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Abstract. This study aims to experimentally constrain the water storage capacities of olivine and wadsleyite at a
depth near 410 km (12–14 GPa) under water-saturated conditions, as a function of temperature, oxygen fugacity,
and the presence of carbon (molar H /C of 2). Experiments have been conducted in the multi-anvil press, with
sealed double capsules to preserve fluids, at 1200 to 1400 ◦C and three different oxygen fugacities fixed at the
rhenium–rhenium oxide buffer (RRO), nickel–nickel oxide buffer (NNO), and iron-wüstite (IW) for oxidizing,
intermediate, and reducing conditions, respectively. The water contents of minerals were measured by Raman
spectroscopy that allows a very small beam size to be used and were cross-checked on a few samples with
NanoSIMS analyses.

We observe an effect, although slight, of fO2 on the water storage capacity of both wadsleyite and olivine
and also on their solidus temperatures. At 1200 ◦C, the storage capacity of the nominally anhydrous minerals
(NAMS) increases with increasing oxygen fugacity (from the IW to the RRO buffer) from 1 wt % to 1.5 wt %
H2O in wadsleyite and from 0.1 wt % to 0.2 wt % in olivine, owing to the increase in H2O /H2 speciation in
the fluid, whereas at 1400 ◦C the storage capacity decreases from 1 wt % to 0.75 wt % H2O in wadsleyite and
down to 0.03 wt % for olivine. At high temperature, the water storage capacity is lowered due to melting, and
the more oxidized the conditions are the more the solidus is depressed. Still, at 1400 ◦C and IW, wadsleyite can
store substantial amounts of water: 0.8 wt % to 1 wt % H2O. The effect of carbon is to decrease water storage
capacity in both wadsleyite and olivine by an average factor 2 at 1300–1400 ◦C. The trends in water storage as
a function of fO2 and C presence are confirmed by NanoSIMS measurements. The solidus at IW without C is
located between 1300 and 1400 ◦C in the wadsleyite stability field and drops to temperatures below 1300 ◦C in
the olivine stability field. With the addition of C, the solidus is found between 1200 and 1300 ◦C in both olivine
and wadsleyite stability fields.

Published by Copernicus Publications on behalf of the European mineralogical societies DMG, SEM, SIMP & SFMC.
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1 Introduction

While the high-pressure polymorphs of olivine, wadsleyite,
and ringwoodite are capable of incorporating 2 to 3 wt % of
H2O (Inoue, 1994; Ohtani et al., 2000; Demouchy et al.,
2005; Pearson et al., 2014; Bolfan-Casanova et al., 2018),
it is at the moment impossible to predict what is the wa-
ter storage capacity of these nominally anhydrous miner-
als (NAMs) under the prevailing conditions of the transi-
tion zone, comprised between 410 and 660 km depth within
the Earth’s mantle. Pressure enhances water incorporation
in NAMs (Kohlstedt et al., 1996; Mosenfelder et al., 2006)
under water-saturated conditions and below the wet solidus
temperature (around below 1100 ◦C). On the other hand, the
effect of temperature at high pressure has been shown to have
the opposite effect (Withers and Hirschmann, 2007; Bali et
al., 2008; Tenner et al., 2012; Férot and Bolfan-Casanova,
2012), and high temperatures lead to a decrease in water stor-
age in NAMs due to enhanced dissolution of the silicates into
high-pressure supercritical water (Bureau and Keppler, 1999;
Mibe et al., 2007). Also, as pressure favors the incorporation
of ferric component in silicate minerals such as garnet and
clinopyroxene, the resulting oxygen fugacity of the mantle
might decrease with increasing depth (Woodland et al., 2006;
Frost and McCammon, 2008), down to equilibrium with iron
metal (IW). As a consequence, the speciation of fluids should
change, with the proportion of reduced species such as H2
and CH4 increasing with respect to H2O and CO2 as fO2

decreases (Woodland et al., 2006; Goncharov et al., 2012).
However, measuring the speciation of fluids at high pressure
has remained extremely challenging due to small fluid vol-
umes available but also due to the possibility that the fluids
revert their properties during quenching and decompression
(Matveev et al., 1997; Sokol et al., 2009). While the stor-
age capacity of water in olivine has been shown to increase
with oxygen fugacity (Yang, 2016), its storage capacity is de-
creased by a factor of 2 to 7 if carbon is present in the system
(Yang et al., 2014; Yang, 2015; Sokol et al., 2013). Recent
data point out to a negligible effect of fO2 on water storage
in wadsleyite (Druzhbin et al., 2021), but the effect of carbon
is still unknown. In this paper we present new measurements
showing the effect of oxygen fugacity and carbon content on
the incorporation of water in olivine and wadsleyite at condi-
tions relevant of the 410 km depth.

2 Methods

2.1 Multi-anvil experiments

All the experiments were conducted at the Laboratoire Mag-
mas et Volcans (Clermont-Ferrand, France) on a Voggenre-
iter Mavo-press LP 1500–1000 t multi-anvil press equipped
with a Kawai-type module. Heating was performed and mon-
itored using a Pacific 140-AMX AC power source. Sec-

ondary anvils were tungsten carbide cubes of 32 mm edge
with 8 and 6 mm truncation edge length (TEL) and were used
at pressures of 700 and 640 t, respectively. Except for the in-
nermost part of the experimental assembly, the assembly de-
sign is the same for all the syntheses (see Appendix A1) and
is composed of a 14 mm edge Cr-doped MgO octahedron in-
sulated from the LaCrO3 furnace by a ZrO2 sleeve. The sam-
ple is surrounded by MgO or hexagonal BN in the case of
the most reducing experiments conducted at the IW buffer in
order to improve the impermeability of the capsule. Indeed,
BN has been shown to help in minimizing H loss (see Truck-
enbrodt et al., 1997). Thus, we used it under very reducing
conditions where the production of H2 should be the highest.

The outer capsule is a gold palladium alloy (80 %–20 %)
welded on both sides by arc welding under argon stream.
Inner capsules, made from a folded rhenium foil, avoid the
loss of iron into AuPd. Two Re capsules were placed within
the AuPd capsule: one containing the sample and one con-
taining the oxygen fugacity buffer. In order to favor grain
growth, the sample is composed of two layers: the majorite
part (∼ 40 % of the mass) is placed first and then topped with
the olivine powder (see Appendix A2). For the olivine or
wadsleyite part of all the experiments, the starting material
is a crushed San Carlos olivine single crystal. The majorite
composition slightly modified from Litasov et al. (2014) is a
mixture of oxides, except for magnesium and silicon, added
as pure enstatite powder (MgSiO3), completed with SiO2 to
reach the desired composition (see Appendix B1). The dry
part of the mixture, excluding FeO, is heated at 1000 ◦C dur-
ing 2 h, mixed with FeO, heated at 300 ◦C for the same du-
ration, and then mixed with the fluid source. For the experi-
ments with pure water, aluminum oxide is replaced by gibb-
site (Al(OH)3) used as water source. This hydroxide is more
stable than brucite (Mg(OH)2), which absorbs atmospheric
carbon dioxide in large amounts rapidly. The carbon-bearing
experiments include powder of oxalic acid as the fluid source
in addition of gibbsite. This molecule is a stable compound at
room temperature, allowing a good control of the fluid com-
position, especially the hydrogen over carbon ratio (HOOC–
COOH). Its decomposition occurs quickly around 160 ◦C at
room pressure, ensuring that all of it will react during the
experiment (McCubbin et al., 2014). Using this procedure,
the bulk water contents (of the olivine+majorite layers) ob-
tained with such a procedure are 3.3 wt % and 2.8 wt % H2O
for the C-free and C-bearing starting material, respectively.
As monitored with an elemental analyzer (Flash 2000 CHNS,
Thermo Scientific) the resulting H /C ratio is 2. The detec-
tion limit of this instrument is 2 ppb for both C and H, and
the uncertainty on the measurement of H and C contents is
of 2 % and 4 %, respectively, as determined on standards.

The oxygen fugacity buffers used in this study are iron-
wüstite, nickel–nickel oxide, and rhenium–rhenium dioxide.
Calculated fO2 for these equilibria under the condition of
the experiments are shown in Table 1. Calculations use the
thermodynamic data provided by Campbell et al. (2009) for
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iron and nickel and Jacob et al. (2000) for rhenium. Fe-FeO
and Ni-NiO are used as a mixture of metal and oxide, and
ReO2 is used alone, as the capsules containing the buffers
and samples are pure rhenium. The presence of both metal
and oxide is verified using SEM after each experiment to en-
sure the oxygen fugacity was efficiently controlled.

Experiments were conducted between 12 and 14 GPa and
heated at 1200, 1300, and 1400 ◦C during 4 h, except for the
IW buffer, where the duration was 2 h in order to avoid com-
plete loss of H2. We used different truncation sizes to im-
prove pressure efficiency, and the press load was adapted to
get olivine, which means 12 GPa, and then get wadsleyite,
which means 14 GPa, according to Perplex software (Con-
nolly, 2009). Pressure uncertainty is estimated to 0.5 GPa.
Temperature uncertainty is 20 to 30 ◦C. Details of the exper-
imental parameters are summarized in Table 1. After decom-
pression, sample capsules are extracted from the assembly,
put in photo-polymerizable dental paste, and opened by pol-
ishing on coarse-grained sandpaper. Immediately after open-
ing, the capsule is placed in a liquid (usually ethanol) to ob-
serve if bubbles escape from the capsule. This indicates that
fluid entrapment worked throughout all the experiment and
thus that minerals have experienced fluid saturation. The cri-
terion of fluid saturation is very important in order to demon-
strate that the water content that we are measuring in NAMs
is the maximum storage possible, in other words the storage
capacity. After this, the capsule is polished approximately
down to its center according to a plane parallel to its elon-
gation axis.

2.2 Chemical analysis

The different analyses follow the same order: ideally SEM,
electron microprobe, and Raman spectroscopy. In doing so,
the carbon coating necessary for the two electronic mi-
croscopy methods is applied only once and then removed be-
fore the Raman analysis with a light polishing with 0.25 µm
diamond suspension. This order allows us to first perform a
chemical map of the sample, which is used to easily locate
the different phases and estimate mineral proportions.

2.3 SEM procedure and image treatment

The chemical mapping of the samples was obtained using
energy dispersive X-ray spectroscopy (EDS) using a JEOL
JSM-5910LV scanning electron microscope (SEM) under
high vacuum with a 15 kV current, 55 µm spot size, ×100 to
×180 magnification (depending on the sample size), and at
a working distance of 17 to 19 mm. Analyzed elements were
Si, Mg, Fe, Al, Ca, Na, and Ti for the sample and Re, Pd, Au,
Fe, and Ni for the buffers and capsule material. For all sam-
ples, a phase map was constructed, consisting in a composite
image of four elements. To distinguish olivine from wads-
leyite, another type of map (Mg-Fe map) was used. A phase

Figure 1. (a) X-ray mapping of sample M705 synthesized in the
H–C–silicate system; Ol: olivine, Wads: wadsleyite, Maj: majorite,
Cen: clinoenstatite, Mgs: magnesite. (b) EPMA picture showing the
melt zone analyzed (the white background is the metallic capsule).

map was then drawn from the composite maps in order to
estimate the relative abundances of all phases (see Fig. 1).

2.4 Electron microprobe

Precise chemical compositions of the solid phases are then
obtained from electron microprobe analysis (EPMA) using
a Cameca SX100 analysis using a point beam size, an ac-
celerating voltage of 15 kV, and intensity of 15 nA (except
for magnesite which required 4 nA). High-pressure melts
are rarely quenched into glasses and often recrystallize (see
Fig. 1b). These were thus analyzed using a defocused beam
size of 10 to 20 µm. After having removed the carbon coat-
ing, Raman spectroscopy was used to confirm the phases ob-
tained but most importantly for water quantification. All the
analyses were conducted at the Laboratoire Magmas et Vol-
cans (Clermont-Ferrand, France).

2.5 Water quantification by Raman spectroscopy

Water quantification with Raman spectroscopy was per-
formed on olivine and wadsleyite using the ratio of the in-
tegrated intensities of the OH /Si band regions. The rela-
tionship of the OH /Si ratio with water concentration was
established on standards of olivine and wadsleyite charac-
terized by either FTIR or ERDA (see Martinek and Bolfan-
Casanova, 2021). All spectra were acquired with polarized
light without an analyzer, and the sample was rotated un-
der the beam to change the polarization angle and, in this
way, obtain measurements along two perpendicular polariza-
tion angles. In general the number of points measured on
average is 11.5 (minimum 9, maximum 14) for each phase
analyzed. The measuring conditions used are the same as
those described for the olivine and wadsleyite standards (see
Martinek et Bolfan-Casanova, 2021). All the spectra were
acquired at the same magnification (×100): in the silicate
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Table 1. Experimental conditions and resulting water contents as measured with Raman spectroscopy. N means number of grains analyzed;
Acq T is the type of Raman measurement performed: 1 for single analysis and 2 for the average of two-orthogonal measurements (see
Martinek and Bolfan-Casanova, 2021).

Wadsleyite N Pt Olivine N Pt Acq T

Sample Comp Buffer T (◦C) log(fO2) Phasesa ppm wt H2Ob ppm wt H2Ob

M483A H Ni-NiO 1200 −3.5 (0.1) Wad Ol Cen Gt 12 841 (2394) 10 2369 (1059) 3 2
M483B H Ni-NiO 1200 −3.5 (0.1) Wad Ol Cen Gt 12 009 (1859) 10 2
M491 H Fe-FeO 1200 −7.0 (0.2) Wad Ol Cen Gt Liq 9515 (1540) 12 1113 (185) 7 1
M493 H Re-ReO2 1300 −0.9 (0.1) Wad Cen Gt Liq 18 787 (4177) 10 1
M494 H Re-ReO2 1200 −1.5 (0.3) Ol Cen Gt 1560 (351) 11 1
M497 H Fe-FeO 1400 −5.3 (0.2) Ol Cen Gt Liq 378 (76) 10 1
M498 H Ni-NiO 1400 −2.0 (0.1) Ol Cen Gt Liq 703 (107) 12 1
M500 H Re-ReO2 1400 −0.2 (0.1) Ol Cen Gt Liq 353 (91) 11 1
M502 H Fe-FeO 1300 −6.2 (0.2) Ol Cen Gt Liq 1824 (428) 12 1
M503 H Ni-NiO 1300 −2.8 (0.4) Ol Cen Gt Liq 890 (154) 11 1
M539 H Re-ReO2 1300 −0.9 (0.1) Ol Cen Gt 1755 (271) 10 2
M543 H Re-ReO2 1200 −1.5 (0.1) Ol Cen Gt 2191 (545) 10 2
M692 H 3Fe-FeO 1300 −6.2 (0.6) Wad Cen Gt 13 790 (3806) 13 2
M702 H Re-ReO2 1400 −0.2 (0.5) Wad Gt Liq 7401 (1261) 12 2
M703 H Ni-NiO 1400 −2.0 (0.6) Ol Wad Cen Gt Liq 6864 (1018) 6 887 (132) 11 2
M704 H Re-ReO2 1200 −1.5 (0.2) Wad Gt Liq 15 370 (2563) 12 2
M705 H2C Re-ReO2 1400 −0.2 (0.5) Wad Ol Cen Gt Mag Liq 3385 (442) 12 164 (34) 11 2
M706 H2C Re-ReO2 1200 −1.5 (0.2) Wad Ol Cen Gt Mag 3638 (503) 12 260 (133) 12 2
M708 H2C 3Fe-FeO 1400 −5.3 (0.6) Wad Ol Cen Gt Mag 8344 (1193) 13 382 (82) 2 2
M709 H2C 3Fe-FeO 1200 −7.0 (0.2) Wad Cen Gt Mag 3600 (606) 11 2
M710 H2C Ni-NiO 1200 −3.5 (0.6) Wad Cen Gt Mag 3512 (754) 11 2
M711 H2C Ni-NiO 1400 −2.0 (0.2) Ol Wad Cen Gt Liq 277 (42) 11 2
M742 H2C 3Fe-FeO 1200 −7.0 (0.6) Ol Wad Cen Di Gt 1810 (334) 12 135 (48) 12 2
M743 H2C Ni-NiO 1300 −2.8 (0.2) Wad Cen Di Gt Mag Liq 6106 (820) 12 2
M744 H2C Re-ReO2 1300 −0.9 (0.5) Ol Wad Cen Gt Liq 6970 (1912) 8 513 (80) 12 2
M746 H2C 3Fe-FeO 1300 −6.2 (0.2) Wad Cen Gt Mag Liq 9513 (1277) 12 2
M747 H2C Re-ReO2 1300 −0.9 (0.2) Wad Cen Gt Mag Liq 9905 (1374) 9 2
M753 H2C 3Fe-FeO 1300 −6.2 (0.2) Wad Ol Cen Gt Mag Liq 10 947 (2763) 12 838 (208) 7 2
M759 H2C Ni-NiO 1300 −2.8 (0.2) Wad Cen Di Gt Mag 7520 (1002) 12 2
M760 H2C Ni-NiO 1400 −2.0 (0.2) Wad Cen Di Gt Mag Liq 4651 (614) 11 2
M765 H2C Ni-NiO 1300 −2.8 (0.2) Wad Ol Cen Gt Mag Liq 7714 (1963) 12 708 (170) 6 2
M766 H Ni-NiO 1300 −2.8 (0.2) Wad Cen Gt Liq 4587 (885) 14 2
M767 H2C Ni-NiO 1200 −3.5 (0.2) Ol Wad Cen Di Gt Mag 9875 (2980) 12 1031 (743) 9 2
M768 H 3Fe-FeO 1400 −5.3 (0.6) Wad Cen Gt Liq 9246 (1503) 13 2

a Wad: wadsleyite; Ol: olivine; Cen: clinoenstatite; Gt: majoritic garnet; Liq: liquid or melt; Di: diopside; Mag: magnesite. b The numbers in parentheses correspond to the associated
uncertainty, in parts per million by weight (ppm wt).

vibration zone, on the same window centered on 720 cm−1

(from 61 to 1318 cm−1) for 2× 5 s; and in the OH vibration
zone on another window centered on 3400 cm−1 (from 2978
to 3784 cm−1) for 5× 60 s. The power used for wadsleyite
is about 8 to 9 mW, and it is 65 to 71 mW for olivine. For
the baseline correction we used cubic spline and polynomial
functions for the OH regions of olivine and wadsleyite, re-
spectively.

2.6 Water quantification by NanoSIMS

Some samples were analyzed with the Cameca
NanoSIMS 50 at the Muséum National d’Histoire Na-
turelle. The samples were embedded in indium and loaded
in the NanoSIMS’ airlock at 1×10−8 Torr 2 d before the be-
ginning of the analysis in order to avoid water contamination
on the surface. The measurements of water concentration

were calibrated on two samples of olivine synthesized at
high pressure and containing 115 and 370 ppm wt H2O
as determined using polarized infrared spectroscopy (Bali
et al., 2008) after correction using the new extinction
coefficient by Withers et al. (2012) and on three samples
of wadsleyite containing 0.15 wt %, 1.0 wt %, and 2.7 wt %
H2O as determined using elastic recoil detection analysis
(Bolfan-Casanova et al., 2018, and unpublished results).
To remove surface contamination and reach a static state
of ions emission, samples were first pre-sputtered over a
5× 5 µm area for 2 min with a 200 pA Cs+ primary beam
(∼ 1 µm in diameter). The samples were then rastered with
a 20 pA primary beam (∼ 200–300 nm in diameter) over
a 3× 3 µm area for 2 min. To limit contributions from
the potential re-deposition of residual contaminants, we
used a numerical blank limiting the analyzed region to the
innermost 1× 1 µm. Species, i.e., 12C, 16O1H−, 28Si, 32S,
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and 27Al / 56Fe, were analyzed in multi-collection with
electron multipliers (EMs). Data were corrected for the EMs
dead time of 44 ns. Slit and diaphragms were set to reach a
high enough mass-resolving power to discriminate 17O from
16O1H. The linear regression gives a high-quality calibration
(R2 of 0.9999) for the quantification of water concentration
in olivine and wadsleyite (see Appendix A3). On average,
the standard errors on the water content of olivine and
wadsleyite are of 10 % and 1 %, respectively.

3 Results

3.1 Stability of the phases

The mineral paragenesis typical of peridotite in the 12–
14 GPa pressure range and 1200 to 1400 ◦C is observed after
sample recovery. The phases observed are shown in Fig. 2
as a function of temperature and fO2 of the experiment as
well as in Table 1. In experiments using the starting mate-
rial containing only H2O, we observe olivine and/or wad-
sleyite+ garnet± clinoenstatite in all experiments. In ex-
periments carried out with the starting material contain-
ing (H2O+CO2), magnesite formed almost systematically.
Also, minute amounts of diopside are observed, without
showing any coherence between its presence and the exper-
imental conditions, except its systematic absence in the ex-
periments carried out at the Re-ReO2 buffer conditions (the
most oxidized), probably due to the fact that Ca-pyroxene is
among the first phases to melt. Finally, 20 of the 34 exper-
iments performed contain zones made of very fine-grained
crystallites, generally rich in calcium and iron, interpreted
as remnants of an unquenchable melt, whose estimated mass
fraction varies between 0 % and 30 % (Fig. 1b).

3.2 Chemical compositions of the different phases

3.2.1 Olivine and wadsleyite

The measured compositions (see Table 2 for all phases) show
that most of the olivines are chemically homogeneous, as
well as the wadsleyites. The Mg# (calculated here as the ra-
tio Mg / (Mg+Fe+Ni), expressed in moles) of the olivines
varies from 0.89 to 0.94. In the case of wadsleyite it varies
from 0.73 to 0.92. The iron content of olivine and wads-
leyite seems to be impacted only by the relative abundance
of olivine and wadsleyite when both phases coexist within
the two-phase loop, so the main force driving their com-
position is the pressure and temperature of the phase tran-
sition (see Katsura et al., 2004; Frost and Dolejs, 2007).
Due to carbide fatigue it is difficult to control pressure bet-
ter than ± 0.5 GPa (Frost and Dolejš 2007). No net or re-
producible effect of temperature, fO2 , or initial composition
on Mg# could be observed. Concerning aluminum, the dif-
ference between olivine and wadsleyite is clearly visible,
with an average of 0.22± 0.16 wt % Al2O3 in wadsleyite and

Figure 2. Distribution of the observed phases as a function of tem-
perature and fO2 , for the two starting compositions used: (a) with
only H2O and (b) with H2O and CO2. The polymorphs olivine and
wadsleyite have been grouped together in the same symbol, with
their presence being primarily controlled by pressure and/or tem-
perature. When several experiments have been carried out under the
same conditions and have given different results, the triangle of the
corresponding phase is split into several parts. The red line at the
top indicates the observed limits of the fusion conditions, and the
orange line indicates the probable onset of destabilization of cli-
noenstatite.

0.023± 0.037 wt % in olivine. Thus, in general, wadsleyite
can hold 10 times more Al than olivine. This difference ev-
idences that the phases reached chemical equilibrium. It has
also been shown that hydrous fluids and carbonatitic fluids
display very low wetting angles at high pressures, thus en-
hancing material transport efficiency even under conditions
of low melt fractions (Yoshino et al., 2007).

3.2.2 Clinoenstatite

Clinoenstatite often forms at the boundary between
olivine/wadsleyite and majorite layers. Its composition is
very close to the pure magnesian pole (MgSiO3), with an av-
erage Mg# of 0.94± 0.01 (only two samples are outside the
0.93–0.96 range of Mg#).

https://doi.org/10.5194/ejm-35-549-2023 Eur. J. Mineral., 35, 549–568, 2023
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Table 2. Composition of the solid phases: (a) wadsleyite, (b) olivine, (c) clinoenstatite, (d) majorite, (e) diopside, and (f) magnesite.

Sample SiO2 TiO2 Al2O3 Cr2O3 MgO FeO CaO NiO MnO Na2O Total

(a)

M483A 41.42± 0.68 0.05± 0.07 0.23± 0.06 0.02± 0.06 46.95± 0.77 10.21± 0.46 0.01± 0.03 0.54± 0.14 0.05± 0.07 0.02± 0.03 99.51± 1.12
M483B 41.04± 2.95 0.09± 0.07 0.32± 0.04 0.02± 0.08 45.1± 0.98 10.25± 1.72 0.08± 0.14 0.45± 0.11 0.05± 0.07 0.03± 0.02 97.42± 1
M491 41.19± 0.45 0.03± 0.06 0.06± 0.03 0.03± 0.08 48.15± 0.44 9.27± 0.37 0.01± 0.03 0.36± 0.09 0.1± 0.07 0.02± 0.02 99.22± 0.53
M493 40.95± 0.55 0.04± 0.07 0.41± 0.05 0.03± 0.06 46.06± 0.43 9.04± 0.41 0.02± 0.03 0.38± 0.08 0.04± 0.07 0.01± 0.02 96.97± 0.54
M502 38.93± 0.28 0.04± 0.06 0.43± 0.03 0.38± 0.1 40.32± 0.24 16.98± 0.4 0.03± 0.03 1.36± 0.11 0.1± 0.07 98.58± 0.00
M503 37.31± 0.26 0.09± 0.06 0.51± 0.03 0.01± 0.08 36.21± 0.22 12.02± 0.32 0.05± 0.04 11.77± 0.29 0.05± 0.06 98.02± 0.00
M692 41.03± 0.42 0.03± 0.06 0.07± 0.05 47.86± 0.49 8.9± 0.31 0.01± 0.03 0.36± 0.07 0.1± 0.06 98.37± 0.6
M702 41.25± 0.54 0.03± 0.05 0.54± 0.09 50.44± 0.8 7.36± 0.31 0.01± 0.03 0.47± 0.08 0.04± 0.06 0.05± 0.02 100.11± 1.03
M703 39.18± 0.48 0.05± 0.06 0.37± 0.03 43.42± 0.47 13.93± 0.44 0.02± 0.04 0.62± 0.08 0.06± 0.06 97.65± 0.96
M704 41.29± 0.48 0.05± 0.06 0.4± 0.14 0.02± 0.06 47.7± 0.58 8.79± 0.35 0.03± 0.05 0.43± 0.09 0.03± 0.06 0.01± 0.02 98.68± 0.7
M705 39.79± 0.77 0.05± 0.06 0.21± 0.06 45.38± 0.6 12.11± 0.4 0.03± 0.04 0.69± 0.11 0.06± 0.06 98.32± 1.18
M706 40.3± 0.85 0.04± 0.06 0.15± 0.12 46.59± 1.02 11.03± 1.79 0.02± 0.03 0.49± 0.09 0.08± 0.08 98.71± 1.1
M708 40.5± 1.08 0.04± 0.06 0.06± 0.05 0.02± 0.06 47.11± 2.7 10.09± 3.71 0.04± 0.06 0.37± 0.09 0.11± 0.07 98.29± 0.88
M709 41.09± 0.47 0.02± 0.05 0.04± 0.03 49.31± 0.47 9.2± 0.39 0.06± 0.04 0.34± 0.08 0.13± 0.07 100.2± 0.68
M710 40.94± 0.57 0.03± 0.06 0.03± 0.03 49.14± 0.41 9.3± 0.35 0.04± 0.05 0.35± 0.08 0.12± 0.07 99.95± 0.71
M742 39.55± 0.43 0.08± 0.08 0.17± 0.05 44.03± 0.64 14.68± 0.77 0.04± 0.08 0.75± 0.42 0.09± 0.06 0.03± 0.03 99.42± 0.31
M743 40.56± 0.33 0.05± 0.07 0.1± 0.04 49.03± 0.38 9.34± 0.39 0.01± 0.03 0.44± 0.1 0.05± 0.05 0.01± 0.02 99.59± 0.23
M744 40.5± 0.69 0.03± 0.07 0.37± 0.05 46.84± 0.77 10.49± 0.79 0.02± 0.03 0.68± 0.15 0.04± 0.05 0.01± 0.02 98.97± 1.05
M746 40.84± 0.43 0.06± 0.07 0.07± 0.04 48.48± 0.44 9.24± 0.42 0.01± 0.03 0.41± 0.11 0.06± 0.05 0.01± 0.01 99.19± 0.27
M747 40.9± 0.41 0.04± 0.07 0.32± 0.04 48.75± 0.49 8.45± 0.39 0.01± 0.03 0.54± 0.11 0.03± 0.05 0.01± 0.02 99.04± 0.56
M753 40.81± 0.3 0.05± 0.07 0.07± 0.03 48.06± 0.4 9.62± 0.38 0.01± 0.03 0.46± 0.11 0.06± 0.05 0.01± 0.02 99.15± 0.37
M759 40.73± 0.25 0.03± 0.06 0.04± 0.04 49.02± 0.41 9.13± 0.42 0.01± 0.03 0.38± 0.1 0.11± 0.05 0.02± 0.03 99.47± 0.27
M760 40.23± 0.38 0.05± 0.07 0.07± 0.03 0.05± 0.08 48.81± 0.5 9.33± 0.38 0.01± 0.03 0.41± 0.09 0.07± 0.07 0.01± 0.02 99.04± 0.37
M765 39.98± 1.1 0.05± 0.08 0.28± 0.04 0.04± 0.08 48.46± 1.2 9.74± 0.43 0.02± 0.04 0.51± 0.12 0.04± 0.07 0.01± 0.02 99.12± 0.37
M766 39.99± 0.4 0.07± 0.08 0.37± 0.49 0.04± 0.09 48.48± 1.35 9.72± 0.43 0.05± 0.13 0.36± 0.09 0.06± 0.07 0.02± 0.02 99.15± 0.41
M767 39.15± 0.67 0.06± 0.08 0.11± 0.04 0.05± 0.08 46.92± 0.7 11.8± 0.91 0.01± 0.03 0.53± 0.11 0.07± 0.07 0.01± 0.02 98.71± 0.4
M768 40.36± 0.37 0.06± 0.07 0.21± 0.14 0.03± 0.09 48.38± 0.72 9.37± 0.44 0.03± 0.05 0.36± 0.09 0.07± 0.07 0.01± 0.02 98.86± 0.26

(b)

M483A 41.72± 1.07 0.02± 0.06 52.37± 1.47 6.25± 0.82 0.22± 0.1 0.1± 0.1 0.03± 0.02 100.68± 1.52
M483B 41.43± 0.31 0.03± 0.06 0.01± 0.08 52.68± 0.3 6.05± 0.27 0.07± 0.04 0.31± 0.07 0.1± 0.06 100.68± 0.00
M491 41.46± 0.51 0.02± 0.05 0.01± 0.02 0.03± 0.07 52.48± 0.89 6.27± 1.11 0.01± 0.03 0.24± 0.1 0.16± 0.07 0.01± 0.02 100.68± 0.86
M494 40.87± 0.47 0.02± 0.06 0.02± 0.03 0.02± 0.08 51.65± 0.78 6.67± 0.66 0± 0.03 0.45± 0.19 0.06± 0.07 0.01± 0.01 99.77± 0.39
M497 40.61± 0.58 0.02± 0.06 0.02± 0.03 0.02± 0.06 49.05± 1.47 9.7± 1.57 0.05± 0.04 0.37± 0.09 0.07± 0.07 0.01± 0.02 99.92± 0.68
M498 40.8± 0.49 0.01± 0.05 0.01± 0.02 0.02± 0.05 50.28± 0.79 6.89± 0.36 0.03± 0.04 1.49± 0.89 0.07± 0.07 0.01± 0.02 99.52± 0.68
M500 41.15± 0.45 0.01± 0.06 0.02± 0.03 0.02± 0.06 50.78± 0.53 7.75± 0.42 0.04± 0.04 0.37± 0.08 0.09± 0.07 0.01± 0.02 100.26± 0.74
M502 40.67± 0.42 0.02± 0.05 0.01± 0.02 0.02± 0.07 49.79± 0.52 8.74± 0.62 0.02± 0.04 0.45± 0.14 0.08± 0.07 0.01± 0.02 99.81± 0.48
M503 40.33± 0.68 0.03± 0.04 0.02± 0.03 0.02± 0.07 48.88± 1.61 8.04± 0.37 0.03± 0.04 2.2± 1.84 0.07± 0.07 0.01± 0.02 99.63± 0.62
M539 41.17± 0.43 0.01± 0.05 0.01± 0.02 0.02± 0.06 51.15± 0.52 7.21± 0.37 0.02± 0.04 0.4± 0.08 0.09± 0.07 100.08± 0.56
M543 40.53± 0.42 0.02± 0.06 0.01± 0.02 0.01± 0.05 49.7± 0.57 8.7± 0.5 0.02± 0.04 0.38± 0.08 0.1± 0.08 99.47± 0.57
M703 41.4± 0.56 0.02± 0.05 0.01± 0.02 51.56± 0.47 7.13± 0.31 0.04± 0.04 0.36± 0.07 0.08± 0.06 100.59± 0.78
M705 41.02± 0.51 0.02± 0.04 0.01± 0.02 51.29± 0.64 6.26± 0.34 0.03± 0.03 0.28± 0.09 0.09± 0.06 98.99± 0.57
M706 41.18± 0.83 0.01± 0.03 0.02± 0.02 52.02± 0.9 6.42± 0.66 0.05± 0.05 0.22± 0.08 0.14± 0.07 100.04± 1.17
M708 40.41± 0.33 51.43± 0.25 5.75± 0.23 0.05± 0.03 0.19± 0.06 0.19± 0.06 98.03± 0.00
M711 41.1± 0.62 0.02± 0.05 0.17± 0.53 0.05± 0.06 50.25± 1.25 7.94± 0.41 0.1± 0.22 0.37± 0.07 0.09± 0.06 100.05± 0.75
M742 41.31± 0.35 0.01± 0.03 0.01± 0.02 51.05± 0.59 7.32± 0.5 0.03± 0.04 0.29± 0.09 0.14± 0.06 0.02± 0.03 100.16± 0.33
M744 41.28± 0.32 0.01± 0.04 0.02± 0.03 52.84± 0.51 5.66± 0.37 0.02± 0.04 0.37± 0.11 0.05± 0.05 0.01± 0.01 100.25± 0.19
M753 41.28± 0.36 0.01± 0.07 0.01± 0.02 53.16± 0.5 5.42± 0.33 0.02± 0.03 0.23± 0.09 0.09± 0.06 0± 0.02 100.23± 0.29
M765 40.9± 1.6 0.02± 0.06 0.02± 0.03 0± 0.04 54.04± 0.58 5.2± 0.31 0.03± 0.04 0.29± 0.09 0.05± 0.07 0.02± 0.03 100.57± 1.02
M767 39.97± 0.55 0.01± 0.04 0.01± 0.02 0.03± 0.08 52.7± 1.19 7.04± 1.36 0.03± 0.06 0.26± 0.1 0.13± 0.08 0.01± 0.02 100.2± 0.16

(c)

M483A 58.44± 0.62 0.04± 0.03 0.01± 0.07 36.99± 0.31 3.55± 0.21 0.16± 0.05 0.1± 0.07 0.1± 0.07 0.04± 0.02 99.4± 0.62
M493 58.64± 0.67 0.01± 0.02 0.17± 0.03 37.86± 0.53 2.78± 0.21 0.08± 0.05 0.05± 0.07 0.02± 0.03 99.61± 0.93
M494 58.87± 0.44 0.01± 0.05 0.15± 0.07 0.01± 0.05 37.19± 0.42 3.7± 0.26 0.09± 0.05 0.07± 0.07 0± 0.01 100.1± 0.67
M497 58.53± 0.57 0.04± 0.06 0.14± 0.06 0.02± 0.06 36.52± 0.3 4.05± 0.23 0.23± 0.07 0.06± 0.07 0.01± 0.02 99.6± 0.48
M498 59.25± 0.45 0.02± 0.06 0.17± 0.03 37.18± 0.24 3.94± 0.23 0.26± 0.06 0.06± 0.07 0.01± 0.02 100.9± 0.2
M500 58.79± 0.62 0.01± 0.04 0.2± 0.03 0.03± 0.06 36.62± 0.6 4.21± 0.53 0.29± 0.14 0.07± 0.08 0.02± 0.02 100.25± 0.61
M502 58.4± 0.53 0± 0.04 0.14± 0.04 0.02± 0.05 36.32± 0.3 4.43± 0.34 0.13± 0.07 0.07± 0.07 0± 0.01 99.53± 0.62
M503 55.93± 6.13 0.06± 0.12 3.75± 7.99 0.03± 0.06 33.58± 5.94 5.14± 1.99 0.85± 1.5 0.07± 0.09 0.02± 0.02 99.43± 0.92
M539 58.28± 0.54 0.01± 0.03 0.17± 0.04 0.02± 0.04 36.64± 0.4 4.15± 0.46 0.16± 0.05 0.17± 0.07 0.07± 0.07 0.01± 0.02 99.69± 0.52
M543 58.37± 0.74 0.01± 0.03 0.19± 0.03 0.02± 0.07 36.62± 0.51 4.11± 0.22 0.08± 0.05 0.22± 0.07 0.04± 0.06 0± 0.02 99.66± 1.01
M692 58.52± 0.17 0.03± 0.09 0.65± 0.7 0.02± 0.07 38.17± 0.55 3± 0.13 0.28± 0.17 0.08± 0.06 0.08± 0.06 0.01± 0.01 100.84± 1.42
M703 58± 0.54 0± 0.02 0.14± 0.03 0.02± 0.04 36.85± 0.54 3.55± 0.44 0.18± 0.06 0.14± 0.07 0.07± 0.08 0.03± 0.02 98.92± 0.76
M705 58.89± 0.46 0.02± 0.07 0.11± 0.03 0.03± 0.06 37.65± 0.43 3.05± 0.22 0.18± 0.07 0.18± 0.09 0.06± 0.07 0.01± 0.02 100.17± 0.89
M706 59.62± 0.37 0.12± 0.03 37.38± 0.55 3.47± 0.37 0.14± 0.05 0.05± 0.07 0.01± 0.02 100.81± 0.22
M708 59.33± 0.37 0.03± 0.06 0.07± 0.02 0± 0.03 37.28± 0.63 3.05± 0.27 0.29± 0.23 0.1± 0.09 0.03± 0.02 100.19± 0.2
M710 59.31± 0.37 0.08± 0.02 0.03± 0.06 37.2± 0.29 2.8± 0.2 0.13± 0.05 0.02± 0.02 99.56± 0.00
M711 57.98± 0.4 0.05± 0.08 0.9± 0.69 0± 0.05 36.14± 0.39 4.57± 0.55 0.57± 0.21 0.17± 0.07 0.09± 0.07 0.01± 0.02 100.48± 0.75
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Table 2. Continued.

Sample SiO2 TiO2 Al2O3 Cr2O3 MgO FeO CaO NiO MnO Na2O Total

(c)

M742 60.02± 0.65 0.02± 0.05 0.11± 0.04 0.01± 0.07 36.94± 0.75 3.72± 0.32 0.24± 0.07 0.2± 0.11 0.05± 0.05 0.01± 0.02 101.26± 0.21
M743 55.94± 7.54 0.13± 0.24 0.07± 0.03 0.01± 0.06 39.54± 2.67 4.11± 2.44 0.69± 0.94 0.19± 0.13 0.08± 0.06 0.04± 0.03 100.81± 1.17
M744 59.56± 0.51 0.03± 0.07 0.16± 0.04 0.01± 0.09 38.35± 0.42 2.98± 0.24 0.21± 0.05 0.15± 0.08 0.05± 0.05 0.01± 0.02 101.51± 0.32
M746 59.44± 0.68 0.02± 0.07 0.08± 0.03 0.01± 0.09 37.17± 2.65 3.51± 0.63 0.25± 0.15 0.14± 0.09 0.06± 0.05 0.02± 0.03 100.71± 1.45
M747 59.65± 0.44 0± 0.06 0.12± 0.03 0.02± 0.09 38.55± 0.32 2.59± 0.22 0.16± 0.05 0.11± 0.07 0.04± 0.05 0.02± 0.02 101.26± 0.24
M753 59.9± 0.84 0± 0.03 0.05± 0.02 0.02± 0.09 38.02± 0.98 2.93± 0.22 0.11± 0.05 0.12± 0.08 0.07± 0.06 0.01± 0.02 101.24± 0.2
M759 59.33± 1.38 0.03± 0.07 0.07± 0.04 38.14± 1.1 3.17± 0.45 0.21± 0.1 0.17± 0.1 0.05± 0.05 0.01± 0.02 101.19± 0.45
M760 58.7± 0.86 0.02± 0.05 0.04± 0.03 0.01± 0.08 37.75± 0.53 2.88± 0.24 0.18± 0.09 0.1± 0.08 0.07± 0.08 0.02± 0.02 99.78± 0.82
M765 57.3± 1.01 0.03± 0.07 0.12± 0.02 0.02± 0.09 38.96± 1.08 2.97± 0.22 0.61± 1.03 0.1± 0.08 0.05± 0.07 0.01± 0.02 100.19± 0.86
M767 57.1± 2.25 0.01± 0.07 0.07± 0.02 0.02± 0.09 39.04± 0.97 3.16± 0.33 0.09± 0.05 0.14± 0.08 0.08± 0.07 0.01± 0.01 99.72± 1.11
M768 58.4± 0.65 0.03± 0.05 0.03± 0.04 0.05± 0.09 38.03± 1.87 3.58± 1.29 0.18± 0.07 0.12± 0.07 0.1± 0.08 0.03± 0.04 100.55± 0.35

(d)

M483B 41.94± 4.73 0.3± 0.18 23.12± 11.7 0.05± 0.09 21.62± 2.47 7.72± 2 5.24± 1.29 0.02± 0.04 0.15± 0.08 0.02± 0.02 100.17± 1.11
M491 43.47± 0.48 0.47± 0.26 19.76± 0.61 0.03± 0.05 20.61± 2.15 9.08± 0.57 7.14± 1.86 0.15± 0.11 0.1± 0.02 100.82± 0.56
M493 45.54± 0.52 0.09± 0.07 16.41± 0.98 0.07± 0.07 24.91± 0.38 7.57± 0.52 3.73± 0.38 0.28± 0.08 0.01± 0.01 98.7± 0.52
M494 43.41± 1.39 0.1± 0.09 19.45± 2.99 0.06± 0.08 23.76± 0.95 8.12± 1.85 3± 0.65 0.21± 0.09 0.01± 0.01 98.81± 0.45
M497 44.14± 0.67 0.26± 0.11 18.33± 0.62 0.02± 0.06 20.57± 0.78 9.76± 0.98 7.18± 0.24 0.11± 0.09 0.06± 0.03 100.43± 0.34
M498 44.6± 1.19 0.19± 0.12 18.24± 2.31 0.04± 0.06 23.74± 1.11 7.68± 0.6 4.46± 0.55 0.24± 0.1 0.13± 0.08 0.03± 0.02 99.24± 0.48
M500 45.62± 0.68 0.17± 0.11 16.86± 1.83 0.11± 0.13 24.4± 0.5 7.8± 0.57 4.24± 0.5 0.13± 0.07 0.04± 0.02 99.35± 0.23
M502 42.36± 0.6 0.17± 0.08 22.34± 0.33 0.02± 0.04 19.52± 0.19 6.96± 0.28 7.79± 0.21 0.02± 0.06 0.05± 0.07 0.11± 0.04 99.31± 0.21
M503 44.36± 0.47 0.33± 0.14 17.46± 0.71 0.08± 0.13 23.17± 0.22 8.77± 0.39 4.63± 1.35 0.43± 0.27 0.16± 0.08 0.04± 0.04 99.44± 1.91
M539 43.65± 1.23 0.29± 0.16 19.16± 3.18 0.04± 0.06 22.41± 1.02 8.64± 0.77 5.05± 0.39 0.14± 0.08 0.01± 0.02 99.6± 0.77
M543 42.31± 0.82 0.34± 0.13 20.7± 1.79 0.01± 0.04 19.53± 1.41 10.23± 1.2 6.33± 0.92 0.13± 0.09 0.05± 0.06 99.93± 0.63
M692 43.82± 1.4 0.24± 0.18 20.3± 4.29 0.01± 0.05 20.61± 2.4 8.23± 0.86 6.21± 0.99 0.11± 0.08 0.05± 0.04 99.57± 0.62
M702 47.28± 1.72 0.07± 0.08 15.57± 3.08 0.06± 0.07 27.8± 2.2 5.16± 0.36 2.62± 1.31 0.13± 0.08 0.02± 0.02 98.71± 0.59
M703 41.92± 0.24 0.06± 0.07 24.16± 0.13 20.34± 0.15 8.94± 0.32 5.1± 0.17 0.13± 0.07 0.04± 0.02 100.68± 0.00
M704 44.68± 1.74 0.16± 0.12 17.9± 4.44 0.03± 0.05 23.43± 2.43 8.01± 0.53 4.92± 0.85 0.15± 0.08 0.04± 0.03 99.32± 0.84
M705 44.8± 1.42 0.33± 0.13 17.06± 2.8 0.02± 0.06 23.47± 1.64 7.32± 0.76 5.94± 1.29 0.12± 0.08 0.05± 0.03 99.1± 0.57
M706 44.09± 1.2 0.74± 0.18 17.15± 1.15 0.02± 0.06 19.72± 3.12 8.53± 1.69 8.56± 2.6 0.13± 0.1 0.15± 0.07 99.1± 0.42
M708 43.8± 1.9 0.38± 0.19 20.59± 3.06 0.01± 0.06 20.81± 1.29 6.06± 0.47 7.39± 0.72 0.1± 0.08 0.07± 0.04 99.21± 0.36
M709 43.75± 1.68 0.47± 0.11 19.79± 2.85 19.32± 1.13 6.42± 0.62 9.34± 1.02 0.07± 0.07 0.14± 0.06 99.32± 0.23
M710 43.93± 1.03 0.3± 0.13 20.13± 1.76 0.02± 0.06 20.89± 0.65 6.26± 0.95 7.63± 0.9 0.12± 0.07 0.15± 0.07 99.44± 0.61
M711 47.96± 0.8 0.33± 0.08 12.58± 0.36 0.18± 0.12 25.08± 0.9 9.74± 0.35 3.58± 0.45 0.2± 0.09 0.01± 0.02 99.67± 0.64
M742 45.15± 1.68 0.35± 0.19 18.59± 3.48 0.02± 0.07 23.15± 1.22 7.36± 1.11 6.27± 0.75 0.02± 0.05 0.15± 0.06 0.04± 0.04 101.09± 0.26
M743 47.42± 1.36 0.45± 0.11 11.82± 1.26 0.03± 0.07 27.27± 1.09 7.64± 0.65 5.18± 0.41 0.03± 0.07 0.18± 0.06 0.06± 0.03 100.08± 1.12
M744 48.02± 2.84 0.24± 0.14 11.69± 4.58 0.05± 0.09 30.74± 6.75 7.56± 1.15 2.84± 1.47 0.12± 0.24 0.13± 0.07 0.02± 0.03 101.43± 0.62
M746 45.33± 2.69 0.4± 0.25 18.45± 3.07 0.01± 0.06 23.16± 1.34 7.27± 0.42 6.8± 1.26 0± 0.03 0.12± 0.05 0.06± 0.04 101.62± 0.1
M747 46.57± 1.55 0.24± 0.12 15.06± 2.23 0.03± 0.09 27.09± 2.08 6.61± 0.38 4.5± 1.21 0.06± 0.07 0.16± 0.06 0.02± 0.02 100.35± 1.77
M753 45.52± 2.05 0.43± 0.13 15.54± 0.75 0.01± 0.09 25.39± 1.98 7.8± 0.56 5.5± 0.78 0.02± 0.06 0.15± 0.06 0.1± 0.03 100.48± 1.28
M759 46.74± 1.56 0.58± 0.11 14.3± 1.54 0.01± 0.04 23.99± 1.72 7.5± 0.48 6.43± 1.22 0.03± 0.07 0.16± 0.06 0.14± 0.03 99.88± 1.37
M760 45.34± 2.11 0.31± 0.1 18.65± 3.71 23.7± 3.29 6.82± 0.71 6.07± 2.46 0.02± 0.07 0.14± 0.06 0.07± 0.03 101.13± 0.45
M765 48.67± 1.92 0.34± 0.13 15.99± 1.8 0.09± 0.13 23.66± 4.22 7.56± 0.92 4.52± 0.29 0.02± 0.07 0.21± 0.08 0.04± 0.02 101.13± 2.58
M766 48.29± 0.54 0.36± 0.11 12.64± 0.52 0.08± 0.09 26.47± 0.38 8.25± 0.6 5.08± 0.27 0.04± 0.07 0.23± 0.07 0.07± 0.04 101.52± 0.34
M767 45.5± 1.01 0.43± 0.18 18.45± 2.9 0.02± 0.09 22.2± 1.38 8.25± 0.53 6.55± 0.5 0.02± 0.07 0.16± 0.06 0.09± 0.05 101.68± 0.25
M768 44.59± 1.07 0.24± 0.18 18.03± 2.89 0.02± 0.09 23.17± 1.61 8.16± 0.4 7.12± 0.59 0.02± 0.07 0.12± 0.08 0.07± 0.03 101.56± 0.31

(e)

M742 55.45± 0.3 0.05± 0.07 0.23± 0.03 0.11± 0.09 21.11± 0.63 3.57± 0.23 19.47± 1.45 0.11± 0.07 0.13± 0.05 0.28± 0.06 100.46± 0.87
M753 54.34± 0.29 0.88± 0.04 19.67± 0.18 2.82± 0.19 21.44± 0.42 0.05± 0.07 0.07± 0.05 0.45± 0.03 99.74± 0.00
M759 56.27± 0.44 0.12± 0.17 2.79± 2.76 0.01± 0.09 18.58± 0.36 3.02± 0.39 19.86± 2.47 0.04± 0.09 0.07± 0.05 0.57± 0.04 101.37± 0.86
M760 54.22± 0.38 0.03± 0.08 0.54± 0.09 20.98± 0.77 3.28± 0.41 18.98± 0.67 0.06± 0.07 0.08± 0.05 0.42± 0.06 98.61± 0.42
M767 60.34± 0.32 0.03± 0.07 0.82± 0.04 16.55± 0.17 2.25± 0.18 20.83± 0.43 0.05± 0.07 0.05± 0.05 0.64± 0.04 101.61± 0.00

(f)

M705 0.1± 0.07 43.53± 2.11 4.41± 0.92 1.05± 0.24 0.08± 0.16 0.01± 0.03 100± 0.1
M708 0.09± 0.12 42.09± 2.77 3.48± 0.66 1.09± 0.4 0.12± 0.21 0.03± 0.05 100± 0.02
M742 0.03± 0.07 0.05± 0.13 0.01± 0.03 46.4± 1.77 3.98± 1.43 1.03± 1.01 0.07± 0.11 100± 0.08
M743 0.07± 0.08 0.01± 0.13 0.04± 0.07 45.05± 1.93 3.91± 0.54 1.03± 0.22 0.05± 0.11 0.02± 0.04 100± 0.13
M746 0.34± 0.38 0.04± 0.17 0.06± 0.11 45.16± 1.72 3.76± 0.74 0.7± 0.29 0.09± 0.12 0.05± 0.04 100± 0.15
M747 0.02± 0.06 0± 0.02 47.19± 1.11 2.47± 0.45 0.3± 0.13 0.04± 0.11 0.01± 0.03 100± 0.22
M753 0.23± 0.25 0.04± 0.15 0.02± 0.04 46.4± 0.87 4.03± 0.57 0.97± 0.22 0.01± 0.12 0± 0.01 100± 0.27
M759 0.37± 0.53 0.01± 0.05 0.09± 0.15 46.79± 1.84 3.59± 1.18 0.78± 0.55 0.08± 0.13 100± 0.1
M760 0.4± 0.59 0.02± 0.13 0.14± 0.24 44.83± 1.58 3.61± 0.88 1.3± 0.38 0.1± 0.12 0.02± 0.04 100± 0.05
M765 0.07± 0.1 0.05± 0.15 0.01± 0.03 47.63± 1.54 3.43± 0.73 0.51± 0.16 0.07± 0.11 0.02± 0.03 100± 0.54
M767 0.09± 0.14 0.04± 0.11 0.46± 0.74 47.52± 2.56 4.2± 0.54 0.63± 0.19 0.08± 0.11 0.02± 0.03 100± 0.11
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3.2.3 Diopside

A few carbon-bearing experiments contain a small amount of
diopside in the form of micrometer-sized crystals. Its com-
position is very close to the pure pole CaMgSi2O6, with a
maximum of 3.6 wt % FeO measured and an average Mg# of
0.54± 0.03 calculated as Mg / (Mg+Fe+Ca).

3.2.4 Majorite

The garnets present in all samples (except two) have an ex-
cess of silicon on average of 0.18± 0.11 Si atoms per for-
mula unit (apfu) above 3, reaching 0.42 Si apfu above 3.
Majorite displays a much greater variability in composition
compared to the other major phases, and its composition is
more dependent on the melt fraction. In particular, its con-
centration in incompatible elements, such as CaO and Na2O,
decreases in the presence of fusion at increasing oxygen fu-
gacities (see Fig. 3). Similar trends can be observed by com-
paring the concentration of certain elements according to
fO2 , but since high melting rates are generally correlated
with oxidizing conditions, causality is only indirect (see dis-
cussion).

3.2.5 Magnesite

Of the 16 samples made in the carbon-bearing system 14
contain magnesite. Its presence is easily detectable thanks
to the chemical maps (see Fig. 1a), despite a very small crys-
tal size of often less than 1 µm. Its chemical composition is
very close to the pure magnesian end-member, with an av-
erage Mg# of 0.94± 0.01 and with only 3.71± 0.52 wt %
FeO and 0.85± 0.30 wt % CaO with Ca# varying between
0.5 and 2.0 similar to the study of Ghosh et al. (2009) (see
Table 2). Magnesite is usually the high-pressure form of car-
bonate above 3–4 GPa because dolomite+ enstatite reacts to
form magnesite+ diopside (Dalton and Wood, 1993; White
and Wyllie, 1992). Magnesite is stable above the solidus of
H–C-bearing peridotite and has been reported in carbonated
peridotite up to 1500 ◦C (Ghosh et al., 2009) and carbonated
eclogite (Hammouda, 2003).

3.2.6 Melt

High-pressure volatile-rich melts do not vitrify upon quench-
ing temperature, and the porosity, thought to have been once
filled up with volatiles, leads to low EPMA totals. The melts
totals, in the range of 65± 7 wt % to 86± 3 wt %, increase
with increasing temperature, concomitantly to an increase in
the melt fraction. This behavior is interpreted as a decrease in
the volatile content of the melt with increasing temperature,
as expected for incompatible elements (see Table 3). Totals
are lower in the C-bearing system, obviously due to the ad-
dition of CO2 to the H2O-bearing melt. The SiO2 contents of
the melts increase with increasing temperature or increasing
MgO content (see Fig. 4) – a normal behavior for a com-

Figure 3. Variations in incompatible element content, here CaO, in
majorite as a function of experimental oxygen fugacity.

Figure 4. Composition of the experimental melts in the H–O fluid
system (a, c, e) and H–C fluid system (b, d, f) as a function of MgO
content of the melts (with MgO being correlated with temperature).
The blue, green, and orange or red symbols correspond to the RRO,
NNO, and IW buffers, respectively.

patible compound – and increase with increasing fO2 . The
(Mg+Fe) /Si ratio of melts increases with increasing tem-
perature and with increasing oxygen fugacity (see Fig. 4).
This can be explained by the fact that melt fractions are larger
at higher fO2 for the same temperature. The (Mg+Fe) /Si
ratio of melts is substantially larger in the C-bearing system
(from 2.2 to 3.1) compared to the C-free system (1.5 to 2.3).
This is due to the lower silica content of the carbonaceous
melts (from 18 wt %–34 wt % and 18 wt %–24 wt % SiO2 in
the C-free and C-bearing systems, respectively).

The behavior of FeO is more complex but in general seems
to behave like an incompatible element, with concentration in
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Table 3. Melt compositions.

Setup M702 M704 M493 M500 M747 M705 M498

Na2O 0.08 0.03 0.16 0.09 0.03 0.02 0.38 0.08 0.07 0.03 0.15 0.08 0.30 0.04
K2O 0.01 0.01 0.04 0.02 0.00 0.00 0.04 0.01 0.02 0.01 0.01 0.01 0.05 0.02
CaO 3.79 1.23 6.53 2.98 13.72 5.25 9.76 1.82 7.04 3.49 15.12 4.38 6.11 1.69
TiO2 0.36 0.12 0.68 0.18 0.10 0.11 0.98 0.21 0.53 0.14 0.79 0.33 0.83 0.10
FeO 12.04 1.28 10.33 1.42 15.48 2.29 15.49 1.37 9.86 1.09 10.97 2.64 15.87 0.95
SiO2 34.25 2.00 25.90 4.16 31.37 5.39 30.26 2.59 20.42 4.59 17.47 6.94 32.44 1.54
MgO 34.25 3.46 27.87 4.73 13.14 6.61 21.74 3.60 31.71 3.76 23.32 5.14 27.38 1.72
Al2O3 1.34 0.32 0.78 0.18 3.16 1.67 0.89 0.21 0.47 0.08 0.31 0.13 1.16 0.06
Cr2O3 0.03 0.03 0.02 0.03 0.01 0.02 0.03 0.04 0.02 0.02 0.02 0.02 0.03 0.03
NiO 0.11 0.06 0.07 0.04 0.03 0.03 0.19 0.06 0.08 0.05 0.20 0.04 1.31 0.16

Total 86.27 3.13 72.36 7.59 77.04 7.41 79.76 3.82 70.22 7.73 68.35 7.29 85.49 1.90
(Mg+Fe) /Si 1.79 0.12 1.94 0.07 1.12 0.58 1.50 0.16 2.84 0.63 3.03 1.53 1.67 0.15

Buffer RRO RRO RRO RRO RRO RRO NNO
log fO2 −0.22 −1.50 −0.85 −0.22 −0.86 −0.23 −5.00
T (◦C) 1400 1200 1300 1400 1300 1400 1400
System H H H H H–C H–C H
D

ol/liq
FeO 0.50 0.57 0.43

D
wads/liq
FeO 0.61 0.85 0.58 0.86 1.10

Setup M766 M703 M765 M760 M711 M502 M768 M753

Na2O 0.48 0.11 0.37 0.08 0.07 0.04 0.19 0.03 0.12 0.04 0.25 0.10 0.32 0.12 0.07 0.03
K2O 0.07 0.02 0.04 0.01 0.01 0.02 0.03 0.01 0.02 0.01 0.04 0.01 0.04 0.01 0.03 0.03
CaO 14.67 2.97 18.63 7.75 9.29 2.96 12.84 2.65 8.97 1.97 7.27 4.51 17.15 6.15 4.59 4.62
TiO2 1.26 0.18 0.94 0.31 0.95 0.16 0.86 0.16 0.76 0.16 0.68 0.12 1.17 0.48 0.87 0.15
FeO 9.25 0.78 14.03 4.66 11.53 1.32 9.61 1.18 15.54 0.66 21.01 1.61 11.05 2.73 11.54 1.58
SiO2 17.85 2.22 17.85 6.26 20.02 4.95 18.54 3.51 24.13 4.06 22.40 2.19 19.04 4.06 17.72 3.15
MgO 21.96 4.34 16.55 3.59 26.82 4.19 29.25 2.53 27.00 3.47 21.22 2.56 20.50 6.07 29.95 4.84
Al2O3 0.30 0.04 0.69 0.16 0.68 0.38 0.14 0.03 0.47 0.07 0.68 0.13 0.59 0.16 0.40 0.29
Cr2O3 0.04 0.04 0.04 0.04 0.01 0.02 0.01 0.02 0.04 0.04 0.06 0.05 0.01 0.03 0.03 0.03
NiO 0.21 0.05 0.34 0.08 0.09 0.05 0.07 0.04 0.30 0.04 0.22 0.03 0.39 0.16 0.32 0.05

Total 66.08 5.19 69.49 6.42 69.48 7.17 71.55 4.12 77.35 5.53 73.82 7.12 70.26 5.99 65.52 4.91
(Mg+Fe) /Si 2.27 0.32 2.12 0.41 2.59 0.53 2.85 0.43 2.25 0.31 2.20 0.12 2.11 0.50 3.11 0.41

Buffer NNO NNO NNO NNO NNO IW IW IW
log fO2 −2.78 −5.00 −2.77 −2.04 −2.04 −6.15 −5.33 −6.15
T (◦C) 1300 1400 1300 1400 1400 1300 1400 1300
System H H H–C H–C H–C H H H–C
D

ol/liq
FeO 0.51 0.45 0.51 0.42 0.49

D
wads/liq
FeO 1.05 0.99 0.84 0.97 0.81 0.85 0.83

the melt decreasing with increasing temperature or increas-
ing melt fraction (see Fig. 4). FeO contents normalized for
the dry composition range from 14± 2 wt % to 29± 4 wt %
FeO in the C-free system and 13± 1 wt % to 20± 1 wt % in
the C-bearing system (errors in general are within 20 %). The
highest FeO content is measured for the most reduced melt
that could be analyzed: under IW conditions and 1300 ◦C,
without C and in coexistence with olivine. The partitioning of
FeO between olivine and melt (DFe) ranges between 0.4 and
0.6 as previously observed by Mibe et al. (2006) at 5 GPa.
The partitioning of FeO between wadsleyite and melt is more
variable with values between 0.6 and 1.1, and it is higher than
observed previously by Mibe et al. (2006), who reported two

values in the range of 0.41–0.45 for samples synthesized at
1600 ◦C in the peridotite–H2O system. Since some of our
experiments are located in the binary loop where olivine and
wadsleyite coexist, some wadsleyites are very iron-rich with
12 wt % to 17 wt % FeO and associated DFe of 0.8 to 1.1. In
olivine-free samples, wadsleyite FeO content varies between
8.4 wt % and 9.7 wt % with associated DFe between 0.6 and
0.8 depending on the melt fraction. Since the present sam-
ples were synthesized at lower temperatures than those of
Mibe et al. (2006), hence closer to the solidus, iron is more
compatible in this study. Indeed, at RRO we observe that
the Dwadsleyite/liquid

FeO decreases from 0.8 at 1200 ◦C to 0.6 at
1300–1400 ◦C where melt fraction is higher.
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3.3 Water contents

3.3.1 Raman spectra

The mean Raman spectra of olivines and wadsleyites are
presented in Figs. 5 and 6, respectively, as a function of
their calculated water content, showing the clearly visible
dependence of the OH bands on the water content. Con-
cerning the OH absorption area of wadsleyite (Fig. 5), the
positions of the peaks located around 3475 and 3580 cm−1

do not seem to vary, and they increase overall as the wa-
ter content increases. However, the main band of the spec-
trum, around 3350–3360 cm−1, shows a more complex be-
havior. This band is the result of the combination of sev-
eral bands already described (Jacobsen et al., 2004), located
around 3317, 3326, and 3360 cm−1 as observed by FTIR.
The band at 3317 cm−1 is difficult to identify here, because
of the intensity and width of its neighbors. The two others
are found at 3330 and 3370 cm−1 here. No correlation be-
tween the relative intensity of the OH bands could be ob-
served here, whether with water, iron or aluminum content,
the presence of carbon, the fO2 , or temperature. Concern-
ing olivine (see Fig. 6) the positions of the OH bands at
3612 cm−1 (very weak), 3580, 3566, and 3545 cm−1 (strong)
and at 3479+ 3459 cm−1 (weak) do not vary significantly,
and their intensities increase proportionally to the measured
water content. Note that these bands are very close to those
already observed by Bolfan-Casanova et al. (2014) with Ra-
man spectroscopy for hydrothermally annealed forsterite and
theoretically expected by Balan et al. (2017). Even if it is OH
that is observed, in the following we will refer to it as water.

3.3.2 Effect of temperature and fO2 on water contents
in carbon-free experiments

The results of the quantification of water in wadsleyite and
olivine in the C-free and C-bearing experiments (summarized
in Table 1) are presented in Figs. 7 and 8, respectively. By
limiting the observation of water concentration trends to fO2 ,
we observed a positive correlation at 1200 ◦C for wadsleyite
with the increase in water content with increasing fO2 . How-
ever at 1400 ◦C, the water storage in wadsleyite decreases
with increasing fO2 , defining a weak negative correlation.
Similar to wadsleyite, the water storage of olivine at 1200 ◦C
increases as a function of fO2 . At 1400 ◦C the water stor-
age in olivine increases between IW and NNO and then de-
creases between NNO and RRO. The data at 1300 ◦C show
a decrease in water concentration between IW and NNO and
then an increase between NNO and RRO for both olivine and
wadsleyite.

3.3.3 Effect of carbon on water storage

The change in the water storage of wadsleyite and olivine
with fO2 in the carbon-bearing system shows the same nega-
tive dependency as in the carbon-free system, except that the

Figure 5. Averaged Raman spectra of wadsleyite normalized to a
laser power of 1 mW and an acquisition time of 1 s, after correction
for daily variations. The color corresponds to the measured water
content (varying linearly between the extreme values, according to
the indicated scale). Top: silicate vibration region, bottom: OH vi-
bration region.

absolute values of water storage are much lower (see Fig. 8).
The ratios of water concentration between carbon-free and
carbon-bearing experiments (defined as CH /CH+C) vary be-
tween 1 and 8 for olivine and between 1 and 4 for wadsleyite
(plotted as a function of temperature and fO2 in Fig. 9). This
drop in the water storage of olivine upon CO2 addition to
the system is in agreement with previous studies such as that
of Yang et al. (2014) that reported a factor of 2 observed at
1.5 GPa and 1100 ◦C and that of Sokol et al. (2013) that ob-
served a factor of up to 7 and 6.3 GPa. As observed in Fig. 9,
the largest difference between C-free and C-bearing fluids
is observed at lower temperature, that is, near the solidus.
This can be explained by the fact that in the C-free experi-
ments the system is close to subsolidus conditions, while in
the C-beating system it is already above the solidus because
C stabilizes melt at lower temperature compared to the C-free
system. The melt acts to dilute the activity of water causing a
drop in water solubility in olivine and wadsleyite compared
to the sub-solidus C-free system.
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Figure 6. Averaged Raman spectra of olivine normalized to a laser
power of 1 mW and an acquisition time of 1 s, after correction for
daily variations. The color corresponds to the measured water con-
tent (varying linearly between the extreme values, according to the
indicated scale). Top: silicate vibration region, bottom: OH vibra-
tion region.

Under each buffer condition, the general tendency for wa-
ter storage in both fluid systems (H2O and H2O+CO2) is an
increase between 1200 and 1300 ◦C and then a decrease be-
tween 1300 and 1400 ◦C (except at NNO where the storage
decreases between 1200 and 1400 ◦C).

3.3.4 Comparison between water contents measured by
Raman spectroscopy and by NanoSIMS

Water contents measured with NanoSIMS on some of the
samples are shown in Table 4. There is a good agreement be-
tween water contents determined with NanoSIMS and with
Raman spectroscopy for both olivine and wadsleyite phases
(see Fig. 10). On average, the water storage measured by
Raman spectroscopy is 20 % lower than that measured by
NanoSIMS for olivine, while it is 20 % higher for wads-
leyite. The Raman analyses display large error bars due to
the anisotropy of absorption (between 18 % and 26 % on av-
erage for wadsleyite and olivine, respectively). In compari-
son the NanoSIMS analyses suffer less uncertainty (between
1 % and 10 % on average for wadsleyite and olivine, respec-
tively). The tendencies of water storage observed by Raman

spectroscopy as a function of temperature or fO2 are con-
firmed by the NanoSIMS analyses (see Appendices A4 and
A5).

3.3.5 Water partitioning between wadsleyite and
olivine

Among the experiments performed without carbon, three
contain both olivine and wadsleyite that could be charac-
terized for their water contents, offering the possibility of
directly measuring a partition coefficient of water between
these two phases (see Table 1). The values measured us-
ing Raman spectroscopy range between 5 and 8 (mean
7.2± 1.2), with no visible effect of temperature or fO2 . The
values measured using NanoSIMS vary between 5 and 6
(only four direct measurements, mean 5.9± 0.5) and also
do not show much change with temperature, fO2 , or C con-
tent. The partition coefficient of water between wadsleyite
and olivine measured here with NanoSIMS agrees better with
those of the literature that report also directly measured parti-
tion coefficients (between 4 and 5 at 1200–1300 ◦C; Chen et
al., 2002; Deon et al., 2011; Férot et Bolfan-Casanova, 2012).

4 Discussion

4.1 On the effect of oxygen fugacity on the speciation of
the fluid at high pressures

Figures 7 and 8 show the dependence of water storage capac-
ity in both wadsleyite and olivine on oxygen fugacity, which
is particularly clear at 1200 ◦C. Indeed, with increasing fO2 ,
the amount of H2O in the fluid should increase following the
reaction H2+ 1/2 O2 =H2O,

with the equilibrium constantKf =
fH2O

fH2f
1/2
O2

. (1)

The increase in water storage capacity in both wadsleyite
and olivine with increasing fO2 at 1200 ◦C is a direct effect
of the change in H speciation, or H2O /H2 ratio, in the fluid.
Such an increase signifies that under the explored conditions,
the fluid must be relatively pure, because if there were sig-
nificant dissolution of silicate, the water solubility should
decrease with increasing fO2 . At 1400 ◦C, the water solu-
bility in both wadsleyite and olivine decreases slightly with
increasing fO2 , due to a dilution of the H2O component by
melting, as already observed before (Bali et al., 2008; With-
ers and Hirschmann, 2008). Also, we find here lower values
of water storage in wadsleyite than measured by Druzhbin et
al. (2021) in the Mg2SiO4-H2O system at 1400 ◦C (around
1.0 wt %–1.2 wt % H2O), probably because, since we are in
a peridotitic system, the fact of having more incompatible el-
ements drives the solidus to lower temperatures and leads to
more dilution of H2O compared to the previous study.
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Figure 7. Water concentration (in ppm wt) in wadsleyite (a) and
olivine (b) as a function of fO2 and temperature in the system
without carbon. The three lowest fO2 values correspond to the Fe-
FeO buffer, the three intermediate values correspond to the Ni-NiO
buffer, and the three highest fO2 values are those of the Re-ReO2
buffer.

Table 4. NanoSIMS results. n is the number of points of measure-
ment, and SE is the standard error.

Experiment Olivine Wadsleyite

n H2O (ppm) SE n H2O (ppm) SE

M491 2 1226 54 11 8456 53
M493 4 24 962 67
M704 16 11 751 55
M705 17 285 55
M753 3 1118 167 5 6351 165
M765 2 1055 54 5 6075 53
M768 4 7241 53
M502 3 2114 166
M692 3 10 802 169
M483 3 2122 166 2 13 429 176

Figure 8. Water concentration (in ppm wt) in wadsleyite (a) and
olivine (b) as a function of fO2 and temperature in the system
with carbon. The three lowest fO2 values correspond to the Fe-
FeO buffer, the three intermediate values correspond to the Ni-NiO
buffer, and the three highest fO2 values are those of the Re-ReO2
buffer.

4.2 Solidus temperature of hydrous peridotite as a
function of fO2 and carbon

In the H–O-bearing system, we observe that the samples syn-
thesized at 1200 ◦C are melt-free, except in the wadsleyite
stability field at RRO (see Fig. 2). At 1300 ◦C, melt is ob-
served at all fO2 conditions in the olivine stability field but
not in the wadsleyite stability field at IW. At 1400 ◦C, melting
is observed at all fO2 conditions. Thus, the solidi of peridotite
in the olivine and wadsleyite stability fields cross each other
as a function of oxygen fugacity. In particular, at 1300 ◦C we
see an effect of the solid phase assemblage on the solidus
of peridotite, under reducing conditions, with the olivine-
peridotite solidus being lower than that of wadsleyite peri-
dotite.

In the C–H–O system, melt is systematically observed in
experiments performed at 1300 ◦C. Also, above the solidus,
a loss of diopside is generally observed. Compared to previ-
ous studies we observe some differences. The present solidus
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Figure 9. CH /CH+C ratio from averages of measured concentra-
tions at each temperature and fO2 condition for wadsleyite and
olivine.

Figure 10. Comparison between Raman and NanoSIMS measure-
ments of water content in wadsleyite and olivine.

of C–H–O-bearing peridotite is lower than for previously
reported carbonated peridotite, located between 1400 and
1500 ◦C in the study of Ghosh et al. (2009) and between
1400 and 1600 ◦C in that of Litasov et al. (2014). We ascribe
this difference to the water content in our study compared to
previous studies that contained little (0.2 wt %) or no water
(Ghosh et al., 2009), or less water (2 wt % H2O) (Litasov et
al., 2014), which translates into their bulk composition being
below the maximum water storage capacity of wadsleyite.
Also, compared to the melts produced previously in the car-
bonated peridotite system, our melts produced in the C–H–O
system have similar FeO, Al2O3, CaO, and TiO2 (see Ghosh
et al., 2009); however, they are richer in SiO2, since previ-
ous melts synthesized in the CO2-bearing peridotite at 10 to
20 GPa contained from 1 wt % to 6 wt % SiO2 (Ghosh et al.,
2009). Such a difference in silica content can be attributed,
again, to the difference in water contents between the two
studies (0.2 wt % H2O compared to the 3.5 wt % H2O in the
starting material of the current study). That is, in the ex-
periments of Ghosh et al. (2009) the melts are carbonatites
while in our study they are kimberlites, as controlled by the
H2O /CO2 ratio of the initial fluid.

4.3 Implications for melting atop the transition zone

As shown in this study, under the reducing conditions of
the deep upper mantle, melting in hydrous peridotite occurs
more readily in the olivine stability field than in the wad-
sleyite stability field, in relation with their different water
storage capacities. This difference is the basis for the dehy-
dration melting mechanism (Andrault and Bolfan-Casanova,
2022; Bercovi and Karato, 2003), which has long been in-
voked to interpret the low-velocity layer atop the transition
zone (Revenaugh and Sipkin, 1994; Tauzin et al., 2010). If
the 2 %–5 % reduction in shear wave velocity is ascribed to
0.5 wt %–1 wt % partial melting of an upwelling peridotitic
mantle from a hydrous transition zone (Xiao et al., 2020),
then the drop in seismic velocity can be correlated with
0.2 wt % H2O in the mantle transition zone (Freitas et al.,
2017) in agreement with electrical conductivity measure-
ments (Huang et al., 2005).

Still, carbon is another important volatile that has been
shown to be present at transition zone depths, at least in
the form of diamond (Pearson et al., 2005). Carbon does
not enter in silicate mineral structures (maximum solubility
of 12 ppm in olivine at 11 GPa; Shcheka et al., 2006); it is
rather stored in carbonates, or diamond, or methane. Thus,
silicate decarbonation, in particular related to the mineralog-
ical transformation of wadsleyite into olivine, cannot be in-
voked to cause melting atop the 410 km discontinuity, and
since diamond and carbonates are stable at temperatures of
the mantle geotherm in the transition zone, water seems to be
the necessary ingredient to decrease the melting temperature
of the deep upper mantle. Indeed, as seen above, most stud-
ies show that solidi for carbonated peridotite are around the
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mantle adiabat or higher, but we observe here that in the pres-
ence of water the solidus of mantle peridotite can be largely
depressed between 1200 and 1300 ◦C.

Also, in terms of density, hydrous-bearing melts can be
expected to be denser than purely carbonatitic melts for sev-
eral reasons. First, since purely carbonatitic melts contain
very little silica, their mean atomic mass is much lower than
that of hydrous melts. Secondly, the compressibility of wa-
ter is greater than that of CO2 as shown by Sakamaki et
al. (2011), and thus for equivalent molar concentration CO2-
bearing melts will be less dense than H2O-bearing melts. Fi-
nally, the lower DFe between olivine and liquid compared to
that between wadsleyite and liquid confirms that melts gen-
erated above the 410 km discontinuity have more chances to
be denser than the surrounding mantle. While a strictly car-
bonatitic liquid (water-free) has lower SiO2 content than a
hydrous silicate melt, a kimberlitic-type melt with both wa-
ter and carbonate dissolved in it contains intermediate levels
of silica and still substantial amounts of FeO to induce high
densities in order to explain the low-velocity layer around
350 km depth.

Since we show in this study that wadsleyite can still incor-
porate substantial amounts of water even under reducing con-
ditions, this implies that dehydration melting atop the 410 km
discontinuity is unaffected by the prevailing oxygen fugacity
of the mantle but rather controlled by the solidus temperature
of volatile-bearing peridotite.

5 Conclusions

The incorporation scheme of OH in wadsleyite and olivine
is independent of fO2 and temperature as shown by the
unchanged bands in the Raman spectra. Thus, changes in
the water storage in wadsleyite and olivine as a function
of fO2 principally arise from a change in water fugacity in
the fluid. The data show that the incorporation of water (as
OH) in wadsleyite and olivine increases with increasing oxy-
gen fugacity at 1200 ◦C but decreases with increasing oxy-
gen fugacity at 1400 ◦C. The reason for the increase in wa-
ter incorporation with oxygen fugacity at 1200 ◦C is the in-
crease in the H2O /H2 ratio in the fluid and is confirmed by
NanoSIMS measurements. Our interpretation of the H spe-
ciation in the fluid based on water storage capacity is con-
firmed by the observation of the solidus temperature which
is observed to decrease with increasing oxygen fugacity, as
already observed at lower pressures (Sokol et al., 2010). The
reason for the decrease in water incorporation with oxygen
fugacity at high temperature is the melting of the silicates that
induces a dilution of the water fugacity as already demon-
strated before. The reduced component of the fluid, H2, is
expected to be less soluble in silicate melts than the oxidized
components, H2O and OH, and as such does not favor a de-
pression of the solidus that would lead to dilution of the H2O
component.

The water storage capacity at conditions of the 410 km dis-
continuity remains important even at low fO2 since wads-
leyite can still store 0.8 wt %–1 wt % H2O. The effect of C is
to decrease water storage by a factor of 2 at most at 1300–
1400 ◦C. The water-saturated solidus at IW without C is lo-
cated between 1300 and 1400 ◦C in the wadsleyite stability
field and drops to 1200–1300 ◦C in the olivine stability field.
In the presence of C, the water-saturated solidus in both the
wadsleyite and olivine stability field drops and is located be-
tween 1200 and 1300 ◦C.
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Appendix A

Figure A1. Illustration showing the 14 mm octahedral assembly.

Figure A2. Illustration showing how the sandwich experiment, shown in panel (a) (where olivine and majorite garnet are inserted as layers),
allows for a larger grain size compared to an homogeneous mixture of both phases, shown in panel (b). In this sample the original layer of
olivine has transformed into a mixture of olivine and wadsleyite. Enstatite has formed as a product of the reaction between olivine and the
original majorite composition. The capsule material, here in white color, is not visible.

https://doi.org/10.5194/ejm-35-549-2023 Eur. J. Mineral., 35, 549–568, 2023



564 N. Bolfan-Casanova et al.: Effect of oxygen fugacity on the storage of water

Figure A3. Calibration of the OH /Si counts measured with NanoSIMS as a function of the H2O content of standards of olivine (SCO
represents San Carlos olivine; #534 and #586 represent the olivines from Bali et al., 2008) and wadsleyite (#377, #380B, and #382 represent
the olivines from Bolfan-Casanova et al., 2018, and unpublished results). The insert is a zoom of the results for the standards with low water
concentration. The dashed lines mark the 90 % prediction interval.

Figure A4. Water concentration (in ppm wt) in wadsleyite (a) and olivine (b) as a function of fO2 and temperature in the system without
carbon. The three lowest fO2 values correspond to the Fe-FeO buffer, the three intermediate values correspond to the Ni-NiO buffer, and
the three highest fO2 values are those of the Re-ReO2 buffer. The full symbols correspond to the measurements performed by Raman
spectroscopy and the empty symbols to the measurements performed using the NanoSIMS.
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Figure A5. Water concentration (in ppm wt) in wadsleyite (a) and olivine (b) as a function of fO2 and temperature in the system with carbon.
The three lowest fO2 values correspond to the Fe-FeO buffer, the three intermediate values correspond to the Ni-NiO buffer, and the three
highest fO2 values are those of the Re-ReO2 buffer. The full symbols correspond to the measurements performed by Raman spectroscopy
and the empty symbols to the measurements performed using the NanoSIMS.
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Appendix B

Table B1. Starting composition of the majorites that were used in
the experiments. Maj 1 was used in the experiments with only H in
the fluid, and Maj 2 was used in the experiments with H and C in
the fluid. The oxides were introduced as SiO2 and MgSiO3 for SiO2
and MgO, as CaSiO3 for CaO and SiO2, as Na2CO3 for Na2O and
CO2, as Al2O3 and Al(OH)3 for Al and H in Maj 1, and as Al(OH)3
and oxalic acid (C2H2O4) for H and C in Maj 2.

Maj 1 Maj 2

SiO2 36.038 29.911
TiO2 0.464 0.419
Al2O3 17.018 14.203
MgO 21.571 17.930
FeO 8.755 7.276
CaO 7.199 5.997
Na2O 0.091
H2O 8.956 7.189
CO2 16.983

100.000 100.000
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