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Summary 

The current PhD thesis focuses on the incorporation of hydrogen in three important 

constituents of the Earth upper mantle: coesite (cs), olivine (ol) and wadsleyite (wad). They 

belong to the category of Nominally Anhydrous Minerals (NAMs), however they may 

incorporate water as hydrogen in their structure via point defects. Major aim of this work is to 

provide a reliable and proper quantification of hydrogen (expressed as water) of these 

minerals and to study the influence of water on their P-T stabilities. Coesite is a common 

constituent of high pressure metamorphic rocks. Due to the olivine-wadsleyite phase 

transition an important seismic-petrologic discontinuity in the Earth upper mantle occurs: the 

410-km discontinuity.  

I will approach the topic by: 1) studying the coupled boron and hydrogen substitution in 

coesite and compare it with the hydrogarnet substitution; 2) analyzing the water storage 

capacity of Mg2SiO4 wadsleyite and the H incorporation mechanisms; 3) determining how 

water affects the phase transition of olivine to wadsleyite in the system MgO-SiO2-H2O and, 

to approach the nature, in the system MgO-FeO-SiO2-H2O. 

1) Coesite can incorporate H via the hydrogarnet substitution, i.e. a vacant Si site with four 

coordinating OH groups instead of four oxygens for charge balancing and via Al or B based 

defects. In the latter substitution B3+ (or Al3+) enters the Si site and one of the tetrahedral 

oxygens forms a hydroxyl group for charge balancing. In this study coesite that stores H only 

via B based defects were synthesized for the first time at 9-12 GPa and 1000-2000°C with 

water in excess. The experimental methods used provide important information on the amount 

of B and H incorporated in the structure and on B location. All the results lead to the 

conclusion that the relatively high pressures and temperatures that were chosen for the 

experiments tend to favour the B based defect, instead of the hydrogarnet substitution, as the 

B-based defect is accompanied by a general decrease of the size of the tetrahedral site 

compared to the hydrogarnet substitution (approximately 20%). Thus, coesite with the B- 
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based defect have a smaller volume than those with the hydrogarnet substitution and their 

formation is favoured at high pressure. 

2) The second part of the current PhD thesis will provide a calibration to quantify H in 

wadsleyite by FTIR spectroscopy and will focus on its incorporation mechanism. Hydrous 

wadsleyite was synthesized at 13.3-13.5 GPa and 1150-1200°C. Raman Spectroscopy and 

SIMS water quantifications along with the results of FTIR polarized measurements on single 

oriented crystals give the first absorption coefficient εi,tot  of 73000 (± 7000)  (L mol 
-1

H2O cm-2) 

for water in wadsleyite. Typically the oxygen site O1 of the M3 site is protonated via Mg 

vacancies. The single crystal X-ray refinements of hydrous wadsleyite suggest that the 

hydration of wadsleyite occurs along the O1•••O4 and/or O3•••O4 edges of a vacant M3 

octahedron. H is bounded either on two O1, two O3, or on one O1 and one O3 sites of a 

vacant M3 site. 

3) The final part will point out in which extent H affects the P-T-x coordinates of the 410-km 

discontinuity, e.g. the olivine-wadsleyite phase boundary. Two sets of experiments were 

performed one in the system MgO-SiO2±H2O and one in the system MgO-FeO-SiO2±H2O at 

13-13.7 GPa and 1025-1300 °C and 11-12.7 GPa and 1200°C, respectively.  In both systems 

wadsleyite incorporates a much higher amount of water than olivine. In the MgO-SiO2±H2O 

system the stronger fractionation of water in wadsleyite causes a shift of the olivine-wadsleyite 

phase boundary to lower P values (0.6 GPa). In the MgO-FeO-SiO2±H2O system H broadens 

unexpectedly the loops where respectively wadsleyite-ringwoodite (ring) and olivine-

ringwoodite coexist. The stability field of hydrous wad enlarges in both directions, to lower (ol-

wad loop) and higher (wad-ring loop) pressures. 

The presence of small concentrations of Fe3+ does not influence the phase boundaries. A new 

schematic phase diagram for hydrous conditions compared to dry ones will be presented.
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Zusammenfassung  

Das Hauptthema dieser Arbeit ist der Einbau von Wasserstoff (H) in drei wichtige nominell 

wasserefreie Minerale (NAMs) des oberen Erdmantels: Coesite (Cs), Olivine (Ol) und 

Wadsleyite (Wad). NAMs können H in die Struktur über Punktdefekte, wie z.B. 

Kationenleerstellen einbauen. Hauptziel dieser Arbeit ist eine vertrauenswürdige 

Quantifizierung von H in Cs, Wad und Ol und gleichzeitig eine genaue Beschreibung des 

Einflusses von H auf die Stabilitätsfelder dieser Mineralien. 

Das erste Kapitel bezieht sich auf den gekoppelten Einbau von H und B in Cs. Dieses Mineral 

kann H in die Struktur einbauen (i) via die Hydrogranatsubstitution und auch (ii) via die 

Substitution von Si durch Al und B. Die Ergebnisse belegen, dass Cs bei relativ hohen 

Drücken und Temperaturen H bevorzugt über den B-Defekt statt über die 

Hydrogranatsubstitution einbaut. Eine Volumenabnahme (zirka 20%) des Tetraeders begleitet 

den B-Defekt im Vergleich zur Hydrogranatsubstitution. Daher ist der Einbau von H in 

Coesite via den B-Defekt beim hohen Drücken energetisch günstiger (9-12 GPa).  

Das zweite Kapitel liefert die erste FTIR Kalibrierung zur Quantifizierung von H in 

Wadsleyite.  Der molare Absorptionkoeffizient (εi,tot) wurde mit Hilfe von polarisierten FTIR 

Messungen in Kombination mit SIMS und RAMAN-Spektroskopie als 73000 (± 7000)  (L 

mol 
-1

H2O cm-2) bestimmt. Auf der Basis der Ergebnisse wurde ein Modell über den H-Einbau 

in Wad entwickelt: H sitzt entlang der O1•••O4 und/oder O3•••O4 Kanten eines leeres M3 

Oktaeders.  

Das dritte Kapitel beschreibt den Einfluss von Wassers auf die P-T-x Koordinaten des Ol-

Wad Phasenüberganges. Im System MgO-SiO2-H2O wird durch den bevorzgten H-Einbau in 

Wad im Vergleich zum Ol die Ol-Wad Phasengrenze um 0.6 GPa zu niedrigeren Drücken 

verschoben. Im MgO-FeO-SiO2-H2O System verbreitet der H-Einbau die Felder, in denen 

Wad-Ring und Ol-Wad koexstistierten in Bezug auf die Zusammensetzung. Insgesamt 

vergrößert sich das Wad Stabilitätsfeld durch den bevorzugten Einbau von H in Wad.
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Introduction 

Hydroxyl incorporation in Nominally Anhydrous Minerals (NAMs) is an interesting and 

important research field in geosciences with many implications in geochemistry, mineral 

physics, thermodynamics and analytics. In my PhD project I try to give a contribution to the 

understanding of NAMs by studying the quantification, the incorporation mechanisms and the 

effect of water on the phase stability specifically for the minerals coesite, olivine and 

wadsleyite. The results on water incorporation in coesite are already published in the 

European Journal of Mineralogy and will be presented in chapter 1. Results on the H 

quantification and incorporation in wadsleyite will be discussed in chapter 2 and will appear 

in the February 2010 issue of American Mineralogist. The final part of this work, chapter 3 

focuses on the role that water plays on the olivine-wadsleyite phase boundary and is part of a 

manuscript, whose submission is planned soon to the journal Contribution to Mineralogy and 

Petrology. Aim of this introduction is to give a solid outline that links the context of the three 

papers forming the current PhD thesis. 

 Fundamental to examine this issue is to provide a good description of the petrologic 

context along with the properties of the minerals species analyzed. 

Petrologic context 

The current PhD thesis focuses on the incorporation of hydrogen in three important 

constituents of the Earth upper mantle: coesite (cs), olivine (ol) and wadsleyite (wad). Figure 

1 shows a scheme of the structure of the Earth. 

The understanding of the Earth mantle composition considerably increased in the last decades 

because of the big progresses that were done in the experimental petrology and mineralogy. 

Today it is possible to simulate the P-T conditions of the Earth upper mantle by performing 

high P and high T experiments. Combined seismic and petrologic studies give a widely 

accepted portrait of the layered structure of the Earth’s interior (Figure 1).  
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One of the first interpretations of the Earth’s structure was provided by Ringwood and Major 

(1966), based on experiments and thermodynamic modelling. They discovered experimentally 

important phase transitions, such as the transformation of olivine into a high P polymorph 

with the spinel structure and later named ringwoodite (ring). Thus, the discontinuities, 

observed by seismologists at 410, 520 and 660 km depth divide the mantle into the upper 

mantle (base of the crust up to 410-km), the transition zone (410-660 km) and the lower 

mantle (660-2891 km). These boundaries are recognized on global scale.  

 

  

Figure 1. Sketch (modified after Othani, 2006) showing the nature-layered structure of the Earth interior: upper 
mantle ends at 410 km where a seismic discontinuity determines the beginning of the transition zone (TZ). The 
lower mantle extends until 2900 km, where the outer core begins. In the scheme the corresponding pressure of 
the depth is indicated. 
 

The discontinuities are based on phase transitions. The major rock forming the Earth mantle  
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is peridotite with olivine and clinopyroxene. The best approximation of the Earth upper 

Mantle composition was first suggested by Green and Ringwood (1967). The theoretical rock 

they experimentally reproduced, pyrolite, is today still considered the ideal petrologic 

composition of the Earth mantle. The pyrolite rock (primitive Earth Mantle) defines a material 

formed mainly by pyroxene and olivine±garnet. Such a phase assemblage could represent the 

primitive composition of the Earth mantle. 

Thus, the discontinuity at 410 km is linked to the transition of ol to wad, at 520 km wad to 

ring and at 660 km to the breakdown of ringwoodite in perovskite and wüstite. A further 

discontinuity at 2900 km divides the Earth interior based on the changes of the chemical 

composition, i.e. separates the Si-rich phases of the Earth lower mantle, from the Fe-rich 

phases of the outer core. The minerals coesite and olivine occur in the upper mantle and 

wadsleyite, the high-P polymorph of olivine in the Transition Zone. In the past, the 

composition of the Earth upper mantle was thought to be anhydrous. To date it is well 

established that all rock-forming minerals store hydrogen in form of hydroxyl groups (here 

expressed as water). Water can be incorporated as hydroxyl, OH, via point defects such as 

vacant lattice sites, interstitial atoms and impurities in the structure of the so called Nominally 

Anhydrous Minerals (NAMs). Olivine, its high-P polymorphs wadsleyite, and ringwoodite 

(ring), can accommodate considerable amounts of H in their structure. Wadsleyite and 

ringwoodite form the main portion of the region between 410 km and 660 km, e.g. the 

Transition Zone. This area (Figure 1) can be considered as H sink, as its major constituent 

wad can incorporate up to 3.3 wt.% of water in its structure, as showed by Smyth (1987, 

1994) and Inoue et al. (1995). A lot of studies concerning the role of water in the Earth upper 

Mantle followed indicating that the Earth upper mantle could be a large H reservoir within the 

Earth interior. Kawamoto and Holloway (1997) were the first, who proposed the possible 

existence of a hydrous transition zone that can act as reservoir for H in the Earth upper 

mantle. The first study that attempted to understand the influence of water on the 410-km was 
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performed by Wood (1995). He proposed that the incorporation of small amounts of water 

(500 wt ppm) in olivine and ten times more in wad may displace the depth of the ol-wad 

transition zone, thus the depth of the 410-km discontinuity. Two experimental studies focused 

on the role of water on the 410-km discontinuity: Chen et al. (2002) investigating the 

influence of water on the ol-wad phase transition in the MgO-SiO2-H2O system did not detect 

any effect by the presence of water, on the other hand Frost and Dolejs (2007) observed a 1.0 

GPa displacement of the phase boundary induced by the presence of water. Thus in chapter 3 

I will show how water affects the ol-wad phase boundary in the system MgO-SiO2-H2O, 

giving way to a shift of 0.6 GPa, and how water broadens the region where respectively ol-

ring and wad-ring coexist, however only shifting to lower P the ol-wad coexisting region, thus 

having only a little effect on this loop. 

A spontaneous question may rise for the reader: where does water in the Earth's mantle come 

from?  

Water in the Earth's mantle: the water cycle 

Liquid water covers 70% of the Earths surface but the Earth’s Mass is constituted only by 

0.025% of water in its molar volume (Rüpke et al. 2006). Water is geologically very 

important as it controls the igneous activity by lowering the melting point of rocks. Small 

quantities of water can significantly influence the bulk and shear moduli, density, electrical 

and thermal conductivity, anelasticity, anisotropy and phase state of mantle minerals. The flux 

of water also controls important parameters such as melting between divergent plate 

boundaries (Asimow and Langmuir, 2003) and elements partitioning (Inoue, 1994). 

The Earth has more water (bulk) than the other planets of the solar system. The water 

recycling on our planet occurs thanks to the plate tectonics: water is included in the minerals 

that form the slab. It enters the mantle via subduction and returns the surface via back-arc 

volcanism.  
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Seismic tomographic studies indicate that the subducting slabs penetrating in the Earth lower 

mantle could reach the mantle core boundary and accumulate H in this region (Fukao et al. 

2001; Grand, 2002). Water, which is trapped in the slabs descending the Earth interior, could 

reach therefore depths of 2900 km, e.g. the core-mantle boundary region. Approximately 0.1 

wt % of water is incorporated in the TZ (transition zone), which is almost the same water 

amount of the Atlantic ocean (Jacobsen and van der Lee, 2006). Water deeply influences the 

rheology of the Earth upper mantle (Hirth and Kohlstedt, 1996; Karato and Jung, 1998; Mei 

and Kohlstedt, 2000a, 2000b) 

It has been recognized that the distribution of water across the 410-km discontinuity is 

inhomogeneous, and the effect of water was up to now widely investigated (Gasparik, 1993;  

Young et al. 1993; Wood, 1995; Chen et al. 2002; Smyth and Frost, 2002; Bercovici and 

Karato, 2003; Litasov and Ohtani, 2003a; Hirschmann et al. 2005). The differences in the 

water storage capacities have repercussions on both absolute depth and depth interval where 

the transition occurs (Wood, 1995). Therefore to interpret the effect of water on the properties 

of these minerals the H incorporation must be quali-and quantitatively determined.  

Water incorporation and solubility in nominally anhydrous minerals 

 H is a common element in the cosmos featuring a unique geochemical behaviour and 

differs from any other chemical element. H has in the Earth the ionic state H+ with a dominant 

lithophile character. H usually enters the structure not occupying a normal cation site in 

silicates, but interstitial sites. In oxygen based minerals, it occurs either in traces (wt ppm) or 

in stochiometric amounts (wt %). When H enters a NAMs species, it is bound to oxygens in 

the structure. The oxygens that can be usually protonated are those that are mostly 

underbonded. Usually water or H is dissolved in Nominally Anhydrous Minerals as OH group 

and more rarely as molecular water. So far, nobody could demonstrate that molecular 

hydrogen gives an important contribution to the storage capacity of NAMs under very 

reducing conditions. 
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The incorporation of H in the structure of a Nominally Anhydrous Mineral requires a charge 

balancing substitution or a cation vacancy. The most common substitution mechanism is the 

hydrogarnet substitution, where the H4O4 tetrahedron can fully substitute the silicate 

tetrahedron (Lager et al. 2005). The incorporation of H in the mineral structure increases the 

tetrahedron edges length (Lager et al. 1987). Another possibility for H to enter the structure is, 

when NAMs features Mg2+ vacancies, as for the Mg2SiO4 polymorphs olivine, wadsleyite and 

ringwoodite: Mg2+ = [6][ ]! + 2H+. For charge balancing such vacancies must be protonated, 

representing the most common substitution mechanism for olivine (Smyth et al. 2006a) and 

wadsleyite (Smyth et al. 1997; Ross et al. 2003; Jacobsen et al. 2005; Deon et al. 2009 in 

press). Isolated OH groups can also be incorporated either by the substitution of trivalent 

cation and a proton (e.g. Al3+ + H+ for Si4+) or by the substitution of a trivalent cation and 

proton for two divalent cations (e.g. Al3+ + H+ for 2 Mg2+). These incorporation mechanism 

usually takes place in orthopyroxene (Rauch and Keppler 2002; Mierdel 2006). 

The water solubility in a mineral is usually defined as the equilibrium water content of the 

considered mineral coexisting together with an aqueous fluid. At P-T conditions of the Earth 

Upper Mantle the solubility of H in the mineral forming the Earth Mantle usually becomes 

higher and appreciable. There are however some exceptions as for pyrope. Withers et al. 

(1998) observed indeed that the H solubility in pyrope via the hydrogarnet substitution 

decreases at high P (starting from 7 GPa). 

All silicate and water systems, silicate melts and aqueous fluids become completely miscible 

at high P and T (Shen and Keppler 1997; Bureau and Keppler 1999; Kessel et al. 2005). 

Today the water solubility, e.g. storage capacity, should be considered as the water content of 

the mineral species coexisting with a silicate melt. The water content of the melt and in 

consequence the water activity imposed by the melt will depend on the bulk composition of 

the system. Demounchy et al. (2005) presented an interesting study on the solubility of water 

of Mg2SiO4 wadsleyite coexisting with MgSiO3 clinopyroxene and a hydrous silicate melt in 
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the system MgO-SiO2-H2O. The phase rule allows the coexistence of three phases in a three 

components system leaving two degrees of freedom. Once the values of P-T are fixed, the 

water solubility of all the minerals of a phase assemblage will be strictly a function of P and 

T. In this work concerning water solubility, we refer to the definition given by Keppler and 

Bolfan-Casanova (2006): the equilibrium water content of a mineral coexisting with a 

hydrous melt in a phase assemblage that buffers the compositions of all coexisting phases. 

The following model developed by Keppler and Bolfan-Casanova (2006) describes in an 

interesting way the relation between solubility and water fugacity. 

In a general way a reaction that takes place between water and a mineral can be written as 

follows: 

H2Ofluid+Omineral=2OHmineral                             (1) 

O represents some unprotonated oxygen atom in a given structure of a mineral. The 

equilibrium constant is given by: 

K1

  

=
a

OH

2

f
H

2
O
a

0

                                        (2) 

In equation 2, 
  
f

H
2

O
is the water fugacity. Whenever the concentration of OH is proportional to 

the activity of OH and the activity of the oxygen is constant, which usually happens with the 

low OH concentrations reported at these P-T conditions of the Earth mantle, the water 

concentration is proportional to the square root of the water fugacity: 

 
  
c

water
~ f

H
2
O

0.5                                               (3) 

OH-pairs occur when two protons substitute for divalent cations, as Mg2+. Additionally OH 

pairs can also form when two protons and a divalent cation replace a tetravalent cation, as 

2Mg2+ with two additional protons replace Si4+. When two OH are involved in the reaction, it 

can be written as follows: 
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H2O+O=(OH)2                                     (4) 

The (OH)2 is the pair of the OH groups. The equilibrium constant in this case is:  

 

  

K
2
=

a
(OH )

2

f
H

2
O

2 a
O

2
                                        (5) 

If the concentration of OH is proportional to the activity of OH, it follows that solubility of 

water is proportional to the water fugacity: 

 
  
c

water
~ f

H
2
O

                                          (6) 

In case of the hydrogarnet substitution, where four protons substitute a tetravalent cation, as 

Si4+ for the (OH)4 defect, the reaction for the OH pairs in this case may be written as follows. 

                                         2H2O + 2O = (OH)4                                             (7) 

For the reaction the constant K3: 

 
  

K
3
=

a
(OH )4

f
H

2
O

2 a
O

2
                                       (8) 

Equation 8 leads to a square proportionality of the OH with the water fugacity: 

 
  
c

water
~ f 2

H
2
O

                                         (9) 

 

The different dependence of water solubility on water fugacity can be a useful tool to 

distinguish the incorporation mechanisms of H: OH, OH pairs or hydrogarnet substitution. 

 

The minerals investigated in this study 

Coesite 

Coesite (SiO2) is the high-P polymorph of quartz. In the T range 900-1400°C characteristic of 

the Earth upper mantle coesite exists between 25 and 75 kbar. It belongs to the category of 

Nominally Anhydrous Minerals and may accommodate H in its structure. In nature, coesite 
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usually occurs in very high-P rocks, such as eclogites. Coesite features a dense tetrahedral 

framework structure with C2/c symmetry and bears mostly bridging oxygens that are bound 

to two 2 Si atoms. The high-P polymorph of quartz has five different sites for oxygen. All 

these sites feature deep potential, where the O1 has the shallowest one. The O1 site is the 

most favourable site, which is protonated if B or Al enters the tetrahedra. Previous studies 

(Rossman and Smyth 1990) reported no OH incorporation in natural coesite occurring in a 

coesite-kyanite eclogite. Koch-Müller et al. (2003) detected OH in a natural coesite, occurring 

as inclusion in a diamond. Experiments by Koch-Müller et al. (2001) and Mosenfelder et al. 

(2000) revealed that coesite incorporated OH at pressure > 5 GPa, e.g. up to 200 wt ppm 

water when synthesized at 7.5 GPa and 1100°C. According to Koch-Müller et al. (2001) in 

the pressure range 5 - 7.5 GPa the main H incorporation mechanism in coesite is the 

hydrogarnet substitution. Chapter 1 will widely discuss on how the incorporation mechanism 

of H and B in coesite is affected by P-T. Withers et al. (1998) investigating the solubility of H 

in pyrope via hydrogarnet substitution saw that the solubility increases up to 5 GPa and then 

decreases drastically at P above 7 GPa. Such a phenomenon was explained by the dehydration 

of pyrope above 7 GPa because of the smaller volume of free water compared to the molar 

volume of water in garnet incorporated via the hydrogarnet substitution at these pressure 

ranges. We observed a similar effect for the B based defect versus hydrogarnet substitution. 

The B based defect is strongly favoured by the relatively high P and T chosen for the 

experiments, because such a defect is compared to the hydrogarnet substitution also 

accompanied by a decrease of the size of the protonated tetrahedron. 

Olivine and wadsleyite 

Olivine α-(Mg,Fe)2SiO4 is the major constituent of the Earth upper mantle from the Moho 

discontinuity until the 410-km discontinuity, where the transformation in its high P 

polymorph wadsleyite causes the occurrence of the 410-km seismic-petrologic discontinuity, 

major issue in chapter 3 of this work.  
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Natural olivine incorporates small amounts of water (400 wt ppm, Beran and Libowitzky 

2006) as hydroxyl in its structure via point defects. Synthetic olivine may store bigger 

amounts of water: Kohlstedt et al. (1996) reported 1510 wt ppm for olivine obtained at 1200 

°C and 12 GPa. Later on many water quantifications were revised based on the new 

calibration of Bell et al. (2003): Hirschmann et al. (2005) calculated 4000 wt ppm and 

Mosenfelder et al. (2006) 6400 ppm for olivine synthesized at 12 GPa and 1100°C. For 

paragenesis with olivine enstatite and clinohumite, Smyth et al. (2006a) reported 8900 wt 

ppm for olivine produced at 12 GPa and 1100°C. The amount of water that the major 

constituent of the Earth upper mantle may incorporate strictly depends on the experimental 

constraints chosen for the experiment.  

Crystallographically olivine belongs to the orthorhombic system, Pbnm. Two octahedra, M1 

and M2 and one silicate tetrahedron occur in the structure. O1 and O2 lie on the mirror plane, 

whereas O3 occupies a general position. The oxygens are disposed on a hexagonal close 

packed array. All the oxygens are bounded to three Mg and one Si.  

The most common substitution mechanism reported for olivine by Smyth et al. (2006a) is the 

protonation of the O1-O2 edges of a vacant M1 tetrahedron. More recently Koch-Müller et al. 

(2006) proposed new substitution mechanisms taking place at the same time where H can be 

either bounded in M1 site to O1 or O2. In all cases the charge balance is given by the 

replacement of two H+ for one Mg2+. 

Wadsleyite β−(Mg,Fe)SiO4 is the high pressure polymorph of olivine, stable up to 13.6 GPa  

at 1200 °C in a dry environment (Morishima et al. 1994). It is a stable phase between 410-Km 

and 520-Km in the Earth upper mantle. Wadsleyite belongs to the orthorhombic system, space 

group Imma and features three different octahedral sites in its structure: M1, M2 and M3. H 

enters the structure via a vacant M3 site and the adjacent O1 is protonated. The second 

chapter of this work will be dedicated to the H incorporation mechanism in wad. Being a 
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sorosilicate, wadsleyite has a Si2O7 group, a bridging oxygen (O2) and a non silicate oxygen 

(O1), which is the most suitable site to be protonated. 

Wadsleyite may store large amounts of water, up to 3.3 wt %, as reported by Inoue et al. 

(1995). Other studies followed to this, and attempted to quantify the H content in wadsleyite.  

Kohlstedt et al. (1996) then Demouchy et al. (2005) investigated the amount of water that wad 

can incorporate, providing different quantifications. The latter study evidenced how the 

solubility of H in wad decreases with increasing T. There is general agreement that wad stores 

large amounts of water (e.g. McMillan et al. 1991, Young et al. 1993; Inoue 1994; Inoue et al. 

1995; Chen et al. 2002; Kohn et al. 2002) but depending on P, T and phase assemblage. All 

these studies provided quantifications of H in wad, based on different methods. Very recently 

Thomas et al. (2009) proposed that if a mineral specific FTIR calibration of water in a mineral 

is missing, the estimation of OH is inaccurate, in other words this may lead to either an 

underestimation in olivine or to an overestimation in stishovite and in coesite. Chapter 2 aims 

to give a direct calibration to quantify H in wad via FTIR spectroscopy along with a detailed 

analysis of the incorporation mechanism in the structure.  

Once the water incorporation in ol and wad is quali-and quantitatively known, we can 

now focus on the influence of water on the phase boundaries. Several studies dealt so far on 

the impact that water may have on the depth of the ol-wad phase boundaries, however with 

contradictory results. If the experiments by Chen et al. (2002) showed no substantial 

difference between anhydrous and hydrous conditions in the pure Mg-system, on the other 

hand Frost and Dolejs (2007) observed in the same system a shift of 1 GPa to lower P 

provoked by the presence of water in the system. The results of the experiments performed in 

Fe bearing system by Chen et al. (2002) revealed narrower coexisting region for ol-wad and 

wad-ring. Chapter 3 will present interesting results on the consequences that water has both 

on the depth and on the thickness of the 410-km discontinuity. This part will approach the 

topic focusing on two systems:  
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-In the MgO-SiO2-H2O system water causes a displacement of 0.6 GPa to lower P values of 

the ol-wad phase boundary. In a mantle bearing water the 410-km discontinuity is 

approximately 18 km shallower than in water free upper mantle. 

-In the FeO-MgO-SiO2-H2O system water induces an unexpected broadening of the regions 

where ol-ring and wad-ring coexist observed at different P between 11 GPa and 12.7 GPa, 

and induces no substantial change on the ol-wad stability field. Using the results of the 

hydrous experiments (11GPa-13GPa) along the anhydrous ones a new schematic P-X 

projection showing the effect of water on the phase boundaries was developed.  

In both systems water always partitions more in wadsleyite rather than olivine. The amount of 

H incorporated by these mineral species is the direct consequence of the shift of the phase 

boundaries, as it influences the configurational entropy of wadsleyite and olivine.  Water 

plays therefore an important role on the thermodynamics of these phases, as it lowers the P 

where the phase boundary occurs. 
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Abstract 
 
So far, synthetic and natural coesite is known to incorporate hydrogen mainly via the 

hydrogarnet substitution. In this study we synthesized for the first time coesite, which 

incorporates hydrogen solely via a boron-based defect. The syntheses were carried out in a 

multi-anvil press at relatively high pressures (9-12 GPa) and high temperatures (1000-2000 

°C) using boron-doped starting material with water in excess. The FTIR spectra of these 

coesite crystals taken in the OH stretching region consist of two sharp peaks at 3535 and 3500 

cm-1, which were assigned previously to two different boron-based point defects, ν6b and ν6a, 

respectively. The water and boron content was determined by FTIR (water) and SIMS 

(boron): coesite crystals grown at 9 GPa and 1400 °C incorporate about 920 H/106Si and 1600 

B/106Si. Polarized single-crystal spectra revealed that both hydroxyl groups must point in the 

crystallographic a direction of the structure but with a high degree of disorder around their 

equilibrium positions. The crystals were further investigated by high-pressure IR 

spectroscopy. From the specific response of the OH bands to increasing pressure in 

combination with literature data on structural changes with pressure, we conclude that ν6b 

arises either from vibrations of an O1-H6b…O4 group with B at the T1 site or an O4-

H6b…O1 group with B at the T2 site. Due to its different pressure behavior compared to ν6b, 

the ν6a band can be assigned either to vibrations of an O4-H6a…O5 group with B at the T1 

site or an O5-H6a…O4 group with B at the T2 site. Most likely the relatively high pressures 

and temperatures used to synthesize coesite in this study, compared to previous studies, favor 

the formation of the B-based defect as such a defect is accompanied by a decrease of the size 

of the tetrahedral site. In contrast, through the hydrogarnet substitution vacant tetrahedral sites 

are up to 20% larger than SiO4 tetrahedra.  

 
 
Keywords: coesite; boron-based defect; polarized measurements; high-pressure FTIR 
spectroscopy. 
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Introduction 

Coesite (cs), a high-pressure polymorph of SiO2, is an important constituent of high-pressure 

(HP) metamorphic rocks, e.g. in the Dora Maira massif. It belongs to the group of nominally 

anhydrous minerals and incorporates H in its structure as point defects. Published IR spectra 

of coesite taken in the OH stretching region (Mosenfelder, 2000; Koch-Müller et al., 2001 and 

2003) are more or less consistent showing four main OH bands: ν1 at 3573 cm-1, ν2a at 3528 

cm-1, ν2b at 3508 cm-1, and ν3 at 3549 cm-1 which were assigned by Koch-Müller et al. (2001) 

to the hydrogarnet substitution Si4+ + 4O2- = (4)[ ] + 4OH-. Due to the different structures (SiO2 

framework in coesite versus isolated tetrahedra in garnet) the structural arrangement of the 

hydrogarnet substitution in coesite is of course different from that of hydrogarnet.  

Although the starting materials in the experiments performed in the pressure range 5-7.5 GPa 

by Koch-Müller et al. (2001 and 2003) were doped with Al(OH)3 and H3BO3, about 80% of 

the dissolved water is incorporated according to the hydrogarnet substitution and, to a much 

smaller extent, via the coupled substitution of silicon by a trivalent cation such as Al or B plus 

H (e.g. B3+ + H+ = Si4+). Experiments of Koch-Müller et al. (2003) revealed that at higher 

pressures (8.5 and 9 GPa) the previously described mechanism of hydrogen incorporation via 

a vacant silicon site (hydrogarnet substitution type I) changes rapidly to hydrogarnet 

substitution type II with OH bands occurring at lower energies than in type I.  

Withers et al. (1998) investigated the solubility of water in pyrope, performing syntheses both 

in piston-cylinder and multi-anvil presses. They observed that the solubility of water in 

pyrope via hydrogarnet substitution increases with pressure up to 5 GPa (1000 wt. ppm H2O) 

and then decreases to below the detection limit at pressures above 7 GPa. They explained the 

observation that pyrope starts to dehydrate beyond 7 GPa as result of a smaller molar volume 

of free water compared to the molar volume of water in garnet at these pressures. The aim of 

the present study is to see whether such behavior is also observed for the hydrogarnet 
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substitution in coesite, i.e. whether the solubility of H via hydrogarnet substitution in coesite 

also changes with P and T.  

 

Experimental methods 

Syntheses 

The coesite syntheses were carried out using a multi-anvil press installed at 

GeoForschungsZentrum Potsdam, featuring a Walker type module. A 14/8 mm assembly 

(octahedron length/truncation length) was used for each experiment. Assemblies were 

calibrated at room temperature against the phase transitions in Bi metal (Lloyd, 1971; 

Piermarini & Block, 1975). Calibrations at higher temperature are based on the following 

phase transitions: CaGeO3: garnet-perovskite (Susaki et al., 1985); SiO2: coesite-stishovite 

(Akaogi et al., 1995); Mg2SiO4: α-β  transition (Morishima et al., 1994). Table 1 lists the 

experimental conditions and starting materials. The starting chemicals were mixed and 

homogenized for 15 minutes before being placed in a 3 mm long platinum capsule with a 

diameter of 2 mm. The sealed capsule was enclosed in an MgO-based octahedral pressure 

medium within a LaCrO3 or graphite heater. The temperature was controlled using a W5%Re-

W26%Re thermocouple. No pressure correction on the emf was applied. We verified the 

presence of excess water at the end of the experiments by placing the recovered and opened Pt 

capsule in an oven at 170 °C and checking the weight difference before and after heat 

treatment. 

FTIR spectroscopy  

Polarized and unpolarized IR spectra were measured on coesite single-crystals, using a Bruker 

IFS66v FTIR spectrometer connected to a Hyperion microscope. We used a Globar as light 

source, a KBr beam splitter, an InSb detector and in case of polarized measurements a KRS5 

polarizer. The spectra were collected with a resolution of 2 cm-1 and averaged over 128 scans. 

Unpolarized spectra were collected on crystals from all synthesis runs. Due to the small 
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crystal size (< 60 µm), polarized measurements were only carried out on samples FD0716 and 

MA091, which showed large crystals of quite idiomorphic habit: FD0716 coesite crystals 

were up to 230 µm x 100 µm and MA091 200 µm x 150 µm in size. For these measurements 

(010) and (100) plates were chosen. They were oriented according to their morphology (Sclar 

et al., 1962) and their optical extinction directions. A series of polarized spectra were taken on 

the (010) plate: in this case the optical extinction direction corresponding to the nγ  refractive 

index was set parallel to the E vector of the incident radiation and the first spectrum was 

measured in this orientation. For the other spectra the orientation of the E vector with respect 

to the crystal was changed every 22.5° from 0° to 180°. For monoclinic minerals such a 

procedure is necessary to analyze the orientation of the OH dipoles, as in (010) the maximum 

and minimum absorbances of the OH dipoles are not necessarily parallel to the optical 

indicatrix axes.  In order to quantify the water content we used spectra taken with E parallel to 

the indicatrix axes nα , nβ and nγ , and Ai,tot was calculated as the sum of Ai,α, Ai,β   and Ai,γ. To 

quantify water from unpolarized measurements we multiplied Ai of the unpolarized spectrum 

by a factor of 3. The wavenumber range was chosen between 2500 cm-1 and 4000 cm-1. Water 

contents were calculated using the relation: c = Ai,tot*1.8/(t*ρ*ε)  where c is the water 

concentration (wt. %), Ai,tot is the total integrated intensity (cm-1), t the thickness of the crystal 

(cm), ρ the density (2.93 g/cm3) and ε the molar absorption coefficient  (214000 l mol-1
H2O cm-

2) taken from Thomas et al. (2007).  

We performed high-pressure IR measurements in a Megabar Diamond Anvil Cell (DAC; Mao 

& Hemley, 1998) using diamonds type II and a stainless steel gasket. One coesite crystal 

together with ruby crystals was placed within a 300 µm hole in the gasket. As pressure 

medium we used Argon gas, following a cryogenic loading procedure. Pressure was 

determined using the energy shift of the R1 ruby fluorescence line (Mao et al., 1986). The 
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DAC was placed under the microscope and spectra were collected up to 8 GPa with 256 scans 

at a resolution of 2 cm-1. 

In order to perform low-temperature IR measurements a Linkam FTIR600 freezing stage was 

used. Unpolarized spectra were collected from ambient conditions down to -180 °C with 256 

scans at a resolution of 2 cm-1.   

All spectra collected in this study were fitted with the program PeakFit by Jandel Scientific 

(version 4.11) using the 2nd derivative zero algorithm for the background and a mixed 

Gaussian and Lorenzian distribution function for the component bands. The algorithm for the 

background fitting is unique to PeakFit and was applied in the spectral range 3200-3700 cm-1. 

The algorithm is based on the fact that baseline points tend to exist where the second 

derivative of the data is both constant and zero. 

Secondary Ion Mass Spectrometry  

SIMS measurements of boron concentrations in coesite were performed on a Cameca IMS 6f 

ion microprobe. Two coesite crystals of run FD0716 were embedded in epoxy resin in a glass 

mount and polished. The sample mount was then cleaned with high purity ethanol and stored 

at 70 °C under vacuum before coating with ~30 nm gold. Our analytical setup employed a 

primary 12.5 kV, 5 nA 16O- beam focused to a ~20 µm diameter spot. The sample surface was 

cleaned prior to each spot analysis by pre-sputtering for 3 minutes. Measurements were 

carried out at a low mass resolution of M/ΔM ≈ 300, an energy window of 50 eV, a 50 µm 

diameter contrast aperture and a 750 µm diameter field aperture. An offset voltage of -75 V 

was applied to the sample high voltage. One analysis consisted of 50 cycles of the peak 

stepping sequence with counting times of 10 s for 11B and 2 s for 30Si. Measured 11B/30Si 

ratios were calibrated using the NIST SRM glasses 610 and 612 as reference material.  
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Results 

Syntheses  

All the experiments shown in Table 1 were characterized by X-ray powder diffraction and in 

all but one run coesite was observed as the main phase. The runs MA091 and MA116 were 

initially aimed at synthesizing OH-bearing stishovite (st) but this turned out to be not an easy 

task. In our experiments doped with Al and/or B plus water in excess the run products 

consisted always of coesite even when the P-T conditions were chosen to be well within the 

stishovite stability field. The synthesis of dry stishovite is not so problematic. With 100 % 

SiO2 starting material we obtained 100 % stishovite at 9.2 GPa and 1200 °C. We finally 

managed to synthesize OH-bearing stishovite (MA118) when we doped the SiO2 starting 

material with about 10 wt% dry stishovite seeds in addition to Al. The other experiments were 

all doped with boron and were performed in the coesite stability field (Figure 1, Table 1).  

 

Figure 1. P-T coordinates of multi-anvil experiments of this study and those of Koch-Müller et al. (2001 and 
2003) and Mosenfelder (2000). In the B-doped experiments of this study at relatively high P and T we found H 
incorporation in coesite only via B-based defects, whereas in the experiments performed at lower P-T conditions 
by Koch-Müller et al. (2001, 2003) and Mosenfelder (2000) the main incorporation mechanism was via the 
hydrogarnet substitution. 
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Table 1. List of experimental conditions and results.   

Experiment P 
(GPa) 

T 
(°C) 

Starting 
material 
proportion 
(wt %)1 

Duration 
(minutes) 

Run  
product 

H  
defect 
(no. of 
spectra) 

H2O4 
(wt. 
ppm) 
 
 

H/106Si4 

(ppm) 
B/106Si5 
(ppm) 

FD0716 9.1 1400 SiO2-H3BO3 
98 - 2 

110 cs B 
(6) 

138 
±12 

921 
±80 

1600 
±300 

FD0717 9.9 1575 
 
 

SiO2-
H3BO3- 
Al(OH)3 
98 -1 - 1 

10 cs 
 

B 
(5) 

151 
±18 
 
 

1008 
±120 

n.d. 

MA0912 11 1022 SiO2-H3BO3 
98 – 2 
1µl(H2O) 

420 cs B 
(10) 
 

400 
±50 

2670 
±300 

n.d. 

MA116 11 1000 SiO2-
Al(OH)3 
1µl(H2O) 
96 - 4 

400 cs hydro- 
garnet 
(5) 

199 
±81 
 

1334 
±500 
 
 

n.d. 

MA089 
 
 

11.9 20003 SiO2-H3BO3 
98 - 2 
1µl(H2O) 

300 cs  B 
(6) 

60 
±45 

400 
±300 

n.d. 

MA118 12 1200 SiO2-
Al(OH)3 
96 – 4 
1µl(H2O) 
st-seeds 

360 st 
 

Al n.d. n.d. n.d. 

1  We used the following chemicals: SiO2 (99.999% pure) Alfa, Jonson Matthey; Aluminium hydroxide, Matthey reagent, 
Alfa; Boric acid  
(99,99 %) Sigma, Aldrich. St = stishovite. 
 2 Thermocouple failed at temperature between 900 and 1100 °C. Final temperature was estimated by calibration curves 
(temperature vs. power).  
3 The high temperature of 2000 °C ±50 °C is confirmed by the observed partial melting of the Pt capsule. At 12 GPa the 
melting point of Pt is 2089 °C.  
4 Water content determined by FTIR spectroscopy using the calibration of Thomas et al. (2007).  
5Analyzed by SIMS. 
 

Hydrogen and Boron incorporation 

IR spectra of all syntheses using boron-doped starting material show a consistent pattern in 

the OH stretching region. All the spectra reveal only two main OH bands: one at 3500 cm-1 

(ν6a) and another one at 3535 cm-1 (ν6b). This observation confirms the assignment of these 

two bands by Koch-Müller et al. (2003) to two different B-based defects. In none of our B-

doped experiments OH bands of the hydrogarnet substitution type I (Koch-Müller et al., 

2001) appear. Figure 2 shows typical unpolarized spectra of coesite using a starting mixture 

with boron (FD0716) and a starting mixture with both boron and aluminum (FD0717). In both 
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runs only B-based defects occur. Although aluminum was added to run FD0717, no OH 

bands preliminarily assigned by Koch-Müller et al. (2003) to Al-based point defects (ν4 and 

ν5 at 3300 and 3210 cm-1, respectively) could be found. Around 3400 cm-1 extremely weak 

bands assigned by Koch-Müller et al. (2003) to the high-pressure hydrogarnet substitution 

type II are present (Figure 2). 

 

Figure 2. Typical unpolarized IR spectra of coesite synthesized in this study (FD0716 and FD0717). The two 
bands ν6α and ν6b were assigned by Koch-Müller et al. (2003) to two different B-based point defects. Spectra 
were offset for clarity. 
 

Runs MA091 (B-doped) and MA116 (Al-doped) were set up under similar conditions within 

the stability field of stishovite but both resulted in coesite. This metastable occurrence of 

coesite within the stability field of “dry” stishovite has also been reported in earlier papers 

(Mosenfelder, 2000; Pawley et al., 1993). It should be emphasized that even under these 

metastable conditions incorporation of boron changes the hydrogen incorporation mechanism 

dramatically.  
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In the boron-doped runs the crystal size was generally very small (< 60 µm) but two 

experiments (FD0716 and MA091) produced very well-shaped large coesite crystals showing 

typical pseudo-hexagonal plates. These were selected for polarized IR measurements. 

Polarized spectra are plotted in figure 3a. These spectra, together with unpolarized spectra, 

were used to quantify the water content of FD0716. The highest water content was observed 

in run MA091 (2670 H/106Si), synthesized at high pressure and relatively low temperature. 

With increasing temperature the water content seems to decrease to 900-1000 H/106Si at 1400 

and 1575 °C, and to about 400 H/106Si at 2000 °C. The boron content of crystals of run 

FD0716 was analyzed as 1600 ± 300 B/106Si.   

 The polarized IR measurements allow us to develop an absorbance figure (Figure 3b) where 

the integral absorbance of the OH bands is plotted as a function of the orientation of the E 

vector of the incident radiation with respect to the crystal axes. 

 

Figure 3. a) Polarized IR spectra acquired on a (010) plate (E ⎢⎢nγ and E ⎢⎢nß) and on a (100) plate (E ⎢⎢nα) of 
FD0716 coesite (thickness = 52 µm). Spectra are offset for clarity. b) Integral absorbance of the OH stretching 
bands of coesite FD0716 taken on a (010) plate as a function of the orientation of the E vector of the incident 
radiation.  
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Based on the pleochroic behavior we suppose that the OH dipoles of both defects are located 

roughly parallel to the a crystallographic axis but the broadness of the absorbance figure 

indicates that they scatter considerably around this direction. Figure 4 shows a series of 

coesite IR spectra as a function of temperature from ambient conditions down to -180 °C. 

With decreasing temperature the bands become sharper and at -100 °C an additional band ν6c 

appears at 3520 cm-1 (Figure 4). With decreasing temperature ν6a slightly shifts towards lower 

wavenumbers (Figure 5), while ν6b shifts towards higher wavenumbers (Table 2 and Fig. 5).  

Table  2. Peak parameters of OH stretching bands of coesite MA091 (thickness = 50 µm) as a function of T. 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Sequence of IR spectra of coesite MA091 (thickness = 50 µm), as a function 
of temperature, down to -180°C. The spectra are offset for clarity.  
Figure 5. ν6a and ν6b band frequencies of coesite as a function of temperature. The solid 
lines represent a linear regression. 

T 
(°C) 

ν6a  
position 
FWHM    
 (cm-1) 
absorbance 

ν6b 
position 
FWHM 
(cm-1) 
absorbance 

ν6c 
position 
FWHM 
(cm-1) 
absorbance 

Ambient  
(25 °C) 

3499 
16 
0.162 

3535 
23 
0.106 

      - 

-100 °C 3498 
8.8 
0.223 

3536 
10 
0.139 

      -    

-150 °C 
 

3497 
7.7 
0.289 

3537 
8.1 
0.204 

3520 
4.8 
0.036     

-180 °C 3497 
7.4 
0.3 

3538 
4.4 
0.203 

3520 
4.4 
0.044 

δν/δT 
(cm-1/ °C) 

-0.014 0.010 n.d 
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The sequence of high-pressure IR spectra collected in situ up to 8 GPa  (Figure 6), confirms 

that the two OH bands behave differently: ν6a shifts towards lower wavenumbers as pressure 

increases, while ν6b remains in almost the same position with increasing pressure (Table 3 and 

Figure 7).  

Table 3. Peak parameters of OH stretching bands of coesite MA091 as a function of P. 
 
 

 

 

 

 

 

 

 

Figure 6. Sequence of in-situ high-pressure IR spectra of coesite MA091 (thickness = 30 µm).  Spectra are offset 
for clarity.  
Figure 7. ν6a and ν6b band frequencies as a function of pressure. The solid lines represent a linear regression. 
 
 

P 
(GPa) 

ν6a 
position 
FWHM 
(cm-1) 

ν6b 
position 
FWHM 
(cm-1) 

Ambient 3500 
12 

3535 
15 

0.5 3496 
16 

3539 
13 

2.1 3491 
16 

3541 
22 

3.5 3484 
15 

3539 
24 

5.9 3475 
19 

3539 
26 

7.9 
 

3463 
25 

3530 
32 

δν/δP 
(cm-1/ GPa) 

-4.44 0.63 
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Discussion  

Figure 1 shows a P-T plot of the stability fields of coesite and stishovite together with the P-T 

coordinates of syntheses from Mosenfelder (2000), Koch-Müller et al. (2001, 2003) and the 

present study. Spectra published by the authors cited above indicate that under these 

conditions (6.5-10 GPa; 750-1200 °C) hydrogen is mainly incorporated via the hydrogarnet 

substitution, although at least in the studies of Koch-Müller B and Al were included in the 

starting material.  However, coesite synthesized at higher pressures and temperatures (Table 

1) only shows hydrogen incorporation via B-based defects. Experiments MA091 and MA116 

were performed under similar P-T conditions but with different starting material (H3BO3 

versus Al(OH)3, respectively). In coesite of the B-doped experiment 400 wt. ppm water was 

incorporated via the B-based defects but the crystals of the Al-doped experiment showed only 

200 wt. ppm incorporated via the hydrogarnet substitution. 200 wt. ppm is about the 

concentration we expect from other studies for the hydrogarnet substitution (Mosenfelder, 

2000; Koch-Müller et al., 2001) under these P-T conditions but it is half the amount we 

observed in the B-doped experiment. Thus, it seems that the presence of B increases the water 

solubility in coesite at high P and relatively low T. With increasing T we observed a decrease 

of the water content. This could derive from different factors: potential loss of water from the 

Pt capsule at such high T, especially in the case of the partially molten Pt capsule; partitioning 

of H into increasing amounts of supercritical fluids at the higher temperatures or possible 

decrease of the solubility of H in coesite with increasing T. More experiments are needed to 

fully understand this observation. 

We identified at least two different B-based defects, which do not necessarily occur 

simultaneously. Moreover, a weak OH band ν6c at 3520 cm-1 visible below -100 °C indicates 

the presence of a third point defect- most probably also related to boron- but due to the low 

intensity of the band this will not be discussed in more detail. A comparison of the boron 

concentration of coesite and the intensity of the OH bands under discussion (ν6a and ν6b) 
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shows that these bands must be related to the incorporation of B. Koch-Müller et al. (2003) 

observed these bands as only very weak shoulders in coesite containing 40 B/106Si , whereas 

in this study where all 920 H/106Si contribute to these bands, the coesite contains 1600 

B/106Si. Thus, the concentration of B is about 1.7 times higher than the concentration of the 

B-related H. Similarly, for synthetic H-bearing stishovite Pawley et al. (1993) reported that 

the Al content increases at a higher rate than the H content and explained this fact by the 

presence of oxygen vacancies. This may also be the case in B-coesite, but verification needs 

further investigation. 

 The present study shows that at higher P-T conditions, coesite prefers hydrogen incorporation 

via a B-based defect and not via the hydrogarnet substitution. Most likely the relatively high 

pressures and temperatures used to synthesize coesite in this study, compared to previous 

ones, favor the formation of a B-based defect as such a defect, in comparison with the 

hydrogarnet substitution, is accompanied by a decrease in size of the tetrahedral site. O4H4-

sites (tetrahedral vacancies) are up to 20% larger than Si-occupied sites (e.g. Lager et al., 

1987).  

 We have developed a structural proposal for boron-based hydrogen incorporation in coesite 

(Figure 8). The proposal is based on the crystallographic data for coesite given in Levien & 

Prewitt (1981). 
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Figure 8. Structural proposal of H incorporation in coesite via B-based defects. The  ν6a and ν6b bands are 
assigned to vibrations of OH groups oriented approximately parallel to a and located along the O4⋅⋅⋅O5 and 
O1⋅⋅⋅O4 directions, respectively.  
 

In order to assign the bands, useful information may be obtained from the pressure-induced 

shift of the bands as there is a strong relation between band positions and O-H···O distances 

which may change differently with pressure. Based on the shift of the ν6a band (∼3500 cm-1) 

with increasing P (δν/δP = -4.44 cm-1/GPa) and on the results of our polarized measurements, 

we assign v6a to the vibration of H along the O4⋅⋅⋅O5 (3.108 Å) direction.1 A similar behavior 

with respect to pressure and band energy was observed for the coesite OH-band ν2a,b that was 

assigned by Koch-Müller et al. (2001) to vibrations of an O4-H2⋅⋅⋅O5 dipole. However, with 

infrared data alone we are not able to distinguish, whether H is located closer to O5 or O4. 

Charge-balance can be achieved by locating B either at the T1 site (O4-H6a) or at the T2 site 

(O5-H6a). Based on the high-pressure behavior of the ν6b band (δν/δP = 0.63 cm-1/GPa) at 

                                                
1 Estimated atom fractional coordinates for H6a, if bounded to O4, are 0.74 0.65 0.38 for x, y and z, respectively. 



Chapter 1: coesite 

 39 

3535 cm-1 and the results of our polarized measurements, we assign ν6b to the vibration of H 

along the O1⋅⋅⋅O4 (3.298 Å) direction. As seen from Table 3 in Koch-Müller et al. (2003) the 

O1⋅⋅⋅O4 distance does not change very much with pressure and the longer O1⋅⋅⋅O4 distance 

compared to O4⋅⋅⋅O5 is consistent with the higher energy of the band. As for ν6a we are not 

able to discern whether H is closer to O1 or to O4, with the same consequences as discussed 

above2. More studies are needed concerning this aspect. 

  

Conclusion 

Water can be incorporated in coesite as hydroxyl groups via the hydrogarnet substitution, but 

as P and T increase the H incorporation mechanism changes to a coupled hydrogen and boron 

substitution for Si. Thus, pressure and temperature as well as availability of other suitable 

trace elements (e.g., B) determine the incorporation mechanism of the hydroxyl groups in the 

crystal structure. A reason for the observed change in the hydrogen incorporation mechanism 

could be related to the different molar volumes of the defects. The B-based defects require a 

smaller volume than the hydrogarnet substitution does. As described by Lager et al. (1987) a 

O4H4-site (tetrahedral vacancy) is up to 20% larger than a Si-occupied site, hence the 

hydrogarnet substitution requires a larger volume than the B-based defect. 

 

 

 

 

 

 

 

                                                
2 Estimated atom fractional coordinates for H6b, if bounded to O1, are 0.88 0.95 0.55 for x, y and z, respectively. 
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Abstract  

Anhydrous and hydrous wadsleyite were synthesized at 13.3-13.5 GPa and 1150 – 1200 °C in 

a multianvil press and investigated by Fourier transform infrared (FTIR) spectroscopy, single-

crystal X-ray refinement (SC-XRD) and electron microprobe analyses (EMPA). The FTIR 

spectra agree with previous data, i.e., the spectra are dominated by a broad band around 3380 

cm-1, resolvable in three bands 3326 (ν2), 3382 (ν3), and 3546 (ν4) cm-1 besides some weaker 

OH-bands around 3600 cm-1. We confirm that wadsleyite incorporates water in wt % range 

and that the concentration strongly increases with decreasing temperature when using 

secondary ion mass spectrometry (SIMS) and Raman spectroscopy. The quantifications 

combined with FTIR spectra lead us to develop the first IR calibration for water in wadsleyite, 

i.e., calculating an εi,tot  of 73000 ± 7000  (L mol -1
H2O cm-2). A SC-XRD determination of 

hydrous wadsleyite FD0718, bearing 8000 ± 1000 wt ppm H2O, certifies the presence of Mg 

vacancies at the M3 sites as previously suggested. Furthermore, we found maxima in the 

electron density map close to the O atoms O1 and O3 of an M3 octahedron assuming the 

anhydrous structure. Based on our new data we suggest that the main protonation in 

wadsleyite occurs along the O1···O4 (3.1 Å) and O3···O4 (3.05 Å) edges of a vacant M3 

octahedron. H-incorporation seems to be random leading to protonation of either two O1, two 

O3 or one O1 and one O3 of the vacant M3 octahedra. With this assignment the observed 

ambient and high-pressure - IR pattern can now be explained.  

 

Keyword: Wadsleyite, FTIR spectroscopy, Raman spectroscopy, protonation, SIMS, 

absorption coefficient for water 
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Introduction 

In  previous decades, the petrologic importance of the so-called nominally anhydrous 

minerals (NAMs) as storage container for water (OH in the structure expressed as water) in 

the Earth’s mantle has grown. Several studies have shown that these minerals may incorporate 

considerable amounts of water as structurally bonded OH via point defects (e.g. Wilkins and 

Sabine 1973; Bell and Rossman 1992; Miller et al. 1987; Ingrin and Skogby 2000; Smyth and 

Jacobsen 2006; Koch-Müller et al. 2006; Mosenfelder et al. 2006). Wadsleyite (wad) (β-

Mg2SiO4), the high-P polymorph of olivine (ol) (α-Mg2SiO4), belongs to this category. It is a 

major constituent of the transition zone of the Earth upper mantle, thus being a very suitable 

candidate as a hydrogen reservoir. Smyth (1987) predicted the maximum water content of 

wadsleyite as 3.3 wt % (where OH content in the structure is reported as water). However, the 

storage capacity strongly depends on the experimental constraints such as P, T, and phase 

assembly.  

Kohlstedt et al. (1996) studied the water solubility of the (Mg,Fe)2SiO4 polymorphs 

experimentally by using unpolarized FTIR spectra in combination with the calibration of 

Paterson (1982) and found that wadsleyite synthesized at 1100°C and 14-15 GPa incorporates 

up to 2.4 wt % H2O. Demouchy et al. (2005) used secondary ion mass spectrometry (SIMS) 

and observed that the water solubility of wadsleyite in the system MgO-SiO2-H2O decreases 

with increasing T, and attributed this to increased fractionation of water into coexisting melt 

with increasing T: at 900 °C wadsleyite incorporates 2.2 wt % H2O, whereas at 1400 °C the 

storage capacity decreases to 0.9 wt %. Other studies have confirmed the high but variable 

water content of wadsleyite (e.g., McMillan et al. 1991; Young et al. 1993; Inoue 1994; Inoue 

et al. 1995; Chen et al. 2002; Kohn et al. 2002). 

In each of these studies, different methods were used to quantify water in wadsleyite such as 

SIMS, nuclear magnetic resonance (NMR) spectroscopy, and polarized and unpolarized IR 
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spectroscopy using either the Paterson (1982) or the Libowitzky and Rossman (1997) 

calibration. Bell et al. (2003) showed that if the general IR calibration of Paterson (1982) is 

adopted, the water concentration of olivine would be underestimated by about 25 %. 

Blanchard et al. (2009) obtained a very similar result for Fe-free ringwoodite and found that 

the absorptivity of water in ringwoodite was about 20 % smaller than that inferred from a 

general calibration law established for hydrous minerals. More recently, Thomas et al. (2009) 

used a variety of analytical methods and found that ignoring mineral-specific IR-calibrations 

for the OH quantification in NAMs (e.g. SiO2 polymorphs and olivine) led to inaccurate 

estimations of OH concentrations; either underestimation as in olivine or overestimation as in 

stishovite and coesite. This suggests that an IR calibration for water in wadsleyite must be 

developed to obtain reliable water content measurements. 

Water incorporation in NAMs has a strong effect on physical properties such as elasticity 

(Jacobsen 2006), rheology (Karato 2006), electrical conductivity (Karato 1990; Huang et al. 

2005), kinetics of phase transitions (Lathe et al. 2005), and may lead to partial melting 

(Hirschmann et al. 2005; Bercovici and Karato 2003). In addition the presence of water may 

influence the P, T, X positions of phase boundaries, e.g., the olivine-wadsleyite transition as 

compared to the dry system (Smyth and Frost 2002; Chen et al. 2002; Frost and Dolejs 2007). 

Interpretation of the properties of wadsleyite and phase boundaries shifts, as a function of 

water content it is very important to understand the OH incorporation mechanism.  

The incorporation of water as hydroxyl groups in the structure of NAMs such as wadsleyite 

requires the presence of point defects to balance the H+ charge in the lattice. In the case of the 

Mg2SiO4 system, charge balance can easily be achieved via cation vacancies (octahedral or 

tetrahedral).  

Smyth (1987, 1994) proposed a hypothetically ordered model for hydrous wad in the space 

group Pmmb. The model contains two possible H+ positions at the non-equivalent O1a and 

O1b sites. The O1 sites are preferred as suitable locations for the protonation in combination 
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with vacant M sites because they are bonded to five Mg2+ cations, and not to Si, thus being 

undersaturated. In the model, the OH dipole is oriented along the O1b···O2b direction and 

involves vacancies at the M2 and M3 sites. According to Smyth, complete protonation of the 

O1 site would lead to storage of 3.3 wt % H2O, as observed experimentally by Inoue et al. 

(1995). The orientation of the OH dipole as suggested by Smyth (1994) predicts a strong c-

axis polarization of the corresponding OH-bands. However, no polarized IR spectra of 

oriented crystals were available, which would have supported the proposed OH-dipole 

orientation. According to Kohlstedt et al. (1996), the unpolarized IR spectrum of wadsleyite 

consists of a broad intense band located at 3300 cm-1 and two less intense bands located at 

3590 cm-1 and 3605 cm-1. However, an O1b-H dipole pointing to O2b as suggested by Smyth 

(1994) would have an O···O distance of about 4.1 Å and would be very strong with no 

hydrogen bonding. This would result in an OH band at wavenumbers greater than 3500 cm-1 

(see Libowitzky 1999), which is not consistent with the main absorption band at around 3300 

cm-1. Recently, Smyth (2006) proposed the O1-O4 edge of a vacant M3 octahedron as a 

potential proton location but argued that the complexity of the IR spectra indicates multiple 

proton locations. Downs (1989) proposed the O2 site as a suitable environment for the 

protonation. Cynn and Hofmeister (1994) also suggested that the O2 site is responsible for the 

IR OH-bands near 3300 cm-1 and that protonation of the O1 site is responsible for the IR OH-

bands close to 3600 cm-1. Kohn et al. (2002) investigated hydroxyl defects in wadsleyite as a 

function of different water concentrations by applying correlations between the O-H•••O 

distances and wavenumbers of the corresponding OH-bands (Libowitzky 1999). For 

wadsleyite containing <0.4 wt % H2O, they proposed protonation along the O1···O4, O2···O2, 

O1···O1, and O1···O4 directions with resulting OH-bands at 3585, 3411 3359 and 3331 cm-1, 

respectively. However, for wadsleyite containing 1.5 wt %, they concluded that the O1 site is 

no longer the main protonated site. More recently, Jacobsen et al. (2005) examined possible 

locations of the OH dipoles within the wadsleyite structure using space group Imma, by 
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polarized IR-spectroscopy and X-ray single crystal diffraction. Each of the main bands in the 

OH stretching region were assigned to the protonation at the O1 site: the high-energy band at 

3614 cm-1 was assigned to the (O1···O1) (2.887 Å) along the M3 edge and the band at 3581 

cm-1 was assigned to direction O1···O3 (3.016 Å). They suggested five possibilities for bands 

occurring at energies of 3360, 3326, 3317 cm-1. Based on the pleochroic behaviour of the OH-

bands and on the relation between the OH stretching frequencies and the O···O distances 

(Libowitzky 1999), they suggested two most suitable locations for hydrogen: one along the 

O1···O4 (2.8 Å) and one along the O1···O4 (3.1 Å). However they could not rule out 

contributions from three other O3···O4 edges. Tsuchiya and Tsuchiya (2009) modeled the 

crystal structure of hydrous wadsleyite based on the density functional theory calculations. 

They proposed several (meta-)stable protonation sites bearing M2 and M3 vacancies, 

although with strong preference for the M3 site, which seems to be energetically more 

suitable, with the hydrogen oriented along the edges of M3 octahedra. The aim of this study is 

to shed light on the hydrogen incorporation mechanism and to provide the first IR calibration 

for water in wadsleyite, i.e., a molar absorption coefficient (ε). 

 

Experimental methods 

Syntheses 

Experiments were performed in a multianvil 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 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). A 14/8 mm assembly (octahedron length/truncation length) was 

used for each experiment, consisting of an MgO-based octahedral pressure medium with a 

stepped graphite heater and pyrophyllite gaskets. Assemblies were calibrated at room 

temperature using the phase transitions in Bi metal (Lloyd 1971; Piermarini and Block 1975). 



Chapter 2: wadsleyite 

 50 

Calibrations at higher temperature are based on the following phase transitions: 

CaGeO3=garnet-perovskite (Susaki et al. 1985); SiO2= coesite-stishovite (Akaogi et al. 1995); 

Mg2SiO4=  α-β  transition (Morishima et al. 1994). The temperature was controlled using a 

W5%Re/W26%Re thermocouple. No pressure correction on the emf was applied. Copper 

coils are often used in high-pressure experiments to protect the thermocouple wires. However, 

Nishihara et al. (2006) found that using Cu coils may lead to an underestimation of the real 

temperature. Therefore, we used the same material as coils as for the thermocouple wire. The 

temperature distribution within the experimental capsule was measured using the 2-pyroxene 

geothermometer (Canil and O`Neill 1994; Walter et al. 1995) at 5 GPa, 1400 – 1600 °C 

(graphite heater) and 10 GPa, 1500 °C (LaCrO3 heater). Within the experimental uncertainties 

of ± 10 °C, no temperature gradient from core to rim of the capsule could be observed. 

Table 1 lists the experimental conditions and starting materials. The chemical compounds 

were mixed and homogenized for 15 min before being placed in a 3 mm long platinum 

capsule with a diameter of 2 mm. A stoichiometric Mg2SiO4 oxide-hydroxide mixture (MgO 

– SiO2)-Mg(OH)2 was used as starting material for the hydrous runs, yielding a H2O-content 

of the bulk composition of 5 wt %. To buffer the H2O content according to the phase rule, we 

added 5 wt % MgSiO3 enstatite to the starting material. The Mg(OH)2 (brucite) used was 

synthesized in a hydrothermal cold-sealed apparatus at 4 kbar, 700 °C from MgO plus water 

in excess. We verified the presence of excess water at the end of each hydrous experiment by 

placing the recovered and opened Pt capsule in an oven at 170 °C and checked the weight 

difference before and after heat treatment. The dry run was performed with synthetic forsterite 

plus forsterite and wadsleyite seeds as starting material without rotation/rocking of the press. 

Electron Microprobe 

In case of sample FD0718, several crystals were embedded in epoxy resin in a glass mount 

with the minimum quantity of epoxy. In case of FD0836, the sample containing capsule was 
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cut in two halves and embedded in the same way in a glass mount. The compositions of the 

samples were determined by EMPA after polishing. Point analyses were  

carried out at the GFZ using a JEOL thermal field emission type electron-probe JXA – 8500F 

(HYPERPROBE). The analytical conditions included an accelerating voltage of 15 kV, a 

beam current of 10 nA, and a focused beam. The standard was a well-characterized, synthetic,  

high-pressure olivine (Mg2SiO4), synthesized with our multianvil press.  

Peak counting times were 20 s and the backgrounds were counted for 10 s. The raw intensity 

data were corrected with the Armstrong-CITZAF on-line correction program (Armstrong 

1991).  

Raman spectroscopy 

The spectra examined in this study were all acquired with a Horiba Jobin Yvon Labram HR 

800 UV-VIS spectrometer (grating 1800 grooves/mm) in a backscattering configuration using 

a CCD detector (1024 elements), an argon Laser and an Olympus optical microscope with a 

long working distance 100x objective (LWD VIS, NA = 0.80, WD = 3.4 mm). For sample 

excitation, we used the 488 nm Ar+ line and a laser power of 300 mW. The confocal pinhole 

of 100 µm was used, which corresponds to a spectral resolution of about 1 cm-1.  

We applied the Comparator technique for water quantification (Thomas et al. 2008a, 2009). 

Polarized spectra in the spectral range between 3000 – 3800 cm-1 were measured on oriented 

crystals from FD0718 with E parallel the optical indicatrix axes. The total integrated 

intensities were calculated by summing up the single total integrated areas along the three 

directions. The laser beam was first focused on the sample surface using a 100x objective, 

was then lowered 4 µm to avoid errors due to surface inhomogeneities of the crystal. This step 

was repeated before each measurement. A spectrum of the reference glass holding 8.06 wt % 

water was recorded in the beginning and at the in the end of each measuring time. Spectra 

acquisition time was 100 s, with 3 accumulations for the sample, and 20 sec and 3 

accumulations for the reference. All the spectra were normalized using this reference. A linear 
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background correction in the spectral range between 3170 – 3750 cm-1 was carried out on 

each spectrum. 

FTIR spectroscopy 

Crystallographically oriented single crystals of sample FD0718 were embedded in a crystal 

bond and polished. As these hydrous wadsleyite crystals feature a high water content, they 

need to be very thin (< 30 µ). Polarized (FD0718) and unpolarized (FD0718 and FD0836) IR 

spectra were measured on hydrous wadsleyite single-crystals using a Bruker IFS66v FTIR 

spectrometer connected to a Hyperion microscope. We used a Globar as light source, a KBr 

beam splitter, an InSb detector, and, in case of polarized measurements, a KRS5 polarizer. 

The spectra were collected with a resolution of 2 cm-1 and averaged over 256 scans in the OH- 

stretching region between 2500 cm-1 and 4000 cm-1. Polarized spectra were collected with the 

electrical vector of the polarized radiation E parallel to the optical indicatrix axes (E II nα , E II 

nβ and E II nγ ). The molar absorption coefficient, ε (L mol-1 H2O cm-2), was calculated using the 

Beer-Lambert relation εi,tot = Ai,tot•1.8/(t•ρ•c) , where Ai,tot is the mean value of the total 

integrated intensities (cm-1) deriving from the fit of the FTIR polarized spectra, t is the 

thickness of the crystal (cm),  ρ the Mg-wadsleyite density (3.45 g/cm3), and c is the water 

concentration (wt %) measured with SIMS.  

A Linkam FTIR600 freezing stage was used to perform low-temperature IR measurements. 

Unpolarized spectra were collected from ambient conditions down to -180 °C with 256 scans 

at a resolution of 2 cm-1. 

We further performed high-pressure IR measurements in a Megabar Diamond Anvil Cell 

(DAC; Mao and Hemley 1998) using diamonds type II and a stainless steel gasket. One 

wadsleyite crystal together with ruby crystals was placed within a 300 µm hole in the gasket. 

Argon was used as the pressure medium following a cryogenic loading procedure. Pressure 

was determined using the energy shift of the R1 ruby fluorescence line (Mao et al. 1986). The 
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DAC was placed under the microscope and spectra were collected up to 15.4 GPa with 256 

scans at a resolution of 2 cm-1.  

All spectra collected in this study were fitted with the program PeakFit by Jandel Scientific 

(version 4.11) using the second derivative zero algorithm for the background and a mixed 

Gaussian and Lorenzian distribution function for the component bands. The algorithm for the 

background fitting is unique to PeakFit and was applied in the spectral range 2500-4000 cm-1. 

The algorithm is based on the fact that baseline points tend to exist where the second 

derivative of the data is both constant and zero. 

Secondary Ion Mass Spectrometry  

The 1H content of the wadsleyite crystals was measured by secondary ion mass spectrometry 

(SIMS) using a CAMECA ims 6f ion probe at the GFZ. Before each session the instrument 

was baked at T  > 120°C for at least 48 h. The vacuum system was enhanced by using liquid 

nitrogen via a permanent filling liquid nitrogen Dewar, which ensured that the total vacuum 

pressure in the sample chamber during the analysis was always better than 4E-08 Pa. For the 

beam, a primary 16O- beam was accelerated to 12.5 kV, the beam current was set to 2nA and 

focused on a ~ 10 µm diameter beam on the sample surface. Samples were prepared as 

described in the EMPA section. For SIMS measurement, the samples were cleaned in an 

ultrasonic bath with pure ethanol, stored in an oven at 70 °C, then covered with an 

approximately 30 nm high pure gold layer and put in the airlock chamber at a pressure better 

than 3E-07 Pa for more than three days. A 40 x 40 µm area was pre-sputtered for 120 s to 

reduce the surface contamination. Positive secondary ions were extracted using a 10 kV 

potential, and the energy slit was placed at a width equal to 50 eV. The mass resolution was 

(M/ΔM)=3000, which is sufficient to eliminate all isobaric interferences. To build the 

calibration curves of the 1H isotope, garnets were used as reference material, whose water 

content was measured with independent techniques (Maldner et al. 2003). The spot size was 

set as 10 µm, according to dimensions of the crystal. Counting times per cycle were 15 s for 
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1H and 2 s for 30Si. The average acquisition time was 70 minutes and the 1H/30Si ratios were 

calculated by averaging only the last 100 cycles from each analysis. 

Single crystal X-ray diffraction (SC-XRD) 

The single-crystal structure determination was performed on crystals of sample FD0718 using 

a Rigaku R/AXIS-SPIDER diffractometer (goniometer radius of 127.4 mm) equipped with a 

fixed curved image plate detector with an active area of 465 mm x 256 mm and a pixel size of 

100 µm. Crystals of sample FD0836 could not be refined as they were highly twinned. The 

accessible 2θ range of the Rigaku R/AXIS-SPIDER diffractometer is -60 to 144° in a 

horizontal and ± 45° in a vertical direction. The 1/4 χ goniometer used allows an accessible 

range of -85 to 275° for the ω, -15 to 55° χ, and 360° for the φ-axis. A rotating anode X-ray 

source (CuKα, MicroMax-007 HF microfocus) in combination with a VariMax HF Confocal 

Max-Flux optical system was used. The size of the examined crystal (FD0718) was 

101×87×80 µm in a, b, and c directions, respectively. 

Data acquisition and processing was performed using the CrystalClear software interfacing to 

the d-TREK engine. For the structure determination, the software package CrystalStructure 

was used. The structure was refined in the space group Imma (Jacobsen et al. 2005). 

The measurements were divided into 12 ω-scans at χ-values of -14, 0, 28, and 55° each for 

respective φ-values of 0, 120, and 240°. Every ω-scan consisted of 30 images between ω-

values of 55-205° in 5° increments with a respective oscillation width of 5°. A total of 360 

images with a 60 s exposure time were collected.  

Of the 5501 reflections that were collected, 307 were unique (Rint = 0.081), equivalent 

reflections were merged. The structure was solved by direct methods (SIR2004) and 

expanded using Fourier techniques (DIRDIF99). The displacement factors were refined 

isotropically after Sheldrick. The final cycle of full-matrix least-squares refinement on F was 

based on 4832 observed reflections [I > 2.00 σ (I)] and 22 variable parameters and converged 

with unweighted and weighted agreement factors of:  
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A Sheldrick weighting scheme was used. When separately refining the Mg1 and Mg2, we 

obtained Rw = 0.12; and refining Si1, Rw = 0.11, resulting in a worsening in the overall statistic 

of the refinement. The maximum and minimum peaks on the final difference Fourier map 

corresponded to 15.10 and -11.40 e/Å3, respectively. The goodness of fit was 1.001. 

Neutral atom scattering factors were taken from Cromer and Waber (1974). Anomalous 

dispersion effects were included in Fcalc (Ibers and Hamilton 1964); the values for Df' and Df" 

were those of Creagh and McAuley (1992). The values for the mass attenuation coefficients 

are those of Creagh and Hubbell (1992). All calculations were performed using the 

CrystalStructure crystallographic software package.  

The same machine and software were used for crystal orientations. The lattice parameters 

were determined in this case from reflections taken from 12 ω-scans at χ-values between 80 

and 140 °. 

Powder X-ray diffraction 

The experimental products were ground in an agate mortar for several minutes, diluted with a 

white glue, and evenly spread on a circular foil. To minimize preferential orientation, the 

powder was stirred during drying. Finally, the foil was placed into the transmission sample 

holder and covered with a second empty foil. Powder XRD patterns were recorded in 

transmission using a fully automated STOE STADI P diffractometer (CuKα1 radiation), 

equipped with a primary monochromator and a 7° wide position sensitive detector (PSD). The 

normal-focus Cu X-ray tube was operated at 40 kV and 40 mA, using a take-off angle of 6°. 
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Intensities were recorded in the range of 2θ of 9 to 125° with a detector step size of 0.1° and a 

resolution of 0.02°. Counting times were selected to yield a maximum intensity of 3000 and 

4000 counts, resulting in 5 to 20 s per detector step. Starting structural values were the 

fractional atomic coordinates and lattice constants from Finger et al. (1993) measured on 

anhydrous Mg-wadsleyite in the space group Imma. Unit-cell parameters and other structural 

parameters were refined using the GSAS software package for Rietveld refinements (Larson 

and Von Dreele 2000). The peaks were defined as pseudo-Voigt functions with variable 

Lorentzian character. The peak full-width at half maximum height (FWHM) was varied as a 

function of 2θ using the parameters “U”, “V”, “W” of Caglioti et al. (1958). The parameters 

“X” and “Y” were used for the Lorentzian character. The recorded peaks were highly 

symmetric due to the geometry of the STADI P diffractometer, therefore no parameters 

describing the asymmetry of the peaks had to be used. Background was fitted with a real 

space correlation function capable of modeling the diffuse background from the amorphous 

foil and glue used for the preparation. The Rietveld refinements were performed with 44 

variables parameters and converged with weighted agreement factors of Rw = 0.05-0.06, the 

goodness of the refinements was around 0.95 and the DWd (Durbin-Watson factors) close to 

1.04. 

Transmission electron microscopy 

For TEM investigations, site-specific foils were prepared by focused ion beam technique 

(FIB) on both hydrous samples, FD0718 and FD0836. The instrument used was a FEI FIB200 

with Ga-ion source operating at 30 kV. Details of FIB TEM sample preparation are given 

elsewhere (Wirth 2004). TEM was performed using a FEI TecnaiG2 F20 X-Twin transmission 

electron microscope equipped with a Gatan imaging filter and an EDAX-X-ray spectrometer. 

Energy-filtered lattice fringe images, electron energy loss spectra (EELS) and the chemical 

composition of the samples were obtained on the hydrous samples. EEL spectra were 

acquired with a dispersion of 0.1 eV/channel. The energy resolution of the filter was 0.9 eV at 
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half-width at full maximum of the zero loss peak. Spectra were acquired in diffraction mode 

with an acquisition time of 1 s. 

The Mg/Si ratios were determined with the EDAX system of the TEM in scanning 

transmission mode (STEM) scanning the electron beam within a window (20x20 nm). 

Scanning the electron beam during the measurement minimizes mass loss during data 

acquisition. The exposure time was 120 sec for each analysis; the counts for Mg were 14000 

and the counts for Si were 10000. Tilt angle was 20°. 

 

Results  

Syntheses 

The recovered material of the runs was characterized using X-ray powder diffraction and 

Raman spectroscopy, and wadsleyite was recognized as the main occurring phase (Table 1). 

The X-ray refinements on powder and single crystals confirm the results by Jacobsen et al. 

(2005), that the volume of hydrous wadsleyite is larger than that of anhydrous wadsleyite 

(Table 2). It increases from 538.52 (Å3) for the anhydrous wad to 540.64 (Å3) for the wad 

sleyite with 8000 ± 1000 wt ppm water (FD0718), to 541.80 (Å3) for the sample containing 

16000 ± 1000 wt ppm H2O (FD0836) (water content see below). The reason for the volume 

increase is mainly an increase of the b lattice parameter from 11.459 Å to 11.5177 Å and 

11.628 Å, respectively (Table 2). For the anhydrous experiments and the most hydrous 

sample, we did not obtain crystals of sufficient high quality for SC-XRD.
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Table 1. Anhydrous and hydrous wadsleyite experimental constraints, run products, chemical composition, and water quantification. 
Experiment P(GPa) 

(±0.3) 
T(°C) 
(±10) 

Duration  
(minutes) 

Run product  
 

Chemical 
Composition 
(pfu) 

Mg/Si  
EMPA 

Mg/Si 
TEM 

H2O 
SIMS 
(wt ppm) 
(H/106 Si) 

H2O RAMAN 
(wt ppm) 
 

FD0718 13.3  
 

1200 450 wad: 96 wt. % 
enstatite: 4 wt. % 

Mg(1.9)Si(1.04)O4 1.85 (0.1) 1.85(0.1) 
 
 

8000 ±1000 
125000 ± 15000  
 

8500 ± 1000 
polarized 

FD0831 13.8 
 

1200 360 100% dry Wad -   
 

 - 

FD0836 13.5 
 

1150 360 wad 70 wt.% 
phase E: 30 wt.% 
 

Mg(1.9)Si(1.04)O4 1.85 (0.1) 1.90(0.1) 
 

16000 ±1000 
252000 ± 8000 

13600±4000 unpolarized  
 

 
Table 2. Structural data from X - Ray powder diffraction and X – Ray single crystal diffraction. 
Experiment Powder – XRD 

unit cell parameters (Å) 
Powder-  XRD 
volume (Å3) 

SC - XRD  
unit cell parameters (Å) 
 

SC - XRD  
volume (Å3) 

SC-XRD orientation mean value 
unit cell parameters (Å) 

 
volume (Å3)  

FD0718 a =   5.685(3) 
b = 11.516(6) 
c =   8.253(4) 
 

540.34 (6) 
 
 

a  =   5.6861(1)  
b  = 11.5177(2)  
c  =   8.2551(1)  
 

540.64(2)  
 
 

a = 5.693(6) 
b=11.499(1) 
c = 8.258(9) 
 

540.65 (5) 

FD0731 a =   5.694(1) 
b = 11.459(2) 
c =   8.253(1) 
 

538.52(2) 
 

    

FD0836     a =   5.690(1) 
b = 11.628(6) 
c =   8.188(15) 

541.80(8) 
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Qualitative and quantitative intrinsic OH analyses 

TEM – EMPA 

The HRTEM images of both hydrous wadsleyite samples show perfect crystal lattices of pure 

β-Mg2SiO4, defect-, inclusion- and dislocation–free. Both TEM and EMPA show 

homogenous chemical composition of the hydrous wadsleyite phases. With EDAX the Mg/Si 

ratio, for both hydrous wadsleyite samples (FD0718 and FD0836) was 1.85 (±0.1), indicating 

a deviation of the ideal formula with Mg/Si ratio of 2.0. This result is also confirmed by 

EMPA (Table 1). EELS spectra acquired in the region of the O-K edge on both samples 

FD0718 and FD0836 are shown in Figure 1a and 1b.  

 

 

Figure 1. O-K-edge EEL spectra of hydrous wadsleyite (a) containing 8000 ±1000 and (b) 16000 ±1000 wt ppm 
water. The prepeaks confirm the intrinsic water incorporation in the wadsleyite structure. 
 

In case of Fe-free samples, prepeaks to the O-K edge indicate the presence of OH as first 

proposed by Wirth (1997) and later on confirmed by Klimenkov et al. (2008). On the other 



Chapter 2: wadsleyite  60 hand for Fe-bearing samples, this prepeak can be linked to the Fe3+ incorporation as suggested by Van Aken et al. (1998). We can observe clear prepeaks in our Fe-free samples along with the main O-K edge that confirm the high water presence in the structure and its intrinsic nature. Water Quantification by SIMS and Raman spectroscopy.   SIMS analyses result in a water content for FD0718 as 8000 ± 1000 wt ppm H2O (125000 ± 15000 H/106 Si) and for FD0836 as 16000 ± 1000 wt ppm H2O (252000 ± 8000 H/106 Si) synthesized at 1200 and 1150 °C, respectively. Polarized Raman spectra are shown in Figure 2.    Figure 2. Polarized Raman spectra collected on SC –XRD oriented crystals of hydrous wadsleyite (FD0718). The spectra confirm the strongest absorbance with E parallel to the crystallographic axis c, as observed in the polarized FTIR spectra.  They exhibit a pleochroism that is also observed in the polarized FTIR spectra (Fig. 3), i.e., the stronger intensity in the spectrum is observed for E parallel to the c crystallographic axis.   



Chapter 2: wadsleyite  61  Figure 3. Polarized FTIR spectra collected on SC –XRD oriented crystals of hydrous wadsleyite (FD0718) with the E vector parallel to the three main crystallographic axes. The intense broad band can be resolved in three smaller ones: 3325 cm-1 (ν2), 3382 cm-1 (ν3) and 3546 cm-1 (ν4). The first spectrum in the sequence above, parallel to  [001], shows that the strongest absorbance occurs in the c polarized spectrum. Spectra are offset for clarity.  Using the total integrated areas of the polarized Raman spectra in combination with the method developed by Thomas et al. (2008a, 2009) we quantified the water content for wadsleyite FD0718 synthesized at 13.3 GPa and 1200 °C in paragenesis with enstatite and got 8500 ± 1000 wt ppm H2O, which is within the uncertainties in excellent agreement with our SIMS results. For the sample FD0836 synthesized at 1150°C and 13.5 GPa, quantification using unpolarized Raman spectra yielded 14000 ± 4000 wt ppm H2O, also in good agreement with the SIMS measurements. For the later unpolarized measurements, the absorbances of 14 single measurements were averaged and multiplied by 3 to get Ai,tot.     



Chapter 2: wadsleyite  62 FTIR spectroscopy. FTIR spectra collected at ambient conditions in the OH-stretching region show the typical pattern of wadsleyite with a broad intense OH-band at 3382 cm-1 and shoulders at the low- and high-energy side at 3326 and 3546 cm-1. Another broad band can be observed in a lower energy range at 2960 cm-1 and four sharp bands at relatively high energies at 3582, 3612, 3647 and 3667 cm -1. The different bands can be better recognized in Figure 4 where we show the low-temperature IR spectra.   Figure 4. Sequence of low-T FTIR spectra collected from ambient conditions down to -180°C. Spectra are offset for clarity.  The shoulders at the high- and low- energy side of the main OH band appear more pronounced, and in the high-energy range, we can clearly distinguish four bands at 3582 (ν5), 3617 (ν6), 3638 (ν7) and 3665 (ν8) cm-1 that become sharper as T is decreased down to -180 °C. The presence of four sharp peaks in the high-energy region has not been reported before. Based on the peak positions, the low-temperature and high-pressure behaviour of the bands (see below), as well as based on the absence of any absorption in the region around 5200 cm-1 
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(combination bending and stretching vibrations of water), we assign all observed bands to 

OH- stretching vibrations due structural hydroxyls. The polarized spectra shown in Figure 3 

show the strongest absorbance when the E vector is parallel to the c axis.  

Ai,tot calculated from polarized measurements on 5 oriented crystals from sample FD0718 

with E parallel to the c crystallographic axes was 112500 ± 10000 cm-1. The independent 

water quantification method using SIMS combined with the mean value of Ai, tot of the FTIR 

polarized spectra allowed us to calculate, for the first time, a molar absorption coefficient, εi, 

tot, for wadsleyite as 73000 ± 7000 (L mol -1H2O cm-2) for a mean wavenumber of 3381 cm-1.  

 

OH location in the wadsleyite structure  

High pressure FTIR spectroscopy. 

To locate the hydroxyls in the wadsleyite structure, new information on the behaviour of the 

OH-bands with increasing pressure are very useful if they are compared to results of high-P 

X-ray refinements. The bands ν2 (3326 cm-1), ν3 (3382 cm-1) and ν4 (3546 cm-1) shift strongly 

towards lower wavenumbers, whereas the peak position of the OH-bands at higher 

wavenumbers (ν5, ν6, ν7, ν8) remains constant (Figs. 5a, 5b). 

Half-widths of the bands slightly increase with pressure. The band ν1 could not be observed in 

the high-pressure spectra or in the low-T spectra. The peak positions of the OH-bands as a 

function of pressure are presented in Figure 5b and Table 3. 

 



Chapter 2: wadsleyite  64  Figure 5. (a) Sequence of in-situ FTIR high-P spectra acquired from ambient conditions up to 15.4 GPa. Spectra are offset for clarity. (b) Shift of the OH-band positions of the as a function of pressure. The solid lines represent linear regressions.  SC-XRD Lattice parameters, fractional atom positions, site occupancies, and selected interatomic distances are presented in Table 2, 4a and 4b1. A major interest for the SC-XRD structure determination was if any effect for the hydroxyl incorporation in the structure is observable. If H enters the wadsleyite structure, Mg or Si vacancies must be present in the crystal structure because of charge balance. SC-XRD structure determination of sample FD0718, bearing 8000 ±1000 wt ppm H2O, in space group Imma showed full occupancy of the Si as well as for the M1 and M2 sites, whereas the M3 site has a occupancy which is significant less than 1 with a value of 0.90(1) (Table 4a). On the basis of the refined structure the distribution of remaining electron densities showed maxima around the O1 and O3 atoms with fractional atomic positions x, y and z, respectively:                                                   1 A cif file and the X-ray structure report are available as deposit items 
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0 0.25 0.222,  

0 0.132 0.379, i.e., both close to O1 coordinating M3 

and  

0 -0.02 0.174, 

0 0.07 0.689, i. e., both close to O3 coordinating M3. 

These coordinates, however, give unrealistic O-H atom distances as we are at the detection 

limit for traces of H via X-ray diffraction and we take the results only as hints that O1 and O3 

are involved in the protonation. 

 
Table 3. Position and full-width at half maximum (FWHM) of the IR bands of hydrous wadsleyite FD0718 as a 
function of pressure.  
Pressure  
(GPa) 

ν2 
FWHM 
(cm-1) 

ν3 
FWHM 
(cm-1) 

ν4 
FWHM 
(cm-1) 

ν5 
FWHM 
(cm-1) 

ν6 
FWHM 
(cm-1) 

ν7 
FWHM 
(cm-1) 

ν8 
FWHM 
(cm-1) 

Ambient 3326 
121 

3382 
76 

3546 
194 

3583 
31 

3612 
27 

3648 
28 

3667 
38 

0.72 3321 
125 

3370 
80 

3549 
192 

3584 
28 

3611 
24 

3649 
36 

3665 
38 

1.94 3311 
113 

3364 
69 

3534 
208 

3586 
35 

3613 
21 

3645 
38 

3665 
36 

3.38 3289 
125 

3355 
79 

3520 
223 

3583 
28 

3612 
30 

3651 
37 

3668 
39 

5.15 3276 
135 

3338 
85 

3481 
246 

3586 
36 

3617 
26 

3643 
16 

3665 
31 

7.88 3247 
151 

3320 
91 

3468 
215 

3588 
36 

3614 
32 

3645 
46 

3676 
46 

10.1 3238 
147 

3309 
106 

3452 
194 

3584 
43 

3617 
35.3 

3654 
37.4 

3673 
46 

11.8 3210 
132 

3285 
112 

3437 
259 

3596 
51 

3622 
30 

3659 
46 

3683 
44 

13.9 3182 
151 

3274 
130 

3436 
233 

3583 
47 

3620 
53 

3668 
41 

3685 
99 

15.9 3175 
145 

3265 
121 

3413 
272 

3582 
44 

3611 
36 

3642 
49 

3679 
56 

dν/dP 
(cm-1/ GPa) 

-8.81 -7.49 -9.93 0.13 0.34 0.57 0.43 
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Table 4a. Fractional atomic coordinates of hydrous wadsleyite (Imma) FD0718 
 
Atom x y z occupancy U(iso)(X1000)* 
Mg (1) 0 0 0 0.98(1) 4.31(2) 
Mg (2) 0 0.25 0.9710(1) 1.03(1) 0.38(2) 
Mg (3) 0.25 0.1242(1) 0.25 0.91(1) 4.18(2) 
O (1) 0 0.25 0.2229(2) 1.0 4.31(2) 
O (2) 0 0.25 0.7159(2) 1.0 1.26(2) 
O (3) 0 0.0120(1) 0.7436(1) 1.0 1.39(2) 
O (4) 0.2613(1) 0.1231(1) 0.9940(1) 1.0 0.76(2) 
Si (1) 0 0.1206(1) 0.6160(1) 1.06(4) 0.51(2) 
H (1)† 
H (2)† 

0.55 
0 

0.7 
0.97 

0.82 
0.85 

- 
- 

- 
- 

* U=B/(8xπ2) 
† Fractional atomic coordinates H1 and H2 roughly estimated from FTIR polarized spectra 

 

Table 4b. Bond lengths of hydrous wadsleyite WZ304 with 150 and WZ292 with 9600 wt ppm water (Jacobsen 
et al. 2005) and bond lengths of FD0718 (this study) containing 8000 wt ppm 
 
Interatomic distances (Å) WZ304 WZ292   

 
 

FD0718  

Mg(3)-O(4) 2.128 (1) 2.117 (1) 2.115 (1) 
Mg(3)-O(3) 2.124 (1) 2.117 (1) 2.118 (1) 
 
 
O(1)-O(4) 

 
3.120 (2) 

 
3.092 (2) 

 
3.073 (1) 

O(3)-O(4) 
 
 
Si(1)-O(2)                       
Si(1)-O(3) 
Si(1)-O(4)                                              
 
Mg(1)-Mg(3) 
Mg(2)-O(2) 
Mg(3)-O(1) 

3.039 (2) 
2.914 (2) 
 
 
 
 
 
 
2.092(1) 
2.017(1) 

3.045 (2) 
2.918 (2) 
 
 
 
 
 
 
2.093(1) 
2.035(1) 

3.053 (1) 
2.917 (1)  
 
1.704 (1) 
1.635 (1) 
1.633 (1) 
 
2.886 (2) 
2.093 (1) 
2.042 (3) 
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Discussion 

Saturation and first direct IR calibration for OH in wad 

As mentioned above, the water saturation depends on the P, T chosen for the equilibrium 

experiments, water fugacity, and on the phase assemblage. In this study, we obtained 8000 

±1000 wt ppm H2O in hydrous wadsleyite FD0718 synthesized at 1200 °C and 13.3 GPa 

coexisting with enstatite and 16000 ±1000 wt ppm H2O at 1150 °C and 13.5 GPa coexisting 

with phase E (FD0836). The higher water content for the experiment at lower temperature 

(FD0836) is in good agreement with observations by Demouchy et al. (2005), evidencing 

higher solubility at lower T. However, our values cannot be compared directly with the 

quantification taken from literature as the experimental conditions were not identical. 

Jacobsen et al. (2005) obtained for single-phase wadsleyite synthesized at 1200 °C and 16 

GPa, 3200 wt ppm H2O, whereas for wadsleyite coexisting with phase E and clinopyroxene 

and synthesized at 1400 °C and 16 GPa, the water content was 9600 and 10600 wt ppm, 

which is in the range that we obtained at 1200 °C and 13.5 GPa for wad coexisting with cpx.  

Our ε value of 73000 ±7000 (L mol -1
H2O cm-2)  represents the first innovative IR calibration 

for water in wadsleyite. In the past, IR spectra of wadsleyite were quantified either with the 

general calibration given by Paterson (1982) or with the more recent calibration by 

Libowitzky and Rossman (1997), and both underestimated the water content. Both general 

calibrations are based on IR spectra of hydrous minerals and glasses with several weight 

percent water. They show the same trend, namely a negative correlation between the IR 

absorption coefficient for water and the mean wavenumber of the corresponding OH pattern, 

but the slopes are slightly different. Balan et al. (2008) confirmed the general trend in a 

theoretical study using density functional theory calculations. However, it is known that NAM 

values do not follow this trend but need mineral-specific calibrations (see discussion in 

Thomas et al. 2009). Hirschmann et al. (2005) reviewed the published data for water in 

wadsleyite and concluded that the IR quantifications do not need a correction by a factor of 3 
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– 3.5, which must be applied to IR analyses of olivine performed using Paterson´s method 

(1982). However, according to our experience, this statement is not correct as it is only based 

on one intercalibration study using NMR and unpolarized FTIR spectroscopy by Kohn et al. 

(2002). Depending on the anisotropy of the absorbance, unpolarized IR measurements used to 

quantify water in NAMs may lead to uncertainties in the range of 30-50 wt % of the water 

content compared to polarized measurements. Our ε  value, valid for wad with a mean 

wavenumber of the OH pattern of 3381 cm-1, is well below the general calibration curves: 

Libowitzky and Rossman’s calibration yield an ε  value at 3381 cm-1 of 91512 (L mol -1
H2O 

cm-2); Paterson’s calibration an ε−value at 3381cm-1 of 119700 (L mol -1
H2O cm-2) and the 

theoretical deduced calibration by Balan et al. (2008) gives 153182 (L mol -1
H2O cm-2) for a 

mean wavenumber of 3381 cm-1. Compared to the low-pressure polymorph forsterite for 

which ε values in the range of 38000 (L mol -1H2O cm-2) are given by Thomas et al. (2009), our 

ε  value  for wadsleyite is higher, reflecting the denser structure of wad compared to olivine.  

High-pressure behaviour of the OH-bands  

Kleppe et al. (2005) studied the high-P behaviour of the Raman in hydrous wadsleyite bands 

in the OH stretching region. The dν/dP slopes related to the behaviour of our bands ν2, ν3, ν4, 

v5 (see Table 3) with increasing pressure are in the range of the values observed by Kleppe et 

al. (2001). However, they resolved the broad main band in two bands only and observed for 

the bands at 3329 cm-1 (ν2, this study) and 3373 cm-1 (ν3, this study) lower slopes of -7.7 and -

7.0 dν/dP (1/cm GPa), respectively. For the band at higher energy at 3586 cm-1, (ν5, this 

study) the slope was determined as -0.29 dν/dP (1/cm GPa) in good correspondence to our 

result (Fig. 5b and Table 3). 

Kudoh and Inoue (1998) performed in-situ high-P X-ray refinements, but only up to 3.7 GPa, 

of the wadsleyite structure and found that the lengths of the O1•••O of the M3 site appear 

insensitive to pressure, whereas the most sensitive O•••O distances to P are those belonging to 
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the M2 site, which all shorten with pressure. For this reason, Kleppe et al. (2005) concluded 

that the O1 site is not involved in the hydroxyl groups in wadsleyite, which are responsible 

for the bands around 3300 cm-1. Hazen et al. (2000) studied the high–P crystal chemistry of 

wadsleyite up to 10 GPa noticing that all the edges, i.e. O•••O distances, show a general 

decrease under pressure (0 – 10.12 GPa), but especially the O1•••O4 and O3•••O4 distances 

of the M3 octahedron. These are much more sensitive to pressure increase compared to the 

other edges of the M3 octahedron: slopes of the O1•••O4 and O3•••O4 distance vs. pressure 

are -0.0082 and -0.0087 Å/GPa, respectively, while the pressure change of the length of the 

other edges of M3 is much less. Hazen et al. (2000) further observed that the Mg3-O4 bonds 

parallel to c are, by far, the most compressible in the structure [-0.0022(2) Å/GPa]. Thus good 

agreement with our results, such that the main band that shifts strongly to lower energy is 

assigned to hydroxyl groups forming an angle of 30 ° to the c-axis (see below). 

OH incorporation and localization in the structure 

On the basis of the results of this study, we propose that H incorporation in wadsleyite occurs 

mainly via a vacant M3 octahedron with protonation of the coordinating O1 and O3 oxygen 

atoms. We have chosen these oxygen atoms as O1 is undersaturated (see above) and, as we 

found in the SC-XRD refinement, electron density maxima are close to O1 and O3. Table 4b 

shows some selected interatomic distances of the M3 site are reported in comparison to results 

from the work of Jacobsen et al. (2005). According to Jacobsen et al. (2005), with increasing 

water content, the Mg3-O4 and Mg3-O3 distances in wadsleyite decrease from 2.128(1) to 

2.117(1) and 2.124(1) to 2.117(1) Å, respectively, which is in excellent agreement with the 

data for our 8000 wt ppm wadsleyite. Increase is also observed for the O3-O4 edges, while 

the O1-O4 edge decrease (Table 4b).  

For the localization of OH, we rely on the results of IR spectroscopy: from the polarized IR 

spectra and our high-P spectra, we conclude that the corresponding OH dipoles are located 
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along the O1-H1···O4 (3.10 Å) and O3-H2···O4 (3.04 Å) edges of a vacant M3 octahedron 

(Figure 6a and 6b).  

 

Figure 6. (a) View of the structure of anhydrous wadsleyite as proposed by Jacobsen et al. (2005) showing the 
three different octahedral Mg sites M1, M2 and M3. (b) Structural proposal of hydrous wadsleyite (this study) 
showing the positions of hydrogen along the O1···O4 (3.08 Å) and O3···O4 (3.05 Å) edges. 
 

The corresponding OH dipoles are so aligned that they form an angle of about 30 ° in respect 

to the c-axes. For charge balance, a vacant octahedron needs two H atoms bonded to the 

coordinating oxygen atoms. We propose that the protonation of either two O1, two O3 or one 

O1 and one O3 of a vacant M3 is responsible for the broad OH absorption band and its 

shoulders at the high- and low- energy side.  The assignment is based on the following 

observations: (1) the polarized spectra indicate that all three bands have more or less the same 



Chapter 2: wadsleyite 

 71 

pleochroic behaviour; (2) the peak positions are similar – variations may result from 

interactions between the two H atoms; and, most important, (3) these three bands show the 

same high-P behaviour, e.g., a strong shift to lower energies resulting in similar negative 

slopes (-8.81; -7.49; -9.93 cm-1/ GPa, see also Table 3). These negative slopes indicate a 

strong shortening of the corresponding O⋅⋅⋅O distances with increasing pressure. A 

comparison of the O⋅⋅⋅O distances in wadsleyite with pressure deduced from the high-P study 

of Hazen et al. (2000), reveals that the O1⋅⋅⋅O4 (3.10 Å) and O3⋅⋅⋅O4 (3.04 Å) distances both 

strongly decrease with pressure, yielding slopes of -0.0082 and -0.0087 Å/GPa, respectively. 

From our experience (Koch-Müller et al. 2001, 2003), such pressure-induced structural 

changes are in accordance with the observed large shifts of the corresponding OH-bands.  

One may argue that, in our assignment for the main OH-band, the O⋅⋅⋅O distances for the 

hydrogen locations are too large if we compare them with published relations between OH 

wavenumbers and the O···O distances (e.g., Libowitzky 1999). However these relations are 

based on hydrous natural minerals and there is a large scatter, especially around 3400 cm-1 of 

about 0.3 Å in the correlation of Libowitzky (1999). More importantly, we are not sure 

whether we can apply these correlations to NAMs where hydrogen is incorporated via point 

defects. Therefore, we rely more on the high-P behaviour of the OH-bands and the conclusion 

deduced from these observations.  

Our model for H incorporation in wadsleyite is consistent with the proposal of Jacobsen et al. 

(2005) since the dipoles we suggested belong to five possible protonation sites for the main 

OH band in wadsleyite. Finally, Jacobsen et al. (2005) were in favour for one of the two O1-

O4 sites, but they could not distinguish in which of the two environments the hydrogen would 

be located, either along the O1···O4 (3.1 Å) of a unshared edge of M3 or along O1···O4 (2.8 

Å) of an edge shared by M2 and M3. Based on the high-P spectra and in comparison with the 

high-P X-ray diffraction data, we can exclude the O1···O4 (2.8 Å) distance as it is less 
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sensitive to P increase, yielding a slope of -0.005 Å/GPa. The same holds true for the other 

two O3···O4 distances (-0.0045 and -0.0058 Å/GPa). Tsuchiya and Tsuchiya (2009) 

performed several relaxation model calculations varying the initial proton position. Our 

assignment agrees with what they obtained as the most stable configuration for the main 

absorption band, e.g., that the protonation site is the O1 and H located along the edges of the 

M3 vacancies.  

The peak position for bands at higher wavenumber 3550 – 3620 cm-1 is basically not 

influenced by increasing P. Jacobsen et al. (2005) assigned the band at 3583 cm-1, ν5, which 

shows absorption when E II b and E II c, to H located between (O1•••O3) (3.016 Å) along the 

shared M3/M3 edge. They further related the band at 3612 cm-1, ν6, which shows mostly no 

absorbance when E II b, to H located between O1•••O1 (2.887 Å) along the M3/M3 shared 

edge. This assignment fits the pleochroic behaviour of the bands, but does not take into 

consideration that the bands are at much higher energies than the main band around 3380 cm-1 

and that they are pressure insensitive, i.e. hydrogen must be located between two oxygen 

which have O•••O distances >> 3.1 Å. The structural model of hydrous wadsleyite developed 

by Tsuchiya and Tsuchiya (2009) suggests a second minor type of hydrogen incorporation in 

which M2 vacancies are involved and where the OH dipoles are oriented along O1•••O2   with 

a distance of about 4.1 Å, i.e., Smyth’s 1987 model. This model considers the peak positions 

and the pressure behaviour of the bands, but is not consistent with the pleochroic behaviour of 

the high- energy bands. However, if we allow the O1-H···O2 arrangement to deviate from 180 

°, thus introducing a non-linear bonding, one could find arrangements within the O1···O2 

environment that also fit the pleochroic behaviour of these bands. Therefore, we are in favour 

of such an assignment for the high-energy bands. Thomas et al. (2008b) suggested a similar 

assignment (4.1 Å) for the high-energy band (3742 cm-1) in Ge-ringwoodite.  
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Abstract 

The transition of olivine (ol), α-(Mg,Fe)2SiO4, to its high P polymorph wadsleyite (wad), 

β−(Mg, Fe)2SiO4, determines the occurrence of the petrologic-seismic 410-km discontinuity. 

A very important parameter that may influence the depth and thickness of the ol-wad phase 

boundary, i. e. the 410-km discontinuity, is the presence of water. So far this issue was 

investigated in a few studies, however with contradictory results. 

In this study multi-anvil experiments were performed in the MgO-SiO2±H2O system at 13.0-

13.7 GPa and 1025-1300 °C and in the MgO-FeO-SiO2±H2O system at 11-12.7 GPa, and 

1200°C, to depict the effect of H2O on the depth and thickness of the 410-km discontinuity in 

the Earth upper mantle. To avoid incorporation of Fe3+ experiments were performed under 

reducing conditions. The experimental charges were investigated with Electron Microprobe 

(EMP), Raman Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), Secondary 

Ion Mass Spectrometry (SIMS) and Electron Energy Loss Spectroscopy (EELS). Compared 

to the dry systems we observe in the MgO-SiO2-H2O system at 1200 °C a 0.6 GPa shift of the 

phase boundary to lower pressure. We link this observation to the stronger water fractionation 

into wad rather than in ol.  In the MgO-FeO-SiO2-H2O system we were able to catch the triple 

point, i.e. to observe coexisting hydrous ol, wad and ringwoodite (ring). The quantification of 

hydrogen by SIMS provided water partitioning coefficients: 
  
D

wad / ol

water  ~ 3.7 and 
  
D

ring / ol

water  ~ 1.5 

and 
  
D

wad / ring

water ~2.5.  For a bulk composition of xFe = 0.1, which represents the average 

composition of the Earth upper mantle, our data indicate only a slight difference in the width 

of the loop of the two phase field ol-wad under wet conditions compared to dry conditions, 

i.e. no broadening in respect to composition but a slight shift to lower pressures. For bulk 

compositions of xFe > 0.2, i.e. in regions where wad-ring and ol-ring coexist, we observe, 

however, an unexpected broadening and a shift of the loops to higher iron contents. In total 
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the stability field of hydrous wad expands in both directions, to lower (ol-wad loop) and 

higher (wad-ring loop) pressures. Fe3+ concentrations as determined by EELS are very low: ol 

(<<0.05), wad 0.070(±20) and ring 0.022(±4) pfu, thus such small concentrations are 

expected to play no role in the broadening of the phase boundaries. 

 

Keywords: Earth upper mantle, 410-km discontinuity, ol-wad phase transition, high pressure, 

water quantification. 
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Introduction 

It is now generally accepted that the 410- and 660-km discontinuities in the Earth´s Mantle 

are related to an important change in the mantle density of 5 and 10%, respectively, which 

causes discontinuous changes in the P and S seismic wave velocities (e.g. Dziewonski and 

Anderson 1981). 

The seismic 410-km discontinuity is related to the phase transformation of olivine α− 

(Mg,Fe)2SiO4 (ol) into its high P polymorph wadsleyite-β (Mg,Fe)2SiO4 (wad) (e.g. 

Ringwood, 1975, Katsura and Ito, 1989). Both minerals belong to the category of NAMs 

(Nominally Anhydrous Minerals), which may incorporate hydrogen3 in the form of hydroxyl 

in their structure. Recent studies (Smyth 2006; Mosenfelder et al. 2006) demonstrated that ol, 

the most abundant constituent of the Earth´s upper mantle, may -depending on the P, T 

conditions- incorporate up to 0.9 wt %. Its high P polymorphs wad and ring, γ-(Mg,Fe)2SiO4, 

are also known to act as water reservoir: wad can incorporate in its structure as much as 3.3 

wt. % (Inoue et al. 1995) and ring may store up to 2.8 wt. % (Kohlstedt et al. 1996). However 

the different water contents are strictly related to the P-T conditions and phase assemblies.  

Water is carried down into the mantle via subduction of oceanic plates, and usually most of it 

is released at depth of 150 km, however experiments and seismic observations imply that 

hydrogen can be transported much deeper, it is even discussed that it occurs as light element 

in the Earth core. Previous seismic tomographic observation evidence that the 410-km 

discontinuity is quite sharp, i. e. 6 km, in some region of the Earth upper mantle (Yamazaki et 

al. 1994, Rost et al. 2002) but much broader in other regions as shown in a more recent 

seismological study of van der Meijde et al. (2003) (under the Mediterranean the broadness 

varies between 20 and 30 Km). This may be linked to variable water concentrations. In other 

words the water distribution in the Earth upper mantle may be inhomogeneous, due to the 

history of subduction and amount of water incorporated by the phases characterizing these 
                                                
3 Further on expressed either with wt ppm H2O or with the general term “water” 
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depths. Wood (1995) investigated the effect of water on the region where ol and wad coexist 

theoretically and proposed a shift of 0.6 GPa to lower P and broadening of 22 Km of the 410-

km discontinuity by assuming 500 wt ppm water in ol and 5000 wt ppm in wad. 

The influence of water on the position and shape of the ol-wad phase transition, i.e. on the 

410-km discontinuity is still a highly discussed issue and experimental studies do show 

contradictory results (Chen et al. 2002; Frost and Dolejs 2007).  Chen et al. (2002) observed 

basically no difference between anhydrous and hydrous conditions in the Mg2SiO4 end-

member system at 12.6-14.7 GPa and 1200°C, but the experiments performed by Frost and 

Dolejs show a shift of 1 GPa to lower pressures under the same conditions when water is 

included in the system. In the system (Mg0.91-Fe0.09)2SiO4  Chen et al. (2002) detected a shift 

towards lower iron contents and a decrease of the pressure width of the ol-wad loop to 0.3 

GPa under water saturated conditions compared to dry conditions for experiments at 12.6-

14.4 GPa and 1200°C.  

A further important parameter which may influence the P-T-x coordinates is Fe3+ content. In a 

recent study Frost and McCammon (2009), showed that in oxidizing conditions very strong 

partitioning of Fe3+ into wad shifts both phase boundaries of the ol-wad loop to lower Fe-

contents.  

In this study we focus on the role of water on the ol-wad phase boundary in the MgO-SiO2-

H2O and the MgO-FeO-SiO2-H2O systems by performing experiments under reducing 

conditions. Aim of this study is to clarify the effect of water on the P, T, x coordinates of the 

ol-wad phase transition.  

 

Experimental methods 

Multi-anvil syntheses 

Experiments 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 
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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). This was applied to all hydrous runs but one 

(MA192). A 14/8 mm assembly (octahedron length/truncation length) was used for each 

experiment, consisting of a MgO-based octahedral pressure medium with a stepped graphite 

heater, MgO and/or BN spacers and pyrophyllite gaskets. Dry experiments in the system 

MgO-SiO2 are -among others- the base of the P calibration of the multi-anvil experiments 

where the α−β  transition curve of the study of Morishima et al. (1994) has been taken as 

reference (13.6 GPa -1200°C). In some experiments the pressure was calculated using the 

(Mg,Fe)2SiO4 phase relations (see Frost and Dolejs, 2007). Details of the experimental set up 

are given in Deon et al. (2009) 

Table 1a and 1b list the experimental conditions and starting materials. The chemical 

compounds were mixed and homogenized for 15 minutes before being placed in a 3 mm long 

platinum capsule with a diameter of 2 mm. As starting material for the hydrous runs a 

stoichiometric Mg2SiO4 oxide-hydroxide mixture (MgO –SiO2)-Mg(OH)2 was used, yielding to 

a H2O-content of the bulk of 5 wt %. To buffer the SiO2  activity we added 5 wt % MgSiO3 

enstatite to the starting material. The Mg(OH)2 (brucite) was synthesized in a hydrothermal 

cold sealed apparatus at 4 kbar, 700 °C from MgO plus water in excess. We verified the 

presence of excess water at the end of each hydrous experiment by placing the recovered and 

opened Pt capsule in an oven at 170 °C and checking the weight difference before and after 

heat treatment. The dry runs were performed with synthetic forsterite and wad seeds as starting 

material without rotation/rocking of the press. 

For the experiments in the MgO-FeO-SiO2 we chose two sets of bulk initial compositions: 

(Mg1.8Fe0.2)SiO4 and (Mg1.85Fe0.15)SiO4. For the set of hydrous experiments in the MgO-FeO-

SiO2-H2O system three initial starting materials were used: (Mg1.7Fe0.3)SiO4, (Mg1.8Fe0.2)SiO4 

and (Mg1.85Fe0.15)SiO4 prepared from oxide mixtures and/or olivine solid solutions. In the  
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Table 1a. List of experimental constraints and of the Electron microprobe (EMP) analysis (system) 

                                                
4 The following chemical were used: MgO; FeO (99.9% pure) Iron oxide II Aldrich; SiO2 
(99.999% pure) Alpha Aesar. 
5 In all the starting materials, except in the calibrated (calib.) experiments, 5 wt % MgSiO3 
was added. 
6 Synthesized from a gel in annealing experiments. 
7 Due to the failure in the thermocouple the final temperature is estimated from the power 
reading as 1250-1300°C. 
 
 
 
 

Experiment P 
(GPa) 
(±0.3) 

T(°C) 
(±25) 

Starting 
material45 

Duration 
(hrs.) 

Product+en EMPA: 
c.p.f.u (cation per 
formula unit) 

MA063 
calib. 

13.4 1025 Forsterite 
Mg2SiO4 

24 wad  

 
FD062 
Calib. 

 
13.3 

 
1025 

 
Forsterite 
Mg2SiO4 

 
7 

 
wad 

 

 
FD063 
calib. 

 
13.3 

 
1100 

 
Forsterite 
Mg2SiO4 

 
7 

 
wad 

 

 
FD0727 
calib. 

 
13.4 

 
1100 

 
Forsterite6 

 
6 

 
wad 

 

       
FD0826 
calib. 

13.3 1200 Forsterite 5 ol  

 
FD0829 

 
13.5 
 

 
1200 

 
Forsterite 

 
6 

 
ol 

 

FD0831 
calib. 

13.7 1200 Forsterite 6  wad  

 
FD0836 

 
13.3 

 
1150 

 
MgO-SiO2  
Mg(OH)2  

 
6 

 
wad-phase 
E 

 
Mg(1.92)Si(1.04)O4 

 
MA207 

 
13.2 

 
1150 

 
MgO-SiO2  
6 µL H2O 

 
8 

 
wad 

 

 
FD0718 

 
13.3 

 
1200 

 
MgO-SiO2  
Mg(OH)2 

 
6  

 
wad 

 
Mg(1.92)Si(1.04)O4 

 
FD0723 
 
 
FD0713 

 
13.2 
 
 
13.3 

 
1250-
13007 
 
1300 

 
MgO-SiO2  
Mg(OH)2  
 
MgO-SiO2 
Mg(OH)2 

 
6 
 
 
6  

 
ol 
 
 
ol 

 
Mg2SiO4 



Chapter 3: H influence on the stability fields 

 91 

Table 1b: List of experimental constraints and of the Electron microprobe (EMP) analyses of the experiments in the system MgO-FeO-SiO2±H2O. 
 
 

 
Experiment P  

GPa 
(±0.3) 

T°C 
(±25) 

Starting 
material8,9 

Duration 
(hrs.) 

Product+en EMPA (c.p.f.u) 
 

#Fe=Fe/(Fe+Mg) 

  

K
wad / ol

Fe/ Mg
=

(Fe/Mg)
wad

(Fe/Mg)
ol

!

"
#

$

%
&  

 
FD0832 12.2 1200 (Mg1.8Fe0.2)SiO4 

(oxide mixture) 
 

30 ol-wad ol:Mg1.89Fe0.2Si0.97O4 
wad:Mg1.55Fe0.47Si0.99O4 

ol:0.12(1) 
wad:0.23(1) 
 

wad/ol=2.86 

FD0839 12.4 1200 (Mg1.8Fe0.2)SiO4 
(oxide mixture) 

30 ol-wad ol:Mg1.83Fe0.22Si0.97O4 
wad:Mg1.58Fe0.41SiO4 

ol:0.11(1) 
wad:0.21(1) 

wad/ol=2.15 
 

 
FD0843 

 
12.4 
 

 
1200 

 
(Mg1.85Fe0.15)SiO4 
 

 
30 

 
ol-wad-maj 

 
ol:Mg1.88Fe0.18SiO4 
wad:Mg1.54Fe0.46SiO4 
maj:Mg2.8(Fe0.72Al1.41Si0.17)(SiO4)3 

 
ol:0.09(1) 
wad:0.23(3) 
maj:0.22(2) 
 

 
wad/ol=3.12 

FD0848 12.0 1200 (Mg1.8Fe0.2)SiO4 
(oxide mixture) 

29 
 

ol-wad ol:Mg1.73Fe0.23SiO4 
wad:Mg1.41Fe0.52SiO4 

ol:0.14(1) 
wad:0.27(2) 

wad/ol=2.77 

MA192 
static 

12.2 1200 (Mg1.8Fe0.2)SiO4 
1.7 µL H2O 
 

30 ol-wad-
ring 

ol:Mg1.71Fe0.33SiO4 
wad:Mg1.41Fe0.61SiO4 
ring:Mg1.16Fe0.87SiO4 

ol:0.16 (1) 
wad:0.30(4) 
ring:0.43(1) 

wad/ol=2.24 
wad/ring=0.58 
ring/ol=3.88 

 
FD0833 

 
12.2 

 
1200 

 
(Mg1.8Fe0.2)SiO2 
1.7 µL H2O 
 

 
30 

 
ol-wad-
ring 

 
ol:Mg1.76Fe0.29Si0.97O4 
wad:Mg1.47Fe0.54SiO4 
ring:Mg1.2Fe0.8Si0.99O4 

 
ol:0.14(1) 
wad:0.27(1) 
ring:0.41(1) 

 
wad/ol=2.23 
wad/ring=0.55 
ring/ol=4.86 

                                                
8 The following chemical were used: MgO; FeO (99.9% pure) Iron oxide II Aldrich; SiO2 (99.999% pure) Alpha Aesar. 
9 In all the starting materials 5 wt % MgSiO3. 
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Experiment 

 
P  
GPa 
(±0.3) 

 
T°C 
(±25) 

 
Starting 
material10,11 

 
Duration 
(hrs.) 

 
Product+en 

 
EMPA (c.p.f.u.)  
 

 
#Fe=Fe/(Fe+Mg) 

  

K
wad / ol

Fe/ Mg
=

(Fe/Mg)
wad

(Fe/Mg)
ol

!

"
#

$

%
&  

 
 
FD0844 
 

 
12.7 

 
1200 

 
(Mg1.85Fe0.15)SiO4 
0.40 µL H2O 
 

 
30 

 
ol-wad-maj 

 
ol: Mg1.87Fe0.16SiO4 
wad: Mg1.66Fe0.37SiO4 
maj:Mg2.81(Fe0.71Al1.46Si0.14)(SiO4) 

 
ol:0.08(1) 
wad:0.18(2) 
maj:0.20(3) 

 
wad/ol=2.60 
 

FD0849 12.0 1200 (Mg1.80Fe0.20)SiO4 
0.35 µL H2O 

30 ol-wad ol:Mg1.82Fe0.19SiO4 
wad:Mg1.59Fe0.39SiO4 

ol: 0.10 (1) 
wad:0.20(1) 

wad/ol=2.34 

 
FD0853 

 
11.0 

 
1200 

 
(Mg1.6Fe0.4)SiO4 
0.4 µL H2O 

 
29 

 
ol-ring 

 
ol:Mg1.59Fe0.42SiO4 
ring:Mg0.86Fe1.13SiO4 

 
ol:0.21(2) 
ring:0.57(1) 

 
ring/ol=4.85 

 

 

 
 

                                                
10 The following chemical were used: MgO; FeO (99.9% pure) Iron oxide II Aldrich; SiO2 (99.999% pure) Alpha Aesar 
11 In all the starting materials 5 wt % MgSiO3  
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hydrous multi-anvil experiments distilled water was added, and in all experiments, the 

recovered capsule had still water in excess. To keep the fO2 low we placed metallic Fe wrapped 

in a perforated Pt-foil at the bottom of the Pt capsule.  

The ol solid solutions were synthesized in a high –T gas mixing furnace under reducing 

atmosphere in 30 hrs. Oxygen fugacity (fO2) was obtained with CO2-H2(Ar) gases mixtures and 

monitored by zirconia-based solid electrolyte oxide sensor from Ceramic Oxide Fabricators TM. 

The furnace was placed around a vertical 110 cm long corundum tube with 50 mm inner 

diameter, where the central part of the tube was uniformly heated. The gas mixture was 

introduced at the top of the furnace tube and allowed the gas mixture to exit at the bottom. The 

temperature, 1300°C during the experiments, was controlled by a thermocouple and stabilized 

by an electronic device with a total variation less then 0.5 °C. The output of the temperature 

and oxygen fugacity were controlled with a sensor without interruption during the experiments 

and stored in a computer. The fO2 in the syntheses was chosen between the magnetite wüstite 

and the wüstite iron buffer.  

In two experiments the starting material was accidentally impure with corundum from our 

experimental set up, as we observed the occurrence of the Al bearing phase majorite (see 

results). 

Electron Microprobe 

Almost all the capsules were cut vertically in two halves: one half was embedded in epoxy 

resin in a glass mount with the minimum quantity of epoxy needed. Only in one case, 

(FD0718), the capsule was emptied and single crystals were embedded in epoxy. After 

polishing the composition of the samples were determined by EMP. Point analyses and element 

distribution mapping (Mg, Fe, Si) were carried out at the GFZ using a JEOL thermal field 

emission type electron-probe JXA – 8500F (HYPERPROBE). The analytical conditions 

included an accelerating voltage of 15 kV, a beam current of 10 nA and a beam (< 40 nm beam 

diameter).  Standards were a well characterized synthetic forsterite (Mg2SiO4) and Fe2O3. Peak 
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counting times were 20 s and the backgrounds were counted for 10 s. The raw intensity data 

were corrected with the Armstrong-CITZAF on-line correction program (Armstrong, 1995).  

Secondary Ion Mass Spectrometry 

The 1H content of the Fe bearing ol, wad and ring was measured by Secondary Ion Mass 

Spectrometry (SIMS) using a CAMECA ims 6f ion probe at the GFZ. Analytical details are 

given in Deon et al. (2009).  The spot size was chosen as 10 µm. Counting times per cycle were 

15 s for 1H and 2 s for 30Si. The average acquisition time was 70 minutes and the 1H/30Si ratios 

were calculated by averaging only the last 100 cycles from each analysis. The measured 1H/30Si 

ratio was calibrated against the H2O/SiO2 wt% ratio from the reference materials to determine 

the water content. Well-characterized Mg end-member wadsleyite and garnets were used as 

reference materials, whose water contents were measured with independent techniques (Deon 

et al. 2009, Maldner et al. 2003, respectively).  

Raman spectroscopy 

The spectra were collected in the range of 200-1200 cm-1 cm for 20 seconds on all samples for 

phase identification. One sample was measured in the range 3000-3800 cm-1 to obtain a water 

quantification to compare with the SIMS measurements. 

The spectra measured in this study were all acquired with a Horiba Jobin Yvon Labram HR 800 

UV-VIS spectrometer (grating 1800 grooves/mm) in a backscattering configuration using a 

CCD detector (1024 elements), an Argon Laser and an Olympus optical microscope with a long 

working distance 100x objective (LWD VIS, NA = 0.80, WD = 3.4 mm). For sample 

excitation, we used the 488 nm Ar+ line and a laser power of 300 mW. The confocal pinhole of 

100 µm was used which corresponds to a spectral resolution of about 1 cm-1.  

For water quantification we applied the Comparator technique (Thomas et al. 2008a and 2009). 

Unpolarized spectra in the spectral range between 3000 – 3800 cm-1 were measured directly on 

wad crystals of experiment FD0833 (ρ=3.84 ρ/cm3), which were analysed before using SIMS 
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and EMP. The laser beam was first focused on the sample surface using a 100x objective, then 

lowered 4 µm to avoid errors due to surface inhomogeneities of the crystal. A spectrum of the 

reference glass bearing 8.06 wt % (ρ = 2.263 g/cm3) water was recorded in the beginning and at 

the end of each measuring time. Spectra acquisition time was 100 s, with 3 accumulations for 

the sample, and 20 sec and 3 accumulations for the reference. All the spectra were normalized 

using this reference. A linear background correction in the spectral range between 3170 – 3750 

cm-1 was carried out on each spectrum.  

FTIR spectroscopy  

 Unpolarized IR spectra were measured on hydrous Fe-bearing crystals: wad (FD0849), ol and 

ring (both FD0853) using a Bruker IFS66v FTIR spectrometer connected to a Hyperion 

microscope. We used a Globar as light source, a KBr beam splitter and an InSb detector. The 

spectra were collected with a resolution of 2 cm-1 and averaged over 256 scans in the OH 

stretching region between 2500 cm-1 and 4000 cm-1. The water content was calculated 

averaging 5 unpolarized spectra for wad of the charge FD0849 and 5 unpolarized spectra for 

each ol and ring from charge FD0853 using the Beer-Lambert relation cH2O  =Αi,tot *1.8/(t*ρ*ε)  

where c is the water concentration (wt %), Ai,tot is the mean value of the total integrated 

intensities (cm-1) deriving from the fit of the FTIR unpolarized spectra and multiplied by 3, t 

the thickness of the crystals (cm) and  ρ the densities (3.84 g/cm3 for wad; 3.32 g/cm3 of ol and 

3.70 g/cm3 for ring). Absorption coefficients were taken from Deon et al. (2009) for wad and 

from Koch-Müller et al. (2006) and Koch-Müller and Rhede (2010) for ol and ring, 

respectively. All spectra collected throughout this study were fitted with the program PeakFit 

by Jandel Scientific (version 4.11) using the 2nd derivative zero algorithm for the background 

and a mixed Gaussian and Lorenzian distribution function for the component bands. The 

algorithm for the background fitting is unique to PeakFit and was applied in the spectral range 
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2500-4000 cm-1. The algorithm is based on the fact that baseline points tend to exist where the 

second derivative of the data is both constant and zero. 

Transmission Electron Microscopy 

For TEM investigations, site-specific foils were cut by the Focused Ion Beam technique (FIB) 

directly from the embedded capsules. The instrument used was a FEI FIB200 with Ga-ion 

source operating at 30 kV. Details of FIB TEM sample preparation are given elsewhere 

(Wirth, 2004). TEM was performed using a FEI TecnaiTMG2 F20 X-Twin transmission 

electron microscope equipped with a Gatan imaging filter (GIF) and an EDAX-X-ray 

spectrometer. Energy-filtered lattice fringe images, electron energy loss spectra (EELS) and 

the chemical composition of the samples were obtained on all phases of the FD0833 

experiment. EELS (Electron Energy Loss Spectroscopy) spectra were acquired with a 

collection angle 2β of 12 mrad and an illumination angle of 2α of 4 mrad. The EELS aperture 

was 2 mm and the energy dispersion 0.1 eV/pixel, to avoid an alteration in the oxidation state 

the acquisition time was one second. The energy resolution of the filter was 0.9 eV at half 

width at full maximum of the zero loss peak. Spectra were acquired in diffraction mode with 

an acquisition time of 1 second.  The Fe3+
 content of each phase of the FD0833 sample was 

calculated averaging 5 EEL spectra collected on the same FIB foil from slightly different 

locations and following the method described by Van Aken et al. (1998). Two 2 eV wide 

integrating windows were applied to the L2,3-peaks: from 708.5 to 710.5 eV for the L3-edge 

for Fe3+ and from 719.7 eV to 721.7 eV for the L2-edge for Fe2+. 

 

Results 

Syntheses 

Run products were identified with X-ray diffraction, Raman and FTIR spectroscopy and are all 

listed in Table. 1a, for the system MgO-SiO2±H2O, and in Table 1b for the system MgO-FeO-

SiO2±H2O. Figure 1a shows a cross section through the capsule of the hydrous experiment 
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FD0723 as a Si distribution map. The major occurring phase can be distinguished from the Si-

richer enstatite and the Mg-Si enriched quenched fluid. The hydrous experiments results either 

in wad or ol. The transition ol-wad, e.g. the range where the coexistence of ol and wad can be 

observed, is hard to be experimentally reproduced due to the sharpness of the phase transition. 

Although en was added roughly to the starting material, it always occurs along the capsule 

walls. We believe this to be related to the Soret diffusion during the heating process, which 

lasts approximately 30 minutes. The thermal gradient during the heating causes a gradient in 

the chemical potential which results in Si enrichments in the hotter capsule walls compared to 

the capsule core (see Schmidt and Ulmer, 2004). Figure 1b illustrates a cross section of a Pt 

capsule of a Fe-bearing dry experiment where wad and ol coexist with the Fe-buffer at the 

bottom of the capsule. Wad is always Fe-richer than ol. In this experiment the Fe-buffer 

contaminated a part of the experimental charge: the Fe-enriched area shows the presence of 

FeO (wüstite) even in the internal part of the buffer, indicating that our iron-wüstite buffer 

worked. Fe fractionation data were collected far away from the Fe-enriched areas. Figure 1c 

represents a cross section of a Fe-bearing wet run with coexisting ol and ring synthesised at 11 

GPa and 1200°C. Ring is always Fe richer than ol, bearing a #Fe=0.60 compared to ol with a 

#Fe=0.21. Thus, Fe fractionates much more into ring than in wad which is also expected from 

the phase diagrams. Results of the system MgO-SiO2±H2O are plotted in Figure 2 and listed in 

Table 1a. All but one experiment (FD0723, not shown in Figure 2 due to uncertainty in 

temperature) exhibit the systematic and replicate occurrence of hydrous wad in the stability 

field of olivine, thus provoking a shift of 0.6 GPa to lower P values at 1200 °C.  
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Figure. 1a) Si distribution mapping from the electron microprobe showing a cross section of a multi-anvil Pt 
capsule from the hydrous experiment FD0723: the green area (Mg richer) shows ol; the orange spots proof the 
presence of en, our buffer, and the blue part on both sides are referred to the fluid. The intensity colour scale 
represents the distribution of Si in the section. 
 

 

Figure.1b) Fe distribution mapping from the electron microprobe showing a cross section of a multi-anvil Pt 
capsule of anhydrous experiment FD0832. Two main occurring phases can be observed: a lighter blue (Fe richer) 
wad and a darker blue (Mg richer) ol. In the lower part of the section the red area (highest Fe content) represent 
the Fe-wüstite buffer, used to control the oxygen fugacity during our experiments, so that the Fe3+ concentration is 
kept as low as possible. The intensity colour scale represents the distribution of Fe in the section. 
 
 

 

Figure. 1c) Fe distribution mapping from the electron microprobe showing a cross section of a multi-anvil Pt 
capsule of the hydrous experiment FD0853: the main occurring phases in this charge are in orange (Fe richer) ring 
and in light blue (Mg richer) ol. The upper part as in the previous picture, represent our buffer to control the 
concentration of Fe3+. The intensity colour scale represents the distribution of Fe in the section. 
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Figure 2. P-T diagram showing the results of our experiments in the MgO-SiO2-H2O system: the systematic 

occurrence of hydrous wad in the ol stability field moves the ol wad phase boundary to lower P values, if water is 

added into the system.  A shift of 0.6 GPa towards lower P values, due to the stronger fractionation of H in wad 

rather than ol could be observed, e.g. the 410-km discontinuity occurs at shallower depth, approximately 18 km, in 

a wet mantle.  

 

The results of the experiments in the system MgO-FeO-SiO2 are plotted in Figure 3a. This P-x 

projection for 1200 °C is based on the phase boundaries published by Agee (1998): the 

invariant line at 12 GPa indicates the coexistence of ol, wad and ring, e.g. the “triple point”. 

The results of our dry experiments well reproduce within the experimental errors the phase 

boundaries proposed by Agee (1998), being thus a solid reference for our hydrous experiments. 

Experiments in the system MgO-FeO-SiO2-H2O show different Fe fractionation among the 

coexisting phases compared to the dry runs (Table 1) and allowed us to propose a new P-x 

projection at 1200 °C, shown in Figure 3b. The end member ol-wad transition (xMg=1) is 

plotted 



Chapter 3: H influence on the stability fields  100    Figure 3. a) P-x projection at 1200°C based on the phase boundaries suggested by Agee (1998). Our experiments were performed at 12-12.4 GPa and 1200°C in the system MgO-FeO-SiO2 and are in very good agreement with the phase boundaries proposed by Agee (1998). b) P-x projection at 1200°C (schematic for clarity) constructed according to our results in the system MgO-FeO-SiO2-H2O between 11.0 and 13.0 GPa-1200°C and considering the pressure uncertainty of 0.3 GPa. The Mg-end member wad-ring phase transition under hydrous condition was plotted at 21 GPa (Kawamoto, 2004). Compared to the dry system the regions where wad-ring and ring-ol coexist are broader in respect to the composition. The stability field of hydrous wad expands in both directions, to lower (ol-wad loop) and higher (wad-ring loop) pressures.  
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13.0 GPa based on our experiments system MgO-SiO2-H2O and the wad-ring transition (xMg 

=1) at 21 GPa based on the results of the experiments by Kawamoto (2004) who observed that 

the transition of wad to ring shifts in the presence of water to higher pressures. In replicate 

experiments we could obtain coexisting hydrous ol-wad-ring, i.e. the triple point. A further 

experiment performed at 11 GPa and 1200°C, in the MgO-FeO-SiO2-H2O system showed ol-

ring coexisting in paragenesis with enstatite. For a bulk composition of xFe = 0.1 which 

represents the average composition of the Earth upper mantle our data indicate only slight 

difference in the width of the loop of the two phase field ol-wad under wet conditions 

compared to dry conditions, i.e. no broadening in respect to composition but a slight shift to 

lower pressure. There could be a slight decrease of the pressure width of the loop as observed 

by Chen et al. (2002) but due to the uncertainties in pressure of ± 0.3 GPa such a small 

difference cannot be verified. For bulk compositions of xFe >  0.2, i.e. in regions where wad-

ring and ol-ring coexist, we observe, however, an unexpected broadening and a shift of the 

loops to higher iron contents. In total the stability field of hydrous wad expands in both 

directions, to lower (ol-wad loop) and higher (wad-ring loop) pressures which can be linked to 

its higher water content compared to ol and ring. Replicate runs showing the same results and 

the textures indicate that the equilibrium was reached during our multi-anvil experiments. The 

coexisting phases along with interesting textures can be observed in Figure 4a, 4b, 4c, 4d.  

We observed in experiments FD0843 (anhydrous) and FD0844 (hydrous) the occurrence of an 

Al bearing phase, majorite (Figure 4e) coexisting with ol and wad, probably due to an impurity 

in the starting material. However, this is a minor phase and we determined the Fe-Mg 

partitioning data on ol and wad not in contact with majorite. 
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a)                                                                 b) 

    

 

 
 
c)                                                                 d) 

 
e) 
Figure. 4 a) Electron microprobe backscattered picture showing coexisting ol, wad and ring (FD0833, 12.2 GPa 
and 1200°C) the so-called triple point. The textures are also a strong sign of the equilibrium reached during the 
experiments.  
b) Detail of the texture of experiments FD0833: the three phases show a simplectitic texture. 
c) Coexisting ol-wad-ring: on these crystals we performed the SIMS measurements to quantify the water content. 
d) Electron microprobe backscattered picture, where coexisting olivine ringwoodite in paragenensis with enstatite 
from the experiment FD0853 (11 GPa-1200°C). Ring incorporates almost the same water amount as ol and bears a 
higher xFe, of 0.60. Ol is the main phase occurring in the charge.  
e) Electron microprobe backscattered picture, showing majorite coexisting with olivine and wadsleyite, the 
experiment was performed at 12.4 (±0.3) GPa. The Al bearing phase majorite was obtained accidentally 
probably due to the presence of an impurity in the starting material used for the specific experiment FD0843. 
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Secondary Ion Mass Spectrometry-Raman Spectroscopy-FTIR spectroscopy 

For the pure Mg system the water was quantified with SIMS as 2000 (±600) ppm for olivine 

(13.2 GPa-1200°C), and as 8000 (±1000) wt. ppm for wad (13.3 GPa-1200°C). 

SIMS measurements in the system MgO-FeO-SiO2-H2O were carried out on one sample 

FD0833, synthesized at 12.2 GPa and 1200°C in water saturated condition, and measurements 

were carried out on ol, wad and ring, previously analyzed with EMP. Water was quantified for 

ol as 2700 (±100) wt ppm, for wad as 10000 (±1000) wt ppm and for ring as 4000 (±500) wt 

ppm. Partitioning coefficients were calculated as: 
  
D

wad / ol

water ~ 3.7 and 
  
D

ring / ol

water  ~ 1.5 and 

  
D

wad / ring

water ~2.5 (Tab. 2).  

Table 2. Water and Fe3+ quantifications.  
 
Experiment H2O 

SIMS 
(wt ppm) 
 

H2O  
RAMAN 
(wt ppm) 
 

H2O 
FTIR 
(wt ppm) 

H 
(pfu)  

D
water  Fe3+ (pfu) 

EELS 
spectroscopy 

FD0718 8000 
(±1000) 

- - 0.13  - 

FD0723 2000 
(±600) 

- - 0.03  - 

FD0833 ol:2700 
(±1000) 
wad:10000 
(±1000) 
ring: 4000 
(±500) 

wad:10000 
(±1500) 

- 0.04 
 
0.16 
 
0.06 

  
D

wad / ol

water ~3.7 

  
D

ring / ol

water ~1.5 

  
D

wad / ring

water ~2.5 
 

wad:0.070(2) 
ring:0.022(4) 
 

FD0849 - - wad:12000(±5000) 0.19 - - 
FD0853 - - ol:3800(±1000) 

ring:3300(±1200) 
0.06 
0.05   

D
ring / ol

water ~0.87 
 

- 

 

These values show that wad accommodate more water than the other two coexisting phases. 

Beside the SIMS quantifications, the results of the unpolarized RAMAN spectra collected on 

wad crystals of the same sample FD0833 provided a quantification, comparable to the SIMS 

value, of 10000 (±1500) wt ppm H2O. Wad (FD0849) from a charge at lower P quantified with 

FTIR spectroscopy, gave as result 12000 (±5000) ppm, within the uncertainty in good 

agreement with the quantifications obtained with SIMS and Raman spectroscopy. Unpolarized 
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FTIR measurements averaged over several ol and ring crystals of experiment FD0853 provided 

water contents of 3800 (±1000) wt. ppm (ol) and 3300 (±1200) wt. ppm for the coexisting ring. 

At lower P and higher Fe-concentrations the following partitioning coefficient was calculated 

between the two coexisting phases ol and ring:   
D

ring / ol

water

~0.87.  

TEM 

EELS spectra (Figure 5) were collected in order to determine the Fe3+ content of the phases in 

the FIB foil 1848. Fe3+ fractionates preferentially in wad 0.070 (20) pfu, while ring 

incorporates a minor quantity of 0.022 (4). It was not possible to quantify the Fe3+ 

concentration for olivine because of the poor quality of the spectrum (Figure 5) due to the very 

low total Fe concentration. A longer acquisition time could have improved the spectrum, 

however this may lead to an oxidation of the sample as Garvie and Busek (1994) observed. 

 
 
Figure 5. Overview of the FIB FD0833 foil showing the three coexisting phases ol, wad and ring (triple point) that 
were obtained at 12.2 GPa and 1200 °C. b) EELS Fe L2,3 edge spectra, the light asymmetry of the main peak 
indicate a small concentration of Fe3+. Spectra were fitted following the method proposed by Van Aken (1998). 
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Water concentration  

Water in the system MgO-SiO2-H2O 

The effect of water on the ol-wad transition in the system MgO-SiO2-H2O was and is still 

object of numerous studies, as the stability of the Earth´s upper mantle mineral phases may be 

affected. At the P-T conditions typical of the Earth Upper Mantle, the parameter water 

solubility should be carefully considered because in the transition zone (TZ) the storage 

capacity, e.g. how much water can be incorporated by a mineral, can be only meant as 

equilibrium water content of a mineral that coexist with a hydrous melt or fluid. It is essential 

that this mineral species occurs in a paragenesis that buffers the compositions of all coexisting 

phases so that the composition of a phase only depends on T and P. All our experiments were 

buffered with enstatite. Due to the sharpness of the phase transition water could not be 

quantified on coexisting ol and wad. Nevertheless we calculated a water partitioning coefficient 

as 
  
D

wad / ol

water ~ 4 at 1200°C and 13.3 GPa on phases synthesized in different charges. This number 

is in good agreement with the value proposed by Demouchy et al. (2005) as 3.8 for similar 

conditions. As observed by Demouchy et al. (2005) partitioning coefficients decrease with 

increasing T, as the water solubility of wad decreases with increasing T.  

MgO-FeO-SiO2-H2O system 

To achieve a complete knowledge of the Earth upper mantle Fe must be considered as 

additional element. We tried to keep the iron preferably in the divalent state as Fe2+ in order to 

exclusively link changes in the stability fields of the hydrous and anhydrous polymorphs to 

the presence of water. Due to the rotation during the runs our experimental charges were 

chemically homogeneous. We observed a deviation in the #Fe in the experiment MA192, see 

Table 1b, carried out with the same constraints of other experiments but static. The water 

content of Fe-bearing wad is slightly higher than that of the Mg-end member (Table 2). For 

coexisting ol-wad-ring we calculate the following water partitioning coefficients: 
  
D

wad / ol

water  
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~3.7,   
D

ring / ol

water

~1.5 (FD0833) and   
D

wad / ring

water

~ 2.5. These coefficients suggest also in the Fe-

bearing system a stronger fractionation of water in wad in comparison with the other two 

coexisting phases.  To date Inoue et al. (2003) calculated the   
D

wad / ring

water
 as 2.5, fairly similar to 

our value. However in their conference abstract the chemistry of their charges is not specified, 

thus their result is not suitable for comparison with our water partitioning coefficients values. 

In the experiment at lower pressure where we observed only coexisting ol and ring the water 

partitioning coefficient was   
D

ring / ol

water

 ~0.87. Chen et al. (2002) reported water concentration of 

0.37 wt % for ol and 1.9 wt % for wad which results in 
  
D

wad / ol

water ~ 5 measured on coexisting 

ol/wad (13 GPa and 1200°C). Their respective water content was determined also by SIMS 

but using amphibole as standard which most probably introduces a large uncertainty to the 

results due to matrix effects. Nevertheless their results agree with ours so far that water also 

fractionates stronger into wadsleyite rather than in olivine.  

Evidence of equilibrium 

The long run duration (>24 hours) and the results of replicate runs in the hydrous and 

anhydrous MgO-FeO-SiO2 system certifies that we reached equilibrium during our 

experiments. Further proofs of equilibrium are the textures shown in the backscattered 

pictures. Figure 4a, b, c evidence simplectitic textures, visible overall in the section. 

Kerschofer et al. (1998) performed kinetic experiments where they brought ol into the 

stability field of ring and analysed the changes in the phase assembly and texture after a 

certain time. They always observed thin lenses of ol within the ring grains. They interpret this 

as an indication of metastable occurrence of the ol in the much harder grains of the high 

pressure polymorph ring. Our textures show no olivine occurring as relict in our ringwoodite - 

we even observe the opposite indeed in Figure 4a, b, c as olivine occurs as well formed 

crystal and is the major occurring phases throughout the capsule. Another evidence of 

equilibrium is the texture in experiment FD0853, where we observe coexisting ol and ring. 
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The dominant occurring phase is Fe-bearing ol and the occurrence of ring is limited to small 

part of the capsule which is to be expected from the composition of the starting material and 

the lever rule.  

 

Influence of water on the phase stability 

System MgO-SiO2-H2O 

Our hydrous experiments showing the systematic occurrence of hydrous wad in the stability 

field of olivine evidenced that the phase boundary between ol and wad, is shifted by 0.6 GPa  

(~ 18 km) to lower pressure compared to the dry system at 1200 °C. Previously Chen et al. 

(2002) observed no relevant difference in the ol-wad phase boundary between hydrous and 

anhydrous conditions. Frost and Dolejs (2007) disagreed with the results of Chen et al. (2002), 

as they observed at 1200 °C a shift of 1.0 GPa to lower pressure under hydrous conditions 

compared to anhydrous conditions. Unfortunately, Frost and Dolejs (2007) did not determine 

the water content of their phases. But the amount of water incorporated by the phases 

characterizing the transition zone determines the shift of the phase boundary. The preferential 

partitioning of water in wad and its statistically distribution in the structure (e.g. Deon et al. 

2009) stabilize wad to lower pressure through the configurational entropy. Thus, our 

observation is theoretically expected. 

Wood (1995) was the first who calculated the effect of water on the phase boundaries: he 

calculated that as little as 500 ppm water incorporated in ol and assuming ten times more water 

in wad displaces the phase boundary of 0.6 GPa to lower pressure. Although ol and wad 

contain a different amount of water in our experiments, the shift that we observed 

experimentally agrees with the displacement to lower P calculated by Wood. On the base of 

new crystal chemical data Frost and Dolejs (2007) revised the thermodynamic model of Wood 

and provide equation 1, where the effect of H2O on the 410-km discontinuity in the MgO-SiO2-

H2O system can be calculated as shift ∆P. 
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 requires the OH concentration in wad and ol based on the fact that in both 

minerals 2 OH are incorporated via one Mg vacancy. 

The expression for the configurational entropy for wad in equation (1) is based on the 

observation that only one half of the available M3 sites are protonated (Smyth et al. 1987). 

Deon et al. (2009) confirmed this incorporation mechanism. They specify that the hydration 

of wad occurs along the O1•••O4 and/or O3•••O4 edges of a vacant M3 octahedron. H is 

bounded either on two O1, two O3, or on one O1 and one O3 sites of a vacant M3 site. As for 

ol, Frost and Dolejs (2007) assume in their thermodynamic model that vacancies related to 

OH incorporation occurs on all M1 sites leading to the expression for the configurational 

entropy given in equation 1. Frost and Dolejs (2007) took literature data for the maximum 

solubility of water in wad and ol as 2.5 wt.% and 0.8 wt. %, respectively, and calculated a 

shift of 1 GPa to lower pressures at a temperature of 1200 °C. Because we were not able to 

produce coexisting ol and wad in our experiments in the system MgO-SiO2-H2O we assume 

that the water partitioning is similar to that in the Fe-bearing system and calculated the 

pressure shift using the water contents determined with SIMS of the coexisting wad and ol in 

experiment FD0833. With these values we obtained a shift of the ol wad phase boundary of 

0.4 GPa to lower pressure  - very close to that what we observe experimentally.  

System FeO-MgO-SiO2-H2O 

 
  
K

wad / ol

Fe/ Mg
= (Fe/Mg)

wad
/ (Fe/Mg)

ol
!" #$  of dry runs performed in the P interval 12 - 12.4 GPa and 

the same T shows values ranging between 2.15-2.86 (Table 1b). Our Fe-Mg partitioning 

coefficients between ol and wad are similar to the values calculated by Chen et al. (2002) in 

dry experiments (2-2.6). Other data, i.e. Katsura et al. (2004), scatter too much to be 

compared with our data most likely due to a shorter run duration compared to our study. 
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Hydrous experiments of this study performed in the same P range show 
  
K

wad / ol

Fe / Mg  values 2.23-

2.60.  Thus, water does not have a considerable influence on these values. Experiments of 

Chen et al. (2002) were performed exclusively in the system (Mg0.91Fe0.09)2SiO4 and, thus, 

cannot be compared to our study as the initial bulk composition strongly influences the values 

of  
  
K

Fe / Mg .  

According to Agee (1998) the triple point where ol, wad and ring coexist occurs under dry 

conditions at 12 GPa and 1200 °C. In our hydrous experiments we observe the triple point at 

12.2 GPa and 1200 °C. However, we would not speculate that water affects the P where the 

triple point occurs as the uncertainty in pressure of our experiments is about ±0.3 GPa. This 

uncertainty is reflected in the results of experiment FD0849 performed at 12.0 GPa but 

showing coexisting ol and wad with compositions which must correspond to a higher pressure 

than the triple point. 

To provide a real description of the effect of H2O on the Earth upper mantle the results of the 

MgO-SiO2-H2O and FeO-MgO-SiO2-H2O must be combined and we propose a new phase 

diagram (Figure 3b). Water, according to our results, strongly modifies the phase diagram. We 

assume that the very small amounts of Fe3+ incorporated in wad, ring and ol in this study do not 

influence the phase boundaries of the MgO-FeO-SiO2-H2O system. Therefore we plot in the 

diagrams only the #Fe=Fe/ (Fe+Mg), where Fetot is calculated as Fe2+.  

In the new hydrous phase diagram the data indicate an expansion of the wad stability field 

towards lower and higher pressure. Whether there is a decrease of the pressure width of the 

ol-wad loop, as described by Chen et al. (2002) is beyond our detection limit. However, 

contrary to Chen et al. (2002) we observe under wet conditions no shift of the loop towards 

lower iron contents. Such a shift can be related to Fe3+ incorporation: Frost and McCammon 

(2009) showed that under oxidizing conditions both boundaries of the ol-wad loop shift to 

lower iron contents. Opposite to Chen et al. (2002) we performed our experiments under 
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reducing conditions and we checked the low Fe3+ incorporation. Therefore we link the 

observation of Chen et al. (2002) to the presence of both water and Fe3+ in their run products. 

Thus, the seismic observations by van der Meijde et al. (2003) that the 410-km has a varying 

thickness across the Earth may be related to both variable Fe3+ and water incorporation.  

For bulk compositions of xFe >0.2, i.e. in regions where wad-ring and ol-ring coexist, we 

observe a broadening and a shift of the loops to higher iron contents. This is a very interesting 

and unexpected result and should be investigated in further studies. One explanation for this 

observation could be that with increasing Fe content ringwoodite incorporates under these 

conditions more water and thus Fe-rich ringwoodite would be stabilized through the increase 

of the configurational entropy.  

 

Conclusion 

The presence of water induces a significant effect on the stability fields of (Mg,Fe)2SiO4 

polymorphs in both the MgO-SiO2-H2O system and the system MgO-FeO-SiO2-H2O. 

Incorporation of 0.8 wt % water in Mg wad and 0.2 wt % in Mg ol displaces the ol-wad phase 

boundary, 0.6 GPa to lower P, which agrees within the uncertainties with the value (1GPa) 

proposed by Frost and Dolejs. In the MgO-FeO-SiO2-H2O system water seems to have only 

little effect on the ol-wad loop - it is only shifted to lower pressures. We found neither a 

broadening nor a shift of the loop to lower Fe contents as previously Chen et al. (2002) 

observed. Combining our results with the results of the more oxidized experiments of Frost and 

McCammon (2009) we propose that the shift to lower Fe concentration found by Chen et al. 

(2002) is due to incorporation of  Fe3+ rather than OH. A slight decrease to lower P of the width 

of the loop might occur. However, in more Fe-rich compositions the presence of water 

broadens the loops where wad-ring and ol-ring coexist.  In total the stability field of hydrous 

wad expands in both directions, to lower (ol-wad loop) and higher (wad-ring loop) pressures. 
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