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Abstract

Samples of olivine, wadsleyite, ringwoodite and majorite with Mg/(Mg + Fe) = 0.85–0.90 were synthesised at high
pressure and temperature using a multianvil press under nominally anhydrous conditions as well as hydrous conditions with
varying conditions of oxygen fugacity, and examined ex situ using Mössbauer spectroscopy to determine Fe3+/�Fe, and
either Fourier Transform Infrared Spectroscopy or Secondary Ion Mass Spectrometry to determine H concentration. Under
oxidising conditions, the relative concentration of Fe3+ increases with water content in olivine, wadselyite and ringwoodite.
Majorite does not incorporate significant water, but shows high Fe3+/�Fe values when synthesised under oxidising conditions
in the presence of water. Fe3+/�Fe is strongly influenced by oxygen fugacity for all phases studied, and the mechanism of
hydration is likely coupled to Fe3+ incorporation in the crystal structure. Enhanced Fe3+/�Fe in mantle-derived olivine and
orthopyroxene has a negligible effect on oxygen fugacities estimated using olivine–orthopyroxene–garnet oxybarometers,
while increased Fe3+/�Fe in garnet due to dehydrogenation could lead to an overestimation of oxygen fugacity in exhumed
samples. Subduction zones are likely oxidised relative to the rest of the mantle, and hence represent regions where not only
water is concentrated, but also Fe3+.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mantle hydrous phases have been the focus of
numerous studies due to the influence of water on
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mantle properties, including viscosity, melting be-
haviour, rheology, elastic properties and the behaviour
of fluids. Many studies have focused on the system
MgO–SiO2–H2O, where a large number of stable
hydrous phases have been found (reviewed byAngel
et al., 2001), demonstrating that iron is not a nec-
essary element for stabilising OH in these phases.
Nevertheless, since iron is the most abundant element
that adopts multiple valence states, its chemistry is
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likely to be influenced by the presence of water, par-
ticularly since the incorporation of OH may involve
the creation of defects in the structure.

Iron is the fourth most abundant element, but due
to its nature as a transition element with the ability
to exist in multiple valence states, can have an ef-
fect on physical and chemical properties greater than
its abundance would suggest. Oxygen fugacity and
Fe3+/Fe2+ equilibria are intimately connected, and
while the relation is often complex in mineral sys-
tems, the importance of oxygen fugacity to mantle
processes has motivated numerous studies. Oxygen
fugacity can affect subsolidus and supersolidus phase
relations, the presence and speciation of a fluid phase,
transport properties such as electrical conductivity
and diffusivity, and mechanical behaviour. An on-
going project at Bayerisches Geoinstitut has been to
characterise the nature of iron in transition zone and
lower mantle phases, particularly with regard to the
relation between Fe3+/�Fe and oxygen fugacity. Pre-
vious studies have focused on nominally anhydrous
phases, which are currently believed to provide real-
istic models for bulk mantle mineralogy. The picture
is different in regions of subduction, however, where
hydrous phases play a major role in determining the
physical and chemical properties of downgoing slabs,
with obvious implications for mantle dynamics.

The purpose of this paper is to determine the oxi-
dation state of iron in high-pressure mantle phases in
the presence of water, and to assess the relation with
oxygen fugacity. In particular, we focus on mantle
phases that are nominally anhydrous, but have been
found to incorporate significant amounts of water:
(Mg, Fe)2SiO4 olivine, �-(Mg, Fe)2SiO4 wadsleyite,
�-(Mg, Fe)2SiO4 ringwoodite and (Mg, Fe)(Si, Al)O3
majorite. Many structural details of these phases have
been presented elsewhere (seeTable 1); here we fo-
cus on the measurement of Fe3+/�Fe, OH concentra-
tion, and the implications for subduction and mantle
oxygen fugacity.

2. Experimental methods

Nominally anhydrous polycrystalline samples of
olivine, wadsleyite, ringwoodite and majorite were
synthesised from57Fe-enriched starting materials
using the 1000 and 2000 t multianvil presses at

Bayerisches Geoinstitut (details inTable 1). The oxy-
gen fugacity imposed on the samples was influenced
by the type of capsule used, but with the exception of
the run incorporating ReO2 (S2144), the experiments
cannot be considered to have been buffered. The form
of the run products was either as a hot-pressed disk
(olivine) or polycrystalline aggregates (wadsleyite,
ringwoodite and majorite).

Hydrous samples were synthesised from non-57Fe-
enriched starting materials using a multianvil press
(details inTable 1). In one set of experiments involv-
ing the 1000 t multianvil press at Bayerisches Geoin-
stitut, a double capsule technique was used with a
buffer in the outer part and the sample mix in the inner
part; these experiments can be considered to have been
buffered (H1518; H1505; HZ7). In a different set of
experiments involving the 5000 t press at Bayerisches
Geoinstitut, sample material was sealed inside large Pt
capsules which yielded single crystals in the run prod-
ucts of up to roughly 500�m in diameter (SZ0004;
SZ0005; SZ0006; Z89; SZ0002; SZ9901). Although
these experiments were not formally buffered, condi-
tions were likely relatively oxidising due to the high
water fugacity and use of oxidised starting materials
(magnetite or hematite). In a third set of experiments
performed using the Walker-type multianvil press at
Arizona State University, starting material was sealed
inside Au75Pd25 capsules and yielded single crystals
in the run products of up to 200�m in diameter (Wads
I; Wads II; Hope; Big Gold). Oxygen fugacity during
these experiments was likely influenced by H2 loss
through the walls of the Au75Pd25 capsule following
dissociation of H2O according to the reaction

H2O = H2 + 1
2O2, (1)

where O2 was then consumed by oxidation of Fe2+ to
Fe3+ (Hall, 1999).

The phases present in the run products were iden-
tified using powder X-ray diffraction, and chemical
compositions were determined using the electron mi-
croprobe (Table 1). Structure refinements were per-
formed on some of the single crystals, but results
are reported elsewhere (see reference list inTable 1).
H concentrations were determined using either Sec-
ondary Ion Mass Spectrometry (SIMS) at the Cen-
ter for Solid State Science, Arizona State University
following the procedures ofIhninger et al. (1994)or
Fourier Transform Infrared Spectroscopy (FTIR) at
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Table 1
Details of sample synthesis and run products

Sample Phase T (◦C) P (GPa) t (h) Starting materials Capsule/
buffer

Øa

(�m)
Mg # Sib Mgb Feb Alb Hb H2O

(wt.%)
Method Fe3+/�Fe Refc

H636 ol 1200 4 3 ol, opx Mo Poly 0.90 1 1.8 0.2 – – – 0.00 (1) [1]
SZ0004 ol 1300 12 5 ol, br, opx, mag Pt Poly 0.90 1 1.8 0.2 0.24 0.15 FTIR 0.15 (4) [2]

S1292 wd 1800 16 4 ol Re Poly 0.80 1 1.6 0.4 – – – 0.02 (2)
H1518 wd 1200 15 5 ol, hem, br Fe/FeO Poly 0.90 1 1.8 0.2 0.05 0.3 FTIR 0.02 (2) [3]
H1505 wd 1200 15 5 ol, hem, br Re/ReO2 Poly 0.88 1 1.7 0.2 0.05 0.3 FTIR 0.15 (3) [3]
HZ7 wd 1250 17 3 ol, opx, br Re/opx Poly 0.95 1.01 1.75 0.10 0.01 0.24 1.53 FTIR 0.06 (3) [4]
SZ0006 wd 1400 18 5 ol, opx, hem, qtz, br Pt Poly 0.90 0.96 1.72 0.19 0.35 2.2 FTIR 0.28 (3) [5]
SZ0005 wd 1400 19 5 ol, opx, hem, qtz, br Pt Poly 0.90 0.95 1.71 0.19 0.38 2.4 FTIR 0.44 (5) [5]
Wads II wd 1350 18 13 KLB1, wüs, br AuPd 250 0.88 0.97 1.60 0.21 0.01 0.44 2.72 SIMS 0.49 (7) [6]
Wads I wd 1400 17 17 KLB1, br AuPd 250 0.95 0.99 1.73 0.10 0.01 0.35 2.24 SIMS 0.96 (5) [7]

H594 rg 1200 19 4 ol Re Poly 0.85 1 1.7 0.3 – – – 0.03 (2)
Z89 rg 1400 21 5 ol, opx, hem, qtz, br Pt 300 0.88 0.95 1.63 0.22 0.40 2.2 FTIR 0.15 (4) [8]
SZ9901 rg 1400 20 5 ol, opx, hem, qtz, br Pt 250 0.88 0.99 1.70 0.23 0.00 0.15 0.93 FTIR 0.15 (4) [9]
SZ0002 rg 1400 20 5 ol, opx, hem, qtz, br Pt 300 0.86 1.00 1.63 0.26 0.01 0.13 0.79 FTIR 0.18 (4) [9]

S2144 mj 1900 19 1 opx, qtz Re/ReO2 Poly 0.86 0.93 0.84 0.14 0.09 – – – 0.16 (3) [10]
Hope mj 1400 18 22 KLB1, wüs, br AuPd 200 0.85 0.85 0.78 0.13 0.21 0.00 0.002 FTIR 0.82 (7) [11]
Big Gold mj 1400 17 22 KLB1, br AuPd 200 0.90 0.88 0.81 0.09 0.20 0.00 0.002 FTIR 0.95 (7) [11]

Notes: ol: olivine; wd: wadsleyite; rg: ringwoodite; mj: majorite; opx: orthopyroxene; br: brucite; mag: magnetite; hem: hematite; qtz: quartz; wüs: wüstite.
a Diameter of single crystal for Mössbauer analysis; poly: polycrystalline sample used for Mössbauer analysis
b Cations per four oxygen (ol, wd, rg) or per three oxygen (mj). Minor element concentrations (Ti, Cr, Mn, Ca, K, Na) are omitted for brevity, and can be found in the

original references.
c [1] Poe and Xu (1999); [2] Smyth and Frost (2002); [3] Frost and McCammon (2001); [4] Frost (1999); [5] Smyth et al. (2000); [6] Smyth and Kawamoto (1997); [7]

Smyth et al. (1997); [8] Smyth et al. (1999); [9] Smyth et al. (2003); [10] McCammon and Ross (2003); [11] Laustsen, H.M. (ńee Smith), unpublished data.
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Bayerisches Geoinstitut. The latter was performed us-
ing a Bruker IFS 120 HR high-resolution spectrometer
coupled with a Bruker IR microscope. Measurements
were made using a tungsten light source, CaF2 beam
splitter and a high-sensitivity narrow-band MCT de-
tector. Several hundred scans were accumulated for
each spectrum with either 1 or 4 cm−1 resolution, and
the background was corrected using a spline fit of the
baseline defined by points outside the OH-stretching
region. H concentrations were determined by integrat-
ing the absorption bands using the extinction coeffi-
cient calibration byPaterson (1982).

Samples were prepared for Mössbauer spectroscopy
either by crushing in an agate mortar and mounting
over an area between 6 and 12 mm diameter on a plas-
tic foil (conventional method), or by mounting behind
a hole of appropriate diameter (100–500�m) drilled
in Ta foil with 25�m thickness, which absorbs more
than 99% of 14.4 keV�-rays (milliprobe method). Di-
mensionless absorber thicknesses were generally<2
(ca. 5 mg Fe/cm2) for samples unenriched in57Fe (all
hydrous samples), but up to 8 (ca. 20 mg Fe/cm2)
for samples enriched in57Fe (nominally anhydrous
samples).

Mössbauer spectra were recorded at room tem-
perature (293 K) in transmission mode on a constant
acceleration Mössbauer spectrometer with a nominal
1.85 GBq57Co source in a 6�m Rh matrix (conven-
tional method) or a nominal 370 MBq57Co high spe-
cific activity source in a 12�m Rh matrix (milliprobe
method). Further details of the milliprobe method are
given in McCammon et al. (1991)and McCammon
(1994). The velocity scale was calibrated relative to
25�m �-Fe foil using the positions certified for Na-
tional Bureau of Standards standard reference mate-
rial no. 1541; line widths of 0.28 mm/s (conventional
method) and 0.36 mm/s (milliprobe method) for the
outer lines of�-Fe were obtained at room tempera-
ture. The spectra were fitted to Lorentzian lineshapes
using the commercially available fitting program
NORMOS written by R.A. Brand (distributed by
Wissenschaftliche Elektronik GmbH, Germany).

The hydrous wadsleyite II sample was prepared for
electron energy loss spectroscopy (EELS) by crush-
ing small crystals between clean glass slides, and sus-
pending tiny fragments using ethanol onto a holey
carbon TEM grid. FeL2,3-edge and low-loss spectra
were recorded at the thinnest part of the wedge-shaped

samples in the diffraction mode of the TEM at small
scattering angles (illumination angle 2α = 11 mrad
and collection angle 2β = 14 mrad). Electron energy
loss spectra were recorded with a Gatan DigiPEELS
766 parallel electron spectrometer fitted on a Philips
CM 12 transmission electron microscope equipped
with a single-crystal LaB6 electron source and oper-
ated at 120 keV. The spectra were collected at an en-
ergy dispersion of 0.1 eV per channel and a PEELS
entrance aperture of 2 mm with 30 s integration time
per read out. The energy resolution was
EFWHM =
0.6 eV, visible as the full width at half maximum of
the zero-loss peak in the electron energy loss spectra.
To minimise electron irradiation damage during mea-
surements, e.g. due to dehydration and amorphisation,
the sample was cooled to nearly liquid nitrogen tem-
perature (ca. 100 K) in a Gatan cooling stage. Data
reduction followed the procedure described in earlier
papers (van Aken et al., 1998; Lauterbach et al., 2000).

3. Results

Mössbauer spectra of all phases were well resolved,
which allowed the determination of model indepen-
dent relative areas for Fe3+ absorption. Corrections
due to differing recoil-free fractions are assumed to
be negligible when Fe2+ and Fe3+ occupy similar
sites (seeRancourt et al., 2001), but can be significant
if Fe2+ and Fe3+ occupy sites of different coordina-
tion. We used the Debye model to correct the relative
areas of garnet (e.g.McCammon and Ross, 2003)
using Mössbauer Debye temperatures of 340 K for
dodecahedral Fe2+ and 400 K for octahedral Fe3+
(Amthauer et al., 1976; De Grave and Van Alboom,
1991). Corrections to the relative areas for thickness
were negligible for spectra from unenriched sam-
ples, and were not applied to spectra from enriched
samples since the intensity of Fe3+ absorption was
small. Hyperfine parameters derived from fits of the
Mössbauer spectra are listed inTable 2.

3.1. Olivine

The Mössbauer spectrum of nominally anhydrous
olivine (H636) is similar to previous spectra published
in the literature (e.g.Shinno, 1981), and shows two
non-resolved doublets corresponding to Fe2+ in the
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Table 2
Hyperfine parameters determined from room temperature Mössbauer spectra

Sample Phase Fe2+(I) Fe2+(II) Fe3+(I) Fe3+(II)

CS
(mm/s)

QS
(mm/s)

FWHM
(mm/s)

A CS
(mm/s)

QS
(mm/s)

FWHM
(mm/s)

A CS
(mm/s)

QS
(mm/s)

FWHM
(mm/s)

A CS
(mm/s)

QS
(mm/s)

FWHM
(mm/s)

A

H636 ol 1.16 3.11 0.26 0.32 1.15 2.88 0.34 0.68
SZ0004 ol 1.15 3.11 0.29 0.37 1.12 2.90 0.29 0.49 0.49 0.46 0.50 0.15

S1292 wd 1.09 2.77 0.33 0.44 1.10 2.39 0.41 0.55 0.50 0.80 0.30 0.02
H1518 wd 1.09 2.81 0.43 0.69 1.13 2.12 0.55 0.29 0.31 0.70 0.30 0.02
H1505 wd 1.07 2.79 0.39 0.42 1.11 2.21 0.69 0.44 0.26 0.91 0.27 0.07 0.50 1.080.27 0.08
HZ7 wd 1.03 2.81 0.34 0.48 1.04 2.43 0.54 0.45 0.45 0.82 0.53 0.06
SZ0006 wd 1.07 2.84 0.33 0.29 1.09 2.48 0.61 0.43 0.37 0.85 0.69 0.28
SZ0005 wd 1.07 2.90 0.28 0.11 1.07 2.61 0.49 0.46 0.37 0.96 0.90 0.44
Wads II wd 1.09 2.76 0.49 0.51 0.39 0.72 0.79 0.49
Wads I wd 1.09 2.76 0.49 0.04 0.30 0.82 0.81 0.96 Fe2.5+

H594 rg 1.04 2.75 0.34 0.97 0.61 0.80 0.50 0.03
Z89 rg 1.00 2.74 0.37 0.85 0.61 0.91 0.54 0.15
SZ9901 rg 1.05 2.75 0.34 0.85 0.61 0.85 0.75 0.15
SZ0002 rg 1.03 2.75 0.36 0.82 0.61 0.85 0.85 0.18

S2144 mj 1.27 3.56 0.27 0.83 0.32 0.39 0.45 0.17
Hope mj 1.27 3.52 0.30 0.16 0.35 0.32 0.42 0.84
Big Gold mj 1.27 3.52 0.30 0.05 0.33 0.30 0.53 0.95

Notes: CS: centre shift (relative to�-Fe); QS: quadrupole splitting; FWHM: full width at half maximum; A: relative area; ol: olivine; wd: wadsleyite; rg: ringwoodite; mj:
majorite; Estimated standard errors: CS± 0.02; QS± 0.05; FWHM± 0.03; Numbers in italics indicate parameters held fixed during fitting.
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Fig. 1. Room temperature Mössbauer spectra of: (a) nominally an-
hydrous olivine (H636); (b) hydrous olivine containing 0.15 wt.%
H2O (SZ0004). Doublets corresponding to Fe3+are shaded black.
Residuals indicating the difference between experimental and cal-
culated data are shown above each spectrum.

M1 and M2 sites and no evidence for Fe3+ (Fig. 1a).
This is consistent with results fromNakamura and
Schmalzried (1983), who conclude that Fe3+/�Fe in
(Mg, Fe) olivine is extremely low, and apparently an-
nealing at high temperature and pressure under nom-
inally dry conditions does not change this behaviour
significantly. In contrast, high pressure hydrous ex-
periments produce a significant increase in Fe3+/�Fe
(SZ0004), coupled with evidence for the incorpora-
tion of OH in the crystal structure (Smyth and Frost,
2002) (Fig. 1b). The centre shift of Fe3+ absorption
is relatively large, suggesting that Fe3+ occupies pre-
dominantly an octahedral site (McCammon, 2000).

3.2. Wadsleyite

The Mössbauer spectrum of nominally anhydrous
wadsleyite (S1292) is similar to previous spectra pub-
lished in the literature (e.g.O’Neill et al., 1993a), and
shows at least two non-resolved doublets correspond-
ing to Fe2+ in the M1, M2 sites and M3 sites with a
small amount of Fe3+ (Fig. 2a). The presence of Fe3+

Fig. 2. Room temperature Mössbauer spectra of: (a) nominally
anhydrous wadsleyite (S1292); (b) hydrous wadsleyite containing
2.2 wt.% H2O (SZ0006); (c) single crystal hydrous wadsleyite con-
taining 2.24 wt.% H2O synthesised under highly oxidising condi-
tions (Wads I). Doublets corresponding to Fe3+are shaded black.
Residuals indicating the difference between experimental and cal-
culated data are shown above each spectrum.

was confirmed by a significant deviation in the resid-
ual when the Fe3+ doublet was omitted; however its
abundance is relatively low (<2%), which is consis-
tent with the results of other studies on nominally dry
samples (Fei et al., 1992; O’Neill et al., 1993a). Un-
der reducing conditions, the incorporation of OH in
the crystal structure does not increase Fe3+ concen-
trations significantly (H1518), while oxidising condi-
tions do produce a measurable increase in Fe3+/�Fe
(H1505). Incorporation of greater amounts of OH,
probably under more strongly oxidising conditions,
increases Fe3+/�Fe further (SZ0005; SZ0006), and
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Fig. 3. FeL2,3-edge electron energy loss near-edge structure of
hydrous wadsleyite (Wads II). The double arctan background func-
tion is indicated by the dotted line, while the integration windows
of width 2 eV used for the determination ofI(L3)/I(L2) are shaded.
The universal curve ofI(L3)/I(L2) plotted vs. Fe3+/�Fe fromvan
Aken et al. (1998)is shown in the inset.

synthesis in Au75Pd25 capsules under extreme oxidis-
ing conditions results in oxidation of the majority of
iron to Fe3+ (Wads I; Wads II). The hyperfine parame-
ters derived from Fe3+ absorption support substitution
of Fe3+ on octahedral sites.

To confirm the high concentration of Fe3+, we ex-
amined the same crystal of hydrous wadsleyite II us-
ing EELS (Fig. 3). To determine Fe3+/�Fe using the
FeL2,3 white-line intensity ratioI(L3)/I(L2), the white
lines were isolated from the background intensity us-
ing a double arctan-function as a background with
step sizes scaled to the minima behind the FeL3-
and L2-edges with fixed inflection points at 708.65
and 721.65 eV (van Aken et al., 1998). After subtract-
ing the background, two integration windows of 2 eV
width each (shaded areas inFig. 3) were applied to
the FeL2,3-edges from 708.5 to 710.5 and 719.7 to
721.7 eV in order to determineI(L3)/I(L2) (4.85±0.40)
and hence Fe3+/�Fe using the universal curve (see
inset of Fig. 3). The value of Fe3+/�Fe calculated
from EELS (0.55 ± 0.05) is in excellent agreement
with the value determined from the Mössbauer data
(0.50± 0.07).

Fig. 4. Room temperature Mössbauer spectra of: (a) nominally an-
hydrous ringwoodite (H594); (b) single crystal hydrous ringwood-
ite containing 0.93 wt.% H2O (SZ9901). Doublets corresponding
to Fe2+–Fe3+ charge transfer are shaded black. Residuals indicat-
ing the difference between experimental and calculated data are
shown above each spectrum.

3.3. Ringwoodite

The Mössbauer spectrum of nominally anhydrous
ringwoodite (H594) is similar to previous spectra pub-
lished in the literature (e.g.O’Neill et al., 1993a),
and shows one doublet corresponding to octahedral
Fe2+ and a small additional absorption (Fig. 4a). The
large centre shift is consistent with Fe2+–Fe3+ charge
transfer on a timescale more rapid than the Mössbauer
effect in 57Fe (ca. 10−8 s). Fe2+–Fe3+ charge trans-
fer has been confirmed to occur in ringwoodite us-
ing polarised optical absorption spectra, and causes
the blue colour of ringwoodite crystals (Ross, 1997).
Ringwoodite synthesised under oxidising conditions
in the presence of water incorporates OH as well as
Fe3+ (Z89; SZ9901; SZ0002), although the two are
not correlated exactly. Mössbauer spectra of oxidised
hydrous ringwoodites are consistent with nearly all
Fe3+ participating in rapid Fe2+–Fe3+ charge transfer,
resulting in an intermediate valence. Fe3+ must there-
fore occupy the octahedral site, with charge transfer
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Fig. 5. Room temperature Mössbauer spectra of: (a) nominally an-
hydrous majorite (S2144); (b) single crystal majorite synthesised
under highly oxidising conditions in the presence of water (Big
Gold). Doublets corresponding to Fe3+ are shaded black, while
the low intensity unshaded doublet in the top spectrum corre-
sponds to wadsleyite. Residuals indicating the difference between
experimental and calculated data are shown above each spectrum.

taking place across the shared edge. EELS measure-
ments of Fe3+/�Fe in sample SZ9901 gave the value
0.09 ± 0.05 (Smyth et al., 2003), which is in good
agreement with the value of 0.15± 0.04 determined
by Mössbauer spectroscopy (Table 1).

3.4. Majorite

The Mössbauer spectrum of nominally anhydrous
(Mg, Fe)(Si, Al)O3 majorite (S2144) shows one dou-
blet corresponding to dodecahedral Fe2+, and one
doublet corresponding to octahedral Fe3+ (Fig. 5, top
spectrum). Since iron and aluminium both compete
for the octahedral site, there is generally negligible
octahedral Fe2+, and Fe3+/�Fe is less than for (Mg,
Fe)SiO3 majorite synthesised under similar redox con-
ditions (McCammon and Ross, 2003). High-pressure
synthesis in the system MgO–FeO–Al2O3–SiO2–H2O
produced majorite with negligible OH (Hope; Big
Gold), even though co-existing wadsleyite contained

up to 3 wt.% H2O (Kawamoto et al., 1996). The low
hydrogen solubility of majorite has already been re-
ported byBolfan-Casanova et al. (2000), who found
a concentration of 677 ppm H2O (by weight) in
MgSiO3 majorite co-existing with stishovite and melt.
The smaller hydrogen content found in the present
samples (ca. 2 ppm H2O) might be a result of their
different chemistry. Regardless of their hydrogen con-
tent, however, nearly all of the iron in the majorite
crystals is Fe3+ (Table 1), which is likely a result of
the extreme oxidising conditions caused by hydrogen
diffusion out of the Au75Pd25 capsule. The increase
of Fe3+ with increasing oxygen fugacity is consistent
with previous observations in (Mg, Fe)SiO3 majorite
(McCammon and Ross, 2003).

4. Discussion

4.1. Relation between OH and Fe3+

It is well known that mantle phases in the iron-free
system MgO–SiO2–H2O can incorporate significant
quantities of OH in their crystal structures (reviewed
by Angel et al., 2001); hence iron, in particular
Fe3+, is not required to stabilise OH. Nevertheless,
results from this work show that there is a relation
between Fe3+/�Fe and the incorporation of OH in
high-pressure mantle phases. Compared to anhydrous
systems, there is a clear trend to higher concentrations
of Fe3+ for the mantle phases olivine, wadsleyite,
ringwoodite and majorite (Fig. 6). The different struc-
tures show varying correlations between OH and
Fe3+/�Fe, however. Majorite, which incorporates
negligible OH in its structure, shows the highest
values of Fe3+/�Fe.

Crystal structure refinements have shown that for all
of the hydrous phases examined in this study, the prin-
cipal hydration mechanism is by octahedral site va-
cancy (Smyth and Frost, 2002; Smyth and Kawamoto,
1997; Smyth et al., 1997; Smyth et al., 2003). An octa-
hedral site vacancy can also be formed in the absence
of hydrogen through oxidation of Fe2+ to Fe3+:

2Fe2+ + Mg2+ + 1
2O2 = 2Fe3+ + � + MgO, (2)

where higher oxygen fugacity would favour a higher
concentration of vacancies. The coupling of these two
mechanisms was suggested byKurosawa et al. (1997),
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Fig. 6. Fe3+/�Fe vs. wt.% H2O for all hydrous high-pressure
phases studied. Symbols represent olivine (crosses), wadsleyite
(solid circles), ringwoodite (open squares), and majorite (open cir-
cles). Stars indicate the runs carried out under extremely oxidis-
ing conditions (AuPd capsules), which suggest that Fe3+/�Fe is
strongly related to oxygen fugacity. The trend of Fe3+/�Fe with
OH concentration is indicated by annotated lines for each mineral
except olivine, which was omitted due to the limited number of
data points.

who found a positive correlation between trivalent and
monovalent (including hydrogen) cations in olivine.
They suggested a structural model where octahedral
vacancies are balanced by protonation of oxygen on
one side, and oxidation of Fe2+ to Fe3+ on the other.
Such a model is supported by the Mössbauer data,
which indicate Fe3+ to occupy sites of octahedral
coordination in all phases studied. Hydration under
oxidising conditions could therefore stabilise large
concentrations of Fe3+.

Such a structural model is consistent with the
present wadsleyite results. For samples synthesised
under two different conditions of buffered oxygen fu-
gacity, the concentration of Fe3+ is nearly ten times
higher in the sample buffered at Re-ReO2 (H1505)
compared to the one buffered at Fe–FeO (H1518),
even though the amount of incorporated OH is inter-
preted to be similar for the two samples (Table 1).
Under conditions of more extreme oxygen fugacity,
nearly all iron is converted to Fe3+ (Wads I). This
implies that the concentration of Fe3+ is determined
primarily by oxygen fugacity through the stabilisa-
tion of cation vacancies in the structure. The similar
concentrations of hydrogen in all of these wadsleyite

samples might be related to the preference for pro-
tonation to occur at particular oxygen sites, and the
limited number of such sites in the structure.

The structure of hydrous ringwoodite contains a
single octahedral site, compared to either four (Smyth
et al., 1997) or six (Smyth and Kawamoto, 1997)
octahedral sites in the different hydrous wadsleyite
structures. The smaller concentration of Fe3+ in
ringwoodite compared to wadsleyite at conditions of
similar oxygen fugacity and OH concentration is pos-
sibly related to this difference, where the wadsleyite
structure has more possibilities for stabilising Fe3+
in one of the octahedral sites relative to Fe2+.

All Fe3+ in the hydrous ringwoodite structure ap-
pears to be involved in rapid electron exchange with
Fe2+ according to Mössbauer spectroscopy, which
might contribute to the stabilisation of a relatively
fixed concentration of Fe2+ in the structure.

Majorite shows the highest concentrations of Fe3+,
despite negligible OH. This is clearly related to the
extreme oxidising conditions during the experiment,
which stabilised nearly all iron as Fe3+. Charge is bal-
anced through coupled substitution, with essentially
no vacancies present in the crystal structure (Table 1).

4.2. Effect on garnet–olivine–orthopyroxene
oxygen barometer

The oxygen fugacity in deeper regions of the
lithospheric mantle has been determined using the
olivine–orthopyroxene–garnet oxybarometer:

2Fe3Fe2Si3O12 (gt) = 8FeSi0.5O2 (ol)

+2FeSiO3 (opx) + O2. (3)

The equilibrium equation for oxygen fugacity can be
written as:

logfO2 = 9.79− (20400/T) − (0.045P/T)

−8 logaFa − 2 logaFs + 2 logaSk, (4)

whereT is in K, P in bars, andaFa, aFs andaSk are
the fayalite, ferrosilite and “skiagite” components
in olivine, orthopyroxene and garnet, respectively
(Gudmundsson and Wood, 1995). Potential influences
on oxygen fugacity due to effects related to hydrous
phases are: (1) reduction of fayalite and ferrosilite
activities due to oxidation of Fe2+ to Fe3+ at depth;



10 C.A. McCammon et al. / Physics of the Earth and Planetary Interiors xxx (2004) xxx–xxx

and (2) increase of “skiagite” activity due to dehy-
drogenation of garnet during exhumation (e.g.Ingrin
and Skogby, 2000).

The activities of fayalite and ferrosilite compo-
nents are normally determined based on electron
microprobe data of olivine and orthopyroxene, which
assume that all iron is Fe2+. Normally this assump-
tion is reasonable, according to Mössbauer studies of
mantle olivines and orthopyroxenes (e.g.Dyar et al.,
1989), but it has not been tested extensively for deep
samples. To estimate this effect, we assumed a value
of 0.05 for Fe3+/�Fe in olivine at depth, and using
the Gudmundsson and Wood (1995)formulation,
calculated that oxygen fugacity would be overesti-
mated by approximately 0.2 log units relative to the
fayalite–magnetite–quartz (FMQ) buffer for a typical
mantle composition. The overestimation of oxygen
fugacity for Fe3+ in orthopyroxene would be signifi-
cantly less, since the contribution from the ferrosilite
activity is smaller than the fayalite activity (Eq. (4)).
Since oxygen fugacities determined for deep garnet
peridotites (ca. 200 km) are relatively low, up to 4 log
units below FMQ (Woodland and Peltonen, 1999;
Woodland, 2001), our estimation is likely a maximum,
since the concentration of Fe3+ in olivine would be
relatively low under these redox conditions, even in
the presence of water. We therefore consider the ef-
fect of enhanced Fe3+ in olivine or orthopyroxene on
the olivine–orthopyroxene–garnet oxybarometer to be
negligible.

The second possible effect on the olivine–ortho-
pyroxene–garnet oxybarometer is dehydrogenation
during exhumation. The reaction which is generally
assumed to control this process,

Fe2+ + OH− = Fe3+ + O2− + 1
2H2, (5)

indicates that Fe3+/�Fe would increase during dehy-
drogenation (e.g.Ingrin and Skogby, 2000). Although
kinetic studies of garnet have shown that dehydro-
genation is likely slower for garnet than for olivine or
orthopyroxene (e.g.Wang et al., 1996), timescales of
exhumation are sufficiently slow that dehydrogenation
could still occur. Another crucial parameter is the de-
gree to which garnet incorporates OH at these depths
in the mantle. High-pressure experiments have shown
that up to 200 ppm wt. H2O can be incorporated in
pyrope at 10 GPa (Lu and Keppler, 1997), and concen-
trations measured from an extensive study of mantle

samples show up to ca. 100 ppm wt. H2O (Bell and
Rossman, 1992). If we assume a loss of 200 ppm wt.
H2O from garnet, this results in an increase of ca.
0.2 wt.% Fe2O3 according toEq. (4). However, since
Fe3+ concentrations in garnet are already low at depths
of 200 km (e.g.Woodland, 2001), this increase could
be a significant proportion of the amount of garnet
Fe3+. For example, for a typical garnet peridotite com-
position with Fe3+/�Fe equal to 0.05, this value would
increase to 0.07 on the loss of 200 ppm wt. H2O, which
would overestimate oxygen fugacity by 0.5 log units.

Such an effect, although small, is possible if gar-
net contained a moderate amount of H2O at depth,
which would cause an overestimation of oxygen fu-
gacity. One approach to identify this possibility would
be to measure Fe3+/�Fe of co-existing olivine. Based
on data reviewed byIngrin and Skogby (2000), olivine
should show a similar increase in Fe3+ due to dehy-
drogenation (perhaps in the form of Fe3+-rich exsolu-
tion lamellae), which could be detected by a method
such as electron microscopy. An increase in Fe3+/�Fe
of olivine due to dehydrogenation would have no ef-
fect on the calculated oxygen fugacity, since the total
iron concentration would not have changed.

4.3. Implications for subduction

In order to evaluate the implications of the present
work on mantle dynamics, it is important to under-
stand the paradoxical relation between Fe3+/�Fe and
oxygen fugacity that exists within the mantle. In melt
or glass systems the relation is simple, where an in-
crease in oxygen fugacity translates directly into an
increase in Fe3+/�Fe. In mineral systems, however,
oxygen fugacity is monitored by mineral equilibria,
which are influenced by the energetics of cation sub-
stitution in the relevant phases.

In the upper mantle, oxygen fugacity is relatively
high. It has been measured directly from xenoliths
and basaltic glasses (e.g.Wood et al., 1990), where
even the most reduced values show an averagefO2 of
FMQ − 1 (i.e. −1 log units below the FMQ buffer),
which is similar to the results obtained for mid-ocean
ridge basalt (MORB) glasses. Despite the relatively
high oxygen fugacity, however, the bulk Fe3+/�Fe
of the upper mantle is low-estimated to be ca. 3%
(O’Neill et al., 1993b). The mineral olivine, which
constitutes some 60% of the upper mantle by volume,
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almost completely excludes Fe3+ due to the un-
favourable energetics of defect formation in anhydrous
olivine, while the mineral spinel, which constitutes
only a few percent of the upper mantle by volume,
contains significant Fe3+ (up to ca. 50% Fe3+/�Fe).
Since oxygen fugacity is controlled by equilibria in-
volving the magnetite component in spinel, a high
value of Fe3+/�Fe translates directly to a high oxygen
fugacity. At greater depths, laboratory experiments
have shown that the increased affinity of high-pressure
phases for Fe3+ should lower oxygen fugacity (e.g.
O’Neill et al., 1993a), and so the general picture is of
more reduced deep upper mantle and transition zone.

The relation between Fe3+/�Fe and oxygen fu-
gacity is reversed in the lower mantle. (Mg, Fe)(Si,
Al)O3 perovskite, which constitutes at least 80% of
the lower mantle by volume, incorporates significant
Fe3+ due to the favourable energetics of trivalent
cation substitution in the structure (McCammon, 1997;
Lauterbach et al., 2000). For a pyrolite bulk compo-
sition, Fe3+/�Fe of (Mg, Fe)(Si, Al)O3 perovskite
is estimated to be approximately 50%, regardless of
oxygen fugacity (during experiments under reduced
conditions, charge is balanced through the dispro-
portionation reaction Fe2+ → 2/3 Fe3+ + 1/3 Fe0)
(Lauterbach et al., 2000). This represents a more
than tenfold increase in Fe3+ concentration at the top
of the lower mantle. Although the oxygen fugacity
of the bulk lower mantle is still an open question,
a relatively reduced lower mantle would be more
compatible with existing evidence than one that were
extremely oxidised.

The overall picture of oxygen fugacity within the
mantle is therefore a general decrease with depth, and
no evidence for a significant discontinuity in oxygen
fugacity between the transition zone and lower man-
tle. In contrast, the bulk concentration of Fe3+ is low
throughout the upper mantle and (likely) the transi-
tion zone, but increases dramatically near the top of
the lower mantle as (Mg, Fe)(Si, Al)O3 perovskite
becomes stable. The influence of such an increase
in the abundance of Fe3+ is greatest for processes
that involve an exchange of material through the
garnet–perovskite transformation, e.g. subduction and
mantle upwelling, where the question of electrostatic
charge balance must be addressed.

An estimate of iron oxidation state in subducting
slabs can be made based on the results of the present

work. Oceanic crust is generally assumed to be rela-
tively oxidised due to sea water alteration, and esti-
mates of oxygen fugacity in the mantle wedge above
subduction zones indicate values that are several log
units more oxidised than the surrounding mantle (rel-
ative to FMQ) (e.g.Parkinson and Arculus, 1999).
Results from the present work suggest that a por-
tion of Fe2+ in nominally anhydrous high-pressure
phases is oxidised to Fe3+ during hydration under
oxidising conditions, which implies that subducted
material could contain higher concentrations of Fe3+
than the surrounding mantle. This is supported by
Mössbauer data from diamonds believed to have orig-
inated in the transition zone (Harte et al., 2002), where
inclusions are suggested on the basis of geochemi-
cal evidence to represent ancient oceanic crust (e.g.
Stachel, 2001; Stachel et al., 2002). The Fe3+ concen-
trations found in such inclusions are higher than those
found in high-pressure experiments conducted under
highly oxidising, but dry, conditions (McCammon and
Ross, 2003), which is consistent with the results of the
present work if conditions during such diamond gen-
esis are assumed to be wet and relatively oxidising.

Acknowledgements

PvA would like to thank the Deutsche Forschungs-
gemeinschaft (Bonn, Germany) for the funding of the
upgrade of the Gatan PEELS 666 to the DigiPEELS
766 under Project number AK 26/2-1. The H636 sam-
ple was synthesised by Yousheng Xu, and the H2O
concentration of the HZ7 sample was determined by
Hans Keppler.

References

Amthauer, G., Annersten, H., Hafner, S.S., 1976. The Mössbauer
spectrum of57Fe in silicate garnets. Z. Krist. 143, 14–55.

Angel, R.J., Frost, D.J., Ross, N.L., Hemley, R., 2001. Stabilities
and equations of state of dense hydrous magnesium silicates.
Phys. Earth Planet. Int. 127, 181–196.

Bell, D.R., Rossman, G.R., 1992. Water in Earth’s mantle: the role
of nominally anhydrous minerals. Science 255, 1391–1397.

Bolfan-Casanova, N., Keppler, H., Rubie, D.C., 2000. Water
partitioning between nominally anhydrous minerals in the
MgO–SiO2–H2O system up to 24 GPa: implications for the
distribution of water in the Earth’s mantle. Phys. Earth Planet.
Int. 182, 209–221.



12 C.A. McCammon et al. / Physics of the Earth and Planetary Interiors xxx (2004) xxx–xxx

De Grave, E., Van Alboom, A., 1991. Evaluation of ferrous and
ferric Mössbauer fractions. Phys. Chem. Minerals 18, 337–342.

Dyar, M.D., McGuire, A.V., Ziegler, R.D., 1989. Redox equilibria
and crystal chemistry of coexisting minerals from spinel
lherzolite mantle xenoliths. Am. Mineral. 74, 969–980.

Fei, Y., Mao, H.K., Shu, J., Parthasarathy, G., Bassett, W.A., Ko,
J., 1992. Simultaneous high-P, high-T X-ray diffraction study
of �-(Mg, Fe)2SiO4 to 26 GPa and 900 K. J. Geophys. Res. 97,
4489–4495.

Frost, D.J., 1999. The stability of dense hydrous magnesium
silicates in Earth’s transition zone and lower mantle. In:
Fei, Y., Bertka, C.M., Mysen, B.O. (Eds.), Mantle Petrology:
Field Observations and High-Pressure Experimentation: A
Tribute to Francis R. (Joe) Boyd. Geochemical Society, USA,
pp. 283–296.

Frost, D., McCammon, C., 2001. The effect of oxygen fugacity on
the solubility of water in wadsleyite. J. Conf. Abs. 6 (1), 461.

Gudmundsson, G., Wood, B.J., 1995. Experimental tests of garnet
peridotite oxygen barometry. Contrib. Mineral. Petrol. 119, 56–
67.

Hall, L., 1999. The effect of water on mantle melting. Ph.D.
Thesis, University of Bristol, Bristol, UK.

Harte, B., Harris, J.W., Wilding, M.C., Sautter, V., McCammon, C.,
2002. Eclogite-garnetite inclusions in diamonds from the Sao
Luiz area, Brazil. In: Proceedings of the 18th General Meeting
International Mineralogical Association, abstract vol. 74.

Ihninger, P.D., Hervig, R.L., McMillan, P.F., 1994. Analytical
methods for volatiles in glasses. Rev. Mineral. 30, 67–121.

Ingrin, J., Skogby, H., 2000. Hydrogen in nominally anhydrous
upper-mantle minerals: concentration levels and implications.
Eur. J. Mineral. 12, 543–570.

Kawamoto, T., Hervig, R.L., Holloway, J.R., 1996. Experimental
evidence for a hydrous transition zone in the early Earth’s
mantle. Earth Planet. Sci. Lett. 142, 587–592.

Kurosawa, M., Yurimoto, H., Sueno, S., 1997. Patterns in the
hydrogen and trace element compositions of mantle olivines.
Phys. Chem. Minerals 24, 385–395.

Lauterbach, S., McCammon, C.A., van Aken, P., Langenhorst, F.,
Seifert, F., 2000. Mössbauer and ELNES spectroscopy of (Mg,
Fe)(Si, Al)O3 perovskite: a highly oxidised component of the
lower mantle. Contrib. Mineral. Petrol. 138, 17–26.

Lu, R., Keppler, H., 1997. Water solubility in pyrope to 100 kbar.
Contrib. Mineral. Petrol. 129, 35–43.

McCammon, C.A., 1994. A Mössbauer milliprobe: practical
considerations. Hyper. Int. 92, 1235–1239.

McCammon, C.A., 1997. Perovskite as a possible sink for ferric
iron in the lower mantle. Nature 387, 694–696.

McCammon, C.A., 2000. Insights into phase transformations from
Mössbauer spectroscopy. Rev. Mineral. 39, 241–264.

McCammon, C.A., Chaskar, V., Richards, G.G., 1991. A technique
for spatially resolved Mössbauer spectroscopy applied to
quenched metallurgical slags. Meas. Sci. Technol. 2, 657–662.

McCammon, C.A., Ross, N.L., 2003. Crystal chemistry of ferric
iron in (Mg, Fe)(Si, Al)O3 majorite with implications for the
transition zone. Phys. Chem. Minerals 30, 206–216.

Nakamura, A., Schmalzried, H., 1983. On the stoichiometry and
point defects of olivine. Phys. Chem. Minerals 10, 27–37.

O’Neill, H.S.C., McCammon, C.A., Canil, D.C., Rubie, D.C., Ross
II, C.R., Seifert, F., 1993a. Mössbauer spectroscopy of transition
zone phases and determination of minimum Fe3+ content. Am.
Mineral. 78, 456–460.

O’Neill, H.S.C., Rubie, D.C., Canil, D., Geiger, C.A., Ross, II,
C.R., Seifert, F., Woodland, A.B., 1993b. Ferric iron in the
upper mantle and in transition zone assemblages: implications
for relative oxygen fugacities in the mantle. In: Takahashi,
T., Jeanloz, R., Rubie, D.C. (Eds.), Evolution of the Earth
and Planets. American Geophysical Union, Washington, DC,
pp. 73–88.

Parkinson, I.J., Arculus, R.J., 1999. The redox state of subduction
zones: insights from arc-peridotites. Chem. Geol. 160, 409–423.

Paterson, M.S., 1982. The determination of hydroxyl by infrared
absorption in quartz. Bull. Mineral. 105, 20–29.

Poe, B.T., Xu, Y.S., 1999. In situ complex impedance spectroscopy
of mantle minerals measured at 20 GPa and 1400◦C. Phase
Trans. 68B, 453–466.

Rancourt, D.G., Mercier, P.H.J., Cherniak, D.J., Desgreniers, S.,
Kodama, H., Robert, J.-L., Murad, E., 2001. Mechanisms
and crystal chemistry of oxidation in annite: resolving the
hydrogen-loss and vacancy reactions. Clays Clay Minerals 49,
455–491.

Ross, N.L., 1997. Optical absorption spectra of transition zone
minerals and implications for radiative heat transport. Phys.
Chem. Earth 22, 113–118.

Shinno, I., 1981. A Mössbauer study of ferric iron in olivine.
Phys. Chem. Minerals 7, 91–95.

Smyth, J.R., Kawamoto, T., 1997. Wadsleyite II: a new high
pressure hydrous phase in the peridotite–H2O system. Earth
Planet. Sci. Lett. 146, E9–E16.

Smyth, J.R., Frost, D.J., 2002. Effects of hydration on the crystal
structure of olivine. J. Conf. Abs. 7, 99.

Smyth, J.R., Kawamoto, T., Jacobsen, S.D., Swope, R.J., Hervig,
R.L., Holloway, J.R., 1997. Crystal structure of a monoclinic
hydrous wadsleyite [�-(Mg, Fe)2SiO4]. Am. Mineral. 82, 270–
275.

Smyth, J.R., Frost, D.J., McCammon, C.A., 1999. Hydration
mechanism in ringwoodite,�-Mg1.63Fe0.22H0.4Si0.95O4. EOS
(Trans. Am. Geophys. Union) 80, F927.

Smyth, J.R., Nguyen, C., Frost, D.J., McCammon, C.A.,
Langenhorst, F., Bolfan-Casanova, N., 2000. Hydration of
Fe-bearing silicate spinels and spinelloids. EOS (Trans. Am.
Geophys. Union) 81, F1274.

Smyth, J.R., Holl, C.M., Frost, D.J., Jacobsen, S.D., Langenhorst,
F., McCammon, C.A., 2003. Structural systematics of hydrous
ringwoodite and water in Earth’s interior. Am. Mineral. 88,
1402–1407.

Stachel, T., 2001. Diamonds from the asthenosphere and the
transition zone. Eur. J. Mineral. 13, 883–892.

Stachel, T., Harris, J.W., McCammon, C., 2002. Inclusions in
ultra-deep diamonds—tracers of ancient slabs? In: Proceedings
of the 18th General Meeting on International Mineralogy
Association, abstract vol. 74.

van Aken, P.A., Liebscher, B., Styrsa, V.J., 1998. Quantitative
determination of iron oxidation states in minerals using Fe
L2,3-edge electron energy-loss near-edge structure spectroscopy.
Phys. Chem. Minerals 25, 323–327.



C.A. McCammon et al. / Physics of the Earth and Planetary Interiors xxx (2004) xxx–xxx 13

Wang, L., Zhang, Y., Essene, E., 1996. Diffusion of the hydrous
component in pyrope. Am. Mineral. 81, 706–718.

Wood, B.J., Bryndzia, L.T., Johnson, K.E., 1990. Mantle oxidation
state and its relationship to tectonic environment and fluid
speciation. Science 248, 337–345.

Woodland, A.B., Peltonen, P., 1999. Ferric iron contents of garnet
and clinopyroxene and estimated oxygen fugacities of peridotite
xenoliths from the Eastern Finland Kimberlite Province. In:
Gurney, J.J., Gurney, J.L., Pascoe, M.D., Richardson, S.H.

(Eds.), The P.H. Nixon Volume, Proceedings of the VII
International Kimberlite Conference. Red Roof Design, Cape
Town, pp. 904–911.

Woodland, A.B., 2001. The oxygen fugacity of the Earth’s
mantle: variations with depth, In: Proceedings of the Eleventh
Annual V.M. Goldschmidt Conference. LPI Contribution No.
1088, Lunar and Planetary Institute, Houston, abstract #3148
(CD-ROM).


	Oxidation state of iron in hydrous mantle phases: implications for subduction and mantle oxygen fugacity
	Introduction
	Experimental methods
	Results
	Olivine
	Wadsleyite
	Ringwoodite
	Majorite

	Discussion
	Relation between OH and Fe3+
	Effect on garnet-olivine-orthopyroxene oxygen barometer
	Implications for subduction

	Acknowledgements
	References


