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concentration of coexisting phases. Mössbauer (MB) spec-
troscopy and electron energy loss spectroscopy as well as 
single-crystal X-ray diffraction were applied to gain insight 
into the Fe3+ content and incorporation mechanisms. Under 
hydrous and reducing conditions, the wadsleyite–ring-
woodite boundary shifts by 0.5 GPa to higher pressures 
accompanied by a broadening of the region of coexisting 
wadsleyite and ringwoodite. In contrast, under hydrous and 
oxidizing conditions, the two-phase field gets narrower and 
the shift of the two-phase field to higher pressure is ampli-
fied. Thus, the stability field of wadsleyite is extended to 
higher pressure, most likely due to the higher water and 
Fe3+ content in the wadsleyite structure compared to ring-
woodite. Based on results from MB spectroscopy and sin-
gle-crystal X-ray diffraction, we infer that Fe3+ in wadsley-
ite is incorporated as a spinelloid component and stabilizes 
wadsleyite to higher pressures.

Keywords Wadsleyite · Ringwoodite · Phase stability · 
Spinelloid · Electron microprobe · Nominally anhydrous 
minerals · Ferric iron · FTIR spectroscopy · Mössbauer 
spectroscopy · Electron energy loss spectroscopy ·  
Single-crystal X-ray diffraction

Introduction

Seismic wave velocity profiles reveal the Earth’s lay-
ered structure indicated by jumps in the wave velocities 
at certain depths. Discontinuities at 410, 520, and 660 km 
were assigned to phase transitions of olivine to wadsley-
ite, wadsleyite to ringwoodite, and ringwoodite to bridg-
manite plus periclase by combining seismic observations 
with experimental studies (e.g., Akaogi 2007). In recent 
years, improvement in the spatial resolution of seismic 

Abstract The transition zone of the Earth’s upper man-
tle is characterized by three discontinuities in seismic wave 
velocity profiles. One of these at about a depth of 520 km 
is assigned to the transformation of wadsleyite (β-) to ring-
woodite [γ-(Mg, Fe)2SiO4] (e.g., Shearer in J Geophys 
Res 101:3053–3066, 1996). The exact location, width, and 
other properties of that discontinuity are affected by a mul-
titude of parameters. The present study specifically focuses 
on the effect of water, iron content, and redox environment 
on the depth of the phase transition. We performed high-
pressure experiments in a multi-anvil apparatus at 1200 °C 
with variation in Mg–Fe compositions (0.10 < xFe < 0.24), 
water contents (0 < xH2O

 < 2 wt%), and the redox envi-
ronment [using different buffers: Fe/FeO (reducing), Re/
ReO2 (oxidizing)]. Run products were investigated using 
electron microprobe and Fourier transform infrared spec-
troscopy to obtain the composition including the hydroxyl 
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measurements have shown that the depths of the afore-
mentioned discontinuities are not constant, but can vary 
by about 100 km on a global scale (e.g., Deuss and Wood-
house 2001; Van der Meijde et al. 2005; Schmerr and Gar-
nero 2007; Cao et al. 2010). While some depth variations 
can be explained by temperature and chemical gradients, 
there is still controversy over whether the incorporation of 
water has an effect on the position of the discontinuities 
(e.g., Litasov and Ohtani 2007).

Olivine, wadsleyite, and ringwoodite belong to the 
group of nominally anhydrous minerals (NAM), which can 
incorporate hydrogen as hydroxyl groups via point defects. 
Expressed as wt% H2O, olivine can incorporate hydrogen 
up to about 1 wt% H2O (Smyth et al. 2006), while both 
wadsleyite and ringwoodite can take up to 3 wt% H2O as 
hydroxyl (e.g., Inoue et al. 1995). Beyond that, it is known 
that both wadsleyite and ringwoodite may incorporate vari-
able amounts of ferric iron in their structures (e.g., McCam-
mon et al. 2004). Frost and McCammon (2009) determined 
experimentally that the stability field of wadsleyite expands 
with respect to the stability fields of olivine and ringwood-
ite under more oxidizing conditions. Bolfan-Casanova 
et al. (2012) investigated the ferric iron and H content in 
wadsleyite synthesized at 12–14 GPa and 1400 °C under 
oxidizing and hydrous conditions. They used Mössbauer 
(MB) spectroscopy as well as X-ray absorption spectros-
copy to measure the ferric iron content and secondary ion 
mass spectroscopy to determine the water concentration. 
They observed that the ferric iron content increases with 
total iron content reaching a maximum of 30 % Fe3+/ΣFe 
at xFe = 0.4, while the water concentration ranged from 740 
to 1650 wt ppm H2O. Smyth et al. 2014 determined the 
crystal structure of ferrous and ferric iron-bearing hydrous 
wadsleyite of the former study and found up to 11 % iron 
(presumably ferric) in the tetrahedral site. Bolfan-Casanova 
et al. (2012) and Smyth et al. (2014) speculate that both 
oxidizing and hydrous conditions are necessary to enlarge 
the stability field of wadsleyite relative to ringwoodite. 
Evidence for water incorporation into natural ringwood-
ite is given in a recent study (Pearson et al. 2014), which 
reports 1.4 wt% H2O in ringwoodite occurring as inclusion 
in diamond.

Experiments simulating the conditions at the 410-km 
discontinuity already showed that the presence of water 
extends the stability field of wadsleyite to lower pressures 
(Frost and Dolejs 2007; Deon et al. 2011) due to high frac-
tionation of water into wadsleyite. Former experimental 
studies, which simulate the conditions at the 520-km dis-
continuity in a peridotite system, proposed that there is a 
significant shift of the wadsleyite to ringwoodite transition 
of about 2 GPa to higher pressures in the presence of water 
(Litasov and Ohtani 2003; Kawamoto 2004). However, this 
needs further investigation.

In this study, we investigate the effect of water and oxy-
gen fugacity on the phase stability of wadsleyite and ring-
woodite at 1200 °C and pressures between 15 and 20 GPa. 
We show that in the presence of water and under reducing 
conditions (Fe/FeO), the wadsleyite–ringwoodite phase 
boundary is shifted by 0.5 GPa to higher pressures accom-
panied by a broadening of the region of coexisting wads-
leyite and ringwoodite. In contrast, under hydrous and oxi-
dizing conditions (Re/ReO2), the two-phase field narrows 
and the shift of the phase transition to higher pressures is 
amplified.

Experimental and analytical methods

High‑pressure experiments

The experimental runs were performed in a multi-anvil 
apparatus similar to that of Walker (1991), but with a spe-
cial tool that allows alternatively a continuous 360° rota-
tion or a 180° rocking motion of the Walker high-pressure 
module with 5° s−1 in order to avoid separation of the 
fluid and solid during the run and thus ensure a homogene-
ous starting material (see Schmidt and Ulmer 2004; Deon 
et al. 2011). We applied the 180° rocking mode to all of our 
hydrous runs. We used a 10/5-assembly (octahedron length/
truncation length) with an MgO-based octahedron serving 
as pressure-transmitting medium, a stepped graphite heater, 
and pyrophyllite gaskets. One experiment (MA-286) was 
performed with a stepped LaCrO3 heater. Starting materials 
were placed in platinum capsules, which were 2 mm long 
and had a 1.4 mm outer diameter. The temperature was con-
trolled by a W5 %Re–W26 %Re thermocouple with emf 
values (electromotive force) uncorrected for pressure. The 
estimated uncertainty in temperature is ±25 °C. In each run, 
we recorded power–temperature profiles to produce a cali-
bration for experiments, in which the thermocouple did not 
survive the pressure increase. The temperature uncertainty 
based on electrical power output is estimated to be ±50 °C. 
The 10/5-assemblies (both with graphite and LaCrO3 heat-
ers) were calibrated using the following phase transitions: 
coesite–stishovite (Akaogi et al. 1995), α–β Mg2SiO4 
(Morishima et al. 1994), β–γ Mg2SiO4 (Inoue et al. 2006), 
and enstatite–β-Mg2SiO4–stishovite (Gasparik 1989). For 
the 10/5-assembly, 17 calibration runs were performed and 
we estimated the uncertainty in pressure to ±0.3 GPa.

In the Mg-endmember system, we used synthetic for-
sterite as starting material either with or without water 
in excess (Table 1). This allows us to determine whether 
the presence of water affects the transformation pressure 
of wadsleyite to ringwoodite at 1200 °C compared to the 
dry system (19 GPa, 1200 °C, Inoue et al. 2006). In run 
MA-289, D2O (plus H2O) was added instead of pure H2O 
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to ensure that the broad absorption bands in ringwoodite 
are solely related to hydrogen vibrations.

In all but one run in the (Mg, Fe)2SiO4 system, stoichio-
metric oxide mixtures of FeO, MgO, and SiO2 with differ-
ent FeO/MgO ratios served as starting materials (Table 2). 
In run MA-326, iron was added as 57Fe-enriched Fe2O3 for 
MB spectroscopy. While two runs were performed without 
water in excess, an amount of 0.4 µl distilled water was first 

filled into the capsule to the other runs before addition of 
the starting material. The filled capsules were cold-sealed. 
We used different buffers to control the oxygen fugacity 
during the runs. Oxidizing conditions (runs MA-311, -326, 
-328) were set by adding Re/ReO2 to the starting material, 
while runs MA-309 and MA-323 were performed under 
more reducing conditions by adding Fe/FeO in a sepa-
rate (but hydrogen permeable) part of the sample capsule. 
Three of the hydrous runs were performed without buffer. 
The experimental conditions and results are summarized in 
Table 2. At the end, each experiment was quenched within 
seconds to room temperature. The recovered capsules of 
the Mg-endmember system were filed open and emptied. 
Capsules of the (Mg, Fe)2SiO4 system were cut in half. One 
half of each capsule was emptied, and the crystals were 
analyzed using spectroscopic methods and/or X-ray dif-
fraction. The other half was embedded in epoxy and pol-
ished for microprobe analyses and Raman spectroscopy.

Electron microprobe analyses

To estimate the amount and distribution of an additional 
foreign phase [superhydrous phase B (shy B)] in one of 
the Mg-endmember runs (MA-284), a solid compact piece 
of the run product was embedded in epoxy, polished, car-
bon–coated, and element distribution maps were produced 
(see below). For chemical analyses, the polished cross 

Table 1  Experiments in the system MgO–SiO2 ± H2O

wad wadsleyite, ring ringwoodite, shy B superhydrous phase B

* T determined by power; † in the starting material; ‡ D2O mixed with 
H2O; spectra show OH and OD bands; taking only OH bands results 
in 0.9 and taking OH and OD bands results in 1.5 wt%

Category Hydrous wadsleyite Hydrous ringwoodite plus 
wadsleyite

Run MA-281 MA-289 MA-273 MA-284 MA-286

P (GPa) 19 19 19 19 19.4

T (°C) 1100 1070 1000* 1050 1175*

Duration in h 7 8 24 24 5

H2O μl† 0.4 0.4‡ 0.5 0.4 0.3

H2O wt%  
incorporated

1.6 ≫0.9‡ >0.25 >0.11 >0.26

In Wad Wad Ring Ring Ring

Coexisting Wad

With – – Wad Shy B Wad

Table 2  Experimental conditions and analytical results in the system (Mg, Fe)2SiO4 at 1200 °C

# No water was added, but the oxide powder was not completely dry; run was water-undersaturated; * T determined by power; † blow out but 
experiment continued after pressure increase; run product contained ferropericlase as additional phase and only a few coexisting wad-ring pairs 
could be measured

MA-305# MA-309 MA-311 MA-314 MA-315†

P (GPa) 17.0 17.9 16.8 16.2 16.8

t (h) 6.0 8.0 4.0 3.0 2.0

Buffer / Fe/FeO Re/ReO2 / /

Phase Wad Ring Wad Ring Wad Ring Wad / Wad Ring

xFe 0.08 0.15 0.04 0.13 0.12 0.18 0.14 / 0.06 0.18

Fe3+/Fetotal 16 (2) 8 (1) n.d. n.d. 20 (3) 10 (3) 12 (3) / n.d. n.d.

H2O (wt%) 0.24 0.14 1.8 (3) 0.7 (3) 1.9 (2) 1.2 (2) 1.2 (2) / No No

D
wad/ring
H2O

1.7 2.6 1.6 / /

MA-316 MA-317 MA-323 MA-326* MA-328

P (GPa) 17.3 16.8 19.0 15.2 17.9

t (h) 4.0 3.5 3.0 4.0 4.0

Buffer / / Fe/FeO Re/ReO2 Re/ReO2

Phase Wad Ring Wad Ring Wad Ring Wad Ring Wad Ring

xFe 0.11 0.18 0.11 0.17 0.04 0.08 0.22 0.31 0.11 0.17

Fe3+/Fetotal 9 (1) 4 n.d. n.d. n.d. n.d. 19 (2) n.d. n.d. n.d.

H2O (wt%) 1.7 (2) 0.7 (2) 1.0 (3) 0.5 (3) 1.3 (3) n.d. 1.4 (2) 0.7 (2) 1.6 (3) 0.6 (3)

D
wad/ring
H2O

2.4 2.0 / 2.0 2.7
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sections of the Fe-bearing experiments were also carbon-
coated and element distribution maps were produced with a 
JEOL JXA-8500F electron microprobe using wavelength-
dispersive spectrometers. An accelerating voltage of 15 kV 
and a beam current of 20 nA were applied. We accumu-
lated a 500 × 400 pixel frame with a step size of 0.5 μm 
and a dwell time of 200 ms per pixel in stage-scanning 
mode. Element distribution maps were produced to dis-
tinguish between the phases present, especially to identify 
foreign phases such as dense hydrous magnesium silicates 
(DHMS). On the basis of the element distribution maps, 
point analyses were performed with a PAP correction pro-
cedure. The microprobe was operated at 15 kV with a beam 
current of 10 nA and a spot size of 2 μm. Counting times 
were 20 s on peak and 10 s on background. A well-char-
acterized ringwoodite (MA-056) served as a standard. The 
CITZAF routine in the JEOL software was used for data 
processing.

X‑ray diffraction

For phase identification, some run products were analyzed 
using a Rigaku R/AXIS-SPIDER diffractometer oper-
ated at 40 kV and 30 mA. A rotating Cu anode served as 
source with the emitted light being directed through an 
arrangement of mirrors to yield monochromatic Cu Kα 
radiation. The detection system consists of a cylindrically 
shaped image plate, which reads out the diffracted radia-
tion in a 2θ range of −60 to 144° in horizontal and ±45° in 

vertical direction. Aggregates and/or single crystals of run 
products were glued onto CryoLoops (Hampton Research) 
and mounted on a goniometer. During data acquisition, 
the goniometer holding the sample was rotated continu-
ously at a speed of 2° per second over 360°. The software 
Rigaku RAPID/XRD was used for data collection, and 
AREAMAX was used for integration. Acquisition time was 
5–10 min.

Orientation of single wadsleyite crystals was determined 
using the same system as described above, but for data 
acquisition and treatment the software CRYSTAL CLEAR 
was used. Prior to the measurement, wadsleyite single crys-
tals were glued onto a glass fiber and inserted in an adjust-
able goniometer with the crystal positioned centrally to the 
X-ray beam. After the data acquisition process, the goniom-
eter was adjusted in χ (horizontal) and φ (rotation) direc-
tion such that one crystal axis (a, b or c) was positioned 
upright. Subsequently, the aligned crystal was embedded in 
UV-curable glue and polished on both sides.

Unannealed and annealed (to 500 °C) Fe3+-rich single 
crystals from run MA-326 (see MB spectroscopy) were 
selected for structure refinement using single-crystal X-ray 
diffraction at ambient conditions. The size of the annealed 
crystal was 60 × 60 × 60 μm3, and dimensions of the unan-
nealed one were 50 × 50 × 50 μm3. Unit-cell parameters 
of each crystal were refined on a Bruker P4 four-circle dif-
fractometer with a dual scintillation point detector system, 
which used an 18-kW rotating Mo-anode X-ray generator 
operating at 50 kV and 250 mA. MoKα1–Kα2 mixed char-
acteristic wavelength was used with Kα_avg = 0.71080 Å, 
which was calibrated by a single crystal of anhydrous for-
sterite of spherical shape. Least-squares fitting were per-
formed on centered angles of 40 reflections in both posi-
tive and negative 2θ regions. The unit-cell parameters are 
given in Table 3. The annealed sample has a smaller cell 
volume consistent with oxidation of ferrous to ferric iron. 
The unannealed sample is slightly monoclinic with the beta 
angle different from 90° by ~14 × σ, whereas the annealed 
sample is within 2.5 × σ of 90° (orthorhombic). Intensity 
data for both single crystals were collected using a Bruker 
APEX II CCD detector mounted on a P4 diffractometer, 
with the 2θ scan ranges <70°. Refinements of atom posi-
tions and anisotropic displacement parameters were done 
using the program SHELXL-97 (Sheldrick 1997) in the 
software package WinGX (Farrugia 1999). We used scat-
tering factors of Mg2+, Fe2+, and Si4+ reported by Cromer 
and Mann (1968), and those of O2− from Tokonami (1965). 
Although the cell parameter refinement indicates slight 
deviation from orthorhombic symmetry for the unannealed 
crystal, all structure refinements were carried out in space 
group Imma. Unit-cell and data collection parameters are 
listed in Table 3; the nearest-neighbor, atomic distances and 
occupancy parameters are given in Table S1 A, and the final 

Table 3  Unit-cell and X-ray data collection parameters for two wad-
sleyite samples MA-326, annealed to 500 °C and unannealed

* Water content is estimated from b/a ratio (Jacobson et al. 2005). 
This is an indication of a M3 vacancy, which can either be related 
to H or Fe3+ incorporation. The estimated H2O concentration of the 
unannealed sample is within uncertainties in good agreement with the 
results of FTIR analyses (Table 2). The higher vacancy concentration 
of the annealed sample reflects the higher Fe3+ concentration, not a 
higher H2O concentration

Parameter Unannealed Annealed

a 5.711 (2) 5.7011 (20)

b 11.586 (2) 11.5776 (33)

c 8.293 (2) 8.2927 (13)

β 90.138 (9) 90.05 (2)

V 548.71 (15) 547.36 (19)

b/a 2.0287 2.0307

H2O (ppmw) 16,573* 18,212*

2Θmax 70 70

# Reflections 2703 5600

# Unique 651 676

R merge 0.028 0.027

R obs 0.029 0.029



Contrib Mineral Petrol  (2015) 170:9  

1 3

Page 5 of 12  9 

atom position is listed in Table S1 B in the supplementary 
data.

Raman spectroscopy

Raman spectra were measured with a HORIBA HR 800 
UV spectrometer, equipped with an Olympus BX41 micro-
scope in backscattering configuration. The spectra were 
measured with an argon laser either at 488 or at 514 nm. 
Raman spectroscopy was applied to all run products for 
phase identification and is not discussed further.

FTIR spectroscopy

Polarized (wadsleyite) and unpolarized (ringwoodite) OH-
absorption spectra were measured using a VERTEX 80v 
FTIR spectrometer (Bruker Optics) with an attached Hype-
rion microscope. A globar served as light source, and fur-
ther devices were an InSb detector and a KBr beam splitter. 
Spectra were collected on doubly polished crystal plates of 
known thickness in a range from 6000 to 2000 cm−1 with a 
resolution of 2 cm−1 and averaged over 256 scans.

Integral intensities of the OH bands were obtained using 
the PeakFit software by Jandel Scientific. We applied a 
Gaussian plus Lorentzian distribution function to all com-
ponent bands. Water contents were calculated using the 
formula

where Ai is the total integral intensity of bands, D is the 
density, t is the thickness of the sample, and εi is the inte-
gral molar absorption coefficient of the mineral [Mg-wad-
sleyite = 73,000 ± 7000 (Deon et al. 2010) and Mg-ring-
woodite = 100,000 ± 10,000 l/mol−1 cm−2 (Koch-Müller 
and Rhede 2010)]. A wavenumber correction for Fe-bear-
ing samples was not applied as the Fe content is relatively 
small. Spectra of the orthorhombic wadsleyite were taken 
on oriented crystals with the electric field vector E being 
parallel to the crystallographic axes. Afterward, the sum of 
the three integral intensities was used to calculate the total 
water content. Since ringwoodite is isotropic, total integral 
intensities were calculated by multiplying the integrated 
area of the bands of one spectrum by three. In the hydrous 
Mg-endmember runs, where ringwoodite coexists with 
wadsleyite ± superhydrous phase B (Table 1), run products 
consist of very compact aggregates. Only spectra of the 
aggregates, not the single crystals, could be measured using 
infrared spectroscopy. As a consequence, the water content 
was not quantified. However, the presence of OH-absorp-
tion bands of wadsleyite and ringwoodite ± superhydrous 
phase B indicates that water was incorporated in all phases.

c(wt%H2O)

= Ai(cm
−1) ∗ 1.8/[t(cm) ∗ D(g/cm3) ∗ εi(l/mol−1 cm−2)]

Transmission electron microscopy

The ferric iron to total iron ratio of the samples was deter-
mined by EEL spectroscopy. Therefore, thin foils (thick-
ness should not exceed 100 nm) were cut from polished 
single crystals using a FEI FIB200-focused ion beam 
device (Wirth 2004), with a Ga-ion source operated at an 
acceleration voltage of 30 kV. The final electron transparent 
foil was removed from the sample with an ex situ manipu-
lator and placed onto a perforated carbon grid. No further 
carbon coating was required. EELS analyses were per-
formed with a FEI Tecnai G2 F20 X-Twin TEM operating 
at 200 kV with a field emission gun (FEG) electron source 
and a Gatan Tridiem energy filter with an energy resolu-
tion of 1 eV. EEL spectra were acquired in diffraction mode 
with a camera length of 770 mm and a collection angle of 
10 mrad. They were averaged over 5 scans, with an acquisi-
tion time of one second each. The spot size was 5 nm, and 
we collected spectra from about 10 different locations in 
each foil.

The determination of Fe3+/ΣFe was carried out using 
the technique of the modified integral Fe L23 white-line 
intensity ratio (van Aken and Liebscher 2002). As per their 
description, the background was fitted to a double arctan 
function with its height scaled to the minima behind the Fe 
L3 and L2 edges and fixed inflection points at 708.65 and 
721.65 eV. After subtracting the background, two integra-
tion windows of 2 eV width each were positioned around 
709.5 and 720.7 eV for L3Fe3+ and L2Fe2+, respectively. 
Final Fe3+/ΣFe ratios were calculated applying the follow-
ing calibration curve with a = 0.193 (7), b = −0.465 (9), 
c = 0.366 (3)

Background subtraction and determination of Fe3+/
ΣFe ratios were performed using a program written by 
C. Petrick (Helmholtz-Zentrum Potsdam, Deutsches Geo-
ForschungsZentrum - GFZ, Potsdam, Germany).

We recorded selected-area electron diffraction patterns 
of a FIB foil of sample MA-305 with coexisting wadsleyite 
and ringwoodite (Fig. 1) to determine topotaxial relations 
between the two phases.

Mössbauer spectroscopy

Mössbauer spectra were taken on wadsleyite of the 57−Fe-
enriched sample MA-326. Analyses were performed 
on the original sample as well as on crystals annealed to 
500 °C in air for 20 min. The purpose of these experi-
ments was the distinction between octahedral and tetrahe-
dral Fe3+. MB spectra were recorded at room temperature 
(293 K) in transmission mode at a constant acceleration 

I(L3)

I(L2) mod

=
1

ax
2 + bx + c

− 1
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MB spectrometer with a nominal 370 MBq 57Co high 
specific activity source in a 12-µm-thick Rh matrix. The 
velocity scale was calibrated relative to a 25-µm-thick 
α-Fe foil using the positions certified for (former) National 
Bureau of Standards standard reference material no. 1541; 
line widths of 0.36 mm/s for the outer lines of α-Fe were 
obtained at room temperature. Each spectrum took 1 day 
to collect. For the measurements, a grain of each sample 
was embedded in a small amount of Apiezon grease and 
then crushed between two glass slides. The material was 
removed using cellophane tape, which was then placed 
over a piece of Mylar. Subsequently, a piece of 25 µm thick 
Ta foil (absorbs 99 % of 14.4 keV gamma rays) with a hole 
of 250–300 µm diameter was centered over the sample 
powder.

Based on sample composition, iron enrichment, and esti-
mated physical thickness, the dimensionless thickness of 
the samples was estimated to be roughly 8, which corre-
sponds to about 20 mg Fe (unenriched)/cm2 (Margulies and 
Ehrman 1961). Data were fitted using the fitting program 
MossA written by Prescher et al. ( 2012).

Results

Mg‑endmember system

Run products of experiments, which yielded hydrous wad-
sleyite only (MA-281 and MA-289), consist of perfectly 
clear single crystals up to 200 μm in size. However, run 
products, which contained coexisting wadsleyite and ring-
woodite ± superhydrous phase B, appear as very compact 
gray aggregates, and phases were mutually intergrown.

Mg‑endmember system: water content and effect on the 
stability

Figure 2 and Table 1 show the results of the effect of water 
on the Mg-endmember stability. Compared to our calibra-
tion runs in the dry system (Inoue et al. 2006), hydrous 
wadsleyite is stable within the ringwoodite stability field. 
At 1200 °C under hydrous conditions, the wadsleyite to 
ringwoodite transformation line shifts to higher pressures 
by about 0.5 GPa. Wadsleyite MA-281 incorporates about 
1.6 wt% H2O. Wadsleyite of run MA-289 contains D2O 
and H2O, and the characteristic shift of OD bands com-
pared to OH bands in the IR spectra confirms that all broad 
bands belong to OH (OD) stretching vibrations. We assume 
that water concentrations in both samples are compara-
ble (Table 1). In IR and Raman spectra taken on compact 
aggregates of MA-273 and MA-286, we observe OH band 
characteristic for both phases wadsleyite and ringwoodite. 
As we do not know their proper volume ratio, we could not 
quantify their water content. In the compact aggregate of 
MA-284, we observe, beside OH bands for ringwoodite 
and wadsleyite, two sharp and intense bands at 3407 and 
3347 cm−1, characteristic of superhydrous phase B (e.g., 
Koch-Müller et al. 2005). The element mapping obtained 
on a polished part of the sample revealed, however, 
that superhydrous phase B is present in only very small 
amounts.

Fig. 1  FIB foil of coexisting wadsleyite and ringwoodite from run 
MA-305 for EELS and HRTEM

17

18

19

20

21

22

900 1000 1100 1200 1300 1400 1500

P
 (

G
P

a)

T (°C)

wad hydrous

wad and ring hydrous

Inoue et al. 2006 dry

wad dry

wad and ring dry
ringwoodite

wadsleyite

∆P= 0.5 GPa

Fig. 2  P–T phase diagram in the Mg-endmember system showing 
the effect of water incorporation on the stability



Contrib Mineral Petrol  (2015) 170:9  

1 3

Page 7 of 12  9 

(Mg, Fe)2SiO4 system

The multi-anvil experiments in the (Mg, Fe)2SiO4 system 
at 1200 °C and different pressures yielded crystalline run 
products of coexisting wadsleyite and ringwoodite or solely 
wadsleyite (MA-314) (Table 2). The size of the blue (ring-
woodite) and greenish (wadsleyite) crystals ranged from a 
few up to 200 µm. Electron microprobe element mapping 
followed by point analyses revealed that all runs contained 
in addition traces of stishovite and that in some runs traces 
of superhydrous phase B were present. Figure 3a shows 
an Fe mapping of a cross section of capsule MA-309 (Fe/
FeO buffered). The lower part of the capsule contained the 
buffer, which consists of Fe surrounded by FeO. The over-
lying sample part of the capsule was contaminated by the 
buffer (Fe diffusion). However, the sample in the upper part 
was not affected with wadsleyite and ringwoodite being 
in equilibrium. Figure 3b shows a backscattered electron 
image of this section, displaying a typical exsolution tex-
ture of wadsleyite from ringwoodite. In all experiments, we 
first increased the pressure to the desired value and there-
fore assume that the earliest phase formed is ringwoodite. 
Wadsleyite only forms later by exsolution from ringwood-
ite, when the experiment is brought to the desired tem-
perature in the two-phase field. Figure 3b also shows the 
presence of superhydous phase B. The high-resolution lat-
tice fringe image (Fig. 4) confirms that we synthesized per-
fect crystals with no lattice defects, grown at equilibrium 
conditions. We found that wadsleyite and ringwoodite are 
intergrown in a certain orientation with (1-1-1) (4.656 Å) 
and (200) (4.132 Å) of ringwoodite being parallel to (101) 
(4.686 Å) and (002) (4.126 Å) of wadsleyite (Fig. 4a, b). 
To the best of our knowledge, sharing of the close-packed 
oxygen planes has only been reported for the polymorph 
olivine and wadsleyite (Smyth et al. 2012). 

(Mg, Fe)2SiO4 system: water content of coexisting 
phases

The water content of the samples was determined using 
FTIR spectroscopy on doubly polished crystal plates of 
well-known thickness and ranged from 1.0 to 1.9 wt% in 
wadsleyite and from 0.5 to 1.2 wt% in ringwoodite. Fig-
ure 5 displays the unpolarized OH-absorbance spectra of 
wadsleyite and ringwoodite of run MA-316. The integral 
intensity of OH bands in wadsleyite depends on the crystal-
lographic orientation of the measured crystal and is high-
est along c followed by a, and the least integral intensity 
is observed in b-direction. Regarding the water content of 
the coexisting phases, there is a clear fractionation of water 
into wadsleyite over ringwoodite with an average parti-
tioning coefficient Dwater

wad/ring (wt% H2O in wadsleyite/wt% 
H2O in ringwoodite) of about 2.2 (6) (see Table 2 for single 

partitioning coefficients of each run). Interestingly, in run 
MA-305, which was thought to be dry, both phases wads-
leyite and ringwoodite contain water, however, to a much 
smaller extend. Nevertheless, the partitioning coefficient 
of this water-undersaturated experiment is of comparable 
magnitude as for the hydrous runs.
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Fig. 3  a Fe distribution map of a cross section of the capsule of run 
MA-309 displaying the Fe/FeO buffer at the bottom, a Fe-contami-
nated part in the middle, quenched fluid on the lower right and left 
side and a well equilibrated part in the upper segment of the cross 
section. b Electron backscattered image of the upper part of the cross 
section showing ringwoodite as the main phase (light gray), exsolu-
tion of wadsleyite (gray), and the presence of superhydrous phase B 
at grain boundaries (dark gray)
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(Mg, Fe)2SiO4 system: iron in coexisting wadsleyite 
and ringwoodite

Table 2 compiles the results of all Fe-bearing runs, their 
total iron contents, and Fe3+/ΣFe fractions revealed by 
EELS. Overall, the ability of both phases, wadsleyite and 
ringwoodite, to incorporate iron decreases with increas-
ing pressure. The amount of ferric iron in both phases 
depends on the oxygen fugacity in the experiments. Re-/

ReO2-buffered runs (oxidizing milieu) show the highest 
Fe3+/ΣFe values with wadsleyite generally taking a higher 
percentage of ferric iron (up to about 20 %), although it 
has less total iron incorporated compared to ringwoodite. 
Moreover, the ability of wadsleyite to incorporate ferric 

Fig. 4  High-resolution lattice fringe with corresponding diffraction 
pattern (fast Fourier transform FFT) images of coexisting ringwoodite 
(a) and wadsleyite (b) sharing their close-packed oxygen planes, so 
that (1-1-1) (4.656 Å) and (200) (4.132 Å) of ringwoodite are parallel 
to (101) (4.686 Å) and (002) (4.126 Å) of wadsleyite
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Fig. 5  Unpolarized OH-absorbance spectra of wadsleyite and ring-
woodite (MA-316)

Fig. 6  Mössbauer spectra of 57Fe-enriched a wadsleyite (MA-326) 
and b wadsleyite (MA-326) after annealing at 500 °C. The spectra 
are fit to model 1 (see text) with two doublets corresponding to Fe2+ 
(unshaded) and one doublet each corresponding to VIFe3+ (black) and 
IVFe3+ (gray). The velocity scale is calibrated relative to metallic iron
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iron reveals a stronger dependence on the oxygen fugac-
ity compared to ringwoodite. The analysis of MB data of 
wadsleyite (MA-326) approximates the amount of Fe3+ 
determined by EEL spectroscopy of 19 (3) %. MB data can 
be matched to two possible models for the Fe3+ doublets 
(goodness of fit roughly similar) that either involve a share 
of tetrahedral (model 1) or only octahedral (model 2) Fe3+. 
In model 1, we assumed a center shift of the low-velocity 
component of the smaller Fe3+ doublet of 0.175 mm/s, 
which results in 6 (2) % tetrahedral ferric iron and a total of 
21 (3) % Fe3+/ΣFe. On the other hand, the only plausible 
explanation for fitting model 2 with solely octahedral fer-
ric iron would be for part of Fe3+ to appear static on the 
timescale of the MB effect and the other part of Fe3+ to 
be involved in rapid electron transfer with Fe2+. This inter-
pretation would give a total Fe3+/ΣFe of 15 (3) %. The 
MB spectrum of wadsleyite including the fitted functions 
for model 1 with tetrahedral Fe3+ is displayed in Fig. 6a. 
The two doublets with larger center shift and quadrupole 
splitting are assigned to Fe2+ in octahedral coordination, 
whereas the two doublets with smaller center shift are 
assigned to Fe3+ in octahedral (CS: 0.511 (10) mm/s) and 
tetrahedral (CS: 0.175 (03) mm/s) coordination. Detailed 
information on the data fitting for both models including 
center shift, quadrupole splitting, and integral intensities 
can be obtained from Table 4. Analysis of the MB spectrum 
for the annealed sample (Fig. 6b) confirmed that model 1 is 
appropriate as it shows a higher Fe3+/ΣFe ratio of 39 (3) % 
with the smaller Fe3+ doublet of 0.175 mm/s being much 
more pronounced 14 (2) %.

We refined unit-cell parameters of the annealed and 
unannealed crystals from sample MA-326 using X-ray sin-
gle-crystal diffraction and observed a decrease in cell vol-
ume with annealing, consistent with oxidation of Fe. The 
results are summarized in Table 3. We refined atom posi-
tions and occupancies from XRD intensity data as outlined 
in the supplementary material. There is definitely Fe in the 
tetrahedral sites in both samples, 8.1 % in the annealed and 
5.1 % in the unannealed crystal, based on direct scattering 

refinement and consistent with T–O distances. The tetra-
hedral site has incorporated significant Fe, based on the 
refined Fe/(Si + Fe) ratio under the assumption that this Fe 
must be ferric. Thus, MB model 1 and its results are to be 
preferred over MB model 2.

(Mg, Fe)2SiO4 system: effect of fO2 on the partitioning 
of Fe between wadsleyite and ringwoodite

Fractionation of iron between wadsleyite and ringwoodite 
(xFe) defines the shape of the two-phase field (especially 
the broadness of the loop) under reducing and oxidizing 
conditions, respectively (Tables 2, 5). Figure 7 represents 
a P-x-projection of the phase relations at T = 1200 °C of 
the (Mg, Fe)2SiO4-polymorphs. Microprobe analyses are 
summarized in Table 5. Phase boundaries in the dry sys-
tem are taken from Katsura and Ito (1989). Boundaries at 
hydrous and reduced conditions of the two-phase fields 
olivine + wadsleyite and olivine + ringwoodite as well as 
the triple point are taken from Deon et al. (2011). Results 
of experimental runs performed in this study concern-
ing the stability of wadsleyite and ringwoodite are plot-
ted as closed (wadsleyite) and open (ringwoodite) sym-
bols. Hydrous + reducing conditions are shown in blue 
(squares), and hydrous + oxidizing conditions (both buff-
ered and Re-/ReO2-unbuffered runs) in pink (diamonds).

Discussion

On the basis of our experiments combined with data from 
the literature, we suggest a revised phase diagram of the 
(Mg, Fe)2SiO4 polymorphs in terms of the boundaries for 
wadsleyite and ringwoodite (shown in Fig. 7).

Compared to the dry system, the stability field of wad-
sleyite in a hydrous and reducing environment is about 
0.5 GPa expanded to higher and lower pressures. The 
two-phase field of coexisting wadsleyite and ringwood-
ite is broadened toward higher pressure at the expense of 

Table 4  Mössbauer parameters 
and doublet assignments for 
models 1 and 2; the spectrum of 
the wadsleyite with fit model 1 
is given in Fig. 6

Center shift (mm/s) Quadrupole splitting (mm/s) FWHM (mm/s) Integral area Doublet assignment

Model 1: Fe3+ in octahedral and tetrahedral coordination

 1.108 (01) 2.698 (05) 0.387 (09) 32 (1) VIFe2+

 1.108 (03) 2.160 (15) 0.682 (10) 47 (1) VIFe2+

 0.511 (10) 1.137 (18) 0.588 (28) 14.9 (8) VIFe3+

 0.175 (03) 1.132 (05) 0.249 (14) 5.8 (5) IVFe3+

Model 2: Fe3+ in octahedral coordination only

 1.081 (01) 2.750 (06) 0.378 (09) 33 (2) VIFe2+

 1.080 (03) 2.214 (17) 0.611 (18) 44 (2) VIFe2+

 0.632 (17) 0.997 (15) 0.684 (42) 16 (1) VIFe3+

 0.328 (06) 0.802 (10) 0.319 (21) 8 (1) VIFe3+
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the ringwoodite stability field. Therefore, we observe an 
expansion of the wadsleyite stability in the hydrous sys-
tem. Regarding the phase relations between wadsleyite 
and olivine, these observations are in good agreement with 
findings of Deon et al. (2011). They stated that the strong 
fractionation of water into wadsleyite over olivine (Dwater

wad/

ol = 5) and the statistical distribution of hydrogen all over 
the structure lead to an increase in the configurational 
entropy and in consequence to the stabilization of wad-
sleyite toward lower pressure. Our experiments likewise 
show a strong partitioning of water into wadsleyite over 
ringwoodite with an average partitioning coefficient of 
Dwater

wad/ring = 2.2 (6). This value is in quite good agreement 
with Dwater

wad/ring = 2.5 (5) and 2.5 (derived from a single run) 
revealed by Deon et al. (2011) and Kawamoto et al. (1996), 
respectively. A further important observation is that the par-
tition coefficients in the water-undersaturated and water-
saturated experiments are in the same range.

We conclude that the preferential incorporation of water 
in wadsleyite stabilizes it toward lower and higher pressures 
at the expense of olivine and ringwoodite, respectively.

The phase relations in the hydrous and oxidizing system 
(pink curve) reveal another picture. Here, the stability of 
wadsleyite is further expanded toward higher pressure, but 
simultaneously the two-phase field of coexisting wadsleyite 
and ringwoodite narrows. We plotted 19.5 GPa as pressure 
for the Mg-endmember regardless of the oxygen fugacity. 
However, the transformation pressure of the oxidized sys-
tem could be slightly higher, if the corresponding phases 
had a defect structure due to the highly oxidizing condi-
tions. The experimental results under hydrous conditions 
without any buffer are comparable to the results under oxi-
dizing conditions indicating that the unbuffered milieu in 
the multi-anvil press is already oxidized. In addition, these 
results compared to the results of the reduced runs confirm 
that the buffer works. EELS, MB spectroscopy, and single-
crystal X-ray diffraction reveal a high amount of Fe3+ in 
experiments at more oxidizing conditions compared to the 
reducing milieu. In addition to that, we observe a prefer-
ential incorporation of ferric iron into wadsleyite—compa-
rable to the different water amount in coexisting phases—
even though less pronounced. Wadsleyite and ringwoodite 

Table 5  Microprobe analyses of coexisting wadsleyite and ringwoodite

The number in parentheses refers to 1 σ SD; n corresponds to the number of analyses; cations per formula unit are calculated on the base of 4 
oxygens

* Oxide starting material was not completely dry; run was undersaturated with water †  micron-sized exsolutions of wadsleyite in ringwoodite 
matrix – analyses difficult ‡ no coexisting ringwoodite was found § blow out during the run but run continued after pressure increase; run product 
contained ferropericlas as additional phase, and only a few coexisting wad-ring pairs could be measured

MA-305* MA-311 MA-315§ MA-317 MA-326

Wadsleyite Ringwoodite Wadsleyite Ringwoodite Wadsleyite Ringwoodite Wadsleyite Ringwoodite Wadsleyite Ringwoodite

n = 7 n = 8 n = 19 n = 28 n = 4 n = 14 n = 12 n = 36 n = 30 n = 13

FeO 8.1 (1) 13.9 (2) 10.8 (2) 16.5 (4) 4.2 (12) 16.4 (9) 10.2 (2) 16.1 (2) 20.5 (3) 28.4 (5)

MgO 47.7 (9) 44.9 (5) 45.3 (6) 42.3 (8) 54.2 (8) 44.6 (8) 46.8 (8) 43.7 (4) 40.3 (4) 35.3 (5)

SiO2 40.4 (2) 38.9 (5) 39.7 (4) 38.7 (55) 39.7 (8) 38.0 (3) 38.8 (4) 37.7 (3) 37.1 (3) 36.0 (2)

∑ 96.25 97.70 95.80 97.47 98.14 99.02 95.82 97.43 97.92 99.64

Fe 0.17 (1) 0.30 (1) 0.24 (4) 0.35 (1) 0.12 (5) 0.37 (4) 0.22 (1) 0.35 (1) 0.45 (1) 0.63 (2)

Mg 1.77 (2) 1.70 (1) 1.72 (4) 1.64 (3) 1.93 (5) 1.68 (4) 1.79 (3) 1.69 (2) 1.59 (1) 1.40 (2)

Si 1.03 (1) 1.00 (1) 1.02 (1) 1.00 (2) 0.97 (1) 0.97 (1) 1.00 (1) 0.98 (1) 0.98 (1) 0.96 (1)

∑ 2.97 3.00 2.98 3.00 3.03 3.03 3.00 3.02 3.02 2.99

MA-309† MA-314‡ MA-316 MA-323 MA-328

Wadsleyite Ringwoodite Ringwoodite Wadsleyite Ringwoodite Wadsleyite Ringwoodite Wadsleyite Ringwoodite

n = 6 n = 15 n = 30 n = 21 n = 7 n = 6 n = 10 n = 36 n = 47

FeO 3.9 (3) 12.5 (4) 12.8 (5) 10.6 (2) 16.5 (3) 4.0 (2) 7.7 (3) 10.0 (7) 16.4 (7)

MgO 47.9 (4) 46.5 (4) 44.8 (5) 45.9 (6) 43.4 (5) 53.0 (4) 51.2 (3) 47.1 (6) 44.2 (5)

SiO2 37.1 (3) 38.7 (1) 39.1 (3) 39.3 (5) 37.8 (4) 40.9 (5) 40.2 (2) 40.0 (5) 38.1 (4)

∑ 88.82 97.58 96.74 95.71 97.70 97.90 99.06 97.02 98.69

Fe 0.09 (1) 0.27 (2) 0.28 (2) 0.23 (1) 0.36 (1) 0.08 (1) 0.16 (1) 0.21 (2) 0.35 (2)

Mg 1.92 (1) 1.77 (1) 1.72 (2) 1.78 (2) 1.68 (1) 1.92 (1) 1.87 (1) 1.77 (1) 1.68 (2)

Si 1.00 (1) 0.98 (1) 1.00 (1) 1.01 (1) 0.98 (1) 1.00 (1) 0.99 (1) 1.01 (1) 0.98 (1)

∑ 3.01 3.02 3.00 3.02 3.02 3.00 3.02 2.99 3.02
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in unbuffered runs also contain ferric iron although values 
are lower compared to buffered experiments. Nevertheless, 
these runs also plot within the approximate stability field 
under oxidizing conditions.

Iron destabilizes wadsleyite (Bina and Wood 1987) 
such that at the iron endmember composition the 
α-polymorph olivine transforms directly into γ-Fe2SiO4 
(Yagi et al. 1987). Woodland and Angel (1998) synthe-
sized a spinelloid with wadsleyite structure of the Mg-
free composition Fe2.45Si0.55O4. In this case, nearly half 
of the Si is substituted by Fe3+ following the mechanism 
2IVFe3+ = IVSi4+ + Fe2+ (Woodland and Angel, 1998). 
Thus, one way to stabilize wadsleyite with a more iron-rich 
composition would be to incorporate iron as Fe3+ on the 
tetrahedral site. Actually, the analysis of MB data in model 
1 and the single-crystal X-ray diffraction data suggest that 
the wadsleyite (MA-326), synthesized under hydrous and 
oxidizing conditions, contains Fe3+ on the tetrahedral site. 
Since we observe in our experiments a stabilization of wad-
sleyite toward higher iron contents compared to the dry 
and reducing system, we support the idea of Woodland and 
Angel (1998). Wadsleyite is stabilized to more iron-rich 
compositions by the incorporation of Fe3+ on the tetrahe-
dral site.

Furthermore, compressibility data on wadsleyite by 
Hazen et al. (2000) show that compression in wadsleyite is 
highly anisotropic with the c-axis being about 40 % more 
compressible compared to a and b. This behavior originates 
from the more compressible Mg–O octahedra if compared 
to the relatively rigid Si–O tetrahedra. However, in iron-
bearing wadsleyite, the compressibility of Fe–O octahedra 
is lower than in Mg–O octahedra (but still high compared 
to the SiO4 tetrahedra). Hence, the incorporation of Fe3+ 
on the tetrahedral site could represent a possibility to stabi-
lize wadsleyite with a higher Fe content to higher pressures 
compared to a reducing milieu, in which no Fe3+ exists.

Our findings are also in perfect agreement with a recent 
study by Smyth et al. (2014). The authors describe how the 
presence of ferric iron in the tetrahedral site could lead to 
an expansion of the stability field of hydrous wadsleyite 
synthesized under oxidizing conditions.

Implications

This study shows that incorporation of hydroxyl and/or 
Fe3+ into wadsleyite and ringwoodite can have a significant 
effect on the position (depth) of the 520-km discontinuity. 
Wadsleyite is stabilized to more iron-rich compositions by 
the incorporation of Fe3+ on the tetrahedral site. Thus, vari-
ations in water concentration and/or in the oxidation state 
of the transition zone may explain the globally observed 
variation in the depth of the 520-km discontinuity.

Higher partitioning of hydrogen into wadsleyite com-
pared to olivine and ringwoodite extends the wadsleyite 
stability to higher and lower pressures compared to the dry 
system.

The higher partitioning of Fe3+ into wadsleyite com-
pared to ringwoodite and its incorporation into the tetrahe-
dral site further extends the wadsleyite stability to higher 
pressures compared to reduced environments.

Regions where the 520-km discontinuity is deeper and 
very sharp may represent more oxidized hydrous conditions 
compared to regions, where the discontinuity is broader.
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