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Abstract 
 

In this work NMR crystallography was used to elucidate the defect chemistry of two high-

pressure magnesium silicates, namely ringwoodite (γ-Mg2SiO4) and bridgmanite 

(MgSiO3), which make up major parts of the Earth’s mantle. In this way, we focus on 

understanding the various defect formation mechanisms and provide a framework through 

which to understand the effects on the mineral properties. The required high-pressure 

synthesis of the minerals results in low sample yields, which in combination with low defect 

concentrations renders the structural characterization of the defects challenging.  

We have, however, been able to investigate OH defect formation mechanisms within 

ringwoodite by combining high-resolution multidimensional solid-state 1H NMR 

spectroscopy and Density Functional Theory (DFT) simulations of multiple model OH 

defect types. Using these methods, we were able to link experimental and simulated 1H 

chemical shifts, and 1H 1H connectivities to individual OH defect motifs. The qualitative 

solution revealed a surprisingly rich OH defect chemistry of ringwoodite’s spinel-type 

structure, including the formation of isolated low-valent Mg2+ vacancies charge balanced 

by two protons (𝑉 + 2𝐻∗∗), as well as isolated high-valent Si4+ defects, either charge 

balanced by four protons (𝑉 + 4𝐻∗∗∗∗) or by one Mg2+ and two protons (𝑀𝑔 + 2𝐻∗∗). 

Additionally, a coupled defect type with an Mg2+ on a Si site coupled to an octahedral 

vacancy (𝑀𝑔 𝑉 + 4𝐻∗∗∗∗) makes up a significant proportion. Inherent disorder of 

hydrogen bonds within the defects prevented a straight-forward quantification of different 

defect motifs. Therefore, a new approach to model local 1H disorder within point defects 

based on molecular dynamics (MD) simulations employing the DFT method and to 

describe its influence on two complementary 1H NMR observables was developed. 

Individual 1H chemical shift footprints and characteristic ensemble average 1H-1H double-

quantum (DQ) buildup curves were derived from the modelled OH disorder for each of the 

four above mentioned OH defect types. These were then used as joint cost function for the 

refinement of the strongly overlapping experimental 1H MAS NMR spectrum and 1H-1H 

DQ buildup curves leading to a quantitative determination of the defect motif proportions 

of ~50% VMg, 18% VSi, ~13% MgSi and 20% coupled MgSiVMg. 

In order to evaluate the OH defect formation mechanisms as a function of the hydration 

level the feasibility of 1H NMR spectroscopy on nanoliter hydrous ringwoodite crystals 

was investigated. For three crystals with hydration levels between an equivalent of 0.3-



2 |  
 

2.0 wt% H2O the 1D 1H MAS NMR spectra were successfully recorded using a standard 

MAS NMR setup and a piggy-back µMAS setup, and were quantitatively refined with the 

previously determined 1H chemical shift footprints. The resulting defect type ratios were 

linked to the experimental unit cell volumes of the same crystals using DFT-predicted unit 

cell volume trends for each defect motif in order to derive a correlation between defect 

formation mechanism and hydration level. The 1H NMR and XRD data suggest that up to 

~1wt% H2O, mainly Si defects (𝑉 + 4𝐻∗∗∗∗, 𝑀𝑔 + 2𝐻∗∗, 𝑀𝑔 𝑉 + 4𝐻∗∗∗∗) form, while 

at higher hydration levels the formation of Mg vacancies seems favoured (𝑉 + 2𝐻∗∗).  

This qualitative and quantitative solution of ringwoodite’s defect chemistry as a function 

of hydration level opens up the possibility for modelling the thermodynamics of each 

hydration mechanism, as well as their interaction. Finally, this could lead to a reasonable 

model of the impact of ringwoodite’s defect chemistry on the transport properties of the 

transition zone of the Earth’s mantle. Furthermore, the NMR spectroscopic investigation 

of single-crystals, instead of powders, opens up the possibility for a comprehensive 

characterization of each crystal providing access to unique correlations between 

quantitative atomic pictures of defect motifs, absolute defect concentrations and their 

influence on the crystal structure on homogenous samples, which is of fundamental 

relevance for the investigation of the influence of defects on macroscopic properties. 

Therefore, the improvement of µNMR methods to gain sensitivity could pave the way for 

the routine examination of small crystals.  

Al defects in bridgmanite formed by two competing Al substitution mechanisms were 

investigated by electronprobe micro analysis and 27Al MAS NMR spectroscopy on Al-

bearing bridgmanite samples with varying Al contents synthesized in MgO-rich or SiO2-

rich synthesis conditions. These revealed that in MgO-rich systems the oxygen vacancy 

(OV) mechanism is dominant at low Al contents, while the charge-coupled (CC) 

mechanism increases linearly with increasing Al content and generally dominates in SiO2-

rich systems. Furthermore, the multidimensional 27Al MAS NMR data in combination with 

the results of DFT calculations of multiple Al defect models demonstrate the formation of 

OV clusters probably due to a high mobility of OVs. This surprising OV mechanism leads 

to a roughly two times larger vacant crystallographic site than formed by an isolated OV. 

Such sites have been shown to be able to accommodate small noble gas atoms, such as 

neon, as well as OH groups, and this may therefore greatly change the understanding of the 

volatile cycling of noble gases and water into the Earth’s lower mantle. 



 Z u s a m m e n f a s s u n g | 3 
 

Zusammenfassung  
 

In dieser Arbeit wurde mittels NMR Kristallographie die Defektchemie von zwei 

Hochdruck-Magnesiumsilikaten, Ringwoodit (γ-Mg2SiO4) und Bridgmanit (MgSiO3), die 

einen Großteil des Erdmantels bilden, aufgeklärt. Auf diese Weise konzentrieren wir uns 

auf das Verständnis der verschiedenen Mechanismen der Defektbildung und bieten einen 

Rahmen, um die Auswirkungen auf die Mineraleigenschaften zu verstehen. Die 

erforderlichen Hochdrucksynthesen der Mineralien führen zu geringen Probenausbeuten, 

was in Kombination mit niedrigen Defektkonzentrationen die strukturelle 

Charakterisierung der Defekte anspruchsvoll gestaltet. 

Wir waren dennoch in der Lage die Mechanismen der OH Defektbildung in Ringwoodit zu 

untersuchen, indem wir hochaufgelöste mehrdimensionale Festkörper-1H-NMR-

Spektroskopie und Dichte-Funktional-Theorie (DFT) Simulationen diverser OH-

Defekttypen kombinierten. Auf diese Weise verknüpften wir experimentelle und simulierte 
1H chemische Verschiebungen, sowie 1H-1H-Konnektivitäten mit individuellen OH-

Defektmotiven. Die qualitative Lösung offenbarte eine überraschend vielfältige OH-

Defektchemie innerhalb der Spinell-Struktur von Ringwoodit mit der Bildung isolierter 

niedervalenter Mg2+ Leerstellen ladungsausgeglichen durch zwei Protonen (𝑉 + 2𝐻∗∗), 

sowie isolierter hochvalenter Si4+-Defekte mit einem Ladungsausgleich entweder durch 

vier Protonen (𝑉 + 4𝐻∗∗∗∗) oder durch Mg2+ und zwei Protonen (𝑀𝑔 + 2𝐻∗∗). 

Zusätzlich bildete ein gekoppelter Defekttyp mit Mg2+ in einer Si-Lücke gekoppelt an eine 

oktaedrische Leerstelle (𝑀𝑔 𝑉 + 4𝐻∗∗∗∗) einen signifikanten Anteil. Die inhärente 

Fehlordnung von Wasserstoffbrückenbindungen innerhalb der Defekte verhinderte eine 

unkomplizierte Quantifizierung verschiedener Defektmotive. Daher wurde ein neuer 

Ansatz basierend auf Molekulardynamik-Simulationen (MD) auf DFT-Niveau entwickelt, 

um lokale 1H-Fehlordnungen in Punktdefekten zu modellieren und deren Einfluss auf zwei 

komplementäre 1H NMR Observablen zu beschreiben. Individuelle Abdrücke der 1H 

chemischen Verschiebung und charakteristische Ensemble-gemittelte 1H-1H 

Doppelquanten-(DQ)-Aufbaukurven wurden von der modellierten OH-Fehlordnung für 

jeden der vier oben erwähnten Defekttypen abgeleitet. Diese wurden dann als gemeinsame 

Kostenfunktion für die Verfeinerung des stark überlappenden experimentellen 1H-MAS-

NMR-Spektrums und 1H-1H-DQ-Aufbaukurven verwendet, was zur quantitativen 
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Bestimmung der Defekt-Motive zu ~ 50% VMg, 18% VSi, ~ 13% MgSi und 20% gekoppeltes 

MgSiVMg führte.  

Um die Mechanismen der OH-Defektbildung als Funktion des Hydratationsgrads zu 

untersuchen, wurde die Durchführbarkeit der 1H NMR-Spektroskopie an wasserhaltigen 

Nanoliter-großen Ringwoodit-Kristallen untersucht. Für drei Kristalle mit 

Hydratationsgraden zwischen einem Äquivalent von 0.3 – 2.0 Gew.-% H2O wurden die 1D 
1H-MAS-NMR-Spektren unter Verwendung eines Standard MAS-NMR-Setups und eines 

μMAS-„Piggy-back“-Designs erfolgreich aufgenommen und mit den zuvor bestimmten 

charakteristischen Abdrücken innerhalb 1H chemischen Verschiebung quantitativ 

verfeinert. Die resultierenden Verhältnisse der Defekt-Typen wurden mit den 

experimentellen Elementarzellen-Volumina der gleichen Kristalle unter Verwendung von 

DFT-vorhergesagten Trends des Elementarzellen-Volumens für jedes Defekt-Motiv 

verknüpft, um eine Korrelation zwischen Defektbildungsmechanismus und 

Hydratationsgrad abzuleiten. Die 1H NMR- und XRD-Daten legen nahe, dass bis zu etwa 

1 Gew.-% hauptsächlich Si-Defekte (𝑉 + 4𝐻∗∗∗∗, 𝑀𝑔 + 2𝐻∗∗, 𝑀𝑔 𝑉 + 4𝐻∗∗∗∗) 

entstehen, während bei höheren Hydratationsgraden die Bildung von Mg-Leerstellen 

begünstigt erscheint (𝑉 + 2𝐻∗∗). 

Diese qualitative und quantitative Lösung der Defektchemie in Ringwoodit als Funktion 

des Hydratationsgrades eröffnet die Möglichkeit die Thermodynamik der 

Hydratationsmechanismen, sowie deren Wechselwirkung zu modellieren. Schließlich 

könnte dies zu einem begründeten Modell des Einflusses von der Defektchemie in 

Ringwoodit auf die Transporteigenschaften der Übergangszone des Erdmantels führen. 

Darüber hinaus eröffnet die NMR-spektroskopische Untersuchung von Einkristallen 

anstelle von Pulverproben die Möglichkeit einer umfassenden Charakterisierung von jedem 

Kristall, die den Zugang zu einzigartigen Korrelationen zwischen quantitativen atomaren 

Bildern der Defekt-Motive, absoluten Defektkonzentrationen und deren Einfluss auf die 

Kristallstruktur in homogenen Proben gewährt, was für die Ermittlung des Einflusses der 

Defekte auf makroskopische Eigenschaften von grundlegender Bedeutung ist. Daher 

könnte eine Verbesserung von μNMR-Methoden zur Steigerung der Empfindlichkeit den 

Weg zur routinemäßigen Untersuchung kleiner Kristalle ebnen. 

Al-Defekte in Bridgmanit, die durch zwei konkurrierende Al-Substitutionsmechanismen 

gebildet wurden, wurden mittels Elektronenstrahl-Mikroanalyse und 27Al-MAS-NMR-

Spektroskopie an Al-haltigen Bridgmanitproben mit variierenden Al-Gehalten aus MgO-
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reichen oder SiO2-reichen Synthesebedingungen untersucht. Diese zeigten, dass in MgO-

reichen Systemen der Sauerstoff-Leerstellen (engl. oxygen vacancy, OV) Mechanismus bei 

niedrigen Al-Gehalten dominant ist, während der ladungsgekoppelte (engl. charge-

coupled, CC) Mechanismus mit steigendem Al-Gehalt linear zunimmt und generell in 

SiO2-reichen Systemen dominiert. Darüber hinaus demonstrieren die mehrdimensionalen 
27Al MAS NMR-Daten in Kombination mit den Ergebnissen von DFT-Rechnungen 

verschiedener Al-Defektmodelle die Bildung von Clustern aus Sauerstoff-Leerstellen 

wahrscheinlich aufgrund einer hohen Mobilität der Leerstellen. Dieser überraschende OV-

Mechanismus führt zu einer etwa zweifach größeren vakanten kristallographischen Lücke 

als eine isolierte Sauerstoff-Leerstelle. Es wurde gezeigt, dass solche vakanten Lücken in 

der Lage sind kleine Edelgasatome, wie Neon, sowie OH-Gruppen aufzunehmen, und dies 

vermag daher das Verständnis für den Kreislauf flüchtiger Stoffe, Edelgase oder Wasser, 

in den unteren Erdmantel stark zu ändern. 
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1. Introduction 
 

Disorder within crystalline materials often leads to interesting physical and chemical 

properties, which has the potential to lead to new functionality. Well-known examples are 

doping of semiconductors with foreign atoms to tune the electrical conductivity or 

photovoltaic activity.[1,2] Furthermore, defects have influence on the chemical, thermal or 

mechanical stability of materials, in addition to diffusion and ion conductivity. In this 

context, point defects in the form of cation substitution also play an important role in high-

pressure magnesium silicates of the Earth’s mantle.[3–5] Chemical components are 

exchanged between the Earth’s surface and the mantle at subduction zones. One of the most 

important geochemical exchanges occurs as minerals formed at the surface carry trace 

amounts of H2O into the deep interior, where it is ultimately hosted as OH defects in mantle 

minerals.[3,6–9] In this respect, defects within the Mg2SiO4 polymorphs, forsterite 

(α-Mg2SiO4) in the upper mantle and wadsleyite (β-Mg2SiO4) and ringwoodite (γ-

Mg2SiO4) in the transition zone, as well as within the MgSiO3 phase bridgmanite in the 

lower mantle are of great importance (Figure 1), since these minerals are most abundant 

and together account for more than 62 vol% of the entire Earth.[10–13]  

 

 

Figure 1. Left: Schematic representation of the layered structure of the Earth’s interior. Right: Schematic cross section of 
the Earth’s mantle and its dominant silicate minerals (Mg end members) at various depth. 

 

The three Mg2SiO4 polymorphs have been shown to be able to incorporate significant 

amounts of OH defects charge balanced by cation vacancies. The total amount of equivalent 
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H2O hosted in this manner may potentially comprise a large fraction of the Earth’s entire 

water budget, which might even exceed that of all oceans.[14–19] In the MgSiO3 phase 

bridgmanite, that dominates in the lower mantle, Al substitution is known to cause the 

formation of oxygen vacancies, which can not only accommodate OH defects but may also 

host atoms of noble gases, such as neon, helium and argon.[20–22] Therefore, hydrous 

Mg2SiO4 , as well as aluminous MgSiO3 phases are expected to play a crucial role in the 

deep cycle of volatiles in the Earth’s mantle.[20–23] Furthermore, the nature of the cation 

substitution mechanisms linked to OH and Al defects is of fundamental significance, since 

they may influence mineral physical properties, such as elasticity, viscosity and thermal 

conductivity, which are crucial to the operation of mantle convection.[24–29] 

 

Despite the importance of the problem, the defect chemistry of ringwoodite and 

bridgmanite are still open questions. This is mainly due to the necessity of extremely high 

synthesis pressures (P > 18 GPa) for these minerals that results in small sample yields. This 

further confounds the characterisation of defects which are anyway of low concentration. 

Furthermore, standard X-ray diffraction (XRD) techniques are impractical due to their 

focus on long-range order and their inability to resolve hydrogen and to differentiate 

between Al and Si.[30,31] The structural investigation of OH and Al defects in high-pressure 

silicates is therefore a very challenging issue.  

Solid-state nuclear magnetic resonance (NMR) spectroscopy combined with diffraction 

techniques and quantum-chemical calculations, so called NMR crystallography,[31–33] has 

proven especially successful for the structural description of disordered materials at the 

atomic level.[34–40] Solid-state NMR is independent of long-range order and, therefore, may 

offer information on local environments. In this context, the NMR data provide access not 

only to qualitative information concerning inequivalent sites, their local chemical 

environments, and homo- and heteronuclear connectivities, but also to quantitative data e.g. 

the ratio of different species and distance relations.[32,33,36,41,42] Quantum-chemical 

calculations employing Density Functional Theory (DFT) are used to aid the assignment 

of resonances and to validate structural models.[34,43–47]  

This work therefore is concerned with the qualitative and quantitative structural description 

of OH disorder in hydrous ringwoodite using an NMR crystallographic approach. We have 

employed different analysis strategies mainly based on 1D and 2D solid-state NMR 

spectroscopy, combined with computational methods, to derive a consistent picture of 
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ringwoodite’s defect chemistry. Additionally, we explore the possibility of an NMR 

spectroscopic approach to measure nanoliter ringwoodite crystals in order to allow for 

characterizing the defect formation mechanisms as a function of OH concentrations.  

Moreover, the Al substitution mechanisms in bridgmanite are evaluated by NMR 

crystallography as a function of the Al content on perfectly characterized bridgmanite 

samples. All hydrous ringwoodite and Al-bearing bridgmanite samples were synthesized 

using sophisticated high pressure multi-anvil apparatuses at the Bayerisches Geoinstitut, 

University of Bayreuth. 

 

1.1  Structural studies on defects in high-pressure minerals 

 

After the prediction, based on Pauling bond strength calculations,[48] that wadsleyite should 

be able to incorporate high concentrations of water in its structure as hydroxyl defects, 

unravelling the nature of its OH defect chemistry became the focus of many systematic 

experimental and analytical studies.[14,44,45,49–53] Wadsleyite, a high pressure polymorph of 

olivine with the formula β-(Mg,Fe)2SiO4, is the main component of the transition zone 

region of the Earth’s mantle, which encompasses depths between 410 and 520 km. These 

studies confirmed a maximum water solubility of ~3 wt% in wadsleyite and also revealed 

that the higher-pressure polymorph, ringwoodite, can host comparable quantities of 

water.[14–16,18,53] Comprehensive single-crystal XRD, as well as systematic FTIR and 

multinuclear solid-state NMR spectroscopic investigations of wadsleyite samples 

containing the equivalent of 0.1 wt% to 3.2 wt% of water revealed a well-defined OH 

defect formation mechanism.[14,44,45,51–53] The main hydrogen incorporation mechanism 

involves the formation of Mg2+ (Mg3 site) vacancies and the protonation of the 

‘underbonded’ O1 species, which is not coordinated to Si in the orthorhombic structure of 

the polymorph. Minor amounts of Si-OH signals in 1H NMR spectra also suggest a 

partial protonation of O3 and O4 species, which are the non-bridging O atoms of the 

pyrosilicate (Si2O7) building units.[44,45] This well-defined defect mechanism is also 

reflected in the polarized FTIR spectra of wadsleyite, where two strong absorption peaks 

at ~3300 cm-1 and at ~3600 cm-1 occur.[18,51,53] 

In contrast to wadsleyite, the FTIR spectrum of ringwoodite is difficult to interpret, since 

it shows very broad and overlapping absorption features in the range of 2400 cm-1 to 
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3800 cm-1.[18,54–56] The Mg/Si ratio is also barely influenced upon hydration and there seems 

to be a small degree of Mg/Si disorder.[15,55] Furthermore, ringwoodite crystalizes in a 

spinel-type cubic structure consisting of isolated SiO4 tetrahedra and edge-sharing MgO6 

octahedra.[57] Therefore, wadsleyite’s relatively simple OH defect chemistry involving only 

Mg vacancies is not applicable to the γ-polymorph. Consequently, high-valent Si4+ 

vacancies with and without local cation inversion of the spinel structure in addition to low-

valent Mg2+ vacancies have been proposed as plausible mechanisms based mainly on 

computational studies:[49,50,55,58–62] 

𝑀𝑔 ⟶ 2 𝐻   (𝑉 + 2𝐻∗∗ in Kröger-Vink notation) (1) 

𝑆𝑖 ⟶ 4 𝐻     (𝑉 + 4𝐻∗∗∗∗)    (2) 

𝑆𝑖 ⟶ 𝑀𝑔 + 2 𝐻  (𝑀𝑔 + 2𝐻∗∗)    (3) 

In a systematic study Ye et al.[58] correlated the unit cell volume expansion of hydrous 

ringwoodite to its water concentration between an equivalent of 0 and 2.8 wt% H2O, 

whereby they found a discontinuity in the slope at ~2 wt% H2O. The data were compared 

to DFT calculations and it was proposed that up to 2 wt% H2O Mg vacancies (Eq. 1) mainly 

occur, while at higher water concentrations also high-valent Si defects according to Eq. 2 

and 3 are formed.[58,59] However, experimental data with atomic resolution of the defects to 

unambiguously verify or falsify this hypothesis are missing.  

In the lower mantle the mineral bridgmanite (MgSiO3) dominates, comprising more than 

90 vol% of the mantle rock and, therefore, it is the most abundant mineral in the Earth as a 

whole.[10–12] In contrast to the Mg2SiO4 polymorphs, the trivalent substitution of Al, besides 

Fe3+, is the main defect forming mechanism in bridgmanite, which crystalizes in an 

orthorhombic perovskite-type structure with Si in octahedral coordination (B site) and Mg 

in nominal dodecahedral coordination (A site).[20,29,63–66] Two competing Al incorporation 

mechanisms have been proposed for bridgmanite. The first is the charge-coupled (CC) 

substitution, where Mg and Si are replaced by two Al and thus is charge balanced (Eq. 

4).[64] In the second mechanism only Si is replaced by Al and therefore the formation of 

oxygen vacancies (OV) is required for charge compensation (Eq. 5).[20,29] 

𝑀𝑔 +  𝑆𝑖  ⟶ 2 𝐴𝑙   (𝐴𝑙∗ +  𝐴𝑙 )    (4) 

2 𝑆𝑖  ⟶ 2 𝐴𝑙 +  𝑂   (2𝐴𝑙 + 𝑉∗∗)    (5) 
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While vacancy-free bridgmanite can only accommodate minor amounts of water,[67,68] the 

OV mechanism was proposed to lead to an increased water uptake ability in the lower 

mantle by:[20,22] 

𝑉 +  𝑂 + 𝐻 𝑂 ⟶ 2 𝑂𝐻      (6) 

The CC mechanism (Eq. 4) is expected for SiO2-saturated compositions and at higher 

pressures,[69,70] while the OV mechanism (Eq. 5) is proposed to be favoured in MgO-

saturated compositions and lower pressures.[20,22,29,71] However, X-ray absorption and 

solid-state 27Al NMR studies on aluminous bridgmanite to investigate OV and Al defect 

distributions revealed Al in six-fold or higher coordination indicating that mostly the CC 

mechanism took place.[40,72–75] Still, these studies suffered from slightly inhomogeneous 

samples or SiO2-rich synthesis conditions, which may have influenced the results or 

prevented significant formation of OV in bridgmanite, respectively. Systematic 

investigations as function of Al content are challenging due to the necessity to control the 

very demanding synthesis conditions, such as control of Mg or Si excesses, high 

temperatures and especially of high pressures. Due also to difficulties in growing 

sufficiently big single crystals for X-ray analysis, comprehensive data with atomic 

resolution to derive a consistent picture of bridgmanites Al defect chemistry are still absent. 

 

1.2  NMR crystallography 

 

Crystal structures are routinely examined by XRD techniques, which depend on the long-

range order of atoms and therefore provide information about periodicity.  XRD methods 

may also detect atomic disorder indirectly through differences in electron density mapping, 

but this only provides average information for each crystallographic site.[30,31,76] 

Furthermore, for light atoms such as hydrogen or lithium and for Si/Al disorder, XRD is 

unable to resolve atom positions due to too low or similar scattering strengths, 

respectively.[31–33]  

To overcome this problem diffraction techniques have been combined with solid-state 

NMR spectroscopy and quantum-chemical calculations – so called NMR 

crystallography[32,33] – to provide complementary structural information e.g. about 

dynamics[77], proton substructures[38,78] or point defects[34,40,44]. Solid-state NMR 
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spectroscopy makes use of the interaction of nuclear spins with an external magnetic field 

and is able to probe internal spin interactions, whereby the chemical shift, the direct dipole-

dipole and the quadrupolar interaction are mostly used.[41,77,79] These are independent of 

periodicity and hence can provide local structural information, e.g. chemical environments, 

symmetries, homo- and heteronuclear connectivities and distances between nuclear spins, 

for crystalline, as well as amorphous materials.[32,33,41] Quantum-mechanical calculations 

are used to calculate the energies and NMR parameters, i.e. chemical shift and electric field 

gradient (EFG) tensors, of structural models, which can then be compared to experimental 

data. This may be used to aid the assignment of resonances and to validate different 

structural models.[43,44,46,47] Due to its broad applicability and the wide range in information 

that can be obtained, NMR crystallography has been used for the structure elucidation of, 

for example, porous materials[42,80–82], polymer systems[83–85], glasses[86–88], proteins[89–91] 

and minerals[92–95].  

The chemical shift interaction describes the interaction of the external magnetic field with 

local fields of the nuclear spins caused by their local electronic and thus chemical 

environment. The number and intensity ratio of resonances can be used to identify 

inequivalent crystallographic sites and their multiplicity and can, therefore, be used to 

deduce information about the asymmetric unit or space groups.[31,36] Furthermore, chemical 

shift values are characteristic for chemical groups and thus allow for the determination of 

functional groups and structural building units.[31,96] In this context, quantum-mechanical 

calculations employing Density Functional Theory (DFT) are particularly effective for 

calculating chemical shifts for specific structural models that can then be used as a cost 

function for evaluating the structure.[31,43,46,47,97]  

The interaction of a quadrupole moment, which is caused by a non-spherical charge 

distribution in nuclei with a spin I > ½, with the electric field gradient (EFG) is called the 

quadrupolar interaction. Since the EFG arises from the distribution of the electronic 

environment around the nuclei, i.e. mostly the coordinating atoms, the quadrupolar 

interaction is very sensitive to local structural environments, e.g. coordination 

polyhedra.[98,99] Similarly to the chemical shifts, the quadrupolar couplings can be 

simulated by DFT calculations and used for validating structural models.[43,46,47,100]  

The direct dipole-dipole interaction between the magnetic moments of spins in close spatial 

proximity is a very important interaction in solid-state NMR spectroscopy, since it depends 
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on the orientation as well as the distances between the spins. Therefore, it allows for 

determining homo-[80,101–104] and heteronuclear[105,106] connectivities and distances[38,107-111], 

if the resonances are sufficiently resolved. Magic-angle spinning[112,113] (MAS) is used to 

average anisotropic interaction parts in order to gain high resolution spectra allowing for 

an assignment of individual resonances. In this way, the dipolar interaction is also averaged 

and must then selectively be recoupled to extract different connectivity and distance 

information. The recoupling of certain dipolar interaction parts is accomplished by 

synchronising nuclear spin rotations by radiofrequency (rf) pulses with the MAS sample 

rotation.[114–117]  

Often double-quantum (DQ) coherences are excited to gain information about homonuclear 

coupled spins. Since the DQ interaction strength and thus the DQ intensities depend on the 

internuclear distance proportional to r-3 between the coupled spins, it is possible to evaluate 

not only qualitatively the connectivity of species by two-dimensional (2D) double-

quantum-single-quantum (DQSQ) experiments (Figure 2, left), but to quantitatively 

determine distances between the spins. For this purpose a series of DQ spectra as a function 

of excitation time of DQ coherences is measured and the DQ signal amplitudes result in 

DQ buildup curves (Figure 2, right), which contain the quantitative distance information. 

For isolated spin pairs the distance information can be extracted by fits of buildup curves 

using analytical expressions, while the buildup curves of extended spin systems are 

influenced by all dipolar couplings and usually are simulated numerically based on model 

systems.[118]  

 

Figure 2. Left: Schematic 2D homonuclear correlation (DQSQ) spectrum of a model spin system containing two different 
species i (red) and j (blue) depicting auto-correlation signals on the diagonal and cross correlation at the sum of the two 
chemical shift frequencies. Right: corresponding symmetric DQ buildup curves of the three isolated spin pairs i-i (red), i-
j (red and blue dashed) and j-j (blue) revealing the different internuclear distances.  
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Due to the high gyromagnetic ratio and a high spin density of 1H spins a high sensitivity is 

reached for 1H solid-state NMR, but the homonuclear dipolar interaction strength between 

protons gets very strong. This leads to a severe broadening of resonances, which can easily 

surpass all 1H chemical shift effects preventing the characterization of inequivalent sites 

and structural building blocks, which are essential for structure elucidation. Therefore, 

ultrafast MAS (> 40 kHz) is necessary to narrow the homogenously broadened lines and to 

reach a sufficient resolution of 1H signals.[113,119] Fast spinning, however, renders the use 

of dipolar recoupling sequences more difficult due to the necessity to synchronise the 

timing and power of the rf pulses to the spinning speed.[114,120] Only recent advances in 

faster MAS[113], modern rf consoles, as well as pulse sequence optimizations[111] allow 1H 

NMR experiments to be performed that directly probe proton proton proximities.[101,108,121–

124]  

Solid-state NMR is in principal an ideal tool for studying defects in materials due to its 

local character and ability to resolve the number and type of coordinating atoms. However, 

disorder often leads to difficulties. Even when high-resolution techniques are used, 

increasing levels of disorder can cause complicated NMR spectra with heavy spectral 

overlap, especially in the case of protons, due to small changes in chemical shifts for 

disordered species. This impedes spectral assignment and the extraction of structural 

information severely and renders the use of quantum-mechanical calculations of NMR 

parameters even more important. However, in order to treat the disorder, a large number of 

initial models with slight changes in their local environments, as well as big supercells are 

often required. This leads to a large number of possible models and thus to high 

computational costs. For these reasons often only simplified approaches are possible, which 

aim at understanding the relative variations in NMR parameters, rather than creating a ‘real’ 

picture of the structure and exact magnitudes. Consequently, other methods have been 

developed, such as ab initio random structure searching[125] (AIRSS) or simulated 

annealing[126] (SA), the latter based either on classical molecular dynamics (MD) or Monte-

Carlo (MC) algorithms, to tightly probe the potential energy surface of the system of 

interest. These techniques are able to handle virtually random structures and, therefore, can 

also be used for structure prediction reducing bias in the candidate structures for the 

disorder model. The main drawbacks of empirical forcefield based techniques, i.e. classical 

MD and MC runs, are the accuracy of the calculations, that they may easily get stuck in 

local minima and that the NMR parameters are not directly accessible. AIRSS overcomes 
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the latter problem since it is based on DFT, but thus is also more limited in the number of 

atoms.[125] Recently, AIRSS was combined with a number of structural constraints, such as 

unit-cell size, bonding environments and prearranged groups of atoms, to enable a detailed 

investigation of hydrogen disorder in hydrous defects in the high-pressure silicate 

wadsleyite.[45] 
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2. Synopsis 
 

This work consists of two publications and two manuscripts (see chapter 3 & 4) dealing 

with different aspects of the defect chemistry of high-pressure magnesium silicates of the 

Earth’s deep interior. In all studies an NMR crystallographic approach was applied to 

investigate qualitatively and quantitatively different defect motifs.  

The synthesis of mantle minerals requires similar conditions as in the Earth’s mantle, i.e. 

high pressures and temperatures. Therefore, all defect-bearing mineral samples were 

synthesized using high-pressure multi-anvil apparatuses at the Bayerisches Geoinstitut, 

University of Bayreuth.  

 

2.1  Solving ringwoodite’s OH defect chemistry by NMR 

crystallography 

 

The main project within this work is the investigation of ringwoodite’s hydrous defect 

chemistry, which is expected to store H2O in the Earth’s interior in the form of structurally 

bound OH, in a quantity that may exceed that of the oceans. Perhaps more importantly, the 

atomic structure of these OH defects will influence the chemical and physical properties of 

the silicate. Therefore, a structural investigation of the OH defects is essential to understand 

their impact on the macroscopic properties of the Earth’s mantle.  

 

Figure 3. Scheme of the layered structure of the Earth’s mantle (not to scale) and the potential formation of an „hidden 
ocean“ within the transition zone. Possible hydrous defect motifs in ringwoodite’s structure are depicted as inset. 
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Anhydrous ringwoodite (γ-Mg2SiO4) crystalizes in a cubic spinel-type structure consisting 

of isolated SiO4 tetrahedra and edge-sharing MgO6 octahedra (Figure 4). Different cation 

substitution mechanisms are proposed in the literature including Mg and Si vacancies and 

a partial inversion of the spinel structure (Eq. 1-3, chapter 1.1), but unambiguous 

experimental data are missing. We therefore investigated multiple OH defect motifs in 

ringwoodite by a combination of computational methods and 1H NMR spectroscopy 

mainly. The first publication “Hidden Oceans? Unraveling the Structure of Hydrous 

Defects in the Earth’s Deep Interior”[127] is concerned with an NMR crystallographic 

approach to probe qualitatively different hydrous defect motifs based mainly on using a 

combination of 1H chemical shifts and 1H-1H connectivities as cost functions. 

The hydrous ringwoodite sample studied in this work was synthesized at the Bayerisches 

Geoinstitut, University of Bayreuth at 19 GPa and 1150 °C using a large-volume high-

pressure multi-anvil apparatus. In order to avoid the formation of MgO-rich dense hydrous 

impurity phases,[15] a two step-synthesis was used to reduce pressure and temperature 

gradients, which arise due to phase transformations and thus volume loss during the 

synthesis run. We first converted forsterite (α-Mg2SiO4) with ~2 wt% liquid water to 

hydrous wadsleyite (β-Mg2SiO4), to which a small amount of SiO2 was added. The mixture 

was then converted to hydrous ringwoodite (γ-Mg2SiO4) in a second high-pressure run. The 

phase purity of the recovered products was checked by powder XRD and the water content 

of ringwoodite was estimated from the b/a lattice parameter ratio of the intermediate 

wadsleyite to an H2O equivalence of ~0.1 wt%.  

DFT calculations of different OH defect motifs were used to get insight into different defect 

formation mechanisms. In principle, isolated Mg vacancies charge-balanced by two protons 

(𝑉 + 2𝐻∗∗, Figure 4d), as well as isolated Si vacancies charge balanced either by four 

protons (𝑉 + 4𝐻∗∗∗∗, Figure 4e) or one Mg2+ and two protons (𝑀𝑔 + 2𝐻∗∗, Figure 4f) 

are possible.[59] Furthermore, coupled defects are conceivable, i.e. two coupled octahedral 

vacancies (𝑉 + 4𝐻∗∗∗∗, Figure 4g) or an 𝑀𝑔  defect coupled to an octahedral void 

(𝑀𝑔 𝑉 + 4𝐻∗∗∗∗, Figure 4h), which can also be described as local cation inversion in the 

spinel structure and subsequent Si substitution. Consequently, also a local cation inversion 

associated with a low-valent Mg defect formation (𝑉 + 𝑀𝑔 + 𝑆𝑖∗∗ +  2𝐻∗∗, Figure 4i) 

has to be considered. Furthermore, multiple proton positions were explored to account for 

thermal disorder.  
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Figure 4. a) Cubic unit cell of the anhydrous ringwoodite crystal structure consisting of edge-sharing MgO6 octahedra 
and isolated SiO4 tetrahedra. The first cation sphere per octahedral and tetrahedral void is shown in b) and c), 
respectively. d-i) Models of OH defect motifs within hydrous ringwoodite. d) Isolated Mg vacancy charge balanced by 
two protons resulting in OH groups in mixed Si and Mg environments. e+f) isolated Si vacancies charge balanced by four 
protons (e) and one Mg2+ and two protons (f), respectively. Protons in tetrahedral voids result in OH groups in pure Mg 
environments. g-i) Coupled defect models: g) coupled Mg vacancies charge balanced by four protons; h) coupled defect 
with an octahedral vacancy and one Mg2+ on an Si site; i) coupled defect with an octahedral vacancy adjacent to local 
Mg/Si inversion. 

 

Since the calculated energies from DFT simulations of the defect models are difficult to 

compare, due to the varying stoichiometry, calculated 1H and 29Si isotropic chemical shifts 

in combination with 1H 1H connectivities are employed as suitable cost functions to 

determine the defect motifs associated with ringwoodite’s defect chemistry. While the 

isotropic chemical shifts are mainly influenced by the electron density at the nuclei, 

homonuclear connectivities depend on the direct dipole-dipole interaction. In this way, two 

different interactions can be used to probe the defect models.  

The calculated 29Si and 1H isotropic chemical shifts reveal a clear dependency on the first 

cation coordination sphere of the nuclei (Figure 5) and are in good agreement with the 

experimental NMR spectra.  
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Figure 5. a) Section of the experimental 1H 29Si CP MAS spectrum revealing three IVSi species at -77.4, -79.6 and -81.2 ppm. 
b) Experimental 1H MAS NMR spin echo spectrum of hydrous ringwoodite. A fit (red) with 14 components (blue and grey) 
is necessary to reproduce the broad and structured lineshape of the experimental spectrum (black). The resonances 
depicted in grey are assigned to proton species on the surface. c+d) Calculated isotropic 29Si and 1H chemical shifts, 
respectively, of the hydrous defect models shown in Figure 4d-i with multiple OH positions. c) The calculated 29Si chemical 
shifts are grouped by the closest hydrogen environment of the respective Si species (Si-O: black; SiO∙∙∙H: green; Si-OH: 
cyan) Average simulated values are indicated by vertical lines and experimentally observed 29Si chemical shifts are 
indicated by red diamonds for comparison and allowing for an assignment of experimental resonances to Si-O, SiO∙∙∙H 
and Si-OH, respectively. d) Correlation between the calculated 1H chemical shifts, first cation coordination sphere and 
hydrogen bond length revealing that the cation environment determines the 1H shift region of the OH. The hydrogen 
bond length and 1H chemical shift show additionally linear correlations for both cation environments. 

 

The experimental 1H 29Si CP MAS spectrum probes Si species in close proximity to protons 

and reveals three resonances in the area of IVSi species at -81.2, -79.6 and -77.4 ppm. The 

total absence of signals in the region between -150 and -220 ppm rules out the formation 

of octahedral VISi species close to protons and thus exclude any defect models involving 

full cation inversion such as that shown in Figure 4i. 

The 29Si chemical shifts of the SiO4 tetrahedra show an increasing downfield shift with 

decreasing proximity to protons in the calculations (Figure 5c), allowing for an assignment 

of the three experimentally observed 29Si resonances to Si-O, SiO∙∙∙H and Si-OH species. 

The experimental 1H MAS NMR spectrum of ringwoodite (Figure 5b) exhibits a 

remarkably broad but structured lineshape with resonances between 0 and 10 ppm. The 

sharper signals at 1.2 and 0.8 ppm are considered to arise from surface-species, i.e. Si-OH 

groups.  
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Our DFT simulations cover the same 1H chemical shift range and reveal two main 

influences on 1H chemical shift: the first cation coordination sphere and the hydrogen bond 

strength (Figure 5d). The calculated 1H chemical shift range of OH groups in octahedral 

vacancies (Figure 4d,g,h,i), and thus in mixed Si and Mg environments, is between 6 and 

12 ppm (Figure 5d, blue), while the simulated 1H chemical shift range for OH in tetrahedral 

voids (Figure 4e,f,h,i), and thus in pure Mg environments, is between 0 and 6 ppm (Figure 

5d, red and pink). Furthermore, if the OH groups are involved in hydrogen bonds, an 

additional downfield shift proportional to the hydrogen bond strength is observed, which 

can be described by the following equations: 

OH in mixed Si and Mg environments: 𝛿 𝐻 =  
( ⋯ ) .

.
  (7) 

(octahedral voids) 

OH in pure Mg environments:  𝛿 𝐻 =  
( ⋯ ) .

.
  (8) 

(tetrahedral voids) 

Accordingly, the experimental 1D 1H MAS NMR spectrum can be divided into a downfield 

(δiso > 6 ppm) and a highfield region (δiso < 6 ppm), revealing that Mg as well as Si defects 

with hydrogen bond distributions are present.  

In order to constrain the defect motifs further, i.e. to differentiate between isolated and 

coupled models, 1H 1H connectivity patterns are identified from 2D 1H 1H DQSQ MAS 

NMR spectra with short DQ excitation times, so that only protons in close proximity up to 

3.5 Å and thus within individual defects are highlighted. Hence, the experiments can be 

directly compared to the simulated connectivities of each defect type (Figure 6) and allow 

for a qualitative solution of defect motifs. While the strong experimentally observed 

autocorrelation signals along the diagonal (Figure 6I, blue and red area) are excellently 

reflected by the three isolated Mg and Si defect types (Figure 6IIa-c), the cross correlation 

pattern (Figure 6I, green regions) between the previously defined down- and highfield 

region is only reproduced by the coupled defect 𝑀𝑔 𝑉 + 4𝐻∗∗∗∗ (Figure 4h) revealing its 

formation in hydrous ringwoodite. The spread of experimental signals along the diagonal 

again reflects hydrogen bond distributions caused by orientational disorder of the OH 

groups.  
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Figure 6. I) Experimentally observed 2D 1H 1H DQSQ MAS NMR spectra of hydrous ringwoodite and the assignment of 
resonances to different vacancy types. II) Simulated 2D 1H 1H DQSQ MAS NMR spectra of each defect model shown in 
Figure 4d-i with multiple OH group positions. The comparison of the experimentally observed to the theoretical 
connectivity patterns allow for a qualitative determination of hydrous defect types in ringwoodite to isolated Mg and Si 
vacancies with and without Si/Mg inversion (𝑉 + 2𝐻∗∗, 𝑀𝑔 + 2𝐻∗∗, 𝑉 + 4𝐻∗∗∗∗, Figure 4d-f), as well as additionally 
a coupled 𝑀𝑔 𝑉 + 4𝐻∗∗∗∗ defect type (Figure 4h). 

 

The 2D 1H 1H DQSQ spectra do provide a good resolution, but the spectra cannot be used 

to extract the defect ratios, since the DQ intensity is not only dependent on the number of 

contributing 1H spins, but also on the alignment and distance between the coupled 1H spins. 

Therefore, the 1D 1H MAS NMR spectrum (Figure 5b) has be considered, which suffers 

from heavy spectral overlap caused by OH∙∙∙O bond distributions within the four defect 

types, preventing a straightforward determination of defect ratios by integration, and a 

reasonable deconvolution of the overlapping 1D spectrum is required. 
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For this reason we have investigated a new approach to fully model local proton disorder 

within point defects in the publication “Quantitative description of 1H SQ and DQ 

coherences for the hydroxyl disorder within hydrous ringwoodite”[128] in order to gain a 

quantitative description of defect motifs. 

In principle, molecular dynamics simulations employing the DFT method (MD DFT) are 

used to probe the energy hypersurface around distinct local minima of each defect motif 

and to model the displacive OH group disorder within each defect type. Since at least two 

OH groups are in each defect, disorder of these will not only alter the hydrogen bond 

strength and thus the 1H chemical shift according to Eq. 7 and 8, but also the 1H 1H distances 

and thus the homonuclear dipolar interaction strength, which can be quantitatively 

investigated by DQ buildup curves. Therefore, we can use two experimental observables, 

which rely on different interactions, to probe the OH positions in a joint fashion. It turns 

out to be advantageous to put the computational effort into the structure prediction at the 

accuracy of DFT to reproduce the characteristic features of the disorder for both NMR 

observables and to use our empirical correlations (Eq. 7 and 8) between chemical shift and 

structural elements to link the proton environment to the 1H chemical shift interaction. 

For each of the four defect types, 𝑉 + 2𝐻∗∗, 𝑀𝑔 + 2𝐻∗∗, 𝑉 + 4𝐻∗∗∗∗ and 𝑀𝑔 𝑉 +

4𝐻∗∗∗∗, several thousands of reasonable models with slight changes in the proton 

configuration representing a model for the OH group disorder were obtained by MD DFT 

simulation of the minimum structures. In order to translate the position and orientation of 

the OH groups to experimental observables, the empirical correlations from Eq. 7 and 8 

were used to calculate the 1H shifts from the simulated hydrogen bond length. By summing 

convoluted individual 1H signals for each calculated shift over 10.000 MD steps individual 

footprints within the 1H lineshape are obtained as the first cost function (Figure 7a). The 

simulated characteristic 1H signals for each defect motif show strongly overlapping shift 

regions, each with a well-defined shape and maxima in the downfield and highfield regions, 

respectively, corresponding to mixed Si and Mg or pure Mg environments.  

The 1H 1H distances of the MD run of each defect motif were used to generate the second 

cost function by simulating the individual ensemble average DQ buildup curves (Figure 

7b) and a subsequent comparison to experimental findings (Figure 7b, grey dots).  

Experimental curves were recorded using the R188
5 sequence, a symmetry-based pulse 

sequence which recouples the homonuclear dipolar interaction and allows for a fast 
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sampling and a reasonable pulse power, with an S0Sπ supercycle to minimize the influence 

of chemical shift anisotropy cross terms.[111,120] The strong overlap of 1H resonances for 

different defect types in addition to their inherent OH group disorder with varying 1H 1H 

distances result in averaging of the experimental DQ buildup curves. Therefore, only curves 

for the two characteristic down- and highfield chemical shift region were used to measure 

symmetric integral 1D 1H-1H DQ buildup curves (Figure 7b, grey dots). Comparable 

simulated DQ buildup curves (Figure 7b) were generated by first calculating the 

corresponding individual 1H-1H DQ buildup curve for each step of the MD simulations 

including the full proton chemical shift tensors and all dipolar couplings to account for 

possible second-order cross terms. Subsequently, these are summed and normalized over 

all 10.000 MD steps. 

 

 

Figure 7. a) Simulated characteristic 1H signals for all OH groups of each hydrous defect motif in ringwoodite calculated 
from 10.000 MD steps. The calculated spectra are divided into downfield and highfield regions according to OH groups 
in mixed Mg and Si and pure Mg environments, respectively. Exemplary proton positions from the MD runs for all OH 
defect types are depicted on the left side. b) Top: Experimentally measured 1H–1H DQ buildup curves for the downfield 
shift region (δ > 6 ppm; grey dots) and the corresponding simulated 1H–1H DQ buildup curves of an isolated Mg vacancy 
(VMg, green), as well as for the OH group in mixed Si and Mg environments (H1) of the mixed coupled defect (MgSiVMg, 
black). Bottom: Experimentally measured 1H–1H DQ buildup curve for the highfield shift region (δ < 6 ppm; grey dots) 
and the simulated 1H–1H DQ buildup curves of an isolated Si vacancy charge balanced by four protons (VSi, blue), as well 
as charge balanced by one Mg2+ and two protons (MgSi, red) and for the three OH groups in pure Mg environments (H2–
H4) of the mixed coupled defect (MgSiVMg, black). The 1H connectivities of each defect type and the corresponding 
ensemble average 1H–1H distances (dav.) of the MD runs are additionally depicted on the right side. 

 

Both simulated observables, individual lineshapes within 1H signals and individual 1H-1H 

DQ buildup curves, were then combined in one approach to fit the experimental 1H MAS 



 S y n o p s i s | 25 
 

NMR spectrum together with the experimental 1H-1H DQ buildup curves using a joint cost 

function in order to gain a quantitative description of ringwoodite’s defect chemistry. In 

principle, the fit function optimizes the summed lineshape of the four simulated individual 
1H signals and the sum of the simulated 1H-1H DQ buildup curves for each characteristic 

shift region in a joint fashion by varying the defect ratios to fit the experimental lineshape 

and both experimental integral buildup curves (Figure 8).  

 

Figure 8. a) Experimentally observed 1H MAS NMR spin echo of hydrous ringwoodite fitted by the sum of the 1H signals 
(pink) calculated of the MD simulations of the defect types VMg (green dashed), VSi (blue dashed), MgSi (red dashed) and 
MgSiVMg (black dashed). The two resonances depicted in grey are assigned to proton species on the surface. The 
difference between experiment and simulation is shown in grey below the spectrum. The areas used for the 1H–1H DQ 
buildup curves are indicated by black rectangles. b+ c) Combination of the simulated 1H–1H DQ buildup curves of the 
corresponding models shown in Figure 7b)  with the defect ratio observed in the 1D 1H spectrum (pink) in comparison to 
the appropriate experimental curve (grey dots). The experimental error of the 1H–1H DQ buildup curves is estimated from 
the S/N ratio to 5–10%. 

 

The joint refinement resulted in an excellent fit of both experimental observables, the 1H 

lineshape as well as the two 1H-1H DQ buildup curves, allowing the quantitative ratio of 

the defect motifs to be determined with an average accuracy of ~5% for each defect type: 

isolated Mg vacancies (𝑉 + 2𝐻∗∗) account for ~49%, while isolated Si defects, 𝑉 +

4𝐻∗∗∗∗ and 𝑀𝑔 + 2𝐻∗∗ amount to ~18% and ~13%. The contribution of the mixed coupled 
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defect type 𝑀𝑔 𝑉 + 4𝐻∗∗∗∗ is ~20%. Furthermore, the excellent agreement between 

experiment and simulation confirm that our MD DFT calculations are able to scan the full 

range of orientations and hydrogen bonding for OH groups within constrained defect sites 

and, therefore, we conclude that MD DFT simulations are well suited for modelling local 

proton disorder within point defects. 

This quantitative assessment of ringwoodite’s defect chemistry is the basis to understand 

its thermodynamic properties, such as the extraction of equilibrium constants or reaction 

enthalpies of the water incorporation mechanisms, if more hydroxyl concentrations are 

evaluated. In this instance, the exploration of single crystals instead of a powder sample 

has several desirable advantages, such as a simplification of the synthesis, since the phase 

purity within the whole synthesis capsule is no longer an issue, an undoubtable high 

homogeneity of the sample with respect to water concentration and defect distribution, as 

well as the possibility to correlate the defect ratios with i.e. changes in the crystal structure 

measured by XRD and a precise determination of water concentration by FTIR 

spectroscopy on the same crystals. Therefore, within the manuscript “On the feasibility of 
1H NMR on hydrous defects within nanoliter ringwoodite crystals” we explore the 

feasibility of measuring 1H NMR spectra of nanoliter (nL) ringwoodite crystals to study 

the minerals defect chemistry as a function of water concentration.  

We have picked three nL ringwoodite crystals A-C with volumes of ~6-18 nL from two 

high-pressure synthesis runs with different hydration levels of roughly 0.3(2) wt% H2O 

(crystal A) and 2.0(5) wt% H2O (crystal B+C) estimated by unpolarised FTIR spectroscopy 

on double-polished thin sections of crystals of the corresponding synthesis runs (Figure 9). 

Furthermore, we confirmed that the chosen crystals were ringwoodite using preliminary X-

ray diffraction patterns recorded in a Debye-Scherrer geometry and we determined the 

lattice parameters of each crystal by Pawley refinements[129] of the resulting XRD patterns.  
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Figure 9. Unpolarised FTIR spectrum (background corrected) of a double-polished hydrous ringwoodite crystal of run 1 
(black) and run 2 (blue) normalized to 100 µm thickness. The spectra exhibit the for ringwoodite typical broad OH 
adsorption features in the range from 2400 cm-1 to 3800 cm-1, [55,56] arising from the presence of four different defect 
motifs with additional orientational OH group disorder. From the adsorption coefficient we estimate a hydration level of 
0.3(2) and 2.0(5) wt% H2O for the crystals of run1 and run 2, respectively, by the method of Koch-Müller et al.[130] 

 

We used the same crystals A-C to investigate the feasibility of 1H solid-state NMR 

spectroscopy on such low sample volumes in combination with the low number of spins as 

OH defects. In this context, two of the ringwoodite crystals, A+C with less than 10 nL 

volume, were measured using a special piggy-back µMAS setup[131,132] that employs a 

micro-coil to enhance the signal as a result of a higher filling factor of the coil. The number 

of 1H spins is estimated to ~1 x 1015 (crystal A) and ~4 x 1016 (crystal C) from their volume 

and their estimated hydration levels. The other crystal B with a volume of ~18 nL (8 x 1016 
1H spins) was measured using a standard Bruker 1.3 mm MAS set-up. 

Due to these low numbers of 1H spins within the crystals long measurement times are 

necessary even for simple 1D 1H MAS NMR spectra. Furthermore, the 1H background 

originating from the probe and the MAS rotors significantly contribute to the resulting 

spectra. Therefore, special attention has to be paid to the preparation of the measurements 

to avoid any small proton-containing contamination of the sample and the NMR rotor. 

Additionally, the 1H background signals, which arise intrinsically from the NMR set-up, 

have to be carefully evaluated and subtracted from the measurements of the crystals (Figure 

10).  
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Figure 10. Comparison of the 1H MAS NMR spectrum (blue) of a 18 nL hydrous ringwoodite crystal (crystal B, left, 
62.5 kHz MAS) recorded using a standard Bruker 1.3 mm MAS probe, the 1H MAS NMR spectrum (blue) of a 9 nL hydrous 
ringwoodite crystal (crystal C, right, 20 kHz MAS) recorded using a piggyback µMAS probe[131] and the corresponding 1H 
MAS background spectra (red). Subtracting the background from the crystal spectrum yields the background-corrected 
crystal spectrum (black, left multiplied by factor 5 for crystal B). Small spinning sidebands are observed at 20 kHz MAS 
(right) and marked by stars. 

 

Despite the difficulties within background correction, we have succeeded to refine the 

background-corrected 1H MAS NMR spectra of the three nL hydrous ringwoodite crystals 

A-C (Figure 11) with the characteristic 1H chemical shift footprints of the individual defect 

motifs shown in Figure 7a. The result shows a clear trend in the ratio of defect motifs: for 

the crystals A-C, i.e. with increasing hydration level, the proportion of isolated Mg 

vacancies (VMg) is continuously increasing (Figure 11, green dashed), while the proportion 

of isolated Si defects (VSi blue dashed, MgSi red dashed), as well as the coupled defect type 

(MgSiVMg, black dashed) decreases. 

 

To link the experimentally observed defect ratios with unit cell volumes of the crystals and 

their hydration levels, the theoretically predicted unit cell volume expansion for each 

individual defect motif was used. DFT simulations of each defect motif as a function of 

hydration level (0 wt%, 1.6 wt% and 3.2 wt% H2O) revealed linear correlations between 

unit cell volume and hydration level with varying slopes (Figure 12, solid black lines). 

From these individual slopes and the defect ratios observed in the 1H NMR spectra (Figure 

8 and 11), the expected slope of the volume expansion for each crystal A-C and the powder 

ringwoodite sample (Figure 12, data point 9) is extracted. From the expected slopes and the 

experimental unit cell volumes we can then predict the hydration level, which we would 

expect from the ratio of 1H NMR experiments (Figure 12, green dots).  
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Figure 11. Background-corrected experimental 1H MAS NMR spectra (black) of hydrous ringwoodite crystals A-C and the 
corresponding refinements (pink) with the individual 1H chemical shift footprints for each OH defect motif, VMg (green 
dashed), VSi (blue dashed), MgSi (red dashed) and the coupled MgSiVMg (black dashed). The determined defect ratios are 
indicated for each defect motif by the appropriate colours. Right: Photos of the four crystals A-C with illumination with 
polarized light from below (transmission). The scale shown can be used to calculate the size of the crystals, whereby 1 
digit corresponds to 7 µm. 

 

We can fit the data in two different ways in order to extract a trend for a correlation between 

hydration level, defect formation mechanisms and the unit cell volume of ringwoodite. In 

principal a linear trend (Figure 12, grey dashed) would fit to our data in addition to recent 

literature data[133,134] (Figure 12, pink), which would imply that the defect ratios should stay 

constant. However, we do observe a different trend in the 1H NMR spectra of the crystals 

A-C with a higher proportion of Si defects at low hydration levels and higher proportions 

of Mg defects at higher hydration levels. For this reason also a discontinuous volume-

hydration behaviour would be conceivable with a strong slope (~4.1) up to ~ 1 wt% 

equivalent of H2O due to the formation of mainly Si defects and a linear trend with a weaker 

slope (0.63) at higher hydration levels due to the formation of Mg vacancies (Figure 12, 

green dashed). Both possible trends are considerably different to a previously observed 

trend[58] (Figure 12, reproduced in blue).  

The predicted hydration levels (Figure 12, green dots) and experimentally estimated 

hydration levels (Figure 12, red dots) extracted from IR spectroscopy on other crystals of 
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the same runs agree fairly well, especially since the true hydration level may well vary for 

different crystals within one run due to temperature and pressure gradients within the 

synthesis capsule. Anyhow, for unambiguous proof of a hydration – defect formation trend, 

the water concentrations for each crystal A-C need to be more accurately determined and 

more data points, especially in the area of 0.7-1.1 wt% water concentration have to be 

added to the current results.  

 

Figure 12. Correlation between unit cell volume and hydration level of hydrous ringwoodite crystals. In blue the 
correlation published by Ye et al.[58] is indicated for comparison, while red shows the experimental volumes and 
estimated water concentrations for the crystals A-C and the powder ringwoodite sample (data point 9)[127,128]. Pink data 
points are from the literature[133,134], which don’t agree with the trend observed by Ye et al.[58] Black solid lines show the 
volume trends and slopes predicted for the four hydrous defect types by DFT calculations, which are in good agreement 
with earlier results by Panero[59]. Green dots represent the experimental volumes and predicted water concentrations of 
the crystals A-C and the powder ringwoodite sample (data point 9) calculated from the ratios of defect types in 1H NMR 
spectra and predicted volume trends from DFT. The two possible hydration-volume trends fitting to our data are depicted 
in grey dashed and green dashed, respectively. The first would be a linear correlation between hydration level and unit 
cell volume over the whole range (grey dashed) implying a constant defect ratio. The other possibility is a discontinuous 
trend with a strong slope (~4.1, dark green dashed) up to 1 wt% H2O indicating the formation of Si defects and at higher 
hydration levels a linear trend with a weaker slope (0.63) indicating the formation of Mg vacancies in significant 
proportions. 

 

These results demonstrate the feasibility of performing a comprehensive study on 

ringwoodite’s defect chemistry using homogeneous single crystal samples and employing 
1H solid-state NMR spectroscopy to perform direct quantitative analysis of defect motifs, 

X-ray diffraction to extract the influence of the defects on the crystal structure, and FTIR 

on the same double-polished crystals to accurately quantify the water concentrations in the 

future.  
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2.2  Structure elucidation of Al defects in bridgmanite by NMR 

crystallography 

 

Bridgmanite (MgSiO3) is, with an abundance of more than 90 vol%, the dominant mineral 

of the Earth’s lower mantle and the presence of Al substitution in its structure has a major 

impact on its physical and elastic properties.[135] However, the mechanism of Al 

substitution is still a matter of debate, since two different mechanisms, the charge-coupled 

(CC) and the oxygen vacancy (OV) mechanism (Eq. 4 and 5, chapter 1.1), are conceivable. 

To date the challenging synthesis conditions of extremely high pressures (P > 25 GPa) and 

difficulties in the growth of single-crystals have prevented systematic structural studies. As 

a result, studies have relied on polycrystalline samples, which often suffer from being 

inhomogeneous, particularly as a result of very slow diffusion rates. 27Al is a quadrupolar 

nuclei with 100% natural abundance and therefore 27Al NMR spectroscopy is a very 

sensitive probe for the local environment of Al species, which influence their EFG tensors 

and chemical shifts. 27Al NMR spectra thus can provide information about structural 

building units and their symmetry. 

For these reasons, we have systematically investigated Al defects in six bridgmanite 

samples as function of Al content by electron probe microanalysis (EPMA) and NMR 

crystallography within the manuscript “Detection of oxygen vacancy ordering in aluminous 

bridgmanite in the Earth’s lower mantle” to be submitted to Nature Geoscience. In this 

study, a NMR crystallographic strategy similar for that employed for ringwoodite was used 

to identify the defect mechanisms in bridgmanite, with EFG parameters used as cost 

functions rather than homonuclear distances and connectivities employed for ringwoodite. 

Six Al-bearing bridgmanite samples A-F with total Al contents between 0.05 and 0.25 Al 

p.f.u. have been investigated in this study: three samples were synthesized along the join 

MgSiO3–MgAlO2.5 (sample A, B, C; 5, 10, 20 mol% MgAlO2.5) and two along the join 

MgSiO3–Al2O3 (sample D, E; 5, 25 mol% Al2O3) of the ternary phase diagram MgO, SiO2 

and Al2O3. All syntheses used vitreous starting materials and were performed at 27 GPa 

and 2000 K using a multi-anvil apparatus at the Bayerisches Geoinstitut. One additional 

sample F was synthesized from composition D plus additional 30 wt% MgO in a reversal 

run. As for ringwoodite, XRD measurements were used to identify the phase compositions 

of the six aluminous bridgmanite samples A-E in addition to scanning electron microscope 
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to check the homogeneity of the synthesized products. These revealed that pure bridgmanite 

was as the only run product for samples A, B and D, whereas additional corundum (Al2O3) 

or periclase (MgO) were found in samples C, F and E. An electronprobe micro analyser 

(EPMA) was used to determine the chemical compositions of the samples. Using these 

analyses, the stoichiometry of each sample could be determined. The proportion of the 

charge-coupled (CC) substitution mechanism, where the stoichiometric Al2O3 component 

forms through the replacement of Mg and Si by two Al, or the oxygen vacancy (OV) 

mechanism, where a stoichiometric MgAlO2.5 component forms through the substitution of 

two Si cations by two Al with the formation of an oxygen vacancy for charge compensation, 

were derived according to the following expression: 

MgxAlzSiyOx+1.5z+2y = y MgSiO3 + (x-y) MgAlO2.5 (OV) + (z-x+y)/2 Al2O3 (CC)        (9) 

 

Following this stoichiometric model, the compositions show high amounts of the OV 

component in the Mg-rich synthesis runs (A-C), as well as the reversal run F with additional 

MgO, proving that MgO excess in the synthesis favors the formation of the OV component. 

Furthermore, the OV mechanism seems to be favored at lower total Al contents (Figure 13, 

red), while the CC component linearly increases with increasing Al content (Figure 13, 

blue).  

 

Figure 13. (a) Solubility of OV (red) and CC component (blue) versus Al pfu (per formula units) in bridgmanite in the 
systems MgSiO3–MgAlO2.5 (circles) and MgSiO3–Al2O3 (squares,) as well as the reversal run F (triangle), respectively, in 
the present and previous studies. Solid symbols are the present study, while the open circle and diamond symbols are 
the data from Kojitani et al.[136] and Navrotsky et al.[22]. The yellow shadow area indicates the tendency of OV component. 
The dashed line represents the reference of zero. 
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The EPMA analysis, however, provides only indirect evidence for the nature of the defect 

mechanisms, and gives no insight in the local structure and, for example, short range order 

of defect motifs within the bridgmanite structure. Furthermore, the determination of the 

proportion of the different mechanisms is at the limit of the EPMA accuracy and the errors 

are large. To eliminate ambiguity over the presence of the OV defect mechanism and to 

investigate potential short range ordering that would have important consequences for the 

configurational entropy, we have performed 27Al MAS NMR experiments (Figure 14) to 

probe the local environment of Al3+ incorporated into bridgmanite. All spectra show a sharp 

and a broader 27Al resonance. The former is in the typical chemical shift range for Al in 

octahedral coordination and is assigned to Al substituted onto the B site, whereas the latter 

broader resonance has a chemical shift consistent with a larger coordination number and a 

distorted environment and arises from Al substitution into the nominally dodecahedral A 

site. The occurrence of both resonances is therefore consistent with the CC substitution 

mechanism.  

 

 

Figure 14. Al coordinations (left) and 27Al MAS NMR spectra (right) of the six Al-bearing bridgmanite samples. Left: 
Polyhedra of Al in four- and five-fold coordination, as well as in six-fold coordination (B site) and at the distorted A site 
of the bridgmanite structure, whereby only the eight closest O atoms (< 2.5 Å) are shown. Right: The 27Al MAS NMR 
spectra of the samples A-E exhibit resonances assigned to Al on the A site and B site of the bridgmanite structure, which 
arise due to the CC mechanism, while the spectra of samples A-C and F exhibit broad signals in the chemical shift region 
of four- and five-fold coordinated Al sites, which are assigned to the OV mechanism. Corundum impurities are observed 
in the spectra of sample C and E. 
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Corundum impurities were observed in the spectra of sample E and C. Additionally, the 
27Al MAS NMR spectra of sample A-C and F exhibit broad and overlapping resonances in 

the typical range for tetra- and penta-coordinated Al species, which can only occur in the 

bridgmanite structure due to the presence of oxygen vacancies.  

 

Characteristic quadrupolar parameters of six 27Al sites have been obtained by fits of the 1D 
27Al MAS NMR spectrum of sample D (VIAl and AAl signals, CC substitution) and the 2D 
27Al STMAS spectrum of sample B (IVAl, 2x VAl, VIAl, OV mechanism, Figure 15a+b), 

which provides a higher resolution by separating the signals according to their isotropic 

interaction parts. The resulting characteristic quadrupolar parameters for the different Al 

environments were then compared to predicted NMR parameters (chemical shift and 

quadrupolar parameters) from DFT calculations for the various structural Al defect 

configurations for the CC and the OV mechanisms (Figure 16), in order to support the 

assignment of experimental resonances and to identify Al defect structures. 

 

 

Figure 15. a) 2D 27Al STMAS spectrum of bridgmanite sample B revealing the formation of IVAl, VAl, VIAl and Al at the A 
site. The blue lines highlight the effect of the distribution of isotropic chemical shifts. b) Fits of the appropriate horizontal 
1D rows of the 27Al STMAS spectrum indicated by dashed lines and the corresponding fits (red) of the quadrupolar 
parameters. The top spectrum results from the sum of the rows in the area indicated by the translucent grey rectangle 
to enhance signal-to-noise ratio. c) Exemplary fit of the central transition (red dashed) of the quantitative 27Al MAS NMR 
spectrum of sample B (black) with six Al sites. 
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For the CC substitution mechanism two defect models were calculated (Figure 16a, b), in 

which an Al at the A site is either adjacent or non-adjacent to an Al at the B site. For the 

OV substitution mechanism isolated oxygen vacancies (Figure 16c), as well as the 

formation of OV dimers with multiple configurations (Figure 16d-f) were taken into 

account. In addition, the possibility of one Si at a penta-coordinated site was simulated 

(Figure 16f) in order to test for the possibility of vacancies not directly associated with the 

Al coordination.  

 

Figure 16. Exemplary Al defect structures in bridgmanite for the CC mechanism (a,b) and the OV mechanism (c-f) and g) 
corresponding calculated quadrupolar coupling CQ and isotropic chemical shift δiso of the Al defect sites in bridgmanite 
in comparison to the experimental average estimates (red diamonds) of the different Al resonances of sample B and D. 
For the CC mechanism two models were calculated: a) Al on two adjacent A and B sites (CC1, blue diamonds) and b) two 
Al on non-neighbouring A and B sites (CC2, dark red diamonds). For the OV mechanism simple oxygen vacancies of O1 
and O2 (exemplary for an O2 vac. in c), blue squares), as well as linear combinations of two O1, two O2 and O1 and O2 
(exemplary for two O1 vac. in d), green squares) resulting in solely VAl sites were considered to investigate possible 
distortions of the structure. Furthermore, partial clustering of oxygen vacancies as dimers with O2 (exemplary in e, f) 
and a combination of O1 / O2 vacancies (orange circles) resulting in IVAl, VAl and VIAl environments were calculated. VIAl 
sites in and out of plane with the VAl and IVAl sites were also considered. Additionally, the VIAl site was put adjacent to 
(e) and non-neighbouring to other Al defect sites and a partial partitioning between Al and Si on penta-coordinated sites 
(f, pink) was investigated resulting in a total of 7 models for the OV dimers.  
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For all considered Al defect models the simulated NMR parameters are of the same order 

of magnitude compared to the experimental data for IVAl, VAl, VIAl and AAl environments 

(Figure 16g). Only Al at the A site of the bridgmanite exhibits a negative isotropic chemical 

shift (Figure 16g, diamonds) and, therefore, the experimentally broad resonance at negative 

shift is assigned exclusively to the CC mechanism, whereby comparable energies and NMR 

parameters for the two CC models (Figure 16a, b, g) render both scenarios plausible. 

For the OV models simple oxygen vacancies even when clustering linearly (Figure 16c+d) 

just lead to five-fold coordinated Al without a significant distortion of the structure and 

their resulting NMR parameters fit well to the experimental VAl environments (Figure 16g). 

Only OV configurations, which have two neighboring oxygen vacancies associated with 

one octahedron, result in the formation of tetrahedral Al environments in addition to 

octahedral and pentagonal Al environments (Figure 16e-g) due to the stoichiometry of the 

OV substitution. In this case, configurations with one Si at a penta-coordinated site result 

in slightly lower energies. For the tetrahedral Al species a small overestimation of NMR 

parameters is observed, which is attributed to stronger distortions in the simulations (Figure 

16g). In the case of the octahedral Al environments, the NMR parameters of those 

configurations with some Al not directly associated with the oxygen vacancies fit the 

experimental data slightly better (Figure 16g), which implies a migration of OVs.  

 

Finally, the ratios between the Al environments were derived from fits of the 1D 27Al MAS 

NMR spectra for all samples using the characteristic parameters for each Al environment. 

The relative integral of the A site resonance was used as a measure of the Al incorporated 

due to the CC mechanism, since it is well separated. According to the nature of this 

mechanism the same intensity was assigned to the octahedral B site. The DFT results imply 

that for determining the OV component the intensities of IVAl, VAl and the remaining VIAl 

environments have to be summed. The resulting OV/CC ratios are in excellent agreement 

with those obtained from the compositional analysis within the analytical uncertainties.  

Independent of the Al content, in all samples from MgO-rich syntheses five- and four-fold 

coordinated Al species are formed due to oxygen vacancies. The occurrence of tetrahedral 

Al in combination with the DFT results demonstrates the presence of OV clusters according 

to Figure 16e, f. For some samples we observed VIAl : IVAl ratios greater than one, which 

strongly hints towards a migration of OVs, leading to some VIAl not directly neighboring 

the OV defect site. This is consistent with the results of the DFT calculations revealing 

slightly lower energies for these configurations. However, since the migration of the OVs 
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changes the intensity ratio between IVAl, VAl and VIAl environments, it is challenging to 

use these ratios for identifying the cluster configurations unambiguously.  

The occurrence of short-range ordered OVs in aluminous bridgmanite means that vacancies 

are formed from two neighbouring oxygen sites, i.e. with twice the size of a single oxygen 

vacancy. In the past isolated oxygen vacancies have been demonstrated to be able to 

accommodate comparable or smaller atomic-sized noble gas, such as neon (1.18 Å), helium 

(0.90 Å) and argon (1.64 Å), as well as hydroxyl groups.[11,20,21,137] Therefore, the presence 

of OV ordering in aluminous bridgmanite under MgO-saturated mantle compositions such 

as peridotite may greatly change our understanding of bridgmanite’s defect chemistry and 

of the volatile cycling of noble gases and water into the lower mantle. The larger vacancies 

might now even be able to store xenon with a larger atomic radius than an isolated oxygen 

vacancy and may explain the strong depletion of xenon relative to argon in the Earth’s 

atmosphere.[21,138] 
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