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Summary 
 
This PhD project about the effect of water incorporation on the structure and phase 
stability of wadsleyite and ringwoodite is integrated in the DFG priority program 1236 
‚Strukturen und Eigenschaften von Kristallen bei extrem hohen Drücken und 
Temperaturen’. The corresponding research work was conducted at the Helmholtz 
Centre Potsdam, German Research Centre for Geosciences, GFZ, Department 3.3 
Chemistry and Physics of Earth Materials.  
Seismic profiles of the Earth’s inner structure reveal discontinuities in the p- and s-wave 
velocities at certain depths. The discontinuities at 410, 520, and 660 km depth are 

assigned to the transformations of the (Mg,Fe)2SiO4-polymorphs olivine (!-form) to 

wadsleyite (") and ringwoodite (#). However, the observed depths and widths of these 

velocity jumps are not constant but vary on a global scale, especially in the case of d520. 
The reason for that has been subject matter of various discussions. 
The main issue of this PhD work is to evaluate the effect of hydrogen on the structure 
and phase stabilities of wadsleyite and ringwoodite and to investigate if the 
incorporation of water in these minerals might be responsible for the observed depths 
variations of d520.  
The experimental approach included the performance of high-pressure syntheses (varied 
parameters: pressure, water content, composition, oxygen fugacity) in a multi-anvil 
apparatus and an extensive investigation of the synthesized material.  
X-ray diffraction techniques and electron microprobe analyses were applied to identify 
the samples and define their structure and composition in detail. However, the main 
focus of the work was to localize and quantify hydrogen (and iron (Fe)) within the 
samples by spectroscopic techniques and to evaluate the effect of the incorporated 
species on the structure and phase stabilities of wadsleyite and ringwoodite. 
In the first part of this study the pressure-depending behavior of dry vs. hydrous iron 
free wadsleyite was investigated by IR spectroscopy. Thereby we could show that the 
incorporation of hydrogen shifts the phase transition from orthorhombic to monoclinic 
wadsleyite about 1.6 GPa to lower pressures. 
In the second part, the location of hydrogen in ringwoodite was investigated. We found 
that the main mechanisms are related to octahedral vacancies [VMg(OH)2]x and the 
hydrogarnet substitution [VSi(OH)4]x. 
The third part of the work was related to the effect of non-hydrostatic pressure 
conditions on the structure of hydrous ringwoodite. Thereby we could show that such 
conditions lead to a stress-induced proton disorder. 
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In the fourth part we investigated the direct effect of hydrogen, iron and different oxygen 
fugacities on the phase relations between wadsleyite and ringwoodite. Thus we could 
prove that the incorporation of hydrogen expands the stability field of wadsleyite 
towards higher pressure and that this effect is even enhanced at oxidizing compared to 
reducing conditions in the experiment. 
The last part of the work consisted of calorimetric measurements on dry wadsleyite. The 
collected data present the basis for future action on the thermodynamic modeling of dry 
and hydrous wadsleyite and ringwoodite. 
On basis of the results of this study, we could prove that there is an effect of water on 
the phase relations between wadsleyite and ringwoodite that possibly can explain the 
observed variations in the shape of the 520km-discontinuity. 
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Zusammenfassung 
 
Die vorliegende Arbeit behandelt den Einfluss des Wassereinbaus auf die Struktur und 
Phasenstabilitäten von Wadsleyit und Ringwoodit und ist eingegliedert in das DFG 
Schwerpunktprogramm 1236 mit dem Titel “Strukturen und Eigenschaften von 
Kristallen bei extrem hohen Drücken und Temperaturen”. Die dazugehörigen 
Forschungsarbeiten wurden am Helmholtz-Zentrum Potsdam, Deutsches 
GeoForschungsZentrum, GFZ, Department 3.3 Chemie und Physik der Geomaterialien 
durchgeführt. 
Seismische Profile, die die Struktur des Erdinneren abbilden, weisen in bestimmten 
Erdtiefen Unstetigkeiten in den p- und s-Wellengeschwindigkeiten auf. Die 
Diskontinuitäten in 410, 520 und 660 km Tiefe werden den Phasenumwandlungen der 

(Mg,Fe)2SiO4-Polymorphe Olivin (!-Polymorph) zu Wadsleyit (") und Ringwoodit (#) 

zugeordnet. Jedoch treten diese Unstetigkeiten global gesehen nicht exakt in der 
gleichen Tiefe auf, sondern weisen mitunter große Schwankungen auf. Dafür werden 
verschiedenste Gründe angeführt. 
Die vorliegende Arbeit soll in diesem Zusammenhang den Einfluss von Wasserstoff auf 
die Struktur und Phasenstabilitäten von Wadsleyit und Ringwoodit untersuchen sowie 
klären, ob der Einbau von Wasser in diese Minerale als Erklärung für die beobachteten 
Tiefenschwankungen der 520km-Diskontinuität herangezogen werden kann. 
Die experimentelle Herangehensweise an das Thema beinhaltete die Durchführung von 
Hochdrucksynthesen (veränderliche Parameter: Druck, Wassergehalt, chemische 
Zusammensetzung, Sauerstofffugazität) in einer Multi-Anvil-Apparatur sowie die 
anschließende ausführliche Untersuchung des synthetisierten Materials. 
Röntgenbeugungsanalysen sowie Mikrosondenuntersuchungen wurden angewendet, um 
die Phasen zu identifizieren und deren Struktur und chemische Zusammensetzung im 
Detail zu bestimmen. Das Hauptaugenmerk dieser Arbeit lag jedoch darin, Wasserstoff 
(und Eisen (Fe)) in der Struktur mit Hilfe von spektroskopischen Methoden zu 
lokalisieren, zu quantifizieren und den Einfluss der eingebauten Spezies auf die 
Struktur und Phasenstabilitäten von Wadsleyit und Ringwoodit zu bewerten. 
Im ersten Teil der Studie wurde daher das druckabhängige Verhalten von trockenem 
gegenüber wasserhaltigem Mg-Wadsleyit mittels IR-Spektroskopie untersucht. Dabei 
konnten wir zeigen, dass der Einbau von Wasserstoff die Phasenumwandlung vom 
orthorhombischen in den monoklinen Wadsleyit um etwa 1.6 GPa zu geringeren 
Drücken verschiebt. 
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Im zweiten Teil wurde die genaue Positionierung von Wasserstoff innerhalb der 
Ringwooditstruktur untersucht. Der Hauptmechanismus konnte dabei oktaedrischen 
Leerstellen zugeordnet werden ([VMg(OH)2]x), der zweite wichtige Einbaumechanismus 
wird über die Hydrogranat-Substitution ([VSi(OH)4]x) vollzogen. 
Der dritte Teil der Arbeit befasste sich mit dem Effekt von nicht hydrostatischen 
Druckbedingungen auf die Struktur von wasserhaltigem Ringwoodit. Dabei konnten wir 
zeigen, dass derartige Bedingungen zu einer stress-induzierten Unordnung des 
Wasserstoffes führen kann.  
Im vierten Teil der Arbeit untersuchten wir den direkten Einfluss von Wasserstoff, 
Eisen und unterschiedlichen Sauerstofffugazitäten auf die Phasenbeziehungen zwischen 
Wadsleyit und Ringwoodit. Auf diese Weise war es uns möglich, zu beweisen, dass der 
Einbau von Wasserstoff das Stabilitätsfeld von Wadsleyit zu höheren Drücken hin 
erweitert und dass darüberhinaus dieser Effekt noch verstärkt auftritt, wenn die 
Bedingungen im Experiment eher oxidierend als reduzierend sind. 
Im letzten Teil der Studie wurden kalorimetrische Messungen am trockenen Wadsleyit 
durchgeführt. Die daraus gewonnenen Daten stellen die Grundlage für weitere Studien 
zum thermodynamischen Modellieren der Eigenschaften von trockenem und 
wasserhaltigem Wadsleyit und Ringwoodit dar. 
Anhand unserer Untersuchungen konnten wir zeigen, dass es tatsächlich einen Einfluss 
von eingebautem Wasser auf die Phasenbeziehungen zwischen Wadsleyit und 
Ringwoodit gibt, welcher die beobachteten Schwankungen bezüglich der Tiefe und Breite 
der 520km-Diskontinuität erklären kann. 
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Introduction 
 
“What we know is a drop. What we don’t know is an ocean.”  
 

Isaac Newton probably did not know how right he was concerning the huge ocean 
of water that is supposed to be stored in the Earth’s interior. What he certainly knew is 
that water represents the basis of existence - of human being, of life in general. It is not 
fortuitous that, when searching for life on other planets, scientists first start looking for 
water.  
Water not only plays an important role as carrier and primary solvent on the Earth’s 
surface. It also is the basis for the most important processes within the interior of the 
Earth, and structurally incorporated (e.g. as OH-) it can have a significant effect on the 
properties of solid materials and melts.  
Information about the materials that are stable in the interior of the Earth can be 
obtained in different ways. Whereas continental deep drilling projects can only reveal 
information up to about 12 km of depth, hot plumes lift up material stemming from 
greater depths right up to the boundary region between the Earth’s mantle and outer 
core at around 2900 km depth. However, the better part of what we know about the 
inner structure of our planet is obtained from seismology. Seismic waves are reflected at 
the boundaries between layers of materials with different properties, such as 
composition and density. Based on their traveling time the depth of the reflected signal 
can be determined. Other characteristic parameters such as damping and scattering 
reveal information about the properties of the local materials.  
In 1910 the Croatian geophysicist Andrija S. Mohorovicic discovered a sharp 
discontinuity in the seismic profiles recorded during an earthquake near Zagreb. The 
seismic waves were reflected at a depth of about 54 km and revealed a strong increase in 
the velocity of the waves. It was found that this discontinuity marks the boundary 
between the Earth’s crust and mantle. The so-called Moho is located at around 8 km 
under oceanic and on average 36 km depth under continental crust, and is mostly 
observed as a sharp and distinguished boundary.  
In contrast, the discontinuities at depths of 410 and 520 km are less well resolved in 
seismograms and show no sharp boundaries but gradual transitions. These 
discontinuities are assigned to transformations of the (Mg,Fe)2SiO4 polymorphs. The 

shallower one marks the transformation of olivine to wadsleyite (d410: !- to "-form), 

whereas the deeper discontinuity is assigned to the wadsleyite – ringwoodite phase 
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transition (d520: "- to #-form of (Mg,Fe)2SiO4). At 660 km depth ringwoodite finally 

breaks down to Mg-perovskite + ferropericlase (d660). Van der Meijde et al. (2005) 
analyzed 500 seismograms of the Mediterranean region and found large variations in the 
exact depths and widths of the discontinuities as shown in Table 1. For instance, the 
values for the transformation of wadsleyite to ringwoodite (d520) range from 475 to 578 
km. 
 
 

 

Table 1: Depth estimation of d410, d520 (highlighted), and d660 on basis of 500 analyzed 
seismograms of the Mediterranean region of 24 different broadband stations from Van der Meijde 
et al. (2005). 

 
Whereas seismological studies based on long period travel time (e.g. Flanagan and 
Shearer 1998, Revenaugh and Jordan 1991) show evidence for the existence of d520, 
some short-period studies (e.g. Cummins et al. 1992, Jones et al. 1992) question these 
findings and consider the data as side lobes of d410 and d660 (Bock, 1994). However, 
recent studies of different techniques and data sampling (e.g. Van der Meijde et al. 2005, 
Cao et al. 2010) reliably confirm the existence of d520 but at the same time report the 
observed variations regarding the depth and width of the discontinuity. Figure 1 (from 
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Cao et al. 2010) shows the results of two different techniques of wave analysis. In both 
profiles, all three transition zone discontinuities are well resolved, however d520 is the 
least distinctive and features the most pronounced variations (Deuss and Woodhouse 
2001). 
 
 

 

Figure 1: from Cao et al. (2010) - Comparison of different techniques of analyzing seismic waves 
(left: stacks of SS precursors, right: stack of 21 GRT (General Radon Transform) images) along a 
profile of the transition zone beneath the Northwest Pacific. Both methods clearly display the 
evidence of discontinuities within the Earth with their depth being scaled to time. The width and 
intensity of the discontinuities vary with the chosen location and used frequency and mostly 
differs for d520. 

 
Several possible explanations for the varying depth and width of this discontinuity have 
been discussed. Different temperatures in the mantle (e.g. Bina and Helffrich 1994), 
chemical layering (Gasparik 1993) and an additional transformation of garnet to Ca-
perovskite at comparable P-T-conditions have been considered in the past. Research in 
the last years increasingly focused on the effect of structurally incorporated volatiles on 
the location and shape of the transition zone discontinuities and properties of the local 
minerals – with hydrogen leading the way. In this context a number of studies about the 
stability of the (Mg,Fe)2SiO4 – polymorphs and the effect of incorporated hydrogen were 
performed.   

Deon et al. (2011) studied the effect of hydrogen on the olivine-wadsleyite phase stability 
in the system MgO – FeO – SiO2 – H2O. They observed a shift of the phase transition 
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towards lower pressure associated with a broadening of the wadsleyite stability field 
towards lower and higher pressures particularly in the iron free system.  
Litasov and Ohtani (2003) and Kawamoto (2004) observed a comparable effect of 
incorporated hydrogen on the wadsleyite – ringwoodite transition. Both studies 
presented indications that the presence of water shifts the phase boundary to higher 
pressures, thus leading to an expansion of the stability field of hydrous wadsleyite 
compared to the dry phase. In case of the olivine-wadsleyite transition, the shift to lower 
pressures could be explained by a far higher solubility of hydrogen in wadsleyite (Deon 
et al. 2010). However, the ability of wadsleyite and ringwoodite to incorporate hydrogen 
is quite similar with maximum values of about 3 wt.%. H2O (Inoue et al. 1995, Kohlstedt 
et al. 1996). Therefore the reason for the expansion of the wadsleyite stability field 
towards higher pressure remained unclear.  
The present study was initiated to investigate the effect of incorporated hydrogen on the 
wadsleyite – ringwoodite phase stabilities, and in addition to shed light on the 
underlying mechanisms. Before providing detailed information about wadsleyite and 
ringwoodite, I would like to clarify why it is we think that water is stored in the Earth’s 
interior, and how it could get there. 
 
 Hydrogen (H) is the lightest of all elements and makes up about 75 % of the mass 
of the universe (Hart et al. 2010). It also is the most abundant element in our solar 
system, but only 2.825 ppm of H are found within the Earth's crust (Hart et al. 2010). 
However, the hydrogen content of the entire Earth, including the mantle and core, 
remains an enigma.  
The Earth was formed 4.6 Ga ago in the course of the gravitational collapse of the so 
called solar nebula, which resulted in the genesis of the sun and the protoplanetary 
objects. During the subsequent process of accretion, the Earth and other planets grew in 
mass and thus attracted further objects due to gravitational pull. At this stage, 
according to Williams and Hemley (2001), there were four main factors that controlled 
the Earth's primordial water content: (1) the nature of accreting objects (e.g. chemistry, 
size), (2) the efficiency of water loss due to "impact-induced effects or hydrogen escape", 
(3) the efficiency of water loss due to "volcanism or magma ocean circulation" and (4) the 
"degree (and pressures) of chemical interaction between iron-rich and hydrated material 
[...] during core formation".  
There are a lot of uncertainties regarding the water/hydrogen content of accreting 
objects and the quantity of water loss during that process. Independently, Williams and 
Hemley (2001) made four basic assumptions concerning water in the deep Earth. 
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1. Hydrogen dissolved in an early magma ocean could be preserved within the Earth 
during solidification. 
2. There is in fact primordial water in the Earth's silicate mantle, although it is not 
accessible as source for surface volcanism. 
3. The hydrosphere as it is now mostly stems from degassing of the Earth's interior 
(rather than from an early atmosphere). 
4. Some hydrogen in the form of high-pressure iron-alloy was incorporated during core 
formation and still is preserved there.  
 
 Besides these considerations about the Earth’s early history, evidence for water in 
the deep Earth particularly comes from mantle rocks found on the surface. Spectroscopy 
on minerals of such mantle rocks reveals the presence of OH, for instance in mantle 
olivine (Koch-Müller et al. 2006), eclogitic omphacite (Koch-Müller et al. 2004), and OH-
bearing coesite inclusions in diamond (Koch-Müller et al. 2003).  
We can thus conclude that hydrogen is present in materials of all parts of the Earth’s 
interior, and due to dynamic processes such as subduction and spreading at mid-ocean 
ridges, there must be an exchange between the different reservoirs. Accordingly, there is 
an ongoing process of hydrogen being delivered from solid or melted Earth material to 
the atmosphere and vice versa. Figure 2 from Ohtani (2005) shows a diagram of the 
different sources of hydrogen and how they may interact with each other. The figure 
illustrates how water, incorporated in minerals, is transported to greater depths within 
subducting slabs and in this way might even reach the core-mantle boundary. At the 
same time water transport towards the surface is realized via hot plumes or at mid-
ocean ridges.   
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Figure 2: Schematic model for the global water circulation (Ohtani 2005).  

 

Fukao et al. (2001) and Grand (2002) demonstrated that subducting slabs actually may 
probe into the lower mantle or even deeper near the core-mantle boundary. This is 
supported by earlier findings of Peacock (1990) who calculated the amount of water 
returned to the Earth‘s mantle via subduction to 8.7*1011 kg/a and the amount degassed 
from the interior to 2.0*1011 kg/a. Thus part of the “missing” water could possibly be 
transported deeper into the Earth.  
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But in which way is water incorporated in deep Earth materials? To answer this 
question, a closer look at the specific minerals and their structures is necessary to 
determine possible locations and mechanisms for hydrogen incorporation. 
The dense materials of the Earth’s mantle are nominally anhydrous, that is they contain 
no water as declared in their structural formula. They can, however, incorporate 
hydrogen via point defects, whereby a hydroxyl group, OH-, is integrated into the 
structure via substitution or on crystallographic interstitial sites. The hydrogarnet 
substitution mechanism represents a special case where 4 or 3 hydrogen atoms bond to 
the oxygen atoms of former Si4+ or Al3+ tetrahedra (Prewitt and Parise 2000). In the case 
of grossular that mechanism can even lead to a complete replacement of silicon to build 
the Si-free hydrogrossular. 
Wadsleyite and ringwoodite can accommodate up to about 3 wt.% water, each. However, 
the incorporation mechanisms show differences due to the structural distinctions 
between both minerals. 
 

Wadsleyite ("-(Mg,Fe)2SiO4) crystallizes in the orthorhombic system with space 

group Imma (74). The mineral belongs to the group of the spinelloids and consists of a 
cubic-closest packing of oxygen atoms that is slightly distorted. The Mg and Fe atoms 
are located at three distinct octahedral sites M1, M2, and M3 and Si occupies the only 
tetrahedral site. Furthermore, there are four different oxygen sites with O1 the only 
non-silicate oxygen, which features the highest probability of being hydrated. The 
charge-balancing mechanism is therefore the creation of a Mg vacancy at the adjacent 
M3 site (2 H+ = Mg2+). Natural wadsleyite was first found in the Peace River meteorite in 
Alberta, Canada (Price et al. 1983).  
 

Ringwoodite (#-(Mg,Fe)2SiO4) is the modification of olivine that is stable at the 

highest pressures and temperatures. It crystallizes in space group Fd-3m (227) in cubic 
symmetry and belongs to the spinel-group. Ringwoodite was first found in the Tenham 
meteorites in Australia (Binns et al. 1969). 
It is built up of Mg on the octahedral and Si on the tetrahedral site in the structure of 
normal spinel. Although ringwoodite in the inverse spinel structure has not been found 
experimentally, a certain degree of cation disorder was reported in different studies (e.g. 
Kudoh et al. 2000). Kiefer et al. (1999) performed a first-principles study on inverse and 
normal ringwoodite and could demonstrate that Mg-tetrahedra (inverse spinel) are more 
compressible than the stiffer Si-tetrahedra on increasing pressure. As a consequence, 
inverse and normal ringwoodite vary significantly from each other in their 
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compressional behavior, and the true degree of disorder in transition zone ringwoodite 
likely affects the elastic properties of that mineral but remains an enigma. The same 
applies to the location of hydrogen within the ringwoodite structure. For instance, Kudoh 
et al. (2000) assigned the broad IR-active band around 3165 cm-1 to hydrogen bond to 
octahedral sites whereas Smyth et al. (2003) attributed the band to the protonation of 
tetrahedral edges. Overall there are quite a few uncertainties concerning the 
incorporation of water in ringwoodite and thus the effect on the phase stability.   

Compared to the olivine – wadsleyite transition, experimental data about the 
behavior of coexisting wadsleyite and ringwoodite, e.g. the water partitioning between 
both phases, are rare. 
Consequentially, the main issues of the work at hand about the effect of water on the 
structure and stability of wadsleyite and ringwoodite are: 
 

1. In which way is water incorporated in ringwoodite? 
2. What partitioning behavior of water between both phases exists? 
3. Does water change the phase stability relations of wadsleyite and ringwoodite? 
4. Does the oxidation state of iron affect the stabilities of the phases? 

 
The present study is based on experimental work to evaluate the effect of 

hydrogen and iron on the stability of wadsleyite and ringwoodite, and it particularly 
focuses on experiments in which both phases coexist.  
Therefore high-pressure syntheses of dry and hydrous wadsleyite and ringwoodite at 
conditions comparable to those within the Earth’s transition zone (15-20 GPa, 1200 °C) 

with varying iron content (0.00 $ xFe $ 0.24) were performed in a multi-anvil apparatus. 

Since iron exists in two different oxidation states (+2, +3) one has to consider the oxygen 
fugacity. Therefore the experiments were buffered either in a reducing or oxidizing 
milieu using the Fe/FeO or Re/ReO2 buffer, respectively. 
In the analyses of the run products, both hydrogen and iron in the respective oxidation 
state, require techniques that are able to detect changes on a small scale to determine 
their exact location and environment. The wide range of spectroscopic methods 
represents the perfect tool for this purpose and is comprehensively discussed in the 
chapter Synthesis of results.  
 

The work at hand is presented as a compilation of research articles that are 
either published, submitted or in preparation to be submitted to an approved scientific 
journal. Hereinafter I will present a short summary of each manuscript and explain the 
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specific contribution of each publication to the overall context of my thesis entitled 
“Water incorporation in wadsleyite and ringwoodite: effect on phase stability and 
structure”. 
 

The first paper In-situ mid/far micro-FTIR spectroscopy to trace pressure-induced 

phase transitions in strontium feldspar and wadsleyite (M. Mrosko, M. Koch-Müller and 
U. Schade) has two important findings. In the first place it presents a newly developed 
THz/FIR-microscope for synchrotron-based pressure-dependent IR-measurements in the 
far infrared region. In the further course of the study we were able to show that on the 
basis of these measurements and the derived spectra, pressure-dependent structural 
changes within minerals can be traced. For that purpose we synthesized iron free, dry 
and hydrous (12500 wt ppm water) wadsleyite in a multi-anvil apparatus at 13.8 
GPa/1000 °C (dry) and 13.2 GPa/1150 °C (hydrous) and measured pressure-dependent 
far infrared spectra up to 24 GPa. Using the example of wadsleyite, we could 
demonstrate that a phase transition in the dry phase at 10 GPa is shifted to 8.4 GPa 
when water is present in wadsleyite. With this result we could directly prove that 
hydrogen incorporated in nominally anhydrous mantle minerals such as wadsleyite has 
a substantial effect not only on the properties of the mineral but on the pressure range of 
phase transitions. With the assistance of the band assignment of Wu and Wentzcovitch 
(2007), we further were able to assign the bands in the pressure-dependent FIR spectra 
of wadsleyite, localize the specific changes at the phase transition pressure and thus 
define the mechanism of the structural modification. Hence it was possible to attribute 
the observed transformation to a symmetry change of the originally orthorhombic 
wadsleyite to a monoclinic structure as earlier observed for the highly hydrated 
wadsleyite without pressure influence (Smyth et al. 1997).   
 

The second manuscript Hydrogen incorporation and the oxidation state of iron in 

ringwoodite – a spectroscopic study (M. Mrosko, S. Lenz, C.A. McCammon, M. Taran, R. 
Wirth, M. Koch-Müller) sheds light on how hydrogen is structurally incorporated in 
ringwoodite. For this purpose we synthesized hydrous ringwoodite either under reducing 
or oxidizing conditions at 1200 °C and 16.5 to 18.3 GPa with xFe ranging from 0.11 to 
0.24. As mentioned before, the exact location of hydrogen is still unclear since the 
mineral exists in cubic symmetry, which inhibits the localization of hydrogen via 
conventional polarized FTIR spectroscopy. Using temperature-dependent infrared 
spectroscopy and the energy calculations of different OH-related defects of Blanchard et 
al. (2005) we were able to assign the main broad band around 3150 cm-1 to [VMg(OH)2]x. 
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Combining optical, Mössbauer, and EEL spectroscopy yielded the second important 
outcome of this study. Under oxidizing conditions ringwoodite can contain Fe3+ fractions 
of up to 12 %. The annealed samples reveal without exception an increased Fe3+-fraction 
associated with a loss of hydrogen. Furthermore the annealed ringwoodite shows 
evidence of small amounts of ferric iron on the tetrahedral site. 
 
 The publication Stress-induced proton disorder in hydrous ringwoodite (M. Koch-
Müller, S. Speziale, F. Deon, M. Mrosko, U. Schade) deals with a more technique-
relevant question. Hydrous ringwoodite with 0.00 $ xFe $ 0.61 had been synthesized in a 

multi-anvil apparatus. The pressure-dependent behavior of the different ringwoodite 
samples was examined in a diamond-anvil cell using conventional and synchrotron FTIR 
spectroscopy. Therefore different pressure-transmitting media, CsI powder, cryogenically 
loaded liquid Ar, and Ar annealed at 8.6 GPa and 120 °C before further pressure 
increase, were employed. In the course of the study the pressure cycles with CsI and 
unannealed Ar both revealed a sudden disappearance of the prominent OH band as well 
as modifications in the lattice vibrations at pressures between 10 and 12 GPa. However, 
the cycles with annealed Ar were performed up to 30 GPa without such changes or 
discontinuities within the spectra. The abrupt changes in the first two series are 
therefore assigned to non-hydrostatic pressure-conditions in the diamond-anvil cell 
caused by stress-induced proton disordering. 
The results of this study show, on the one hand, that the choice of an appropriate 
pressure transmitting-medium (depending on the intended pressure and the infrared 
region examined) is essential for obtaining reliable data on pressure-induced structural 
modifications of materials. On the other hand, the results reveal the high sensitivity of 
transition zone phases like ringwoodite to hydrogen and non-hydrostatic pressure 
conditions. 
 

The fourth manuscript Water, iron, redox environment: Effects on the Wadsleyite 

– Ringwoodite phase transition (M. Mrosko, M. Koch-Müller, C.A. McCammon, D. 
Rhede, R. Wirth), herein presented as short summary, contains the holistic view of the 
wadsleyite – ringwoodite phase stability relations revealed from experiments of 
coexisting phases. For this purpose we performed high-pressure syntheses in a multi-
anvil apparatus at 1200 °C with pressures ranging from 15 to 18.3 GPa. The results of 
EMP analyses, FTIR-, Mössbauer, and EEL spectroscopy combined with literature data 
of Agee (1998), Kawamoto (2004) and Deon et al. (2011) enabled us to develop a P-x-
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projection of the phase diagram at 1200 °C with revised phase boundaries of the 
wadsleyite – ringwoodite stabilities. 
Under hydrous and reducing conditions the wadsleyite - ringwoodite boundary shifts by 
0.5 GPa to higher pressures accompanied by a broadening of the region of coexisting 
wadsleyite and ringwoodite. This behavior is similar to the phase relations revealed by 
Deon et al. (2011) for olivine and wadsleyite, and can also be explained by the strong 
fractionation of water into wadsleyite compared to ringwoodite.  
In contrast, under oxidizing conditions the field of coexisting phases gets narrower and 
the shift of the phase transition to higher pressures is amplified. Thus, the stability field 
of wadsleyite is extended to higher pressure most likely due to the higher water and Fe3+ 
content compared to ringwoodite. Referring to Woodland and Angel (1998) and based on 
our Mössbauer data we explain the stabilization of wadsleyite under oxidizing conditions 
to even higher pressures and higher Fe-contents with ferric iron being incorporated on 
the tetrahedral site.  
 

In addition to the aforementioned publications I will present another short 
chapter about calorimetric measurements on dry wadsleyite that were performed at the 
University Salzburg. The acquired data and results will be used later in combination 
with Density Functional Perturbation Theory (DFPT) modeling and shall give a 
complete and self-consistent description of the vibrational properties of wadsleyite and 
hence derived thermodynamic parameters such as entropy.  
The values for the heat capacity and entropy that were derived are in good agreement 
with comparable literature data. An overall comparison of thermodynamic properties of 
dry and hydrous phases of the mantle transition zone again shows that the structural 
incorporation of hydrogen has a substantial effect on the determined thermodynamic 
parameters.  
 

Each of the presented manuscripts has a unique contribution to approach the issue of 
the effect of water incorporation on phase stability and structure of wadsleyite and 
ringwoodite regarding: 

 
1. The single effect of hydrogen on phase transitions in wadsleyite, 
2. The location of hydrogen in ringwoodite and the stability of OH-related defects, 
3. The general sensitivity of transition zone minerals to hydrogen and non-

hydrostatic stress conditions, e.g. in ringwoodite, 
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4. The comprehensive analysis of the parameters hydrogen, iron, oxygen fugacity, 
and pressure on the phase stability relations between wadsleyite and 
ringwoodite, and 

5. The direct effect of incorporated hydrogen on measurable thermodynamic 
properties. 
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Abstract 

As representatives of nominally anhydrous minerals (NAMs) in the crust and mantle the 
pressure-depending behavior of strontium feldspar and wadsleyite, containing different 
amounts of water, was studied in a diamond anvil cell via mid and far IR spectroscopy 
up to 24 GPa. The samples were synthesized in a piston-cylinder press at 2 GPa /700°C 
(strontium feldspar) and in a multi-anvil apparatus at 13.8 GPa/1000°C (dry wadsleyite) 
and 13.2 GPa/1150°C (hydrous wadsleyite). The water content of the samples was 
determined by polarized FTIR and Raman spectroscopy. The strontium feldspar crystals 
(up to 300 $m) contained about 1100 (100) wt ppm water. The hydrous wadsleyite 
crystals (up to 240 $m) contained 12500 (900) wt ppm water, while the synthesis of dry 
wadsleyite yielded a fine-grained powder. A new THz/FIR-microscope for the 
synchrotron source BESSY was developed to conduct the diamond anvil cell 
measurements in the far IR region. Apart from that, conventional in-situ mid IR 
spectroscopy was also performed on all samples. The measurements on strontium 

feldspar showed a phase transformation at 6.5 (5) GPa ( I 2
c

 to P 21
c

). The wadsleyite 

analyses revealed a phase transition at approximately 8.4 (7) GPa in the hydrous and 
around 10.0 (7) GPa in the dry sample. It probably represents a transition from an 
orthorhombic to monoclinic structure. The high amount of water incorporated in the 
hydrous wadsleyite shifts the transformation towards lower pressures compared to the 
dry one. By comparison, the relatively low amount of water in strontium feldspar does 
not change the stability relations compared to the dry one. Therefore water incorporation 
in nominally anhydrous minerals may have an effect on the pressure of phase 
transitions, whereas the extent of that influence strongly depends on the structure of the 
phase and the amount of water carried within the mineral. 
 
Keywords: wadsleyite, strontium feldspar, mid/far FTIR spectroscopy, phase transition, 
water 
 

Introduction 

Infrared spectroscopy generally is a very sensitive probe for information on the local 
microscopic structure and bonding in minerals. Combined with a high brightness 
synchrotron source infrared micro-spectroscopy offers the opportunity to achieve the 
spatial resolution approaching the diffraction limit of light. It enables us to investigate 
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pressure-induced structural changes in the THz/FIR (far infrared) region of geomaterials 
placed in diamond anvil cells (DAC) up to 30 GPa. In the mid-infrared range (MIR) 
vibrations of the more rigid Si(Al)O4-tetrahedra are found predominantly, whereas 
measurements in the far infrared yield information on metal cation motion. By tracing 
these vibrations as a function of pressure important information on the nature of a 
possible phase transition may be deduced. We applied this methodology to study the 
response of the strontium feldspar (an analogue for anorthite as representative of the 
crust) and wadsleyite (as representative of the mantle) structures to changes in 
pressure. Both minerals are nominally anhydrous but can incorporate hydrogen in the 
form of hydroxyl groups via point defects in their structures in trace amounts (strontium 
feldspar; Mrosko et al. 2010) and up to several wt % (wadsleyite; Deon et al. 2010a). 
Both structures are very susceptible to changes in pressure and several pressure-
induced phase transitions have been reported (Chopelas 1991; Cynn and Hofmeister 
1994; McGuinn and Redfern 1994; Pandolfo et al. 2011). It is known that even small 
amounts of water in nominally anhydrous minerals may change their rheological, 
structural and thermodynamical properties (e.g., Smyth and Kawamoto 1997). However, 
up to now it is not clear whether the incorporated hydrogen has an influence on the 
pressure range where these transitions occur. Jacobsen et al. (2010) demonstrated that 
incorporation of 1300 ppm H2O (as OH-) in MgSiO3 displaces the transition of low- to 
high-pressure clinoenstatite by up to 2 GPa towards lower pressure. Furthermore Deon 
et al. (2010b) observed a shift of the transformation pressure of olivine to wadsleyite in 
the system MgO-SiO2-H2O of about 0.6 GPa to lower pressures due to higher water 
fractionation into wadsleyite (8000 wt ppm) compared to olivine (2000 wt ppm).  
To study the effect of water on the phase stabilities, well-developed single crystals with 
accurately defined water concentrations are needed. Anorthite belongs to the group of 
feldspar minerals, which represents the most common unit within the Earth’s crust. The 
synthesis conditions of OH-bearing anorthite single crystals are limited to low pressures 
as anorthite transforms to zoisite (plus kyanite and quartz) at 1 GPa and 700 °C in the 
presence of water. However, low-pressure syntheses solely consist of white powders with 

crystal sizes not exceeding 10 µm (Mrosko et al. 2010), which impedes a precise 

quantification of the water content. Strontium feldspar is often used as analogue 
material for anorthite as high-pressure syntheses in the presence of water yield well-
defined idiomorphic crystals (Mrosko et al. 2010). At ambient conditions the strontium 

endmember crystallizes in monoclinic symmetry with space group I 2
c

. The transition to 

the triclinic structure along the calcium-strontium-anorthite join was determined to 
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compositions close to An9SrF91 (McGuinn and Redfern 1994). These authors also found a 
pressure-driven ferroelastic phase transition at 3.2 (0.4) GPa in pure strontium feldspar 

from I 2
c

 to I1 . Pandolfo et al. (2011) reported a first-order phase transition at 6.6 GPa 

from I 2
c

 to P 21
c

 for both a dry and the synthetic OH-bearing strontium feldspar 

described in Mrosko et al. (2010) that was also used in this study. 

The three (Mg,Fe)2SiO4 polymorphs olivine (!), wadsleyite (") and ringwoodite (#; with 

increasing pressure) are the main constituents of the Earth’s upper mantle and 
transition zone. Investigations of these polymorphs reveal important insights, e.g. about 
phase relations and water storage in the Earth’s mantle. Wadsleyite is a nominally 
anhydrous mineral; nevertheless it has already been shown that it can incorporate water 
to the extent of 3.3 wt% H2O in its structure via point defects. With such high amounts 
of incorporated hydrogen, orthorhombic wadsleyite, on the one hand, can even transform 
into monoclinic symmetry (Smyth et al. 1997; Tsuchiya and Tsuchiya 2009). On the 
other hand, additional phases in the system of hydrous magnesium silicates, such as 
wadsleyite II, can be found. That phase incorporates 2.0 – 2.7 wt% H2O and was 
synthesized by Smyth and Kawamoto (1997) in experiments containing a multi-
component mantle composition. The structure of wadsleyite II is quite similar to 
wadsleyite with orthorhombic symmetry and space group Imma but with b being 2.5 
times longer. The vibrational behavior of wadsleyite has been examined in several 
studies, both experimentally and via computational modeling (Chopelas 1991; Cynn and 
Hofmeister 1994; Wu and Wentzcovitch 2007). Pressure-dependent studies revealed 
evidence for a second-order structural phase transition around 9 GPa (Chopelas 1991; 
Cynn and Hofmeister 1994) in wadsleyite, although of different compositions 
(magnesium endmember, no water reported and iron-bearing with 0.2 wt% H2O, 
respectively).  
Measurements in the far IR region could help to clarify the nature of the phase 
transition but are still rare, especially as the study of pressure-dependence of FIR 
vibrations reveals some difficulties, such as the weakness of the absorption bands (Cynn 
and Hofmeister 1994) and the loss of intensity of radiation when approaching the 
diffraction limit of light at longer wavelengths. In contrast, pressure-depending FTIR 
spectroscopy in the mid IR region is easy to conduct and offers good chances to trace 
phase transitions especially for lower symmetry phases with many bands. The 
combination of Synchrotron FIR measurements and conventional MIR spectroscopy in 
this study provides a broad overview of structural changes in a wide spectral range. 
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We applied in-situ high pressure FTIR spectroscopy in both the mid and far IR region to 
hydrous strontium feldspar and dry and hydrous wadsleyite from 2000 down to 30 cm-1. 
We show that phase transitions and their potential nature can be traced clearer by 
combining both the conventional and the synchrotron technique, and that water 
incorporation can have an effect on the pressure range of these transitions. 
 

Experimental  and analytical  methods 

Syntheses 
Strontium feldspar – Piston cylinder Press. 

The strontium feldspar was synthesized in a non-endloaded piston cylinder press at 2 
GPa and 700 °C. Further details of the experimental conditions as well as structural and 
chemical investigations are specified in Mrosko et al. (2010) and are summarized in 
Table 1.   
 

Wadsleyite – Multi-Anvil Press. 
The high-pressure syntheses of wadsleyite were performed in a multi-anvil apparatus 
similar to that of Walker (1991) but with a special tool, which allows alternatively a 
continuous 360° rotation or a 180° rocking motion of the Walker high-pressure module 
during the run with 5° per sec in order to avoid separation of the fluid from the solid 
parts of the run and thus ensure a homogenous starting material (see Schmidt and 
Ulmer 2004; Deon et al. 2010a). We used a 14/8-assembly (octahedron length/truncation 
length) with an MgO-based octahedron serving as pressure-transmitting part, a stepped 
graphite heater and pyrophyllite gaskets. The temperature was controlled by a W5%Re-
W26%Re thermocouple. Details of the experimental set up are given in Koch-Müller et 
al. (2009). 
An afore synthesized forsterite powder (pressed discs of a ground 2MgO-SiO2-mixture, 
left for 5 days at 1300 °C, ground and pressed again after two days) served as starting 
material for the dry synthesis and was filled into Pt capsules (length 3 mm, outer 
diameter 2 mm). For the hydrous runs an amount of 0.5 mg (5 wt%) distilled water was 
first filled into the capsule before adding the starting material. The filled capsule was 
then cold-sealed.  
Final values for pressure and temperature were 13.8 GPa/1000°C (dry) and 13.2 
GPa/1150°C (hydrous).  
After 20 (dry run) and 8 hours (hydrous run) we quenched the experiments and checked 
the hydrous run for the presence of excess water. 
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Analyses 

X-ray diffraction. 
X-ray powder measurements on all samples were done in transmission mode with a 
STOE Stadi P diffractometer, equipped with a curved Ge (111) primary monochromator, 
a 7 °-wide position sensitive detector (PSD) and CuKa- radiation. Unit cell dimensions 
were determined using the GSAS software package for Rietveld refinement (Larson and 
Von Dreele 1987). 
Initial structures for refinement derive from Chiari et al. (1975) for strontium feldspar 
and Finger et al. (1993) for wadsleyite. 
 

Raman spectroscopy. 
The Raman spectra were taken to quantify the water content in wadsleyite using a 
Horiba Jobin Yvon Labram HR 800 UV-VIS spectrometer in a backscattering 
configuration equipped with an Argon laser, a CCD detector and an Olympus optical 
microscope with a long working distance 100x objective and a confocal optic with a 100 

µm pinhole. The Raman scattering was excited by the blue line of the Argon laser (488 

nm) working at 300 mW. We applied the Comparator technique for water quantification 
(Thomas et al. 2008; 2009). For this purpose crystallographically oriented single crystals 
of hydrous wadsleyite (MA207) were embedded into an epoxy-matrix and polished one-
sided. The focal point of the laser beam was adjusted approximately 4 $m beneath the 
polished sample surface in order to reduce artefacts due to surface effects. Each sample 
was measured twice – with E parallel the particular optical indicatrix axes. A glass with 
known water content of 8.06 wt% was used as reference for all measurements and its 
Raman spectrum was measured before and after the sample measurements. Counting 
times were 100 s on the standard (2400 – 4000 cm-1) and on the sample (3000 – 3800 cm-

1), with threefold accumulation. The water concentration in mol/L was calculated using 

the formula cH2O = Icorwad *
cH2O _ ref
Iref

, with Iref being the intensity of the reference (summed 

up over the three identical directions in the reference glass) and Icorwad the corrected 

intensity of the sample determined by: Icorwad = Iwad * cV _wad! * 100
cR _wad

.  

Iwad!  refers to the sum of the total integrated intensities measured in the three 

crystallographic directions and cR_wad to a correction factor (accounting for the difference 
of the reflectivities) calculated for wadsleyite as 94.3. The correction factor cV_wad 
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accounts for the different sampling volume in wadsleyite compared to the reference 

glass. Thomas et al. (2008; 2009) suggested to use the density ratio %glass / %wad as 

correction - however in case of minerals with heavy metal cations, this approach is not 

correct and we propose here a more general correction factor: cV _ sample =

VM _ sample

natoms(pfu)_sample
VM _ reference

natoms(pfu)_reference

.  

Since glass is in its structural properties very close to tridymite, we took the molar 
volume of tridymite VM_reference from a database as 25.54 cm3/mol and calculated with 3 
atoms pfu. The molar volume of wadsleyite VM_sample was calculated as 40.79 cm3/mol 
with 7 atoms pfu. The resulting cV_wad was then estimated to 0.684. For the Mg2SiO4 
polymorphs the density correction proposed by Thomas et al. (2009) would give the same 
result.  
 

FTIR spectroscopy.  
The pressure-dependent MIR-measurements were performed at GFZ using a Bruker IFS 
66/v FTIR spectrometer and a Hyperion microscope attached to it. A globar served as 
light source, further devices were an MCT detector and a KBr beam splitter. The spectra 
were collected on thin films of the sample placed in a diamond anvil cell (see below) with 
a resolution of 2 cm-1. The spectra were averaged over at least 256 scans in the range of 
4000 (1800) to 400 cm-1. The background was measured through the same cell.  
IR spectroscopy in the longer wavelength range (FIR) with diamond anvil cells using 
apertures of about 0.3 mm to reach high pressures brings up some difficulties as with 
increasing radiation wavelength we lose intensity due to diffraction of the light. 
Hofmeister et al. (1989) were the first who applied far IR spectroscopy in combination 
with diamond anvil cell experiments up to 43 GPa using a laboratory light source. Due to 
the loss of intensity through the small aperture radius (gasket hole) needed for high 
pressures, the measurement time of one spectrum was about one hour. An additional 
source of irritation was water vapor in the atmosphere as it results also in loss of 
intensity and in a multitude of IR bands that occur in the far IR range. High-quality IR 
spectra measured within a reasonable time span can be obtained by using synchrotron 
radiation. Synchrotron IR radiation has the same diffraction limitation but due to its 
high brilliance enough intensity is maintained for the measurements. The FIR micro-
spectroscopy was realized at the Helmholtz-Zentrum Berlin, BESSY II at the 
Synchrotron IR beamline IRIS (Peatman and Schade 2001). For this purpose, we 
developed a THz/FIR microscope adapted to a Bruker IFS 66/v FTIR spectrometer, 
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which allows measurements under vacuum down to the THz region. The combination of 
high brilliance synchrotron light and the new microscope working under vacuum enables 
us to take a spectrum with a very good signal-to-noise ratio within a few minutes and 
even covering a larger spectral range compared to the study of Hofmeister et al. (1989). 
Figure 1 shows the microscope with all relevant devices being mounted on a ground 
plate (250 * 250 mm). In this way the whole construction can be set into the sample 
compartment of the spectrometer very easily. The cell itself is screwed into a holder and 
therefore adjustable from the outside by the x- and y- screws even under vacuum. After 
passing a 6µm-Mylar broadband beam splitter, the incident IR-synchrotron light is 

directed into the sample compartment and via several mirrors focused by the cassegrain 
objective (NA = 0.28) directly into the sample chamber of the diamond anvil cell. After 
passing through the cell the transmitted light is directed via another arrangement of 
mirrors to the LHe-cooled bolometer (detector). With this device we were able to collect 
FIR spectra up to 24 GPa. No additional aperture as the gasket hole itself was used 
during the measurements. See Table 2 for further details concerning the IR 
spectroscopy.  
For both the mid and far IR measurements single crystals of strontium feldspar and 
hydrous wadsleyite were pressed into thin films by using a diamond anvil cell without 
gasket. Due to the strong absorbance the film for the MIR measurements was about 5 
µm thick but for the weaker FIR modes a film of about 30 – 50 µm was needed. In case of 

dry wadsleyite small amounts of powder were pressed into films. Afterwards the thin 
films were loaded into a Mao-type diamond anvil cell with type II diamonds with a culet 

size of 400 to 600 µm and preindented stainless steel gaskets with 300 - 450 $m holes 

and a thickness of approximate 0.3 mm. In case of the FIR measurements the film was 
aimed to cover as much of the gasket hole as possible. The thin film, a few small ruby 
crystals (strontium feldspar) and ruby spheres (wadsleyite), respectively, and the 
pressure-transmitting medium (either Argon, Neon, CsI or petroleum jelly) were loaded 
into the sample chamber. We performed the measurements in transmission mode 
whereas the background spectrum was taken through a separate cell (empty or filled 
with the particular pressure medium). Afterwards we calculated the final absorbance 

spectrum by applying the following procedure: A = lg
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Due to multiple reflections between plane-parallel surfaces (diamond culets) or within 
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thin layers (sample) we partly were faced with the phenomenon of interference fringes 
that covered the IR spectra. In these cases we applied the procedure proposed by Neri et 
al. (1987) to remove the interferences by shifting the measured spectrum G(xn) half 
wavelength (d/2) of the interference maxima up and down (with 2m being the number of 
points within the interference period d), respectively, and combining the three curves as 

follows: F(xn ) =
1
4
2G(xn ) +G(xn+m ) +G(xn!m )[ ] .  

We used different pressure-transmitting media to see if there is a difference in the 
pressure behavior of the minerals. The simplest pressure media to load are petroleum 
jelly used only in the FIR and CsI used in the MIR. Argon was loaded cryogenically - but 
as described by Wittlinger et al. (1997) it undergoes a structural reorganization around 9 
GPa, which potentially has an effect on the pressure-dependent behavior of the sample 
(see Koch-Müller et al. 2010). Although heating of the whole cell up to 120 °C 
antagonizes the structural modification of Argon (hereinafter referred to as annealed 
Argon), we proceeded on using Neon as pressure-transmitting medium. The high 
compressibility of Neon induces, however, a shrinking of the gasket hole during the 
loading procedure up to 30 %. The initial gasket hole was chosen in such a way that the 
final diameter was at least 200 $m. We aimed to set the size of the film so that it finally 
covers the gasket hole without being squeezed. Although Hofmeister et al. (1989) showed 
that a probable squeezing of the sample (in that case forsterite) does not affect the IR 
spectra.   
The pressure was determined by measuring the R2-fluorescence line of ruby after each 
pressure increase by applying the calibration of Mao et al. (1986). The stated value 
represents the average of determined pressures before and after the IR measurements. 
 

Autocorrelation analysis. 
The autocorrelation analysis is a mathematical approach to reveal the effective line 
width of absorption bands or groups of bands in IR spectra. In this way continuous 
changes in the behavior of these bands due to structural or chemical variations can be 
quantitatively described by a general state parameter Q. To perform the autocorrelation 
analysis we followed the concept and procedure described by Salje et al. (2000). These 
authors stated that by applying density functional perturbation theory one can consider 
Q as the state variable, which is then associated directly with the integrated intensity I, 

the frequency & and the line width # of the spectra. For that purpose one has to select a 

certain range within the phonon spectrum containing one or more bands with the end 
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points lying on a linear baseline. The chosen segment is then correlated with itself via 
the autocorrelation function 

Corr(!," ') = !(" +" ')!(" )d"
#$

$

%  

with !(") being the original spectrum which is offset by a range of successive frequencies 

"’. 

The width k2 of the central peak of the resultant autocorrelation spectrum at & ' 0 

contains quantitative information about the bands’ line width in the primary spectrum. 
Therefore a Gaussian curve is fitted to the central peak of every ("’ – shifted) 

autocorrelation spectrum and the resultant k2-values are plotted against the frequency 
shift "’. Due to noise in the original spectrum k2 ' 0, labeled as (corr, is determined not 

directly but via extrapolation by applying a polynomial function. Discontinuities in the 
slope of (corr with increasing pressure indicate sudden changes in the line width of the 

band group in the original spectrum and can be assigned to possible phase transitions. 
 

Results 

Strontium feldspar 
Structural – chemical analyses. 

The Piston-cylinder-experiments yielded optical clear single crystals of 50 – 300 $m in 
size with idiomorphic as well as anhedral morphology. These crystals were characterized 
by EMP analyses, powder XRD diffraction and IR spectroscopy for the OH-content by 
Mrosko et al. (2010). The OH- concentration (expressed in the following as wt ppm H2O) 
was about 440 (40) wt ppm when we only consider structural OH- and about 1100 (100) 
wt ppm when we include the contribution of molecular H2O, either structural bonded or 
in micro-inclusions (Mrosko et al. 2010). The data are summarized in Table 1. 
 

IR spectroscopy at ambient conditions. 
Figure 2 displays a merge of an ambient mid and far IR spectrum of strontium feldspar. 
We followed the band assignment of Iiishi et al. (1971) for the whole spectral range.  
The mid-infrared part shows the most intense bands between 1200 and 800 cm-1. These 
modes are assigned to stretching vibrations of Si-O (1078 cm-1) and Si-(Al)-O (1033, 958 
cm-1). That part is followed by two sequences of much weaker but clearly defined bands 
at 800 – 650 cm-1 and 650 – 400 cm-1. The first section again contains modes of stretching 
vibrations of Si-Si (753 cm-1), Si-Al(Si) (725 cm-1) and Al(Si)-O (at 684 and 673 cm-1). The 
second section is mostly characterized by bending vibrations of O-Si(Al)-O (625, 605, 576 
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cm-1) and a few combination modes of O-Si-O bending plus Sr-O stretching vibrations. 
Subsequently one finds two Si-O-Si bending modes (397 and 389 cm-1). In the adjacent 
far IR region one observes almost all bands being weaker and less characteristic formed. 
The strongest bands in that range are located at 373, 346, 296 cm-1 (Si-O-Si(Al) 
deformation and torsional vibrations) and at 228, 180, 157, 123 and 93 cm-1 (all being Sr-
O stretching vibrations).  
 

Pressure depending mid and far IR spectroscopy. 
The pressure depending measurements in the DAC shown in Figure 3 (MIR) and 4 (FIR) 
display a general trend for all bands, which is a shift towards higher wavenumbers and 
a broadening with increasing pressure.  
As visualized by the straight lines in Figure 3 the pressure-induced shifts of the MIR 
bands at 1033, 753 and 725 cm-1 are constant up to 6.8 (5) GPa. The next pressure step 
to 7.7 (5) GPa results in a clear jump back of the band maxima in conjunction with a 
strong broadening and the evolution of a new band seen as shoulder around 940 cm-1 
(circle) that persists through a further increase of pressure. 
Another discontinuity – though less obvious than the last described – is present between 
10.1 (5) and 11.8 (5) GPa and characterized by an even stronger broadening of the bands 
maybe due to their overlapping. Furthermore one observes the development of another 
shoulder at 920 cm-1 (circle) as well as a strong smearing of the bands around 600 cm-1. 
The positions of the far IR bands as a function of pressure is representatively shown for 
three bands in Figure 5. The wavenumbers of the selected bands at ambient conditions 
are 296, 228 and 180 cm-1. The dashed lines indicate the slope changes of the pressure 
depending wavenumber shift that are located at approximately 6.5 (5) and in a broad 

range around 12 (5) GPa. The corresponding values for d#/dP (in cm-1/GPa) calculated by 

linear regression of the data from ambient to 6.5 (5) GPa and from 6.5 (5) to 12 (5) GPa 
(solely the data on pressure increase were used) are 0.07 and 1.38 (296 cm-1), 1.14 and 
5.23 (228 cm-1) and 1.6 and 0.3 (180 cm-1), respectively. No autocorrelation analysis was 
performed on these data sets, as the pressure-induced changes were obvious by eye-
inspection.  
 
Wadsleyite 

Structural – chemical analyses. 
The synthesis of dry wadsleyite yielded a very fine-grained single-phase powder with 
small crystals in orthorhombic symmetry (Imma). In case of hydrous wadsleyite we were 
able to produce clear single crystals ranging around 50 - 240 $m in size. X-ray diffraction 
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analyses reveal also orthorhombic symmetry and space group Imma. Water 
quantification yield 12500 (900) wt ppm water. For further details see Table 1.  

 

IR spectroscopy at ambient conditions.  
The Figures 6 and 7 display spectra of wadsleyite at ambient conditions. Figure 6 depicts 
a merged FIR and MIR spectrum of dry wadsleyite. It shows clearly that bands in the 
mid IR region are stronger than those in the FIR. Figure 7 compares the mid IR spectra 
of dry and hydrous wadsleyite (12500 wt ppm H2O). 
The classification of all bands follows those reported in Cynn and Hofmeister (1994) 
whereas the assignments of Wu and Wentzcovitch (2007) derived from a density 
functional study will be integrated in a later discussion. 
The most intense group in the spectrum of wadsleyite lies between 1100 and 750 cm-1 
and is due to asymmetric (937, shoulder at 918 cm-1 (dry), 944 and shoulder at 915 cm-1 

(hydrous)) and symmetric (812 or 805 cm-1) stretching vibrations of SiO3 followed by the 

weaker )s(Si-O-Si) at 701 cm-1. The mode of the asymmetric deformation band %(Si2O7) is 

assigned to the band at 599 cm-1. It is of medium intensity whereas the following 
stretching vibration bands are characterized as (M3-O1) and display weaker (550, 535, 
519 and 422 cm-1) or quite high (487 cm-1) intensity (dry sample). The spectrum of the 
hydrous wadsleyite is very similar to the dry one, however, it shows for the Si-O 
stretching vibrations significant higher FWHM. Besides the higher FWHM the most 
striking difference compared to the spectrum of the dry sample is the occurrence of 
additional bands around 682 and 573 cm-1, whereas the dry-wadsleyite-band at 550 cm-1 
seems to be completely missing. In addition the intensity of the band at 599 cm-1 
decreases significantly with water incorporation. These features are distinctive and we 
observed them also in other wadsleyite samples. 
The translational mode T(M) at 361 cm-1 is the most intense one, followed by two 
overlapping bands of the same kind at app. 318 and 294 cm-1. Subsequently one can 
distinguish three or four very weak and asymmetric (flat-lying) bands at 260 cm-1 
(rotational), 212 cm-1 (small shoulder at 190 cm-1, both translational vibrations) and one 
around 144 cm-1 that is likely to be a rotational mode. 
 

Pressure depending mid and far IR spectroscopy. 
Figure 8a and b (dry and hydrous wadsleyite, respectively) display the pressure-
depending behavior of the most intense group around 900 cm-1 showing the general 
trend of all bands to shift towards higher wavenumbers with increasing pressure. The 
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relative movement of the band group of both samples is similar but as mentioned before 
in case of the hydrous wadsleyite the bands are less separated from each other. Since the 
overlapping and broadness of the bands make it difficult to analyze single maximum 
positions and FWHM by normal fitting procedures, we applied autocorrelation analysis. 
The derived autocorrelation plots in Figure 9a (dry) and b (hydrous wadsleyite) show the 
extrapolated effective line widths of the band group at each pressure step ((corr vs. P in 

GPa). The general trend for both samples is the same – the slope of (corr with increasing 

pressure is positive but turns negative at some point. The turning point defines the 
pressure of the discontinuity: it is located around 10.0 (7) GPa for the dry and at app. 8.4 
(7) GPa for the hydrous wadsleyite. 
All FIR bands are of medium to weak intensity. After the first measurements with the 
strontium feldspar we applied some improvements to the microscope (signal intensity, 
enlargement of the gasket hole), which enhanced the resulting spectra and made the 
method more sensitive for detecting changes in the FIR range. Figures 10a and b show 
the pressure-depending spectra of wadsleyite (600-50 cm-1) measured with the FIR-
microscope at BESSY. The black marks in Figure 10 highlight the bands, which undergo 
the most significant changes during pressure increase.  
Dry wadsleyite (Fig. 10a): With pressure the stretching band at 422 cm-1 shows an 
abrupt discontinuity from pressure step 10.3 (7) GPa to 11.4 (7) GPa. Before, the band 
was just shifting slightly to higher wavenumbers, whereas above 11.4 (7) GPa it shows 
strong broadening and flattening until it almost disappears during further pressure 
increase. In case of the translational mode T(M) at 361 cm-1 one observes a similar 
behavior (slight wavenumber shift with increasing pressure) until 10.3 (7) GPa. The next 
pressure step leads to the evolution of a new mode at 390 cm-1 that exists up to the 
maximum pressure of 11.6 (7) GPa. The rotational band at 260 cm-1 is of quite low 
intensity and keeps its position during pressure increase. At the specific pressure step 
from 10.3 (7) to 11.4 (7) GPa its intensity is increasing. One should note that the growth 
in intensity of that band is already visible in the spectrum measured at 10.3 (7) GPa but 
becomes more significant by increasing the pressure to 11.4 (7) GPa.  The band T(M) at 
212 cm-1 seems to disappear or at least shows extreme broadening in the same pressure 
region.  
Hydrous wadsleyite (Fig. 10b): The modes at 422 and 212 cm-1 are only weakly developed 
or not visible. The translational mode T(M) at 361 cm-1 shows – similar to the dry 
equivalent - a small wavenumber shift up to pressure step 7.7 (7) GPa. At 8.9 (7) GPa we 
suddenly find the evolution of a new band at 389 cm-1. This mode is also stable up to the 
maximum pressure of 23.7 (7) GPa. The hydrous wadsleyite shows another striking 
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behavior: The rotational band at 260 cm-1 is very weak and flat-lying and stays constant 
until 7.7 (7) GPa. By an increase of pressure to 8.9 (7) GPa it probably splits into two 
bands combined with a strong increase of intensity that is comparable to the observation 
in the dry wadsleyite but more pronounced. 
In contrast to the series of spectra in the MIR region, an autocorrelation analysis in the 
FIR was not performed because the analysis requires a linear baseline correction, which 
was not possible.  
 

Discussion 

The mid and far IR spectra of both strontium feldspar and wadsleyite show a pressure-
induced shortening of bonds, which is expressed by a band shift towards higher 
wavenumbers. In addition the spectra reveal structural changes documented by 
discontinuities with increasing pressure. Both wadsleyite and strontium feldspar show 
an increase in the number of bands when passing the respective phase transition, which 
implies a decrease in symmetry for the high-pressure structure. We performed repeated 
high-pressure experiments on each sample with all of them yielding consistent and 
reproducible results (see Table 2). All changes observed during pressure increase were 
fully reversible under decompression.  
In case of both – the strontium feldspar and iron-free wadsleyite - analyses, we could 
observe abrupt changes in the infrared spectra as a function of pressure. We found it 
remarkable that the strontium feldspar displayed the more obvious changes in the MIR 
region and only slight ones in the longer wavelength range of the FIR, whereas the 
opposite is true for the wadsleyite. Both minerals consist of Si(Al)O4-structures, which 
are generally highly resistant to pressure changes. However, the strontium feldspar as 
representative for crustal material had been synthesized at significantly lower pressures 
than the denser mantle phase wadsleyite. In principle, the pressure response of a more 
rigid crustal material should differ completely from the behavior of a denser mantle 
mineral. The structure of strontium feldspar is less close-packed, hence more 
compressible and therefore displays a more pressure-sensitive behavior in the MIR 
region where the silicate units have their most intense bands.  
Another interesting result of this study is the observation that water incorporation in 
the mantle mineral wadsleyite changes its pressure-dependent behavior. We observe a 
shift of a phase transition of about 1.6 GPa to lower pressures in the hydrous wadsleyite 
compared to the dry one. In contrast, the strontium feldspar shows no displacement of 
the observed phase transition at 6.5 (5) GPa whether water is incorporated in the 
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structure or not. Hydrogen incorporation in mantle minerals softens and widens their 
structure (e.g. Jacobsen et al. 2005; Smyth et al. 2003). In hydrous wadsleyite b is 
elongated (see Table 1) and we observe a larger cell volume compared to the dry phase. 
We therefore argue that water incorporation in denser (mantle) materials such as 
wadsleyite and enstatite has a stronger influence on the structural behavior compared to 
less denser minerals, e.g. from the crust.  
 
Strontium feldspar 
The strontium feldspar shows evidence of a phase transition at 6.5 (5) GPa and another 
change around 11.0 (5) GPa in both IR spectral regions. The evolution of new bands in 
the MIR can be related to a decrease in the symmetry of the structure. Since this region 
is characteristic for vibrations of the SiO4 and AlO4-tetrahedra, one can assume that a 
major structural change within these units occurs especially when passing the first 
discontinuity at 6.5 (5) GPa. The behavior of bands in the FIR is less pronounced but the 
changes in slope displayed in Figure 4 argue for discontinuities at similar pressures. 
These observations are in good agreement with a study of Pandolfo et al. (2011). They 
performed in-situ single crystal x-ray diffraction on hydrous strontium feldspar (hydrous 

crystals coming from our experiment) and found a phase transition at 6.6 GPa from I 2
c

 

to P 21
c

. Comparable studies on an anhydrous sample clearly showed that the 

transformation pressure is not dependent on the water incorporated (Pandolfo et al. 
2011). In case of pyroxene a water content of 1300 wt ppm (versus 1100 (100) for 
strontium feldspar) caused a shift of the phase transition by up to 2 GPa to lower 
pressures (Jacobsen et al. 2010) indicating that the observed mechanism is also 
dependent on the crystal structure. Pandolfo et al. (2011) stated that the single Sr site in 
the original structure splits into two different sites (by still keeping the monoclinic 
symmetry) in the new configuration. In principle one would then expect a more obvious 
change in our FIR spectra (band splitting and/or appearance of new bands), since that is 
the region, where vibrations involving the Sr cations take place. However, all FIR bands 
are of quite low intensity compared to the MIR ones and are broadened during pressure 
increase. Possibly these flat and broadened bands cover the evolution of small bands at 
higher pressure in the spectra. 
For the sake of completeness, one should mention that we also performed pressure-
depending IR measurements in the OH-stretching region and found a strong broadening 
of the band n3 (position at ambient conditions: 3629 cm-1) combined with a discontinuity 
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in the wavenumber shift of exactly that band between 8 and 9 GPa. Based on the results 
of Pandolfo et al. (2011) and our results in the MIR and FIR region, we assume that the 

broadening of )3 is due to the evolution of two bands caused by the initial splitting of the 

unique Sr site into two different ones. The splitting must start already at lower 
pressures (6-7 GPa) but is only visible in the spectra at higher pressures.  
The discontinuity around 11.0 (5) GPa (MIR) is hardly visible in the far IR spectra (only 
the band at 180 cm-1 displays a clear break in slope, the other bands are broadened in a 
wide range starting at app. 11 – 13 GPa) and beyond that has not been proposed yet - its 
nature remains unclear and the changes may also be caused by an ongoing 
amorphization. Particularly the broadening and smearing of bands around 11.0 (5) GPa 
is rather an indication of an incipient amorphization process than a transformation to 
another symmetry change.  
We observed no significant difference between the spectra by using either CsI or 
annealed Argon as pressure-transmitting medium.  

 

Wadsleyite 
The pressure-depending spectra of the hydrous and anhydrous wadsleyite display 
similar discontinuities for the two IR regions that are fully reversible by decompressing 
the samples. Since the same mechanism of structural change is observed in both samples 
we assign the discontinuities to one type of phase transition occurring at different 
pressures due to different amounts of hydrogen incorporated in the structures. The dry 
sample underwent a structural change between 10.3 (7) and 11.4 (7) GPa, which is 
marked by the appearance of at least one new infrared active band. The hydrous sample 
displays a similar behavior but already between 7.7 (7) and 8.9 (7) GPa. Earlier studies 
found evidence for a second-order structural phase transition in wadsleyite, which are in 
agreement with our results: Chopelas (1991) conducted a Raman study on pure 
magnesium wadsleyite (it is not known if water was present) that revealed a structural 
second-order phase transition at around 9.2 GPa. Cynn and Hofmeister (1994) performed 
MIR and FIR spectroscopy on a hydrous (0.21 wt% H2O), iron-bearing sample and 
confirmed a discontinuous structural change near 10 GPa. They also analyzed pressure-
dependent crystallographic data taken from literature on iron-bearing wadsleyite, which 
support the idea of a phase transition near 9 GPa.  
Hydrogen is incorporated into the wadsleyite structure mainly via Mg3 vacancies with 
protonation of the O1 and O3 oxygen atoms (e.g. Deon et al. 2010a). The higher FWHM 
of MIR bands in the hydrous phase compared to the dry one may be caused by removal of 
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the degeneracy of the SiO3 stretching modes due to local disorder. Such an effect has also 
been observed for ringwoodite (Koch-Müller et al. 2010). A second mechanism leading to 
a visual broadening of the SiO3 stretching band group may be the occurrence of 
additional Mg-O-H bending vibrations. These modes are expected in the MIR with 
increasing water incorporation and it seems likely that the new band in the hydrous 
wadsleyite at 682 cm-1 overlapping with the symmetric stretching vibration )(SiOSi) at 

701 cm-1 (see the comparison of dry and hydrous MIR spectra in Figure 7) is due to Mg3-
O-H bending (e.g. Farmer 1974 and see Gröne and Kapphan 1995 for librational OH 
modes). The intense band at 599 cm-1 (dry sample) which strongly decreases with water 
incorporation has been assigned by Cynn and Hofmeister (1994) as deformation band of 
the disilicate unit. However, Wu and Wentzcovitch (2007) assigned it to vibrations of the 
Mg1, Mg3 and Si atoms. And as a matter of fact the decreasing intensity of the band 
could be explained by an increasing number of vacant Mg3-octahedra caused by the 
higher water content. Therefore we follow the assignment of Wu and Wentzcovitch 
(2007). All hydrated samples (also others not discussed here) display a new band at 573 
cm-1. This may be an additional band due to water incorporation (e. g. differentiation 
between Mg-O1-H1 and Mg-O3-H2) or the dry wadsleyite–band at 550 cm-1 is shifted to 
higher wavenumbers in the hydrous samples. The latter interpretation is more likely 
since in both studies (Cynn and Hofmeister 1994) and Wu and Wentzcovitch (2007) the 
band is associated with movements of the M3-octahedra: in Cynn and Hofmeister (1994) 

it is solely assigned to )(Mg3-O) while Wu and Wentzcovitch (2007) revealed that all 

atoms (Si, Mg1-3) are involved in that vibration but found the strongest displacement for 
the Mg3 atom. Therefore increasing water incorporation could shift the energy of the 
band since more Mg3-octahedra are vacant. The strong band at 487 cm-1 is assigned by 
Cynn and Hofmeister (1994) to vibrations of Mg3-O, whereas Wu and Wentzcovitch 
(2007) associated it mostly with Mg2 motions. However, the extreme broadening of the 
band in the hydrous sample is noteworthy and speaks for the occurrence of additional 
bands due to hydrogen incorporation. While Cynn and Hofmeister (1994) assigned the 

band at 422 cm-1 as stretching mode )(M3-O1), in the density functional study of Wu and 

Wentzcovitch (2007) it has been classified as being caused mostly by motions of Mg1 and 
the surrounding oxygen octahedron. However, the pressure-induced broadening of that 
and other bands in the dry sample possibly represents an incipient amorphization of the 
structure driven by compression as described by Richet and Gillet (1997). As already 
mentioned we observed a similar behavior in the strontium feldspar showing a 
broadening and smearing of the bands with pressure. By far more obvious is the 
evolution of a new band at 390 cm-1 with pressure increase observable both in the dry 
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and the hydrous wadsleyite. Wu and Wentzcovitch (2007) relate the adjacent band at 
361 cm-1 to strong displacements of Mg3 and Mg1. Therefore one can assume that the 
new band also involves vibrations of one or several Mg-octahedra. As the evolution of 
new bands indicates a decrease of symmetry, a formation of another Mg-site in the 
wadsleyite-structure seems likely (as this behavior occurs in both – the dry and the 
hydrous sample). The splitting of the band at 260 cm-1 accounts for the same 
argumentation as it is classified as being caused by motions of Mg2 and Mg3. 
In summary one observes that the most striking changes in the pressure-depending 
spectra of both wadsleyite samples involve motions of the Mg atoms, especially at the 
Mg3 position.  
It is known that wadsleyite can change to monoclinic symmetry due to water 
incorporation. Interestingly, Smyth et al. (1997) reported that in the monoclinic 

structure ( I 2
m

) the Mg3 position splits into two non-equivalent ones (Mg3a and b) and 

the same happens for the O4 position. Accordingly, our observations can be interpreted 
as pressure-induced structural change of wadsleyite from orthorhombic to monoclinic 
symmetry that is also dependent on the amount of water incorporation. While wadsleyite 
with a high amount of water (up to 3.3 wt% H2O) can have monoclinic symmetry at 
ambient conditions, wadsleyite with lower water content (hydrous sample, 12500 wt ppm 
H2O) could display a similar but pressure-driven modification at 8.4 (7) GPa, while dry 
or nearly dry wadsleyite (very few water incorporation in our dry wadsleyite cannot be 
ruled out) transforms at higher pressures, at around 10.0 (7) GPa, into the monoclinic 
phase. Another possibility that one should take into consideration when thinking of a 
related phase in the system is wadsleyite II. The hydrous silicate (2.0 – 2.7 wt% H2O) 
also crystallizes in an orthorhombic structure in space group Imma. It contains both 
isolated and through a bridging oxygen linked SiO4-tetrahedra (Si2O7-groups). It shows 
similar lattice constants apart from b which is with 28.92 Å about 2.5 times that of 
wadsleyite (Smyth and Kawamoto 1997). The properties of wadsleyite II are very close to 
wadsleyite. Tokár et al. (2010) proposed in a DFT study that the magnesium endmember 
wadsleyite II would be stable up to 30 GPa. However, to the best of our knowledge 
wadsleyite II has only been found experimentally when containing iron - at least an 
amount of Fa10 (Smyth et al. 1997). As our samples are iron-free, we favor a possible 
transition to a monoclinic phase over a transformation to wadsleyite II. However, this 
needs further investigation. 
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Concluding remarks 

We confirm that the measurements with the new FIR/THz microscope were successful 
and that this method offers a good opportunity to detect and interpret structural changes 
in good-quality-FIR spectra (e.g. phase transitions) up to high pressures (maximum 
pressure in this study about 24 GPa, other studies exceeded 30 GPa) and with very small 
sample volumes (even in powder form).  
This method also reveals some advantages compared to the widely used technique of X-
ray diffraction for investigating phase transitions with diamond anvil cells. The indexing 
of X-ray reflections (especially low-symmetry phases) is more difficult with increasing 
pressure. This effect is caused by scattering from the diamond and the formation of 
additional interfering reflections when a transition to a lower-symmetry-phase occurs 
(McGuinn and Redfern 1994). 
We report on structural changes in wadsleyite from orthorhombic (Imma) to monoclinic 

( I 2
m

) symmetry, which are dependent on pressure and on the amount of water 

incorporation: Wadsleyite with a high amount of water (up to 3.3 wt% H2O) is monoclinic 
at ambient conditions, orthorhombic wadsleyite with lower water content (e.g. 1.2 wt% 
H2O) displays a pressure-driven transition to monoclinic symmetry at 8.4 (7) GPa, while 
dry orthorhombic wadsleyite transforms at higher pressures, at around 10.0 (7) GPa, 
into the monoclinic phase.  
In strontium feldspar that contains only 0.11 (1) wt% H2O the observed phase transition 

from I 2
c

 to P 21
c

 at 6.6 GPa is not depending on water incorporation (Pandolfo et al. 

2011). This is astonishing – as a similar amount of water (0.13 wt% H2O) incorporated in 
pyroxene caused a shift of the transition of low- to high-pressure clinoenstatite by up to 2 
GPa to lower pressures (Jacobsen et al. 2010). Thus, the effect of hydrogen incorporation 
on the mineral stability depends on the amount of water that is stored but is also 
mineral-specific. It can, e.g. be dependent on the structural density of the host mineral: 
the molar volume of strontium feldspar is about 106 cm3/mol while that of clinoenstatite 
is app. 30 cm3/mol. The lower the molar volume of a mineral the stronger may be the 
effect of incorporated defects such as hydrogen on the structure.  
Thus, further investigations on the effect of stored water in nominally anhydrous 
minerals (with simultaneously compositional variations) on phase stabilities are 
essential. 
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Figures 

 
Figure 1.  
Picture of the far IR microscope set into the sample compartment of the spectrometer (BRUKER IFS 66/v operating under 
vacuum) at BESSY. 
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Figure 2. 
Merged absorption spectrum (MIR and FIR) of strontium feldspar with band assignments after Iiishi et al. (1971). 

 

 
Figure 3. 
Pressure-depending MIR absorption spectra of strontium feldspar (pressure medium: annealed Argon). The spectrum at 

ambient conditions (*) was yielded after decompression. The black lines and circles serve as guide for the eye to point out 
the changes. Spectra are offset for clarity. 
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Figure 4. 
Pressure-depending FIR absorption spectra of strontium feldspar (pressure medium: annealed Argon). The black lines 
display the development of three bands. Spectra are offset for clarity. 

 

 
Figure 5. 
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Pressure vs. wavenumber plot of three FIR bands in strontium feldspar. The filled symbols correspond to values yielded 
upon pressure increase, the open ones represent the data at decreasing pressure. The dashed lines mark the locations of 
changing slopes, whereas the first one at app. 6.5 GPa is quite clear and visible in all three bands, the second one around 

11 GPa, however, is less obvious. Error bars: 0.5 GPa in Pressure (from averaged measurements before and after the 
spectra were taken) and within the symbol in wavenumber-direction. 

 

 
Figure 6. 

Merged absorption spectrum (MIR and FIR) of dry wadsleyite with band assignments after Cynn and Hofmeister (1994). 
 

 
Figure 7. 

Absorption MIR spectra of dry and hydrous wadsleyite. The spectra were taken on thin films of wadsleyite ground with 
KBr-powder. 
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Figure 8. (a, b) 
Pressure-depending MIR absorption spectra of dry (a) and hydrous (b) wadsleyite (pressure medium: Neon). Spectra are 
offset for clarity. 

 

   
Figure 9. (a, b) 
Autocorrelation plots of dry (a) and hydrous (b) wadsleyite. The offset range was defined to 8 – 30 cm-1 and we applied a 
third-degree polynomial to extrapolate (corr at "’ = 0. The black lines represent the trends of slope and their approximate 

intersections mark the position where the variation of (corr vs. P displays discontinuities (see dashed lines). The plot for 

the dry wadsleyite (a) shows such a discontinuity around 10 GPa, the intersection for the hydrous one (b) lies at app. 8.4 
GPa. Error bars: P = 0.7 GPa; (corr = 2* from autocorrelation analysis. 
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Figure 10. (a, b) 
Pressure-depending FIR absorption spectra of dry (a) and hydrous (b) wadsleyite (pressure medium: petroleum jelly). 
Spectra marked with (*) were measured during decompression. The black lines and circles serve as guide for the eye. The 

horizontal lines mark the significant pressure steps. Spectra are offset for clarity. 
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Table 1: Experimental conditions and results from X-ray diffraction, EMP, water content 

1 R(p) = Yi,obs !Yi,calc
i
" / Yi,obs

i
" = 5.4 % 2 DWd: serial correlation after Durbin & Watson, see Post and 

Bish 1989 = 1.6.  3 (2 * standard deviation) 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

Sample 

Experimental 
conditions and 

phase fraction in 
wt. % 

Space group 
EMP analysis 

Lattice constants3 
Water 

content (wt 
ppm) 

Sr-anorthite 
(SrAn2) 

2 GPa/700 °C          
~QFM                            
90 % Sr-

anorthite           3 
% strontianite              
7 % slawsonite 

Monoclinic I 2/c1,2 

Sr1.005(6)Al1.995(8)Si2.000(8)O8 

 

a (Å) = 8.3970 (3)    
b (Å) = 12.9714 (5)  
c (Å) = 14.2557 (4)   

" (°)  = 115.490 (4) 

440 (40) 

Sr-anorthite 
(SrAn1) 

2 GPa/700 °C             
Fe-FeO                       
100 % anorthite 

Monoclinic I 2/c 

Sr0.962(17)Al1.991(10)Si2.025(14)

O8 

 

a (Å) = 8.3956 (9)    
b (Å) = 12.976 (2)    
c (Å) = 14.264 (1)     
" (°)  = 115.501 (6) 

320 (30) 

 
Hydrous 
wadsleyite 
(MA207) 

13.2 GPa/1150 °C Orthorhombic Imma 

 
a (Å) = 5.6798 (12)   
b (Å) = 11.5462 (23)   
c (Å) = 8.2518 (15) 

12500 (900) 

 
Dry 
wadsleyite 
(MA234) 

13.78 GPa/1100 
°C 

Orthorhombic Imma 

 
a (Å) = 5.6991 (14)   
b (Å) = 11.4426 (28)   
c (Å) = 8.2560 (18) 
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Table 2: Parameters of pressure-depending FTIR spectroscopy 

 
Sample 

 
Range 

[cm-1] 

 
No. 

of 
scans 

Re-
solution 

[cm-1] 

 
Aperture 

[µm*µm] 

 
beamsplitter 

 
detector 

 
Pressure 

medium 

Sr-
anorthite 

1800 - 
400 

256 2 + 80*60 KBr MCT annealed 
Ar / CsI 

Sr-
anorthite 

800-50 1024 4 300*300 Broadband 
Mylar 6 µm 

Bolometer annealed 
Ar 

Hydrous 
wadsleyite 

4000 - 
400 

512 2 55*55 KBr MCT Ne 

Hydrous 

wadsleyite 

700 - 20 128/ 

256 

4  200*200/ 

300*300 

Broadband 

Mylar 6 µm 

Bolometer Ne / 

petroleum 
jelly 

Dry 
wadsleyite 

4000 - 
400 

1024 2 80*100 KBr MCT Ne 

Dry 
wadsleyite 

700 - 20 256 4 300*300 Broadband 
Mylar 6 µm 

Bolometer petroleum 
jelly 
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Abstract 

We conducted several multi-anvil-experiments to synthesize iron-bearing (0.11%xFe%0.24) 
hydrous ringwoodite under oxidizing and reducing conditions. The experiments were 
performed at 1200 °C and pressures between 16.5 and 18.3 GPa. The incorporation of 
hydrogen and iron in ringwoodite was studied using FTIR, Mössbauer, UV-VIS and EEL 
spectroscopy. For Mössbauer spectroscopy, ringwoodite enriched in 57Fe was synthesized. 
The IR spectra of ringwoodite show a broad OH band around 3150 cm-1 and two 
shoulders on the high-energy side: one intense at 3680 cm-1 and one weak at around 
3420 cm-1. The water content of the samples was determined using FTIR spectroscopy to 
have a maximum value of 1.9 (3) wt% H2O. UV-VIS spectra display a broad band around 
12700 cm-1 and a shoulder at 9900 cm-1 representing the spin allowed dd-transitions of 
VIFe2+. The weaker band around 18200 cm-1 is a distinct feature of Fe2+ - Fe3+ 
intervalence charge transfer indicating the presence of Fe3+ in the samples. EEL spectra 
yield Fe3+ fractions ranging from 6 (3) at reducing conditions to 12 (3) % at oxidizing 
conditions.  
 We performed heating experiments up to 600 °C in combination with in situ FTIR 
spectroscopy to evaluate the temperature dependent behavior of ringwoodite, especially 
with respect to hydrogen incorporation. We observed a color change of ringwoodite from 
blue to green to brown. The heat treated samples displayed hydrogen loss, an 
irreversible rearrangement of part of the hydrogen atoms (FTIR), as well as oxidation of 
Fe2+ to Fe3+ evidenced by the appearance of the spin forbidden dd-transition band for 
Fe3+ and the ligand-metal (O2- - Fe3+) transition band in the optical spectra. An increased 
Fe3+ fraction was also revealed by EELS and Mössbauer spectroscopy (up to 16 % 
Fe3+/&Fe). Analyses of Mössbauer data revealed the possibility of tetrahedral Fe3+ in the 
annealed ringwoodite. 
 These results lead to a reinterpretation of the broad OH band, which is a 
combination of several bands, mainly [VMg(OH)2]x), a weaker high-energy band at 3680 
cm-1 ([VSi(OH)4]x) and a shoulder at 3420 cm-1 ([(Mg/Fe)Si(OH)2]x). 
 
Keywords: ringwoodite, water, iron, oxygen fugacity, hydrogen location, spectroscopy 
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Introduction 

Ringwoodite is the most abundant mineral in the lower part of the transition zone in the 

Earth’s mantle. The transition from the orthorhombic "-polymorph (wadsleyite) to the 

high-pressure #-polymorph of (Mg,Fe)2SiO4 (ringwoodite) is believed to cause the 

discontinuity in seismic wave velocity at 520 km depth, where ringwoodite has the cubic 
spinel structure with space group Fd3-m. Ringwoodite belongs to the group of nominally 
anhydrous minerals, but can incorporate up to 2.5 wt% water as OH- via point defects 
(e.g. Kohlstedt et al. 1996; Kudoh et al. 2000). The location of hydrogen within the 
structure is still an object of diverse discussion, since the cubic structure of ringwoodite 
becomes more complex as shown for example by polarized FTIR spectroscopy. Kudoh et 
al. (2000) proposed that the broad IR-active band around 3165 cm-1 indicated the location 
of hydrogen atoms between O-O pairs of the 16c (vacant) and the 16d (partially vacant) 
octahedral sites. In contrast, Smyth et al. (2003) and Chamorro et al. (2006) assigned 
that broad band to protonation of tetrahedral edges. The latter authors also stated that 
the smaller high-energy band at 3679 cm-1 is caused by hydrogen located at octahedral 
edges. The above mentioned studies all indicate octahedral vacancies and Mg-Si disorder 
as potential charge balancing mechanisms for the hydrogen incorporation. Blanchard et 
al. (2009) likewise support the idea of OH defects associated not only with octahedral 
vacancies but also with partial cationic inversion of the structure. Based on a first-
principles study they assigned the broad OH-band to protonation of octahedral edges 
(similar to Kudoh et al. 2000) and suggested a hydrogarnet-type defect for the smaller 
band at app. 3675 cm-1.  
 The question of where hydrogen atoms are located in the structure becomes more 
complex when iron is present in the system, because additional factors such as iron 
oxidation state and thus oxygen fugacity have to be taken into consideration. Naturally 
occurring ringwoodite contains an assumed amount of about 11 % Fe (Kleppe et al. 
2002). The presence of iron in two oxidation states (Fe2+ and Fe3+) increases the number 
of possible protonation sites, for example when Fe3+ is reduced to Fe2+ in the course of 
OH group formation (Kleppe et al. 2002; Ingrin and Skogby 2000). 
 While the oxidation state of iron in ringwoodite and the incorporation of water are 
each interesting issues themselves, the mutual interaction of both mechanisms is even 
more complex, but needs to be studied in order to understand mantle behavior and 
processes, as performed for example by McCammon et al. (2004) for the mantle minerals 
olivine, wadsleyite, ringwoodite and majorite. 
 The method of choice for this kind of investigation, in which minor elements and 
species and their local environment are of interest, is spectroscopy. The present study 
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focuses on the incorporation of OH-, Fe2+ and Fe3+ and their mutual interaction by 
applying FTIR, Mössbauer, EEL, and UV-VIS spectroscopy. Furthermore, we combined 
these spectroscopic measurements with heating experiments both in situ and ex situ to 
evaluate the response of the structure and species to temperature and thus obtain 
further insight into their structural location and correlation with each other. 
 

Experimental  and analytical  methods 

Syntheses 
Multi-anvil apparatus. 

The high-pressure syntheses of wadsleyite were performed in a multi-anvil apparatus 
similar to that of Walker (1991), but with a special tool that allows alternatively a 
continuous 360° rotation or a 180° rocking motion of the Walker high-pressure module 
during the run with 5° s-1 in order to avoid separation of the fluid from the solid parts of 
the run and thus ensure a homogeneous starting material (see Schmidt and Ulmer 2004; 
Deon et al. 2010). We used a 10/5-assembly (octahedron length/truncation length) with 
an MgO-based octahedron serving as the pressure-transmitting medium, a stepped 
graphite heater and pyrophyllite gaskets. The temperature was controlled by a W5%Re-
W26%Re thermocouple. Details of the experimental set up are given in Koch-Müller et 
al. (2009). 
 Oxide mixtures of different composition served as starting materials for the 
syntheses and were filled into Pt capsules (length 1.78 mm, outer diameter 2.54 mm). 
Run MA327 contained 57Fe-enriched Fe2O3 (Fe 90% enriched) as an iron oxide 
component for later Mössbauer spectroscopy.  
 Oxygen fugacity in runs MA311 and MA327 was set to oxidizing conditions by 
adding Re/ReO2 to the starting material, while Run MA313 was performed under more 
reducing conditions by adding Fe/FeO in a separate (but hydrogen permeable) part of the 
sample capsule. In all runs an amount of 0.4 mg (4 wt%) distilled water was first filled 
into the capsule before adding the starting material, and the filled capsule was then 
cold-sealed. The experimental conditions are summarized in Table 1. 
  
Analyses 

FTIR spectroscopy. 
OH-absorption spectra were measured using a VERTEX 80v FTIR spectrometer (Bruker 
Optics) with an attached Hyperion microscope. A globar served as a light source, and 
further devices were an InSb detector and a KBr beam splitter. The spectra were 
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collected in a range from 6000 to 2000 cm-1 with a resolution of 2 cm-1 and averaged over 
256 scans. We performed measurements for quantification purposes on doubly polished 
crystal plates of known thickness.  
 The integral intensities of the OH-bands were obtained using the PeakFit software 
by Jandel Scientific. We applied a Gaussian plus Lorentzian distribution function to all 
component bands. Water contents were calculated using the formula  

c (wt% H2O) = Ai (cm-1) * 1.8/[t (cm) * D (g/cm3) * ,i (l*mol-1*cm-2)]  

where Ai is the total integral intensity of bands, D is the density, t is the thickness of the 
sample and ,i is the integral molar absorption coefficient of ringwoodite = 100000 +/- 

10000 l*mol-1*cm-2 (Koch-Müller and Rhede 2010). Since ringwoodite is isotropic the total 
integral intensities were calculated by multiplying the integrated area of the bands by 
three. 
 To investigate the temperature-dependence of OH-bands, we collected spectra up to 
600 °C in a Linkam FTIR600 heating/cooling stage with N2- and air flushing, 
respectively. Temperature was increased in steps of 100°C and each measurement was 
started after an annealing time of about 20 minutes. 
 

 Electron energy loss spectroscopy. 
The ferric iron to total iron ratio of the samples was determined by EEL spectroscopy. 
Therefore thin foils (thickness should not exceed 100 nm) were cut from polished single 
crystals using a FEI FIB200 focused ion beam device (Wirth 2004), with a Ga-ion source 
operated at an acceleration voltage of 30 kV. The final transmission electron transparent 
foil was removed from the sample with an ex situ-manipulator and placed onto a 
perforated TEM carbon grid. No further carbon coating was required. Analyses were 
performed with a FEI Tecnai G2 F20 X-Twin transmission electron microscope operating 
at 200 kV with a FEG electron source and a Gatan Tridiem energy filter with an energy 
resolution of 1 eV. The electron energy loss spectra were acquired in the diffraction mode 
with a camera length of 770 mm and a collection angle of 10 mrad. They were averaged 
over 5 scans, with 1 second acquisition time each. The spot size was 5 nm, and we 
measured about 10 different locations in each foil.  
 The determination of Fe3+/-Fe was carried out applying the technique of the 

modified integral Fe L23 white-line intensity ratio (van Aken and Liebscher 2002). As per 
their description, the background was fitted to a double arctan function with its height 
scaled to the minima behind the Fe L3- and L2-edges and fixed inflection points at 708.65 
and 721.65 eV. After subtracting the background, two integration windows of 2 eV width 
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each were positioned around 709.5 and 720.7 eV for L3Fe3+ and L2Fe2+, respectively. The 

final Fe3+/-Fe ratios were calculated applying the following calibration curve (with a = 

0.193 (7), b = - 0.465 (9), c = 0.366 (3)) 

I(L3)
I(L2 )mod

=
1

ax2 + bx + c
!1. 

The background subtraction and determination of Fe3+/SFe ratios were performed using 
a program written by C. Petrick (Helmholtz-Zentrum Potsdam, Deutsches 
GeoForschungsZentrum - GFZ, Potsdam, Germany). 
 

Mössbauer spectroscopy. 
Mössbauer (MB) spectra were recorded at room temperature (293 K) in transmission 
mode on a constant acceleration Mössbauer spectrometer with a nominal 370 MBq 57Co 
high specific activity source in a 12 $m thick Rh matrix. The velocity scale was 
calibrated relative to 25 $m thick !-Fe foil using the positions certified for (former) 

National Bureau of Standards standard reference material no. 1541; line widths of 0.36 
mm/s for the outer lines of !-Fe were obtained at room temperature.   

For the measurements, a grain of each sample was embedded in a small amount of 
Apiezon grease and then crushed between two glass slides. The material was removed 
using cellophane tape, which was then placed over a piece of mylar. Subsequently, a 
piece of 25 $m thick Ta foil (absorbs 99% of 14.4 keV gamma rays) with a hole of 250 - 
300 $m diameter was centered over the sample powder.  
 Based on sample composition, iron enrichment and estimated physical thickness, the 
dimensionless thickness of the samples was estimated to be roughly 8, which 
corresponds to about 20 mg Fe (unenriched)/cm2. Data were fitted using the fitting 
program MossA written by C. Prescher (Prescher et al. 2012). 
 

Optical spectroscopy. 
Optical absorption spectra were measured in the range from 370 to 1800 nm (ca. 27000 - 
5555 cm-1) with a single-beam micro spectrophotometer constructed based on a 
SpectraPro-275 triple grating monochromator, a highly modified mineralogical 

microscope MIN-8 and a PC. Ultrafluars (10.) serve as objective and condenser. Two 

exchangeable highly stabilized quartz-halogen and Xenon lamps (70 W each) are used as 
a light source. Two exchangeable photomultiplier tubes and a cooled PbS-cell act as 
photo detectors. A mechanical high-stabilized 300 Hz-chopper and a lock-in amplifier 
were applied to improve the signal/noise ratio. The spectra were scanned in steps of (/ = 
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1 nm, 2 nm and 5 nm in the range of 270-450, 450-1000 and 1000-1800 nm, respectively. 

The spot size was 100 µm maximum. 

 The samples of synthetic ringwoodite were prepared as thin sections of about 50 $m 
thickness. For this purpose, optically homogeneous grains of ringwoodite were glued with 
epoxy on a supporting glass plate and doubly polished with diamond powders and pastes 
until transparent thin sections were obtained that were suitable for optical spectroscopic 
measurements. Optical absorption spectra of the thin sections were measured at ambient 
conditions in the range of about 27000 - 5555 cm-1. The reference beam position was always 
taken on a supporting glass plate near to where the thin section was measured.  
 

 Electron microprobe analysis. 
For chemical analysis several ringwoodite single crystals (MA327 and MA311) and one 
half of a cut sample capsule (run MA313) were embedded in epoxy, polished and coated 
with carbon. Compositions were measured with a JEOL JXA-8500F electron microprobe 
using wavelength-dispersive spectrometers with a PAP correction procedure. The 

microprobe was operated at 15 kV with a beam current of 10 nA and a spot size of 2 µm. 

Counting times were 20 s on peak and 10 s on the background. A well-characterized 
ringwoodite (MA056) served as a standard. 
 

Single crystal X-ray diffraction. 
The lattice parameters of the ringwoodite crystals were determined using a Rigaku 
R/AXIS-SPIDER diffractometer operating at 40 kV and 30 mA. A rotating Cu anode 
served as the source where the emitted light is directed through an arrangement of 

mirrors to yield monochromatic CuK! radiation. The detection system consists of a 

cylindrically shaped image plate, which reads out the diffracted radiation in a 20 range 

of – 60 to 144° in horizontal and +/- 45° in vertical direction. The program RAPID/XRD 
Rigaku was used for data acquisition with an exposure time of 10 min. Data treatment 
was performed using the software AreaMax – Rigaku/MSC. 
 

Results 

Ringwoodite after synthesis 
The synthesized ringwoodite crystals were xenomorphically shaped and their size ranged 
from 20 to 200 $m. Their color varied from light blue (MA313 with xFe = 0.11) to darker 
blue (MA311 and MA327 with xFe = 0.18 and 0.24, respectively) with increasing Fe-
content. In all samples a silicon deficit was observed with xSi ranging between 0.95 and 
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0.97. The amount of incorporated water was determined to a maximum value of 1.9 (3) 
wt% H2O in MA313. Electron energy loss spectroscopy revealed the ferric iron contents 
(relative to total iron) to be 6 (3) % in the more reduced runs and up to 12 (3) % in the 
experiments under more oxidized conditions. See Table 1 for detailed information for 
each run. Based on EMPA analyses, calculated water contents and Fe3+ fractions (values 
taken from EELS) we determined the following stoichiometric formulae: 
(Mg0.79(2)Fe2+0.16(1)Fe3+0.02(1))2Si0.97(4)H0.20(4)O4 (MA311), 
(Mg0.86(1)Fe2+0.10(1)Fe3+0.01(1))2Si0.95(1)H0.31(4)O4 (MA313) and 
(Mg0.76(1)Fe2+0.21(1)Fe3+0.03(1))2Si0.95(1)H0.15(4)O4 (MA327). 
The Mössbauer spectrum of the original ringwoodite crystal was fitted to one Fe2+ and 
one Fe3+ doublet. The Fe2+ doublet displays large center shift (1.069 mm/s relative to !-
Fe) and quadrupole splitting (2.767 mm/s) that is consistent with octahedral 
coordination for Fe2+. The other doublet with low center shift (0.665 mm/s) and 
quadrupole splitting (1.063 mm/s) is assigned to octahedral Fe3+, resulting in 9 (3) % of 
ferric iron. Table 2 lists the Mössbauer data and assignments resulting from the fitting 
process. 
 
Heating experiments 

FTIR spectroscopy. 
We performed several heating experiments on crystals from runs MA313 and MA327 to 
a maximum temperature of 600 °C and performed in situ FTIR spectroscopy. For the 
purpose of comparison we additionally investigated a ringwoodite sample of magnesium 
endmember composition (MA308) and other iron-bearing ringwoodites in order to 
evaluate the effect of iron on the OH band structure of original and annealed 
ringwoodite. 
 The most striking observation was a color change of the crystals from the original 
blue to green starting at about 300 °C, which was non-reversible upon cooling (see 
Figure 1). The color modification was accompanied by a dramatic change in the infrared 
spectrum between 4000 and 2000 cm-1 where the OH stretching bands occur. Figure 2 
displays the absorbance spectra of MA313 ringwoodite at ambient conditions, in situ at 
500 °C and after quenching to room temperature. There are four main changes in the 
spectra:  
(1) The high energy OH stretching band at 3680 cm-1 is strongly enhanced during 
heating.  
(2) The shoulder at 3420 cm-1 is only weakly pronounced in the spectrum at ambient 
conditions but increases strongly at 500 °C. 
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(3) In contrast, the broad stretching band around 3150 cm-1 shows a distinct decrease 
during heating.  
(4) The band group around 2500 cm-1 vanishes almost completely at 500 °C, but returns 
once the sample is cooled down to room temperature. 
Except for the last mentioned change, all modifications are non-reversible and therefore 
visible in the spectrum after quenching. Apart from the obvious rearrangement of the 
OH stretching bands, the ringwoodite loses about 30 % of its initial water content due to 
heating. 
 We performed the experiments both under rather oxidizing (air-flushing) and more 
or less inert (N2-flushing) conditions and observed no differences with respect to the 
appearance of the spectra or calculated water contents. The annealed crystals were 
checked by Raman spectroscopy and still showed the signature of ringwoodite. 
 

UV-VIS spectroscopy. 
Figure 3 shows the optical absorption spectra of sample MA313 of the original crystal 
(blue curve, ambient), and the 500 °C - (green, 500 °C) and the 600 °C - annealed crystals 
(orange, 600 °C). The blue curve of the original crystal shows the spin-allowed dd-
transition band of octahedral Fe2+ at 12700 cm-1 with a smaller shoulder at 9900 cm-1. 
The second important feature is the intervalence charge transfer band (IVCT) of 
Fe2+/Fe3+ at about 18200 cm-1. Compared to the original spectrum, the green curve of the 
crystal annealed at 500 °C displays three characteristic modifications: a strong decrease 
of the spin-allowed transition bands of octahedral Fe2+, a decrease of the IVCT band and 
the appearance of a band at 21400 cm-1, which is assigned to a spin-forbidden transition 
of Fe3+. This band is further enhanced in the 600 °C-treated sample, in which, likewise, 

the low-energy edge of the ligand-metal transition band of O2- ' Fe3+ is visible. 

 
Determination of Fe3+. 

EEL spectroscopy on all treated samples showed an increase of the ferric iron content 

due to heating to more or less the same percentage of approximately 16 % Fe3+/-Fe. In 

sample MA313 a larger fraction of Fe2+ is oxidized to Fe3+ (6 % ' 16 %) when compared 

to the 57Fe enriched sample MA327, in which an increase from 12 to 15 % was 
determined using EELS (Mössbauer spectroscopy revealed an increase from 9 to 11 %). 
 Figure 4 shows the Mössbauer spectrum of the annealed ringwoodite with four 
doublets fit to the data. The two doublets with large center shift (> 1mm/s) and 
quadrupole splitting are assigned to ferrous iron in octahedral coordination. When 
compared to the untreated sample, using two Fe2+ doublets instead of one gave a better 
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fit, suggesting a slight variation in the next-nearest neighbor environment of Fe2+ in 
octahedral sites. The other two doublets with small center shift (< 1 mm/s) and 
quadrupole splitting can be assigned to Fe3+ in octahedral and possibly tetrahedral 
coordination. When we assume Fe2+-Fe3+-charge transfer to be slower than the timescale 
of the Mössbauer effect, the models give total Fe3+ fractions of about 12 % assuming only 
octahedral Fe3+, and about 11 % assuming both octahedral and tetrahedral Fe3+ (9 % 
octahedral and 2 % tetrahedral Fe3+).  
 

Discussion 

In the present study, a maximum water content of 1.9 (3) wt% H2O is reported in sample 
MA313 with a Fe3+ fraction of 0.06 (3) under reducing conditions. Under increased 
oxygen fugacity, synthesized ringwoodite contains higher fractions of ferric iron (up to 
0.12 (3) in MA327 with 0.8 wt% H2O). These values are comparable to those in other 
experimental ringwoodite studies such as McCammon et al. (2004) and Smyth et al. 
(2003) who reported Fe3+ fractions of 0.03 (2) to 0.18 (4) (with the total Fe ranging from 
0.2 to 0.3, comparable to the values determined in our study) and water contents up to 
2.2 wt% at slightly higher pressure and temperature conditions. These studies also 
found a silicon deficit (xSi<1) in most of their samples. We observed the same behavior in 
our runs with silicon values for ringwoodite ranging between 0.95 and 0.97. The silicon 
deficit is most likely a consequence of the incorporation of water. 
 Our experiments show that incorporation of ferric iron in ringwoodite is strongly 
influenced by whether synthesis conditions were oxidizing or reducing. For all of our 
experiments, the amount of Fe3+ is higher in the more oxidized runs compared to the 
reduced experiments. We infer that dissociation of molecular water into H2 and O2 and 
subsequent diffusion of the small H2 molecule through the permeable Pt capsule walls 
leads to excess O2 within the capsule and hence oxidation of ferrous iron.  
 
Correlation between H+ and Fe3+ 
On the basis of our analyses there is no clear correlation between the incorporation of 
ferric iron and the incorporation of hydrogen as proposed earlier by McCammon et al. 
(2004), although the mechanism of ferrous iron plus OH- transforming into Fe3+ + O2- + 
' H2 (Ingrin and Skogby 2000) provides a reasonable correlation. But, as described 
below, the formation of hydrogen defects in ringwoodite is based on more than one 
mechanism of hydrogen incorporation. Therefore a simple correlation between Fe3+ and 
OH- is not likely, nor could it be observed in our study. This holds true for the formation 
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of hydrogen defects during the process of crystal growth. In contrast, the heating 
experiments on different ringwoodite crystals indeed suggest a correlation of 
dehydration and likewise increasing Fe3+ fractions. The annealed crystals lose about 30 
% of their initial water content that is coupled to an increased amount of ferric iron. 
Interestingly, the gain of Fe3+ throughout the heating process is highest in the 
ringwoodite sample with the lowest starting value and vice versa, in such a way that in 
the end both samples (MA313 and MA327) reach more or less the same fraction of ferric 
iron. Based on these data and other data in the literature (e.g. Smyth et al. 2003), it 
seems reasonable to infer a maximum amount for Fe3+ incorporation in ringwoodite up to 
20 % of the total Fe. 
 
Location of hydrogen 
The manner in which the OH bands change during heating provides further insight into 
the possible location of hydrogen within the ringwoodite structure. The main broad band 
around 3150 cm-1 decreases strongly during heating, characterizing the dehydration, and 
it most likely is responsible for up to 30 % of the initial amount of water that is lost 
during heating (see Fig. 2). Simultaneously the ferric iron content is increased 
throughout the heating process following the relation 
Fe2+ + OH- = Fe3+ + O2- + ' H2 (Ingrin and Skogby 2000). 
 The broad band therefore likely represents more loosely bound hydrogen. Blanchard 
et al. (2005) calculated the defect binding energies for ringwoodite. These values 
represent the gain of energy for the system when an isolated OH species is bound to a 
negatively charged defect. In this way the defects with the largest negative values are 
expected to be more stable, since they represent the largest energy gain for the 
structure. According to their calculations the most favored combination of an OH species 
with a defect is to a vacant tetrahedron with an energy gain of about -15 eV per each 
hydrogen, followed by hydrogen combining with Mg-substituted tetrahedra (~ -12 eV per 
H) and lastly, the hydrogen bound to a vacant octahedron (~ -10 eV per H). However, the 
inverse conclusion would be that by introducing energy to the system, the hydrogen 
atoms bound to a vacant octahedron represent the least stable configuration and would 
be released first. The broad band around 3150 cm-1 displays a distinct intensity decrease 
during heating. Thus we assume that the binding mechanism of hydrogen causing that 
band must be the least stable and it is therefore most likely due to octahedral defects 
[VMg(OH)2]x. The other defects ([VSi(OH)4]x and [MgSi(OH)2]x) are more stable and could 
be assigned to the bands that increase during heating. Thus we consider a 



 62 

rearrangement of hydrogen atoms to the more stable configuration of tetrahedral 
vacancies (hydrogarnet-type) and Mg-substituted tetrahedra.  
 Comparing IR-spectra of iron-bearing with iron-free ringwoodite supports these 
findings. Figure 5 clearly shows that the higher the amount of incorporated iron, the 
closer the bands at 3115 cm-1 and 3700 cm-1 (both values for Mg endmember) move 
towards each other. Concerning the band at 3115 cm-1, the substitution of iron for 
magnesium in the octahedral site leads to expansion of the octahedron and thus to 
increased O-O distances or weaker O … H bands. According to Libowitzky (1999) this 
would result in a shift of the band towards higher wavenumbers as is actually observed.  
 In case of the band around 3700 cm-1, we observe a shift towards lower 
wavenumbers. The assignment of the band to a hydrogen atom bound to a vacant 
tetrahedron does not initially appear to relate to the incorporation of iron into the 
structure. However, since the tetrahedron shares an oxygen with the Fe-substituted 
octahedron, the expansion of the octahedron would push the oxygen towards the vacant 
tetrahedron and thus shorten O-O distances. As a consequence of this structure 
modification, the O … H bands would become stronger and therefore shift to lower 
wavenumbers as is indeed observed with increasing iron incorporation. 
 The shoulder around 3420 cm-1 is only weakly developed in the original crystals but 
becomes the main band in the spectra of the annealed ringwoodite. It is also observed in 
iron-free ringwoodite (around 3250 cm-1) even though it is poorly visible. As a result of 
increasing xFe the shoulder shifts towards higher wavenumbers. Interestingly in the Mg 
endmember the band is very little or not at all enhanced during heating compared to the 
iron-bearing ringwoodite. From that we infer a possible assignment of the broad band as 
caused by two hydrogens bound to a cation-substituted tetrahedron (Mg for silicon). Its 
strong enhancement in the iron-bearing samples could be an indication of additional 
tetrahedral Fe3+. In that case one would find only one hydrogen bound to a tetrahedron 
instead of two due to charge balance.  
 The band group around 2500 cm-1 has been assigned previously to either X-OH 
bending vibrations (Bolfan-Casanova et al. 2000) or as a combination of overtones of Si-
O-related vibrations and translations of octahedral and tetrahedral cations (Hofmeister 
and Mao 2001). Based on the fact that the heating process hardly affects the band group, 
whereas the other bands strongly rearrange irreversibly during heating, we favor the 
latter assignment to overtone bands. 
 
Fe in ringwoodite 
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The expansion of the structure as a result of iron incorporation is linked to increased 
lattice parameters due to the higher ionic radius of iron compared to magnesium. The 
same effect is observed with hydrogen incorporation. The anhydrous magnesium 
endmember displays the lowest lattice parameter with a = 8.0649 (1) Å (Sasaki et al. 
1982); whereas Inoue et al. (1998) determined a for hydrous iron-free ringwoodite (2.2 
wt% water revealed by SIMS) to be 8.0786 (4) Å. Inoue et al. (2004) and Ye et al. (2009) 
also reported increased lattice parameters of hydrous versus anhydrous ringwoodite. The 
lattice parameter of our ringwoodite sample (MA313) with xFe = 0.11 was determined to 
be even higher at 8.096 (4) Å. Although our sample contains less water (1.9 wt%) and 
thus should display less of an increase in lattice parameters, the incorporated iron leads 
to a higher a-value. The same effect is observed in the annealed ringwoodite samples. X-
ray diffraction data of ringwoodite (MA313) revealed an increase of a from 8.096 (4) Å in 
the original sample to 8.112 (3) Å in the annealed crystal. As aforementioned, the initial 
a-value is already high compared to other ringwoodite data due to the high water 
content of the sample. Inoue et al. (2004) performed high-temperature X-ray diffraction 
measurements and determined an increase of a in hydrous ringwoodite (with 2.6 wt% 
H2O) from 8.065 (1) Å at ambient conditions to 8.105 (2) Å at 500 °C . They also 
determined breakdown temperatures around 700 °C for anhydrous ringwoodite and 400 
°C for hydrous ringwoodite. Ye et al. (2009) also performed heating experiments up to 
919 K, and likewise observed a unit-cell expansion with increasing temperature and 
breakdown temperatures of different iron-free ringwoodite crystals depending on the 
amount of incorporated water. The sample with the highest water content (2.4 wt% H2O) 
broke down at 606 K; whereas the ringwoodite with only 0.20 wt% H2O had been stable 
up to 911 K. The samples in our study maintained a ringwoodite signature at the highest 
temperature of 873 K (600 °C). Based on that observation we assume a stabilizing effect 
of iron on the structure of hydrous ringwoodite up to higher temperatures. 
 The UV-VIS spectrum of the heated crystal also displays indications that argue for 
the expansion of the structure. The IVCT band around 18200 cm-1 responsible for the 
blue color of ringwoodite (Taran et al. 2009) vanishes and causes the crystal to appear 
greenish. The mechanism that causes the band is electron hopping in overlapping atomic 
orbitals between two adjacent Fe2+ and Fe3+ octahedra. The heating of the sample leads 
to an expansion of the structure and thus probably to separation of the overlapping 
orbitals such that electron hopping is no longer possible. The IVCT band vanishes and 
the crystal takes on a green color. 
 The decrease of the spin-allowed dd transition bands and simultaneous increase of 
Fe3+-related bands (spin-forbidden and ligand-metal transitions) in the temperature-
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treated samples reflects an oxidation of Fe2+ to Fe3+ due to heating. This is confirmed by 
EELS and Mössbauer analyses that clearly yield increased contents of ferric iron in the 
annealed ringwoodite crystals. 
 There is still some uncertainty about which sites Fe3+ occupies in the ringwoodite 
structure, concerning whether it enters only the octahedral or also the tetrahedral site. 
Neither the UV-VIS nor the Mössbauer spectra of the original crystals indicate 
tetrahedral Fe3+ within the resolution of the data. However, analyses of the annealed 
crystals provide an option for Fe3+ in the tetrahedron. The UV-VIS spectrum displays a 
band around 22000 cm-1 which could be related to either octahedral or tetrahedral Fe3+. 
Although the energy of the two spin-forbidden bands of tetrahedral Fe3+ 6A1 ( 4T1 and ( 
4T2 are expected to be shifted to higher energies compared with similar bands of 
octahedral Fe3+, the most prominent spin-forbidden transition 6A1 ( 4A1, 4E (4G), which 
very likely might be the band  at ~22000 cm-1, does not depend on the crystal field 
strength Dq. Therefore the energy of this transition may be nearly the same for Fe3+ in 
tetrahedral and octahedral coordination (see Burns 1993 pp. 222-223 and Table 5.15 for 
transition band values of octahedral and tetrahedral Fe3+ in various minerals). The 
Mössbauer data reveal a similar picture. The spectrum of the annealed 57Fe enriched 
sample was fitted to different models with no significant difference in the statistical 
goodness of fit depending on the position of Fe3+ doublets. When we assume that all Fe2+ 
and Fe3+ is static on the timescale of the Mössbauer effect, the small Fe3+-doublet with 
lower center shift can be assigned to Fe3+ in the tetrahedron. However, in contrast to 
analyses of the original ringwoodite, both methods show possible evidence for Fe3+ in 
tetrahedral sites in the annealed samples. In fact our assignment of the OH band around 
3420 cm-1 is based on the presence of cation disorder; thus at least Mg in tetrahedral 
sites should be present. The shoulder around 3420 cm-1 in iron-bearing ringwoodite 
becomes the main band in the spectrum measured after heating and is less enhanced in 
the spectrum of the annealed Mg endmember. Taking into account the fact that the 
ferric iron content also rises due to heating, we favor the possibility of Fe3+ substituting 
for silicon in the tetrahedron. Since this process is supplementary to Mg entering 
tetrahedral sites, the band is more intense than in the pure Mg endmember ringwoodite. 
We therefore support the idea of tetrahedral Fe3+ at least in the annealed samples.  
 In summary, the presence of iron and especially Fe3+ in ringwoodite does not appear 
to influence the total amount of water that is stored in the mineral. In our proposed 
band assignments we mainly agree with Blanchard et al. (2009) with hydrogen located 
between O-O pairs of the 16c and 16d octahedral sites (for [VMg(OH)2]x) and protonation 
of tetrahedral edges (for [Mg/Fe2+/Fe3+Si(OH)2]x). However, the broadness of the band 
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around 3150 cm-1 indicates that it is a combination of various bands at least due to 
slightly different O … H distances which are again due to variable environments and 
hydrogen disorder as already stated by Panero (2010). Blanchard et al. (2009) also 
exemplarily chose one additional defect ([VMg(OH)2MgSiSiMg]x) to calculate its OH 
frequencies. According to their findings such a defect of hydrogen atoms bound to a 
vacant Mg-octahedron near to Mg-Si substitution would cause an OH band also located 
in the range of the broad band around 3150 cm-1. Furthermore we could anticipate that 
the FWHM of the band is actually increasing with higher Fe content. Thus iron is indeed 
increasing the number of OH bands in that region. Nevertheless a higher amount of 
incorporated water due to more possibilities of hydrogen atom locations is not observed 
in our experiments. 
 

Acknowledgements 

We thank Oona Appelt and Dieter Rhede for their help with the electron microprobe 
analyses and Anja Schreiber who prepared thin foils for TEM. The work was supported 
by a grant from the Deutsche Forschungsgemeinschaft (Ko1260/11-1) within the priority 
program SPP1236. 
 

Figures 

 
Figure 1. 
Ringwoodite crystal of run MA313 showing its original blue color and acquired green color after the heating cycle up to 
500 °C. 
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Figure 2. 
OH-absorption spectra of ringwoodite (MA313) at ambient conditions, 500 °C and after heating. Spectra are offset for 
clarity. Black lines indicate OH band locations. 

 

 
Figure 3. 
UV-VIS spectra of original ringwoodite (blue) and after annealing at 500 °C (green) and 600 °C (orange) of run MA313. 
Black lines indicate the band assignments. 

 

 
Figure 4. 
Mössbauer spectrum of annealed 57Fe enriched ringwoodite (MA327). The two intense doublets with large center shift are 
assigned to VIFe2+ (in slightly different environments) and the two smaller doublets with lower center shift are due to Fe3+ 
in octahedral (larger area and low QS) and tetrahedral (smaller area and higher QS) sites. 



 67 

 

 
Figure 5. 
OH-absorption spectra of ringwoodite with different iron contents. Note the shift of the low energy band to higher 
wavenumbers and vice versa the shift of the high energy band towards lower wavenumbers with increasing xFe. Spectra 

are offset for clarity. 

 
 

Table 1: Details of run conditions, via FTIR calculated water contents, total iron content 

xFe# (EMPA), EELS and MB analyses. 

run MA311 MA313 MA327* MA305 MA308 MA316 

P [GPa] 16.5 17.0 18.3 16.7 18.3 17.0 

T [°C] 1200 1200 1200 1200 1025 (3h) 975 
(6h) 1200 

t [h] 4 2 4.5 6 9 4 

buffer Re/ReO2 Fe/FeO Re/ReO2 - - - 
H2O [wt.%] 1.2 (2) 1.9 (3) 0.8 (2) 0.8 (2) 0.3 (2) 0.7 (2) 

xFe 0.18 (1) 0.11 (1) 0.24 (1) 0.15 (1) - 0.18 (1) 

Fe3+/Fetotal 
unannealed [%] 10 (3) 6 (3) EELS: 12 (3)                                       

MB: 9 (3) 7 (3) - 4 (2) 

Fe3+/Fetotal 
annealed [%] - 16 (2) EELS: 15 (3)                                     

MB: 11 (3) - - - 

# with xFe corresponding to (Mg1-xFex)2SiO4 
* 57Fe enriched 
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Table 2: Mössbauer parameters and doublet assignments; the spectrum of the annealed 

ringwoodite with fitted doublets is given in Fig. 4. 

center  
shift 

[mm/s] 

quadrupole 
splitting 
[mm/s] 

FWHM 
[mm/s] 

integral 
area 

doublet 
assignment 

original  ringwoodite 
1.069 2.767 (01) 0.454 (01) 90.7 (3) VIFe2+ 

0.665 (12) 1.063 (22) 0.812 (36) 9.3 (3) VIFe3+ 
annealed ringwoodite 

1.082 2.708 (10) 0.403 (03) 63 (3) VIFe2+ 
1.077 (01) 2.940 (12) 0.326 (12) 25 (3) VIFe2+ 
0.663 (17) 0.729 (27) 1.019 (74) 9.0 (7) VIFe3+ 
0.175 (11) 1.425 (24) 0.354 (35) 2.3 (3) IVFe3+ 
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Abstract 
We have measured in situ high-pressure IR absorption of synthetic hydrous (MgxFe1-

x)2SiO4 ringwoodites (x = 0.00 to 0.61) up to a maximum pressure of 30 GPa. In our 
study, we combined the megabar-type diamond-anvil cell (DAC) with conventional and 
synchrotron FTIR spectroscopy. The high pressure measurements were performed in 
three different pressure-transmitting environments: (1) CsI powder, (2) cryogenically 
loaded liquid argon, and (3) cryogenically loaded liquid argon annealed at 8.6 GPa at 
temperature of 120°C before further pressure increase. Between 10 and 12 GPa, all the 
samples loaded with methods (1) and (2), independent on composition, showed a sudden 
disappearance of the prominent OH–stretching feature and simultaneous discontinuities 
and/or changes in the pressure dependence of lattice vibrations compared to spectra of 
samples loaded with method (3). In experiments performed with method (3) the OH 
stretching vibrations as well as lattice vibrations could be observed up to 30 GPa and 

their pressure behaviour (d$/dP) can well be described by linear fits. Molecular 

vibrations, such as the OH stretching, are very sensitive to non-hydrostatic conditions, 
especially in minerals with highly symmetric structures. We interpret the disappearance 
of the OH-bands using method (1) and (2) as a stress-induced proton disordering in 
hydrous ringwoodite. Our results confirm that argon pressure medium produces strongly 
non-hydrostatic conditions comparable to CsI or KBr, if it is not thermally annealed at 
pressures above 8 GPa. Our results suggest that the transition observed in hydrous Mg-
ringwoodite endmember is not present in compositions containing Fe. By comparing the 
behavior of samples compressed in very different environments, we suggest that sudden 
disappearance of the OH stretching band in hydrous ringwoodite could be driven by 
deterioration of the quasi-hydrostatic stress condition instead of a pressure-induced 
effect. 
 
  
Keywords Ringwoodite - Diamond-anvil cell - Infrared spectroscopy - Synchrotron - 
Pressure-transmitting medium 
 
 

Introduction 
Olivine, wadsleyite and ringwoodite, the three polymorphic modifications of 
(Fe,Mg)2SiO4, have been the subject of numerous studies in the past to determine the 
maximum solubility of hydrogen in their structures (e.g., Kudoh et al. 2000). Nowadays 
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experimental work is more focused on the effect of hydrogen incorporation on the 
physical, structural and thermodynamic properties (e.g. Jacobsen et al. 2004, Inoue et al. 
2004, Litasov and Ohtani 2007). A systematic knowledge of the compositional 
dependence of the physical properties of (Fe,Mg)2SiO4 polymorphs can allow us to make 
substantial progresses in the interpretation of the fine details of seismic data relative to 
the upper mantle and transition zone and to understand the mechanism of water 
recycling in the deep Earth (Bercovici and Karato, 2003; van der Meijde et al., 2003; 
Blum and Shen, 2004; Hirschmann et al., 2005; Huang et al., 2005; Suetsugu et al., 
2006). 
Chamorro Pérez et al. (2006) studied hydrous Mg-ringwoodite (1 and 1.7 wt % water) by 
in-situ high-pressure IR spectroscopy up to 30 GPa using neon as pressure medium and 
reported a second-order phase transition at pressures of about 25 GPa visible as a 
sudden disappearance of the prominent OH band centered at 3150 cm-1. The results of 
Chamorro Pérez and coauthors support previous observations of additional Raman 
features in hydrous Mg-ringwoodite at pressures above 30 GPa (Kleppe et al. 2002a). In 
a separate study Kleppe et al. (2002b) performed a high-pressure Raman study of 
hydrous Mg89-ringwoodite. The interpretation of the results of this study are however 
controversial, and do not confirm the presence of a similar transition in Fe-containing 
ringwoodite (Kleppe and Jephcoat, 2006). 
In order to systematically investigate the effect of pressure on the local arrangement of 
hydrogen in more Fe-rich (Fe,Mg)2SiO4 compositions we synthesized hydrous ringwoodite 
of different compositions ranging from xMg= 0.00 to xMg= 0.61 and collected insitu MIR 
spectra as a function of pressure in the OH stretching range as well as in the range of 
the lattice vibrations. 
 

Experimental  methods 
Sample characterization 
Hydrous ringwoodite with five different iron contents (Tab. 1) were synthesized in a 
multi-anvil apparatus and characterized by electron microprobe analyses (EMPA) and 
secondary ion mass spectrometry (SIMS). Details of the experimental procedures and 
results of EMPA are given in Taran et al. (2009) and Koch-Müller et al. (2009); details of 
the SIMS measurements are given in Koch-Müller and Rhede (2010). 
FTIR spectroscopy 
All samples were investigated by FTIR spectroscopy (using conventional and/or 
synchrotron radiation) at ambient condition and four of them (MA-62, -68, -120, -121) in-
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situ up to 30 GPa in a diamond anvil cell (DAC). For the conventional FTIR spectroscopy 
we used a Bruker IFS 66v FTIR spectrometer connected to a Hyperion microscope using 
a Globar as light source, a KBr beamsplitter and InSb (NIR) and MCT (MIR) detectors. 
The spectra were collected with a resolution of 2 cm-1, averaged over 1024 scans and with 

apertures of about 50 by 70 µm. Spectra of samples smaller than 50 µm were obtained at 

the synchrotron IR-beamline of the Helmholtz Zentrum Berlin GmbH (former BESSY II) 
using a Nicolet 870 spectrometer with KBr beamsplitter equipped with a continuum 

microscope, a MCT detector and apertures of about 30 by 40 µm. The brilliant 

synchrotron light enables us to reduce the spectra collection time of a factor 4 with a 
much better signal to noise ratio. We used in all cases a megabar-type symmetric piston-
cylinder DAC (MaO and Hemley, 1998) with Type II diamonds with culet size of 600 µm 

and pre-indented stainless steel gaskets with a 300 µm hole. The spectra were collected 

in the spectral range 4000 - 450 cm-1 on single crystals and/or thin films produced by 
compressing the powdered sample in a non-gasketed DAC. We compressed our samples 
in three different pressure-transmitting environments: (1) CsI powder; (2) cryogenically 
loaded liquid argon, (3) cryogenically loaded liquid argon annealed at 8.6 GPa to 120°C 
(by placing the DAC in an oven for one hour) before further increasing the pressure to 
ensure more hydrostatic conditions (Wittlinger et al. 1997). For the cryogenic loading we 
followed the procedure described in Wittlinger et al. (1997): the sample-loaded diamond-
anvil cell was placed still open in a box, which was cooled with liquid nitrogen from 
outside. Then liquid argon was poured into the box until the cell was completely 
drowned in argon. The cell was then closed and heated up to room temperature. To avoid 
impurities of oxygen or nitrogen the box was purged with argon gas for about 5 min 
before we filled it with liquid argon. The initial pressure, after cryogenic argon loading, 
always exceeded 1.2 GPa therefore argon was already solid when the diamond-anvil cell 
was equilibrated at room temperature. Wittlinger et al. (1997) showed by X-ray 
diffraction that using argon as pressure medium X-ray reflections of materials in the cell 
broaden at 8.5 GPa by a factor of 5 compared with those measured at 1.6 GPa. They 
linked this observation to non-hydrostaticity of the crystalline argon. At higher 
pressures the situation became even worse. However, they found that this effect can be 
completely reversed by heating the whole cell at 8.6 GPa to 120°C for several hours - 
during this process argon recrystallizes, the pressure gradient disappears and reflections 
become sharp again. In our case the pressure gradient under non-hydrostatic condition 

(without annealing) was about ± 0.05 GPa below 8 GPa, ± 0.1 GPa at about 10 GPa and 

as high as ± 1.0 GPa  at 20 GPa. As pressure increased also the ruby fluorescence lines 

broaden. However after annealing at 8.6 GPa the ruby lines become sharp again and the 
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pressure gradient was much less than in the non-annealed experiments of about ± 0.2 

GPa even at the highest pressure of 30 GPa. 
The spectra were fitted with the program PeakFit by Jandel Scientific using the 2nd 
derivative zero algorithm for the background and mixed Gaussian and Lorenzian 
distribtuion function for the component bands. Some of the high-pressure spectra 
suffered from strong interference fringes between the culets of DAC - these were either 
removed by the method given in Neri et al. (1987) (see Fig. 2) or they were deconvoluted 
with the PeakFit software together with the bands resulting from the sample.  
 

Results 
Water determination using SIMS in combination with IR spectroscopy yielded 
concentrations ranging from 0.21 wt % for the Fe- endmember to 0.36 wt % for the Mg-
richest sample (xMg = 0.61). Fig. 1 shows IR spectra collected in the OH – stretching 
region on single crystals in-situ in a DAC loaded with method (1) and (2). The OH band 
in spectra of the most Mg-rich sample (MA-121) shifts from 3244 cm-1 at ambient 
conditions to about 3200 cm-1 at 10.3 GPa while in the spectra of the more Fe-rich 
sample (MA-62) the shift is stronger: from 3260 cm-1 at ambient condition to 3140 cm-1 at 
10.1 GPa. Between 10 and 12 GPa a sudden disappearance of the prominent OH feature 
can be observed, however independent on composition (xMg) and water content. Fig. 2a 
shows MIR spectra of ringwoodites with three different compositions. Depending on the 
sample thickness the MIR spectra show overtones and combination modes of 

fundamental modes (crystals or films > 20 µm) (Fig. 2a and 3) or only the fundamental 

modes $3 and $4 (thin films) (Fig. 2 and 4). Table 2 summarize the observed bands and 

band assignments following the suggestions of Chopelas et al. (1994) and Hofmeister and 
Mao (2001). In the same pressure range at which the OH band disappears we observe 
discontinuities in the lattice vibration region (Fig. 2, 3 and 5). However, applying method 
(3) the OH stretching vibrations as well as lattice vibrations can be observed up to 30 
GPa without any discontinuity and their pressure behaviour (d!/dP) can well be 
described by linear fits (Fig. 4 and 5). The discontinuities in the pressure behavior are 
more pronounced for the modes shown in Fig. 5 c and d. The trends of the modes v3 and 
v4 (Fig. 5a) can also be modelled with a gently curving trend without discontinuity – 
however, in any case this is different to the behavior of the sample in the annealed 
experiments. The fitted slopes from the linear regressions from the annealed 

experiments (r2 = 0.99 in both cases) for $3 and $4 are 3.731 and 2.281 cm-1/GPa, 

respectively (see Fig. 5b).  Calculated mode Grüneisen parameters !i = -(%ln"i/%V)T = 
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KT(%ln"i/%P)T (where " is frequency, K is the bulk modulus, the subscript i refers to the ith 

infrared mode, the subscript T refers to isothermal conditions) using a bulk modulus of 
187(2) GPa (Nestola et al. 2010) are 0.83(2) for $3 and 0.81(2) for $4. 

 

Discussion 
We performed repeated DAC experiments with hydrous ringwoodite of different 
compositions in combination with MIR spectroscopy using different pressure-
transmitting environments in order to evaluate the effects of non-hydrostatic conditions 
on the local behavior of OH groups in the structure of Fe-rich compositions in the 
ringwoodite. It has been demonstrated that ringwoodite is very sensitive to both Fe/Mg 
substitution and hydrogen incorporation with a net decrease of 14% of the shear 
modulus by combined 11% Fe/Mg substitution and 1% water incorporation (Jacobsen 
and Smyth, 2006).  
We compared the MIR high pressure spectra obtained using the relatively hard 
pressure-transmitting media CsI powder and cryogenically loaded liquid argon 
(pressure-transmitting environment 1 and 2, respectively; see the experimental method 
section) to spectra obtained using cryogenically loaded liquid argon which was annealed 
for one hour at 8.6 GPa to 120°C (pressure-transmitting environment 3) before we 
further increased pressure. Wittlinger et al. (1997) show that this procedure ensures 
more quasi-hydrostatic conditions at pressure above 10 GPa compared to the 
experiments performed in argon pressure medium without thermal annealing. In the 
experiments performed using pressure-transmitting environments (1) and (2) the 
prominent OH-stretching bands suddenly disappear between 10 and 12 GPa 
independent on composition, and the lattice vibrations show discontinuities and/or 
different trends with pressure compared to experiments using enviroments (3). In 
experiments using pressure-transmitting environment (3) the OH stretching vibrations 
as well as lattice vibrations could be observed up to 30 GPa without any discontinuity 
and their pressure behaviour can be well described by linear fits.  
The slopes (d!/dP) for $3 (3.731 cm-1/GPa) and $4 (2.281  cm-1/GPa) for MA-120 are 

comparable to those provided by Hofmeister and Mao (2001), i.e. 3.988 ($3) and 1.370 ($4) 

for  !-Mg2SiO4 and 4.500 ($3) and 1.541 ($4) for the Fe-endmember. The mode Grüneisen 

parameters for our internal Si-O modes are in the expected range (less than 1.0) for the 
stiff Si polyhedra (Hofmeister et al. 1989). Interestingly, for olivine the average !i for the 

internal modes is 0.46 (Hofmeister et al., 1989), but for wadsleyite it is about 0.75 (Cynn 
and Hofmeister 1994), which is 8 to 10 % less than our values for Fe-rich ringwoodite. In 
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all experiments the pressure-induced effects were completely reversible. The 
quantitative analysis of the spectra of the recovered samples in the OH stretching region 
always shows that the OH content is preserved. Thus, the disappearance of the OH band 
must be interpreted as an extreme broadening of the OH band which in turn can be 
linked to a high degree of hydrogen disorder with a large range of O-H....O distances. As 
this behaviour only occurs in the pressure environments (1) and (2) which are known to 
produce strong non-hydrostatic conditions, we interpret the disappearance of the OH-
bands as a stress-induced proton disorder in hydrous ringwoodite due to the use of hard 
pressure-transmitting media like CsI or argon without thermal annealing. In addition to 
the proton disorder we observe discontinuities in the band shifts with pressure for the 

Si-O stretching and bending fundamental modes $3 and $4 and their combinations and 

overtones when using hard pressure-transmitting media. The translation modes of the 
octahedral cations seem to be unaffected by the non-hydrostatic conditions.  
Salts as pressure media such as KBr or CsI are easy to load and transparent in the 
infrared but they are known for producing strongly non-hydrostatic conditions. The same 
is true for argon at pressure above few GPa without thermal annealing (Bell and Mao 
1981; Angel et al., 2007; Klotz et al., 2009). Molecular vibrations are very sensitive to 
non-hydrostatic conditions. The results of spectroscopic investigations of materials with 
high symmetry such as ringwoodite show that they are very sensitive to small uniaxial 
components in the pressure (Sherman and Stadtmuller 1987). In addition, the OH 
stretching vibrations in general are very sensitive to non-hydrostatic conditions if 
compared to M-O stretching vibrations.  
Our results for hydrous Fe-rich ringwoodite strengthen our previous observation in 
repeated experiments in the OH stretching region of olivine spectra (Koch-Müller et al., 
2006). In that study we made the following observations: the OH bands in the range of 
3612 - 3566 cm-1 shift with increasing pressure from ambient conditions to 10 GPa to 
higher energies when using KBr as pressure medium (Koch-Müller et al., 2006) but 
taking the same sample they shift significantly to lower energies when the cell was 
cryogenically loaded with liquid argon without annealing (Fig. 6). In this case the 
spectra taken with argon as pressure-transmitting medium may give the true behaviour, 
but the pressure behavior in the KBr experiments must be induced by stress. These 
observations are contradicting those by Hofmeister et al. (1989), who did not observe 
differences in the pressure behaviour of the olivine mid - far IR bands in strongly non-
hydrostatic conditions compared to quasi-hydrostatic conditions. This may indicate that 
the lattice vibrations of olivine are less sensitive to non-hydrostatic conditions than OH 
bands. 
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Our study shows that in quasi-hydrostatic conditions hydrous Fe-containing ringwoodite 
compositions do not present the transition observed by Chamorro Pérez et al. (2006) in 
hydrous ringwoodite compressed in neon pressure-transmitting medium. However, a 
behavior qualitatively very similar to that observed by Chamorro Pérez et al. (2006) can 
be induced in our sample by substantial uniaxial stress development in the sample 
chamber (due to freezing of the pressure medium). The use of neon as pressure-
transmitting medium guarantees quasi-hydrostatic conditions up to pressures in excess 
of 10 GPa (Klotz et al., 2009). Nevertheless in the pressure regime above 20 GPa neon 
becomes sensibly non-hydrostatic (Bell and Mao, 1981; Klotz et al., 2009) if it is not 
thermally annealed. For this reason we argue that their observation of a sudden 
disappearance of the OH band may also be related to non-hydrostatic conditions. 

Figures 

 

Fig. 1: MIR spectra showing OH-bands of ringwoodite as a function of pressure using either argon or CsI as pressure 
medium without annealing. The spectra are offset for clarity. The numbers attached to each spectrum correspond to the 
experimental pressure in GPa. 
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Fig. 2: a. MIR spectra of samples: MA-75 (3 upper lines) taken on a single crystal and on films of different thicknesses; 
MA-62 taken on a single crystal; MA-68 (bottom) taken on a thin film and on a single crystal. b. MIR spectrum of a thin 
film of sample sample MA-120 as a function of pressure with interference fringes from the DAC; c. after elimination of the 
fringes according to the method given in Neri et al. (1987).  
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Fig. 3: MIR spectra (fundamentals and overtones) of ringwoodite as a function of pressure a., c. and d. using synchrotron 
radiation and b. using a globar light source. The spectra are offset for clarity. The numbers attached to each spectrum 
correspond to the experimental pressure in GPa. 
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Fig. 4: MIR-bands of ringwoodite MA-120 in the OH stretching region (a) and in the region of the lattice vibration (b) as a 
function of pressure using argon as pressure medium and following the procedure of Wittlinger et al. (1997). The spectra 

are offset for clarity. The numbers attached to each spectrum correspond to the experimental pressure in GPa. The sharp 
bands around 3000 cm-1 result from hydrocarbon contamination (C-H stretching). 
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Fig. 5: Shifts of the IR vibrational bands of ringwoodite as function of pressure a.c. and d. using argon as pressure medium 
without annealing; b. using argon and following the procedure of Wittlinger et al. (1997). 
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Fig. 6: IR spectra of synthetic (6 GPa/1100°C) hydrous olivine as a function of pressure taken in the OH stretching region 
a. using KBr as pressure medium; b. using argon as pressure medium without annealing. The spectra are offset for 
clarity. The numbers attached to each spectrum correspond to the experimental pressure in GPa. 

 

Table 1: Some characteristics of the synthetic ringwoodite samples 

Sample No xMg H2O 
wt. % 

wavenumber 
cm-1 

ambient 

wavenumber 
cm-1 

(at P in GPa) 

MA-75 0.00 0.21(1) a 3386 - 
MA-62 0.39 0.30(2) a 3260 3140 (10.1) 
MA-68 0.50 0.32(5)b 3252 - 
MA-120 0.60 0.36(3)a 3244 3102 (31.7) 
MA-121 0.61 0.36(5)b 3244 3198 (10.3) 

a SIMS measurements (Koch-Müller  and Rhede,  2010)  
b IR-spectroscopic 
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Table 2: IR fundamental modes and overtones of ringwoodite (cm-1) 
Mode !-Fe2SiO4 

& + '  (2001)a 
!-

Fe2SiO4 
MA-75 

!-
Mg0.8Fe1.2SiO4 

MA-62 

!-
Mg1Fe1SiO4 

MA-68 

!-
Mg1.2Fe0.8SiO4 

MA-120 

!-Mg2SiO4 

& + '  (2001)a 

DAC  
experiments 

  CsI, synb 
Ar n.a., synb 

2 ( CsI, 
Globarb 

Ar n.a., 
synb 
CsI, 

Globarb 

Ar, n.a, 
Globarb 

2 ( Ar, a., 
Globarb 

 

2 $3 1594 1595 1603 1606  1622 
       

2$4 978  1010   1086 
$3 + T(M) 1093     1221 
$4 + T(mix) 

+ LA 
889 1031    1127 

$4 
+T(mix)+TA 

796  972b 1013b  1038 

$3 797 832c   830b,c 811 
$4 + T(mix) 689  753   894 
$4 + LA 689 689 733b   796 
T(M)+ 
T(mix) 

488  718b 7202  760 

2 T(M) 600 583 654b 657  820 
2 T(mix) 370  583   702 

$4 489 499  519 521b,c 543 
T(M) 296  341d 353d 364d 410 

T(mix) 200     351 
LA 200     253 
TA 107     144 

a TO modes taken from Hofmeister and Mao (2001)  
b From DAC experiments: CsI as pressure medium; syn: using synchrotron radiation, Ar, n a. using Argon as 
pressure medium with no annealing; Ar, a. using Argon as pressure medium with annealing (Wittlinger et 
al., 1997) 
c The fundamental mode in our spectra are very broad and asymmetric and the peak position is hard to 
define exactly. Weather the broadness and asymmetry is related  
   to the  water content will be the subject of further investigations. 
d linear extrapolation of the endmember modes 
  Notes: "3 Si-O  tetrahedral stretch; "4 O-Si-O tetrahedral bend; T(M) translation of octahedral cations; 
T(mix) translation of both octahedral and tetrahedral cations (Chopelas et al., 1994) 
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Abstract 

The transition zone of the Earth’s upper mantle is characterized by three discontinuities 
in seismic wave velocity profiles. The one around 520 km depth is assigned to the 
transformation of wadsleyite ($-) to ringwoodite ("-(Mg,Fe)2SiO4) (e.g. Shearer 1996). The 
exact location, width, and other properties of that discontinuity are affected by a 
multitude of parameters. The present study specifically focuses on the influence of 
water, iron-content, and redox conditions on the phase transition. Both wadsleyite and 
ringwoodite are nominally anhydrous minerals but can incorporate up to 3 wt.% H2O as 
hydroxyl in their structures (e.g. Inoue et al. 1995). Former studies have shown that 
there is a shift of the transition of about 2 GPa to higher pressures in the presence of 
water (Litasov and Ohtani, 2003; Kawamoto 2004). The reason for that, however, 
remained unclear as the maximum solubility of water in both phases is comparable. 
Therefore we performed high pressure experiments in a multi-anvil apparatus at 1200 
°C with variation of Mg-Fe- compositions (0.10 < xFe < 0.24), water-contents (0 < xH2O < 2 
wt.%) and the redox environment (using different buffers: Fe/FeO (reducing), Re/ReO2 
(oxidizing)). EMPA (composition), FTIR- spectroscopy (water content) Mössbauer- and 
EEL- spectroscopy (Fe3+-content) on all samples provide new insights into the phase 
relations compared to previous studies. Under hydrous and reducing conditions the 
wadsleyite-ringwoodite boundary shifts by 0.5 GPa to higher pressures accompanied by 
a broadening of the region of coexisting wadsleyite and ringwoodite. In contrast, under 
oxidizing conditions the field of coexisting phases gets narrower and the shift of the 
phase transition to higher pressures is amplified. Thus, the stability field of wadsleyite 
is extended to higher pressure most likely due to the higher water and Fe3+ content 
compared to ringwoodite. Based on Mössbauer spectroscopy we infer that Fe3+ is 
incorporated as a spinelloid component.  
 

Short summary 
 
The synthesis of coexisting wadsleyite and ringwoodite at 1200 °C and different 
pressures yielded crystalline run products. The sizes of the blue (ringwoodite) and 
greenish (wadsleyite) crystals ranged from a few up to 200 %m (see figure 1). The 
electron microprobe analyses of polished capsule halves gave xFe of both phases that 
defined the shape of the two-phase field. The water content of the samples was 
determined by FTIR spectroscopy on doubly polished crystal plates of known thickness. 
TEM foils were cut on polished crystals to determine the Fe3+ fraction of both phases via 
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electron energy loss spectroscopy. For Mössbauer spectroscopy we synthesized 
wadsleyite using 57Fe enriched Fe2O3 as component in the inital oxide mixture. 

 
Figure 1: Coexisting wadsleyite and ringwoodite crystals 
 
Regarding the water content of the coexisting phases there is a clear fractionation of 
water into wadsleyite over ringwoodite with a partitioning coefficient Dwaterwad/ring of 
about 2.4 (6) (Compare Dwaterwad/ring = 2.5 (5) in Deon et al. 2011, Kawamoto et al. 1996). 
The same holds true comparing the fraction of Fe3+/Fe2+ that is incorporated in both 
phases. Wadsleyite takes a higher percental amount of ferric iron although it has less 
total iron incorporated compared to ringwoodite. The amount of ferric iron in both 
phases is clearly related to the oxygen fugacity in the experiments. The Fe/FeO buffered 
runs (reducing milieu) show lower Fe3+/Fe2+ values than the more oxidizing runs with 
Re/ReO2 buffer. The analysis of Mössbauer data confirms the common trend and also the 
higher Fe3+/Fe2+ fraction in wadsleyite. Furthermore the Mössbauer spectrum allows for 
an assignment of iron to specific positions in the structure. The analyses show that of in 
total 21 (3) % Fe3+, about 15 (2) % occupy octahedral positions, leaving an amount of 6 (2) 
% Fe3+ that is incorporated in tetrahedral coordination. 
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On the basis of the electron microprobe data it is possible to set up a reworked diagram 
of the phase stability of wadsleyite and ringwoodite shown in Figure 2. 
 

 
Figure 2: 
Phase stability in the system (Mg,Fe)2SiO4 at T = 1200°C under hydrous + reducing 
(blue, ol-wad and ol-ring after Deon et al. (2011)) and hydrous + oxidizing (purple) 
conditions. For comparison phase relations in the dry system after Agee (1998) (red 
dashed lines) are drawn additionally. 
 
Compared to the dry system the stability field of wadsleyite in a hydrous and reducing 
environment is about 0.5 GPa expanded to higher and lower pressures. The two-phase 
field of coexisting wadsleyite and ringwoodite is broadened towards higher pressure at 
the expense of the ringwoodite stability field. Therefore we observe an expansion of 
wadsleyite stability in the hydrous system. Deon et al. (2011) found the same regarding 
the phase relations between wadsleyite and olivine – They stated that the strong 
fractionation of water into wadsleyite over olivine (Dwaterwad/ol = 5) and the statistical 
distribution of hydrogen all over the structure leads to an increase of the configurational 
entropy and in consequence to the stabilization of wadsleyite towards lower pressure. 
Our experiments likewise show a strong partitioning of water into wadsleyite over 
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ringwoodite. We therefore conclude that the preferential incorporation of water in 
wadsleyite stabilizes it towards lower and higher pressures at the expense of olivine and 
ringwoodite, respectively. 
 
The phase relations in the hydrous + oxidizing system (purple curve) again reveal 
another picture. Here the stability of wadsleyite is further expanded towards higher 
pressure but simultaneously the two-phase field of coexisting wadsleyite and 
ringwoodite gets narrower. EEL and Mössbauer spectroscopy reveal a higher amount of 
Fe3+ in experiments in more oxidizing environments compared to the reducing milieu in 
the previous case. In addition to that, one finds a preferential incorporation of ferric iron 
into wadsleyite – comparable to the different water amount in the coexisting phases – 
even though less pronounced.  
Iron destabilizes wadsleyite (Bina and Wood 1987) such that at the iron endmember 

composition the "-polymorph olivine transforms directly into !-Fe2SiO4 (Yagi et al. 1987). 

Woodland and Angel (1998) synthesized a spinelloid with wadsleyite structure of the 
Mg-free composition Fe2.45Si0.55O4. In this case nearly one-half of the Si is substituted by 
Fe3+ following the mechanism 2IVFe3+ = IVSi4+ + Fe2+ (Woodland and Angel, 1998). Thus, 
one way to stabilize wadsleyite with a more iron rich composition would be to 
incorporate iron as Fe3+ on the tetrahedral site. Actually the analysis of Mössbauer 
spectra suggests that our wadsleyite synthesized under hydrous + oxidizing conditions 
contains Fe3+ on the tetrahedral site. Since we observe in our experiments a stabilization 
of wadsleyite towards higher iron contents compared to the dry and reducing system, we 
support the idea of Woodland and Angel (1998). Wadsleyite is stabilized to more iron-
rich compositions by the incorporation of Fe3+ on the tetrahedral site.  
 
 

References 
 
Agee, C.B. (1998) Phase transformations and seismic structure in the upper mantle and 

transition zone. In: Ultrahigh-pressure mineralogy: Physics and chemistry of the 
Earth’s Deep Interior. Mineralogical Society of America. 

Bina, C. R. and Wood, B. J. (1987) Olivine-spinel transitions; experimental and 
thermodynamic constraints and implications for the nature of the 400-km seismic 
discontinuity. Journal of Geophysical Research, B, Solid Earth and Planets, 92, 
4853-4866. 



 94 

Deon, F., Koch-Müller, M., Rhede, D., and Wirth, R. (2011) Water and iron effect on the 
P-T-x coordinates of the 410-km discontinuity in the Earth upper mantle. 
Contributions to Mineralogy and Petrology, 161, 4, 653-666. 

Inoue, T., Yurimoto, H., and Kudoh, Y. (1995) Hydrous modified spinel, Mg1.75SiH0.5O4: a 
new water reservoir in the mantle transition region. Geophysical Research Letters, 
22, 117-120. 

Kawamoto, T. (2004) Hydrous phase stability and partial melt chemistry of H2O-
saturated KLB-1 peridotite up to the uppermost lower mantle conditions. Physics of 
the Earth and Planetary Interiors, 143-144, 387-395. 

Litasov, K. and Ohtani, E. (2003) Stability of various hydrous phases in CMAS pyrolite-
H2O system up to 25 GPa. Physics and Chemistry of Minerals, 30, 147-156. 

Shearer, P. M. (1996) Transition zone velocity gradients and the 520-km discontinuity. 
Journal of Geophysical Research, 101, 3053-3066. 

Woodland, A.B. and Angel, R.J. (1998) Crystal structure of a new spinelloid with the 
wadsleyite structure in the system Fe2SiO4-Fe3O4 and implications for the Earth’s 
mantle. American Mineralogist, 83, 404-408. 

Yagi, T., Akaogi, M., Shimomura, O., Suzuki, T. and Akimoto, S. (1987) In situ 
observation of the olivine-spinel phase transformation in Fe2SiO4 using synchrotron 
radiation. Journal of Geophysical Research, 92, 6207 - 6213. 



 95 

Chapter 5 
 

Calorimetric measurements of dry wadsleyite (Physical 
Properties Measurement System – PPMS and Differential 

Scanning Calorimetry - DSC) – results and further outlook1 
 

 
 
 

Introduction 

The determination of the temperature-dependent heat capacity of dry iron free 
wadsleyite is another important piece of the puzzle in the description of the 
thermodynamic properties of the mineral and thus its stability field. Heat capacity data 
can be revealed directly by calorimetric measurements or via ab initio or 
empirical/semiempirical simulations. Other important state variables such as entropy 
can be then derived from the heat capacity. 
In this study we performed direct measurements at the University Salzburg using the 
heat capacity option of the Physical Properties Measurement System PPMS and the 
Differential Scanning Calorimetry DSC for the low- and high temperature determination 
of the heat capacity, respectively. 
Beforehand pure wadsleyite was synthesized in a multi-anvil apparatus at 1100 °C and 
13.8 GPa of a mixture of the oxide components MgO and SiO2 at GFZ Potsdam.  
 

Low temperature heat capacity (PPMS) 

The by far lower amount of sample material needed (about 15 mg) is the advantage of 
the Physical Properties Measurement System (Quantum Design) compared to the 
conventional low-temperature adiabatic calorimetry (TAC) (several grams required).   

                                                
1 Data published in: Jahn, S.; Rahner, R.; Dachs, E.; Mrosko, M.; Koch-Müller, M. 
(2013 online first): Thermodynamic properties of anhydrous and hydrous 
wadsleyite, ß-Mg2SiO4. High Pressure Research. 
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Figure1 Figure2   
Figure 1: Setup of the PPMS calorimeter displaying the principal components (Dachs and Bertoldi 2005). 
Figure 2: Detailed setup of the measuring probe. Arrows indicate the direction of He-flow. The pan (empty or with sample) 
sits within the puck that is surrounded by the cooling annulus (Dachs and Bertoldi 2005). 

  
The schematic setup of the PPMS calorimeter and the measuring probe are shown in 
Figure 1 and 2. The probe is located in a liquid Helium bath, which is again surrounded 
by a liquid N2 container.   
A vacuum pump draws the liquid He through a capillary into the cooling annulus that 
envelops the puck with the sample. There the Helium is warmed up by heating elements 
and transformed into the gaseous phase of the desired temperature. The existing high 
vacuum only allows heat transport via the platinum wires between the heat bath and 
the sample platform. This is important to ensure the precise determination of the 
response of the sample material to the transferred heat. 
To perform the measurement the powdery sample is put into an aluminum pan and 
tightly sealed with a lid. The sample material and the aluminum parts are weighed 
before the measurement.  
 
Weighed portion: 13.60 (2) mg 
Weight of Al-parts:  58.21 (2) mg 
 
The following procedure includes a measurement without sample and container 
(addenda measurement), a second one with the empty container (only necessary for 
powdery samples) and a third one with the filled and closed aluminum pan. 
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The temperature of the measurement ranges from 5 to 303 K in 40 to 50 steps. The 
whole procedure includes the following steps: The container and sample are heated up to 
a certain temperature and kept constant there to equilibrate. Then a heat pulse is 
emitted to the platform and the temperature-response of the platform (with and without 
sample) is recorded. The last step contains the data analysis and processing of all three 
measurements followed by a non-linear curve fitting of the data, which directly converts 
the recorded data into heat capacity values. For better statistics every temperature step 
is measured three times.  
The conversion of the heat capacities into standard entropy values is done by numerical 
integration using the Mathematica-function Interpolation. A detailed description of the 
setup, measuring procedure and theory behind can be found in Dachs and Bertoldi 
(2005). 
 

High-temperature heat capacity (DSC) 

The heat capacity in the temperature range from 280 to 764 K is determined by the 
Differential Scanning Calorimetry performed with the Perkin Elmer Diamond DS 
calorimeter 7. 
 

 
Figure 3: Scheme of the two isolated calorimeters with the sample and the reference pan and the Platinum resistance 
thermometer (http://shop.perkinelmer.com/content/relatedmaterials/brochures/bro_pyrisdiamonddsc.pdf, 12.7.2012). 

 
Thereby the differential heat flow between the powdery sample (filled in an aluminum 
pan) and a reference substance with known temperature-dependent heat capacity 
behavior (here: corundum) is determined in steps of 100 K. The Perkin Elmer Diamond 
DSC operates on the power-compensation principle. Both pans are placed in separate 
calorimeters and heated with the same amount of energy. When the sample temperature 
deviates from the reference temperature the exact portion of energy required to set the 
system back into “thermal null” state is supplied. Thus the amount of energy added is 
directly proportional to the energy difference necessary to keep both materials at the 
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same temperature. The reference heat capacity values of the corundum single-crystal 
were taken from the National Bureau of Standards Certificate (Ditmars et al. 1982). A 
blank run with an empty Al-pan is performed before the actual measurement and 
therein-derived heat capacities are subtracted from the reference and the sample runs, 
respectively, using Mathematica. The DSC measurements on the wadsleyite consisted of 
five independent runs that were finally summed up in a mean high-temperature cp 
value. 
 
Weighed portion: 11.77 (2) mg 
Weight of Al-parts: 24.55 (2) mg 
 

Final  Heat capacity 

The mean value of the independent DSC-measurements is then combined with the 
PPMS data using Mathematica. The overlap area of both methods (280 – 303 K) is a 
measure of the quality of the measurements. It is important to evaluate this data range 
since we only had a small amount of sample powder, which leads to larger variations 
especially in the low-temperature heat capacity determination. Furthermore the DSC 
measurements are performed in direct comparison with the reference material 
corundum and therefore in a way are self-correcting. Thus, a correction factor resulting 
from the overlapping temperature area of both techniques is determined and used to 
adjust the PPMS heat capacity values to the DSC data. 
 
The measured heat capacity of dry wadsleyite is then cp (298) = 115.43 J/(mol*K) and the 
derived standard entropy is calculated to S (298) = 86.67 +/- 1.07 J/(mol*K). 
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Evaluation of the data and outlook 
 
Sexp (J/(K*mol)) technique Scalc (J/(K*mol)) technique 

85.87a Vibrational 
spectroscopy 

88.67e Density Functional 
Perturbation 
Theory 

87.32b Calorimetry 85.66f Density functional 
theory 

86.4c Low-temp-
calorimetry 

85.52g Lattice dynamic 
calculations 

95.0d Phase equilibrium 
experiments 

  

86.67 This study   

Table 1: Overviews of some experimentally derived and calculated entropies and the 
applied techniques 
aChopelas 1991; bAkaogi et al. 1984; cAkaogi 2007; dFabrichnaya et al. 2004; eWu and 
Wentzcovitch 2007; fOttonello 2009; gPrice et al. 1987 
 
There are different possibilities to determine entropy and other thermodynamic 
properties of materials. The direct measurement of the heat capacity always is a reliable 
value but it highly depends on the quality (e.g. purity) of the sample and precision of the 
method applied. Thermodynamic modeling is based on thermodynamic concepts and 
therefore self-consistent but depends on the starting parameters and modeling 
assumptions to be valid for a “real” system. 
The entropy value derived from our calorimetric measurements is in quite good 
agreement with literature data except for heat capacities and entropies derived from 
phase equilibrium experiments. Overall thermodynamic properties revealed by different 
techniques need a revision, since only rare internally consistent data sets exist.  
 
The herein derived thermodynamic parameters will be part of such an internally 
consistent data set developed in the future. The vibrational spectra of hydrous and dry 
wadsleyite will be computed applying the density functional perturbation theory (DFPT). 
Combined with vibrational properties derived from the calculated vibrational density of 
states (vDOS) the phase stabilities of wadsleyite as a function of water content shall be 
modeled.  
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Wu and Wentzcovitch 2007 had successfully applied such an approach in the case of 
anhydrous wadsleyite. Their calculated data are in good agreement with experimentally 
derived thermodynamic properties.  
Beyond the modeled spectra we already measured pressure dependent FTIR spectra of 
hydrous and anhydrous wadsleyite in the mid and far infrared region in an earlier study. 
On the one hand these spectra will be helpful to evaluate the calculated ones via DFPT. 
On the other hand the pressure-dependent spectra can also be used to calculate the 
vibrational density of states. The Kieffer model (Kieffer 1979, 1980) presents such an 
approach that takes into account four main deviations from the Debye model: 
“anisotropy of elastic parameters, dispersion of acoustic waves toward Brillouin 
boundaries, optic vibrations at low frequencies, and optic vibrations at frequencies much 
greater than the Debye cutoff predicted by acoustic measurements.” (Kieffer, 1979) 
The thermodynamic data derived from this vDOS can be then compared to our 
calorimetric determined heat capacity and entropy. 
Thus a reliable data set can be established and used to calculate phase stabilities and 
will possibly help to explain unresolved issues, e.g. the high differences in the entropies 
and heat capacities of hydrous and anhydrous wadsleyite. 
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Synthesis of results 
 
The following chapter presents a discussion of the results of each manuscript with 
regard to the comprehensive issue of the effect of water on the wadsleyite – ringwoodite 
phase transition.  
Since an experimental study always should be interrelated with the methods that were 
used to reveal the results, it also includes an overview of the experimental and analytical 
techniques as well as a discussion of their application regarding the project. 
 

Discussion of  the applied methods 

Synthesis - Multi-anvil apparatus 
The high-pressure syntheses of all samples of this project were performed in a multi-
anvil apparatus at GFZ Potsdam similar to the one described by Walker (1991). 
However, the particularity of this model is a tool, which allows a rotation of the whole 
machine either in 360° (continuous) or 180° (rocking) mode. In this way a separation of 
the fluid and solid parts of the sample run is avoided and a homogeneous distribution of 
the sample material is given. Depending on the maximum pressure we used the 14/8- or 
10/5-assembly (octahedron length/truncation length), respectively, both with an MgO-
based octahedron serving as the pressure-transmitting medium, a stepped graphite 
heater and pyrophyllite gaskets. Each run is performed following the same procedure: 
first, the intended pressure is reached by applying a pressure ramp (over a few hours). 
Subsequently, the temperature is increased rapidly and upheld for a few hours. Once the 
experiment is finished, the temperature is quenched rapidly, and then the pressure is 
decreased to ambient value.  
The uncertainties in the pressure determination lie around +/- 0.3 GPa. The monitoring 
of the temperature by thermocouples is quite precise but one has to consider a 
temperature gradient within the whole assembly between the hottest inner parts and 
the edge of the cell. All in all, it is important to follow a strict procedure in setting up the 
assembly and all parts of the apparatus to minimize the sources of error within the set of 
the experimental series. 
Nevertheless, experiments with this kind of Large Volume Presses (LVP) are state-of-
the-art and provide the best opportunity for the inspection of the deep Earth and 
simultaneously produce sufficiently large sample material for further investigations on 
the synthesized material. 
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Analysis 
 

Phase characterization 
X-ray diffraction 
X-ray powder diffraction for phase characterization and quantification was performed on 
a STOE Stadi P diffractometer (GFZ Potsdam) in transmission mode, equipped with a 
curved Ge (111) primary monochromator, a 7° wide position sensitive detector (PSD), 
and CuK&-radiation. The subsequent analysis of the diffractograms was performed using 
the GSAS software package for Rietveld refinement (Larson and Von Dreele 1987) to 
obtain unit-cell dimensions and quantitative phase amounts. 
 
Single-crystal X-ray diffraction was applied to characterize and orient single crystals of 
ringwoodite and wadsleyite for later spectroscopic investigations. We used a Rigaku 
R/AXIS-SPIDER diffractometer (GFZ Potsdam) operated at 40 kV and 30 mA with 
monochromatic CuK& radiation. The programs RAPID/XRD Rigaku and AreaMax – 
Rigaku/MSC were used for data acquisition and data treatment, respectively. 
 
X-ray diffraction techniques are suited for the determination of averaged structural 
properties of phases. Unit-cell dimensions and the structure of crystals or powders are 
obtained relatively easily and then can be referred to the formation conditions in the 
experiment as well as to otherwise determined parameters such as water content and 
Fe3+-fraction.  
 
Electron microprobe analysis 
For chemical analyses of the composition, single crystals or one half of the cut sample 
capsules were measured with an electron microprobe (GFZ Potsdam) using wavelength-
dispersive spectrometers with a PAP correction procedure. The microprobe was operated 
at 15 kV with a beam current of 10 nA and a spot size of 2 µm. 
 
In that way the average composition of phases in the sample runs were determined and 
element distribution mappings of silicon, iron and magnesium proved the even 
distribution of the phases within the measured capsules. Furthermore, overview 
backscattered electron images of the capsule halves of the runs with coexisting 
wadsleyite and ringwoodite show symplectitic textures and thus are a strong indication 
of the system in an equilibrium state. 
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Therefore, the electron microprobe analyses can give exact determination of the 
composition of single crystals (and a possible variation within one grain), and likewise 
provide overview images (backscattered electron images / element distribution 
mappings) that show the average atomic number and topography of larger sample areas. 
In addition to it, the latter techniques provide the opportunity to select specific grains or 
areas for further examination methods on basis of their characterization by the electron 
microprobe analysis. 
 

Water quantification, phase identification 
FTIR spectroscopy 
The infrared spectroscopy presents the central research method of this project. It was 
applied to all samples either as water quantification technique (applying Lambert-Beer-
law), characterization of phases on basis of their OH- or lattice vibration signature or as 
method to trace pressure or temperature induced structural changes. 
The measurements in the OH-stretching vibration region and in the mid IR at ambient 
conditions and high pressure were performed at GFZ Potsdam on a conventional IR 
spectrometer designed by Bruker. The pressure-depending far infrared (FIR) 
microspectroscopy was done at the Helmholtz- Zentrum Berlin, BESSY II, at the 
Synchrotron IR beamline IRIS on a specially built THz/FIR microscope, which allows 
measurements under vacuum down to the THz region. The combination of high 
brilliance synchrotron light with the new microscope working under vacuum enabled us 
to take spectra with a very good signal-to-noise ratio in a reasonable time span. 
 
The pressure-depending measurements were performed using a Mao-type diamond-anvil 
cell (DAC) with type II diamonds. For this purpose either small crystals or pressed thin 
films of the sample material were loaded into the cell, ruby spheres served as pressure 
sensor. In this context, special attention is assigned to the pressure-transmitting 
medium. Whose choice depends on the specific requirements of the experiments, 
including the wavelength range, the maximum pressure, the nature of the sample, and 
not least the handling of the respective loading procedure. Manuscript 3 about the 
stress-induced proton disorder in hydrous ringwoodite showed impressively that it is 
possible to observe a structural change in ringwoodite only because of the non-
hydrostatic pressure-transmitting medium.  
 
All in all, infrared spectroscopy offers a great opportunity to detect structural changes on 
the basis of modifications of infrared active bands, especially in minerals that 
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incorporate hydrogen and therefore display characteristic bands in the respective IR 
region. Furthermore the position and pressure-dependent behavior of IR bands in 
general reveals information about bond length distances and the local environment of 
elements. Manuscript 1 about the phase transitions in dry and hydrous wadsleyite 
shows that in doing so we were able to assign bands in the mid and far infrared region to 
specific vibrations and thus could make specifications about the nature of these 
transitions.  
 
In this context we also applied the autocorrelation analysis to detect changes in the 
widths of band groups that were not detectable by eye inspection of the pressure 
behavior of mid infrared bands.  
 
Raman spectroscopy 
Raman spectroscopy at GFZ Potsdam was performed for the purpose of phase 
identification and water quantification of wadsleyite. The Raman scattering was excited 
by the blue line of an argon laser (488 nm) working at 300 mW. The modified 
Comparator technique (Mrosko et al. 2011) originally developed by Thomas et al. (2008, 
2009) was applied to quantify the water content of iron free wadsleyite. The advantage of 
this technique compared to H2O-quantification via IR spectroscopy is the faster sample 
preparation, since only one side of the sample needs to be polished instead of two. 
Furthermore, one does not depend on the availability of an absorption coefficient for the 
specific mineral, since the measurements are calibrated against a known standard. The 
disadvantage, however, becomes apparent when samples contain iron. In this case, the 
appearance of fluorescence complicates the measurements and secondly a correction 
factor is required. However, in very fine-grained material pinpoint measurements on 
small crystals in a matrix, e.g. grains in a polished half capsule, are possible. 
 

Information on Fe3+ 
Electron energy loss spectroscopy (EELS) 
The fraction of ferric to total iron in wadsleyite and ringwoodite was determined via 
electron energy loss spectroscopy in a transmission electron microscope (GFZ Potsdam) 
on thin foils that were cut by a FEI FIB200 focused ion beam device (Wirth 2004).  
The spot size was 5 nm and each value represents the average of 10 different measuring 
points. The determination of Fe3+/'Fe was carried out applying the technique of the 
modified integral Fe L23 white-line intensity ratio (van Aken and Liebscher 2002) with a 
double arctan function as background subtraction and two 2 eV wide integration 
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windows around 709.5 and 720.7 eV for L3Fe3+ and L2Fe2+, respectively. The final 
Fe3+/'Fe ratios were calculated after a therein-specified calibration curve. 
The obtained Fe3+ ratios of all measured samples vary in the indicated range and are in 
good agreement with the values revealed by Mössbauer spectroscopy on crosschecked 
samples.  
 
Mössbauer spectroscopy 
For Mössbauer spectroscopy samples enriched in 57Fe were synthesized at GFZ Potsdam. 
For sample preparation, one grain was powderized and measured in transmission mode 
on a constant acceleration Mössbauer spectrometer (BGI Bayreuth) over a diameter of 
250 – 300 %m. Data were fitted using the fitting program MossA written by C. Prescher 
(Prescher et al. 2012).  
 
Optical spectroscopy 
Optical absorption spectra of doubly polished thin sections of ringwoodite were measured 
with a single-beam micro spectrophotometer (NASU Kiev) with a spot size of about 100 
%m. The technique provides no quantitative information on the amount of Fe3+ within 
the samples but gives an important insight in the band structure of the mineral. 
Especially the modifications within the band signature of original and temperature-
treated samples helped to assign bands and explain the irreversible color change of 
ringwoodite in the heated crystals. 
 
The combination of the three aforementioned techniques had been essential for the 
enlightenment of how much and in which environment ferric iron is incorporated in 
ringwoodite and wadsleyite. 
As mentioned before the Fe3+-values for samples measured using both, Mössbauer and 
EEL spectroscopy, are in quite good agreement with each other. The advantage of EEL 
compared to Mössbauer spectroscopy is that no special samples (57enriched Fe) need to 
be synthesized. Apart from that, Mössbauer spectroscopy offers the great opportunity to 
not only quantify the amount of Fe3+ to total Fe but also provides information on the 
local environment of iron, meaning octahedral or tetrahedral coordination.  
The structural assignments of the bands (and thus quantification of Fe3+ via Mössbauer 
spectroscopy) was only possible through the combination of the findings of Mössbauer 
and Optical spectroscopy. 
 

Calorimetric determination of heat capacity  
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The calorimetric measurements performed at the University Salzburg differ from the 
aforementioned methods, since here a physical property of a material, cp, is directly 
measured as response of the sample to heat. Both techniques that were applied, the heat 
capacity option of the Physical Properties Measurement System PPMS for the low-
temperature and the Differential Scanning Calorimetry DSC for the high-temperature 
measurements, are state-of-the-art and the determined values for heat capacity and 
entropy are in good agreement with data of comparable studies. Nevertheless, it is 
important to mention that these highly accurate measurements always depend on the 
quality of the sample and the sample amount. Even the least impurities (e.g. carbon) 
have an effect on the measured values especially when only such small amounts of 
sample powder are available. 
  

Concluding statements 

From the last paragraphs it is evident that the present study about the water 
incorporation in wadsleyite and ringwoodite and the effect on the phase stability and 
structure to a great extent is based on data and findings revealed by spectroscopy. 
Besides the conventional methods for phase and structure identification such as X-ray 
diffraction (single-crystal or powder), and electron microprobe analysis, spectroscopy, 
with the wide energy ranges that are covered and the diverse applications, represents 
the method of choice for such an experimental study. Especially, when the effect of very 
small amounts of elements, such as hydrogen, or the specific state in which an element 
occurs, matter, spectroscopy can detect the local environment of these elements, reveal 
the amount of incorporated species and thus on the basis of the small-scale behavior of 
spectroscopic bands is able to provide explanations for the stability and large-scale 
behavior of phases and phase relations. In this connection the unique potential of 
infrared spectroscopy combined with a high brightness synchrotron source is again 
noticeable. The pressure-depending measurements in the far infrared region performed 
with our newly developed microscope enabled us to trace and define the structural 
changes in wadsleyite and bear great potential for similar investigations of materials in 
diamond-anvil cells. 
  
The different manuscripts presented in this paper all make their own special 
contribution to the overall issue of the effect of water on the wadsleyite – ringwoodite 
phase transition.  
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In the beginning the question arose, why there is such a great variation of depth and 
width of the 520km-discontinuity in the Earth’s transition zone. The findings of this PhD 
work, presented in the particular manuscripts, can be summarized in the following 
statement: There is indeed an observable effect of incorporated hydrogen on the phase 
stability of the transition zone minerals.  
In order to reinforce that, I will take up the five points mentioned in the Introduction. 
The first manuscript, presented here, deals with the effect of hydrogen on the phase 
transition in wadsleyite. We showed that the hydrous phase transforms into the 
monoclinic structure at a pressure of 8.4 GPa - about 1.6 GPa lower compared to the dry 
phase. The second manuscript is an important contribution to the enlightenment on how 
hydrogen is incorporated into ringwoodite and about the stability of these OH-related 
defects and thus the stability of the mineral in common. The work about the stress-
induced proton disorder in hydrous ringwoodite shows that even in these high-density 
transition zone minerals hydrogen can cause a high sensitivity towards non-hydrostatic 
pressure environments compared to the anhydrous phases. In the following work about 
the phase relations between wadsleyite and ringwoodite, we could directly prove that 
water in these minerals shifts the phase boundary to higher pressures and thus greater 
depths, and furthermore broadens the width of the two-phase field of coexisting 
wadsleyite and ringwoodite. The chapter about the calorimetric measurements on dry 
wadsleyite including the comparison with literature data and the outlook for future 
action proves that even the incorporation of small amounts of hydrogen has a 
measurable effect on properties such as the heat capacity and entropy. Thus hydrogen 
definitely has an impact on the phase relations between wadsleyite and ringwoodite if 
one compares dry and hydrous phases.  
The concrete conclusions that can be drawn on basis of the results of this study are: 
Assuming a composition of the (Mg,Fe)2SiO4-polymorphs occurring in the Earth’s mantle 
with xFe = 0.11 (Kleppe et al. 2002) in a hydrous transition zone, d520 is found at greater 
depths compared to a dry mantle.  
The width of the discontinuity increases under hydrous conditions.  
The incorporation of ferric iron (Fe3+) shifts d520 to even farther depths.  
 
Thus the effect of water in the nominally anhydrous minerals of the transition zone 
represents one of the main factors that control the shape of the discontinuities and can 
explain the observed variation in depth and width. 
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