca layer or in-between two Na-Ca-Na blocks. 

The coordination environment of the carbonate group (b) within the Ca layer as a three-capped 

trigonal Na6Ca3 prism and (c) in between two Na layers as two-capped Na6Ca2 octahedron. Cre-

ated with the software VESTA (Momma and Izumi, 2008). 
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5 Conclusion 

5.1 Implications 

The experimental approach of combining laboratory EXAFS and simulation 

experiments revealed novel insights into trace element incorporation in sodi-

um-rich silicate – carbonate melts and glasses at high pressure (up to 2 GPa) 

and temperature (up to 1500 °C in EXAFS and at 3000 K in simulations). EXAFS 

unveiled systematic variations of trace element bond lengths (coupled to coor-

dination numbers), as a function of the CO2 content. These patterns are further 

supported by coordination numbers derived in the simulations. MD also gives 

insights into general structural melt characteristics, such as mechanisms of car-

bonate incorporation in and polymerization of silicate melts. Additionally, it 

provides preliminary glimpses on phenomena such as unmixing in carbonate-

rich silicate melt (simulated Y sNC10) or implications for a carbonate melt struc-

ture with channel-like features (simulated Y CAR40).  

The inferred trends in local structural properties along the join CO2-free  

sSA – CAR can be well correlated to trace element partitioning data reported by 

Veksler et al. (1998). The strong fractionation of Y into the silicate melts (similar 

to sSA composition) is explained by its preference for environments that allow 

for relatively short bond distances and are not associated with carbonate 

groups. Veksler et al. (1998) describe a moderate fractionation of La and a 

stronger fractionation of Sr into the carbonate melt (similar to CAR composi-

tion). This is consistent with the observation that La and Sr readily increase 

their coordination numbers with increasing carbonate content. A general en-

richment in light rare earth elements over heavy rare earth elements is found in 

natural carbonatites all over the world (Jones et al., 2013) and is especially pro-

nounced in the economically important light rare earth carbonate mineral bast-

naesite. However, as suggested by Martin et al. (2013), rare earth element frac-

tionation between carbonate and silicate melt strongly depends on the composi-

tion of the melts and may also feature strong enrichment of all rare earth ele-

ments or a general depletion of rare earth elements in the carbonate melt. The 

authors demonstrated that an increase in polymerization of the silicate melt 

leads to a shift of trace element partitioning toward the carbonatite melt. Simi-
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larly, in contrast to the more polymerized sSA compositions, there are no signif-

icant changes observable in local environments of Y, La or Sr in the less pol-

ymerized sNC glasses and melts. Their highly flexible microsegregated net-

work, as implied by the modified random-network model (e.g. Greaves, 1985; 

Henderson, 1995), provides a range of structural environments and easily 

adapts to the electrostatic requirements of both network modifiers and intro-

duced carbonate. This is further emphasized by the wide range of incompatible 

elements and high CO2 concentrations, that can be found in natural melt inclu-

sions and matrix glasses investigated by de Moor et al. (2013) on samples of the 

carbonatite volcano Oldoinyo Lengai, of which sNC represents a simplified ver-

sion.  

In the sodium-rich silicate compositions investigated here, CO2 is mainly incor-

porated as carbonate. Two main mechanisms for carbonate incorporation pre-

vail: (1) the formation of non-bridging carbonates (T–CO3), sharing one oxygen 

atom with a network former or (2) the formation of an isolated free carbonate 

group (FC). Minor shares of carbonate fulfill a bridging function between two 

network formers (T–CO3–T), with a strong preference for [4]Al over Si. Addi-

tionally, MD data suggest a rather rare structural unit of carbonate forming a 

non-bridging complex with a network former via two shared oxygens ( = CO3T
T ). 

Sodium-rich silicate melts at elevated temperatures contain around ~ 10 % mo-

lecular CO2. As the fraction of molecular CO2 is largely dependent on tempera-

ture, melts at lower temperatures contain less molecular CO2 and glasses at am-

bient temperature almost none. The temperature dependence of the ratio 

CO2:CO3 has to be taken into account, when deducing models of C-bearing 

melts on the basis of data derived from glasses. Simply transferring information 

from glasses to melts will lead to a strong underestimation of CO2 proportions 

in the melt. Prominent melt properties correlated to carbon in terms of its spe-

cies or concentration are e.g. viscosity, (carbon) diffusivity, solubility or isotope 

fractionation (Morizet et al., 2001). Calorimetric studies on phonolitic and jade-

itic glasses of Morizet et al. (2007) demonstrated that CO2 concentration has ba-

sically no influence on the viscosity, which is in contradiction to previous fall-

ing-sphere studies (Brearley and Montana, 1989; White and Montana, 1990). 

Potential reasons for this discrepancy may be found in variations of composi-

tion or temperature and thus the type of C species present. Furthermore, it is 

suggested that carbonate diffusion in silicate melts is severely slower than mo-
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lecular CO2 diffusion (Spickenbom et al., 2010), which was confirmed by MD 

studies of Guillot and Sator (2011). Diffusion studies of Spickenbom et al. (2010) 

imposingly demonstrate, how CO2 diffusion models, which incorporate the 

temperature dependence of  C speciation (e.g. Nowak et al., 2004), compellingly 

describe transport processes in melts. 

5.2 Outlook 

Despite the unique insights obtained from the combined EXAFS and MD study, 

a wide range of aspects of silicate – carbonate melt structures remain subject to 

future research. One eminent step would be to design an in-depth MD study on 

carbonate systems in order to verify some of the suggestions made in this study. 

Uncertainties in the distribution of atomic configurations (e.g. over-

representation of metastable configurational states) may be overcome by longer 

runtimes and larger sample sizes, i.e. larger number of atoms in the simulation. 

Larger simulations cells would also enable to scale down the concentration of 

the elements of interest, eventually reaching realistic trace element contents.  

Ideally, the experimental set-up for EXAFS measurements would be optimized 

to allow for real trace element concentration not only in glasses, but also in 

melts. The major limiting factor for in-situ transmission EXAFS is given by the 

constrained sample thickness inside the nano-crystalline diamond capsule. 

Thus, fluorescence EXAFS is a potential candidate for measuring more realistic 

trace element concentrations in melts at HPHT. In addition to designing an al-

ternative measurement arrangement for the press and the fluorescence detector, 

to allow for a high flux over a large solid angle, fundamental prerequisites are a 

highly brilliant X-ray source and extremely sensitive detectors. Complementary 

insights to EXAFS can be provided by XANES. Especially, the significant varia-

tions of the Y K-edge observed in this study are promising candidates for an in-

depth XANES analysis. Another experimental approach to elucidate the chemi-

cal environment of Y and La in non-crystalline materials is given by NMR spec-

troscopy. These elements are remarkably suited for NMR in aluminosilicate sys-

tems, since 27Al and 17O NMR can be carried out without disturbances due to 

paramagnetism observed with other rare earth elements (Florian et al., 2007).  
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Future investigations should focus on the role of cation clustering. Especially 

high field strength cations such as rare earth elements are known to show 

a tendency for non-homogeneous distributions which can lead to cation cluster-

ing (Park et al., 2002; Schaller et al., 1999). There is good evidence from NMR 

and Raman spectroscopic studies on La’s tendency to form clusters in sodium 

lanthanum silicate glasses (Schaller et al., 1999). Intensive MD studies on 

La2O3-Na2O-SiO2 glasses even confirmed La clustering to be independent of La 

concentration (Corrales and Park, 2002; Park and Corrales, 2002; Park 

et al., 2002). In the present MD study, this was not an issue as only a single atom 

of Y or Sr was introduced into the cell. However, it is not clear to which extend 

trace element clustering played a role in the EXAFS of glasses and melts. Here, 

clustering would severely affect the melt structure, as it creates micro-

heterogeneities, which strongly differ from the Si-poor regions in the modified 

random network structure (cf. Figure 1 a). La as a high field strength element is 

actually able to strip away O anions from Si. This would force the network to 

adopt itself around the La to reach charge neutrality and to accommodate these 

larger cations (Corrales and Park, 2002). In a technological context, rare earth 

element clustering is the major limitation for designing optical amplifiers as 

used in optoelectronic applications (Auzel and Goldner, 2001; Monteil 

et al., 2004). 

Another topic posed to question is the role of water in the investigated chemical 

system. Melt inclusion in nepheline crystals and matrix glasses in lapilli of 

Oldoinyo Lengai contain between 0.7 and 10.1 wt % H2O (De Moor et al., 2013). 

The presented EXAFS study only considered two water-bearing samples in 

each trace element series. Additionally, increased bond lengths of water-bearing 

samples compared to their water-free counterparts are only minor and barely 

exceeding the experimental error. Thus, a detailed investigation of the influence 

of water on structural properties and quench effects was hindered. As water is 

the most significant volatile component in melts (Carroll and Holloway, 1994), 

its dissolution mechanism is strongly debated (Kohn, 2000; Le Losq et al., 2013, 

2015; Moretti et al., 2014; Mysen et al., 1980; Stolper, 1982; Xue and Kanzaki, 

2004, 2006, 2008). Even at low concentrations, H2O in magmatic systems has a 

major impact on the structural characteristics and physical properties of melts, 

such as liquidus and solidus temperatures, viscosities, crystal nucleation rates 
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and diffusivities (Mysen and Richet, 2005). This may dramatically affect deep 

Earth processes such as source melting, magmatic degassing, magma rheology, 

transport or eruption style (Morizet et al., 2007, and references therein). 

Eventually, further studies built upon the presented data will allow for the de-

velopment of a comprehensive structural model on carbonate-silicate glasses 

and melts and serving well in explaining their physical properties and their 

control on related geological phenomena. This study documents a rewarding 

combination of (in-situ) EXAFS and molecular dynamics simulations. It provid-

ed unique insights into CO2 and trace element incorporation in silicate-

carbonate melts and glasses and into the carbonate melt structure and ultimate-

ly delivers a structural explanation for observed trace element partitioning in 

natural compositions. 
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1 Determination of cell box sizes in molecular dynamics simulations 

Cubic cell box length l was calculated using melt volumes Vmelt:          𝑙 =  √𝑉𝑚𝑒𝑙𝑡
3  

With Vmelt for sSA00, sSA03 and sNC10 according to (Sigurdsson et al., 2015): 

𝑉𝑚𝑒𝑙𝑡 =  ∑ 𝑋𝑖 [𝑉𝑖,1673𝐾
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (

𝛿𝑉�̅�

𝛿𝑇
)

𝑃

(𝑇 − 1673 𝐾) + (
𝛿𝑉�̅�

𝛿𝑃
)

𝑇

𝑃] 

With Xi as the partial molar volume of the respective component i and: 

Table A 1: Thermal expansions and compressibilities of components i. 
 

 

i 

Vi,1673K 

[106 m3/mol] 

(δVi / δT)P 

[109 m3/mol*K] 

δVi/δP 

[106 m3/mol*GPa] 

 

SiO2 26.86 0.000 -1.890 

Al2O3 37.42 0.000 -2.260 

Na2O 28.88 7.680 -2.400 

CaO 16.53 3.740 0.340 

CO2 21 0.000 0.000 
 

 

With Vmelt for CAR40 according to (Liu and Lange, 2003): 

𝑉𝑚𝑒𝑙𝑡 =  ∑ 𝑋𝑖 [𝑉𝑖,1100
̅̅ ̅̅ ̅̅ ̅̅ + (

𝛿𝑉�̅�

𝛿𝑇
)

𝑃

(𝑇 − 1100 𝐾)] 

With Xi as the partial molar volume of the respective component i and: 

Table A 2: Thermal expansions of components i. 
 

 

i 

Vi,1100K 

[cm3/mol] 

(δVi / δT)P 

[10-3 cm3/mol*K] 
 

Na2CO3 53.2 13.040 

CaCO3 40.2 7.150 
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2 Pair distribution functions of simulated Y glasses 

 
 
Figure A 1: Pair distribution functions of Y glasses from MD simulations. 
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3 Pair distribution functions of simulated Y melts 

 
 
Figure A 2: Pair distribution functions of Y melts from MD simulations. 
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4 Pair distribution functions of simulated Sr melts 

 
 
Figure A 3: Pair distribution functions of Sr melts from MD simulations. 
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5 Atom specific cut-off values used in the molecular dynamics simulations 

Table A 3: Atom specific cut-off values 

rcut for MD simulations. 
 

 

[Å] Y melt Sr melt 
 

rcutSiO 2.51 2.33 

rcutAlO 2.70 2.65 

rcutNaO 3.52 3.47 

rcutCaO 3.37 3.38 

rcutCO 1.96 2.01 

rcutY/SrO 3.31 3.57 
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6 Second shell environment of Y, Sr and C in simulated melts 

 
 
Figure A 4: Second shell environment of Y, Sr and C in glasses and melts in simulations. 

Dark narrow bars indicate the fraction of cations found in the 2nd shell around Y/Sr or C. Bright 

wide bars indicate the shares of cations in bulk composition of the respective sample. 
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7 Oxygen species in simulated melts and glasses 

Table A 4: Oxygen species in melts and glasses of MD simulations. 

For each simulation run are indicated the fractions of: free oxygen (FO), which do not interact 

with any network former (T); non-bridging oxygens (NBO), which belong to the coordination 

environment of either an Si (NBOSi) or an [4]Al (NBOAl) as network former; bridging oxygen 

(BO), which fulfill a bridging function between two network formers, either in between two 

Si (BOSi-Si), one Si and one [4]Al (BOSi-Al) or two [4]Al (BOAl-Al); tri-cluster oxygen (TO) which 

belong to the coordination environment of three network formers. Additionally is given the 

structural parameter NBO/T a degree for the melt’s polymerization. 

 

 

 [%] FO NBO NBOSi NBOAl BO BOSi-Si BOSi-Al BOAl-Al TO NBO/T 

    tot% NBO% tot% NBO%  tot% BO% tot% BO% tot% BO%   
 

Y
 g

la
ss

es
 sSA00 0.2 36.9 35.5 96.3 1.4 3.7 62.7 40.8 65.1 21.6 34.5 0.2 0.3 0.3 0.91 

sSA03 4.0 35.4 33.7 95.2 1.7 4.8 60.2 41.5 68.9 18.6 30.9 0.1 0.2 0.4 0.92 

sNC10 25.3 44.0 40.0 91.0 3.9 9.0 30.7 20.0 65.1 10.5 34.3 0.2 0.6 0.0 1.69 

 

    
 

 
 

  
 

 
 

 
 

  

Y
 m

el
ts

 sSA00 0.4 41.3 40.2 97.4 1.1 2.6 56.9 41.0 72.0 15.5 27.3 0.4 0.7 1.4 1.14 

sSA03 4.4 39.5 38.7 97.9 0.8 2.1 55.4 40.9 73.9 14.1 25.5 0.3 0.6 0.7 1.14 

sNC10 25.7 47.3 44.6 94.2 2.7 5.8 26.6 18.6 69.8 7.9 29.5 0.2 0.7 0.4 2.05 

 

    
 

 
 

  
 

 
 

 
 

  

S
r 

m
el

ts
 sSA00 0.2 42.1 41.3 98.2 0.8 1.8 56.8 41.1 72.5 15.1 26.6 0.5 0.9 0.9 1.14 

sSA03 3.6 38.2 37.3 97.5 0.9 2.5 57.3 41.1 71.7 15.6 27.3 0.6 1.0 0.9 1.06 

sNC10 27.2 43.2 41.2 95.4 2.0 4.6 29.2 19.4 66.5 9.5 32.5 0.3 1.0 0.5 1.81 
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8 Coordination numbers and bond lengths in simulated melts and glasses 

Table A 5: Coordination numbers and bond length in Y and Sr silicate to carbonate melts 

in MD simulations. 
 

 

 Y glasses  Y melts   Sr melts 

 sSA00 sSA03 sNC10  sSA00 sSA03 sNC10 CAR40   sSA00 sSA03 sNC10 CAR40 

 

Coordination number N   

Y-O 5.91 6.29 6.07  6.69 6.53 6.51 6.95  Sr-O 7.53 7.92 6.94 7.96 

Na-O 6.96 6.77 6.20  7.11 7.18 6.38 7.04  Na-O 6.81 6.80 6.05 6.74 

Ca-O 6.30 6.52 6.02  6.59 6.66 6.17 6.96  Ca-O 6.56 6.62 6.19 7.07 

Al-O 4.15 4.24 4.21  4.34 4.46 4.38 -  Al-O 4.35 4.30 4.28 - 

Si-O 4.01 4.01 4.00  4.05 4.06 3.99 -  Si-O 4.01 4.01 3.96 - 

C-O - 3.00 2.96  - 2.82 2.92 2.98  C-O - 2.86 2.87 3.00 

               

Average bond length r̅   

Y-O 2.26 2.29 2.28  2.50 2.50 2.55 2.51  Sr-O 2.83 2.85 2.82 2.82 

Na-O 2.48 2.46 2.48  2.78 2.79 2.79 2.75  Na-O 2.76 2.76 2.74 2.71 

Ca-O 2.38 2.40 2.39  2.63 2.64 2.65 2.61  Ca-O 2.63 2.64 2.61 2.62 

Al-O 1.78 1.79 1.79  1.90 1.92 1.96 -  Al-O 1.90 1.89 1.91 - 

Si-O 1.64 1.65 1.65  1.70 1.71 1.73 -  Si-O 1.70 1.70 1.70 - 

C-O - 1.30 1.30  - 1.33 1.34 1.33  C-O - 1.33 1.33 1.33 

               

Most probable bond length r̂   

Y-O 2.23 2.24 2.25  2.22 2.22 2.33 2.22  Sr-O 2.49 2.49 2.44 2.49 

Na-O 2.37 2.34 2.35  2.33 2.33 2.41 2.28  Na-O 2.33 2.33 2.29 2.29 

Ca-O 2.31 2.31 2.33  2.30 2.31 2.40 2.31  Ca-O 2.28 2.28 2.29 2.28 

Al-O 1.77 1.78 1.78  1.77 1.78 1.78 -  Al-O 1.76 1.77 1.76 - 

Si-O 1.64 1.64 1.64  1.62 1.63 1.62 -  Si-O 1.63 1.63 1.63 - 

C-O - 1.29 1.29  - 1.28 1.28 1.29  C-O - 1.25 1.28 1.29 
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9 Distribution of coordination numbers in simulated melts  

 
Figure A 5: Coordination number distribution in melts in MD simulations. 
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10 Local environment of Y in simulated glasses 

Table A 6: Y-oxygen environment of glasses in MD simulations. 

For each simulation run are indicated the fractions in % of: free oxygen (FO), non-bridging 

oxygens (NBO), which coordinate either an Si (NBOSi) or an [4]Al (NBOAl); bridging oxygen 

(BO), either in between two Si (BOSi-Si), one Si and one [4]Al (BOSi-Al) or two [4]Al (BOAl-Al); tri-

cluster oxygen (TO) which are shared by three network formers.  
 

 

 
 

   Local structure of Y in glasses 

 N    Probabilities [%] 

 
 

 
 sum FO NBO NBOSi NBOAl BO BOSi-Si BOSi-Al BOAl-Al TO 

     

 

  

 

sS
A

00
 

4  3.4 0.5 2.9 2.5 0.4 0.0 0.0 0.0   

5  18.1 0.2 17.2 13.9 3.4 0.8 0.8 0.0   

6  63.4 0.6 60.0 51.0 8.9 2.8 2.2 0.6   

7  14.6 0.4 12.4 10.8 1.7 1.8 1.7 0.1   

8  0.5 0.0 0.3 0.3 0.1 0.2 0.2 0.0   

9  
  

 
  

 
   

 

10  
  

 
  

 
   

 

11  
  

 
  

 
   

 

 sum  
 

1.6 92.8 78.5 14.4 5.5 4.8 0.7 
 

 
 

  

 

sS
A

03
 

4  
  

 
  

 
    

5  6.8 0.0 6.8 6.8 0.0 0.0 0.0 0.0   

6  57.5 0.0 50.2 50.2 0.0 7.3 7.3 0.0   

7  35.7 0.0 24.7 24.7 0.0 11.0 9.8 1.2   

8  
  

 
  

 
  

  

9  
  

 
  

 
  

  

10  
  

 
  

 
  

  

11  
  

 
  

 
  

  

 sum  
 

0.0 81.7 81.7 0.0 18.3 17.1 1.2   
 

  

 

sN
C

10
 

4  0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0   

5  15.8 3.2 12.5 9.9 2.7 0.1 0.1 0.0   

6  61.2 19.4 39.3 34.4 4.9 2.5 1.9 0.6   

7  22.8 5.7 14.5 12.8 1.8 2.6 1.4 1.2   

8  0.2 0.0 0.1 0.1 0.0 0.0 0.0 0.0   

9  
  

 
  

 
  

  

10  
  

 
  

 
  

  

11  
  

 
  

 
  

  

 sum  
 

28.3 66.6 57.2 9.3 5.1 3.3 1.8   
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11 Local environment of Y in simulated melts 

Table A 7: Y-oxygen environment in melts in MD simulations. 

For each simulation run are indicated the fractions in % of: free oxygen (FO), non-bridging ox-

ygens (NBO), which coordinate either an Si (NBOSi) or an [4]Al (NBOAl); bridging oxygen (BO), 

either in between two Si (BOSi-Si), one Si and one [4]Al (BOSi-Al) or two [4]Al (BOAl-Al); tri-cluster 

oxygen (TO) which are shared by three network formers. 
 

 

 
 

   Local structure of Y in melts 

 N    Probabilities [%] 

 

 
 

 sum FO NBO NBOSi NBOAl BO BOSi-Si BOSi-Al BOAl-Al TO 

     

 

  

 

sS
A

00
 

4  0.8 0.0 0.7 0.7 0.0 0.0 0.0 0.0  0.0 
5  10.0 0.2 8.9 8.3 0.6 0.9 0.8 0.2  0.0 
6  33.0 0.2 28.0 27.1 0.8 4.7 4.0 0.8  0.1 
7  37.2 0.1 29.0 28.5 0.5 8.0 7.3 0.8  0.1 
8  14.5 0.0 10.4 10.3 0.1 4.1 3.8 0.3  0.1 
9  4.1 0.0 2.7 2.6 0.0 1.4 1.3 0.1 

 
0.0 

10  
  

 
  

 
    

11  
  

 
  

 
    

 sum  
 

0.5 79.6 77.6 2.0 19.3 17.1 2.2 
 

0.3 
   

 

sS
A

03
 

4  1.6 0.0 1.5 1.5 0.0 0.1 0.1 0.0 0.0 0.0 
5  10.6 0.2 9.0 8.6 0.5 1.3 0.8 0.5 0.0 0.0 
6  38.3 0.5 30.2 29.1 1.2 7.5 4.5 3.0 0.0 0.1 
7  36.2 0.6 26.0 24.9 1.1 9.5 6.2 3.2 0.0 0.2 
8  10.8 0.2 7.4 7.1 0.3 3.1 2.1 1.0 0.0 0.1 
9  2.5 0.1 1.5 1.5 0.1 0.8 0.6 0.2 0.0 0.0 
10  

  
 

  
 

  
  

11  
  

 
  

 
  

  
 sum  

 
1.6 75.7 72.5 3.2 22.4 14.3 8.0 0.1 0.3 

   

 

sN
C

10
 

4  1.6 0.5 0.9 0.8 0.1 0.1 0.1 0.0  0.0 
5  15.4 3.4 10.4 9.3 1.1 1.5 0.7 0.8  0.0 
6  35.2 5.9 24.1 21.1 3.0 5.2 2.9 2.3  0.0 
7  31.3 4.6 20.1 18.4 1.7 6.6 4.2 2.5  0.0 
8  12.1 1.3 7.7 7.1 0.6 3.1 2.1 1.0  0.0 
9  4.0 0.4 2.3 2.2 0.1 1.2 0.9 0.3  0.0 
10  0.4 0.0 0.3 0.3 0.0 0.1 0.1 0.0  0.0 
11  

  
 

  
 

  
  

 sum  
 

16.2 65.8 59.1 6.7 18.0 11.0 7.0  0.1 
   

 

C
A

R
40

 

4  0.6 0.6         
5  8.1 8.1         
6  25.2 25.2         
7  34.9 34.9         
8  25.6 25.6         
9  5.3 5.3         
10  0.6 0.6         
11  

  
        

 sum  
 

100.0         
 

 



116 Appendix   

 
 

12 Local environment of Sr in simulated melts 

Table A 8: Sr-oxygen environment in melts in MD simulations. 

For each simulation run are indicated the fractions in % of: free oxygen (FO), non-bridging ox-

ygens (NBO), which coordinate either an Si (NBOSi) or an [4]Al (NBOAl); bridging oxygen (BO), 

either in between two Si (BOSi-Si), one Si and one [4]Al (BOSi-Al) or two [4]Al (BOAl-Al); tri-cluster 

oxygen (TO) which are shared by three network formers. 
 

 
 

 
 

   Local structure of Sr in melts 
 N    Probabilities [%] 
   

 

 
 

 sum FO NBO NBOSi NBOAl BO BOSi-Si BOSi-Al BOAl-Al TO 

    

sS
A

00
 

4  0.7 0.0 0.7 0.7 0.0 0.1 0.0 0.0 0.0 0.0 
5  6.5 0.0 5.0 5.0 0.0 1.5 0.9 0.6 0.0 0.0 
6  16.8 0.0 12.1 12.1 0.0 4.6 3.1 1.6 0.0 0.0 
7  27.8 0.0 18.0 17.9 0.1 9.7 6.8 2.9 0.0 0.0 
8  25.0 0.0 14.9 14.9 0.0 10.0 7.7 2.3 0.0 0.0 
9  14.9 0.0 8.1 8.0 0.1 6.7 5.5 1.1 0.1 0.0 

10  6.3 0.0 3.1 3.0 0.1 3.2 2.6 0.5 0.1 0.0 
11  1.7 0.0 0.8 0.8 0.0 0.8 0.7 0.1 0.0 0.0 

 sum  
 

0.1 62.8 62.4 0.3 36.6 27.3 9.2 0.1 0.1 
   

 

sS
A

03
 

4  
  

 
  

 
    

5  2.1 0.0 1.4 1.4 0.0 0.7 0.4 0.3 0.0 0.0 
6  10.3 0.0 6.5 6.5 0.0 3.8 2.4 1.4 0.0 0.0 
7  27.1 0.0 15.6 15.6 0.0 11.5 7.9 3.6 0.0 0.0 
8  29.2 0.0 15.8 15.8 0.0 13.4 9.6 3.7 0.1 0.0 
9  19.7 0.0 10.0 10.0 0.0 9.7 7.3 2.3 0.0 0.1 

10  9.8 0.0 4.8 4.8 0.0 4.9 3.7 1.1 0.1 0.0 
11  1.7 0.0 0.8 0.8 0.0 0.9 0.7 0.2 0.0 0.0 

 sum  
 

0.0 54.9 54.9 0.0 44.8 32.0 12.6 0.2 0.2 
   

 

sN
C

10
 

4  2.4 0.5 1.8 1.8 0.0 0.1 0.1 0.0 
 

0.0 
5  9.3 2.1 6.2 6.2 0.0 1.0 0.8 0.1 

 
0.0 

6  27.0 6.7 16.3 16.3 0.0 4.0 3.4 0.6 
 

0.0 
7  30.1 6.5 17.4 17.4 0.0 6.1 5.1 1.1 

 
0.0 

8  21.6 4.4 11.8 11.7 0.0 5.5 4.5 1.0 
 

0.0 
9  7.5 1.6 4.1 4.1 0.0 1.8 1.5 0.3 

 
0.0 

10  1.7 0.3 0.8 0.8 0.0 0.6 0.5 0.0 
 

0.0 
11  0.2 0.0 0.1 0.1 0.0 0.1 0.1 0.0 

 
0.0 

 sum  
 

22.2 58.4 58.4 0.1 19.2 16.0 3.2 
 

0.1 
   

 

C
A

R
40

 

4  
  

 
  

 
    

5  0.9 0.9  0.00 0.00  0.00 0.00 0.00 0.00 

6  8.8 8.8  0.00 0.00  0.00 0.00 0.00 0.00 

7  26.1 26.1  0.00 0.00  0.00 0.00 0.00 0.00 

8  32.4 32.4  0.00 0.00  0.00 0.00 0.00 0.00 

9  23.8 23.8  0.00 0.00  0.00 0.00 0.00 0.00 

10  7.1 7.1  0.00 0.00  0.00 0.00 0.00 0.00 

11  1.0 1.0  0.00 0.00  0.00 0.00 0.00 0.00 

 sum  
 

100.0  0.00 0.00  0.00 0.00 0.00 0.00 
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13 C-oxygen environment in simulated melts and glasses 

Table A 9: C oxygen environment in melts and glasses in MD simulations. 

For each simulation run is indicated the fractions in % of: CO2 dissolved as CO-, CO2-, CO3- or 

CO4-group. Furthermore, FC indicates free carbonates, T–CO3 indicates non-bridging carbonates 

(Si–CO3 or [4]Al–CO3: either sharing one non-bridging oxygen with one Si or [4]Al, = 𝐶𝑂3𝑇
𝑇 : shar-

ing two oxygens with one Si or [4]Al, −𝐶𝑂3𝑇
𝑇 : associated with a bridging oxygen), T–CO3–T indi-

cates bridging carbonates between two respective network formers and 𝐶𝑂3
−𝑇

𝑇−
𝑇−  indicate bridg-

ing carbonates between three network formers. 
0 
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𝐶
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0 F
C

 
 

 

Y
 g

la
ss

 

          
sSA03 0.0  0.0 0.0 0.0  100.0 8.3 4.2 4.2 0.0 0.0  54.0 16.7 37.3 0.0 0.0  37.7  0.0 

sNC10 0.6  2.4 0.0 2.4  97.0 6.6 3.2 2.6 0.8 0.0  43.9 29.6 14.2 0.0 0.1  46.5  0.0 

Y
 m

el
t 

 

 

 

 

 

 

 

 

sSA03 0.0  18.1 1.2 16.9  81.5 3.2 1.5 1.7 0.0 0.0  31.9 27.0 2.7 0.9 1.4  46.4  0.0 

sNC10 0.0  8.2 0.3 7.9  91.0 3.2 1.9 0.9 0.5 0.0  40.1 25.6 12.4 0.3 1.7  47.7  0.3 

CAR40 0.0  2.1 0.0 2.1  97.8 0.0 0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0  97.8  0.1 

S
r 

m
el

t 

 

 

 

 

 

 

 

 

sSA03 0.0  15.2 0.3 14.9  83.4 8.7 3.3 2.8 2.0 0.6  61.3 47.7 11.1 0.7 1.8  13.4  1.2 

sNC10 1.2  10.4 0.4 10.0  87.9 1.6 1.0 0.6 0.0 0.0  26.7 19.6 6.5 0.2 0.3  59.6  0.1 

CAR40 0.0  0.9 0.0 0.9  99.0 0.0 0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0  99.0  0.1 
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