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Abstract: Several of the supposedly anhydrous major minerals of the upper mantle have been shown to
regularly contain small amounts of hydrogen. The concentrations measured in the most important minerals
obtained from mantle xenoliths are, expressed in ppm H,0O, 100-1300 for clinopyroxene, 60-650 for ortho-
pyroxene, 0-140 for olivine and 1-200 for garnet. Hydrogen is normally structurally incorporated as hydroxyl
ions, and in many cases the hydrogen ions seem to act as charge compensators associated with point defects,
such as metal vacancies or substitution by mono- or trivalent cations. The determination of the exact amount
of hydrogen stored in these nominally anhydrous upper mantle minerals is a key-step toward quantification of
the water content of the mantle, as well as understanding of its internal water cycle. For instance, a concentra-
tion of 100 ppm H,O homogeneously distributed within the upper mantle above 410 km depth is approximately
equivalent to a 100 m water layer at the Earth’s surface. However, the relatively fast kinetics of dehydrogena-
tion with concomitant oxidation of iron within these minerals, implies that hydrogen as well as Fe** concen-
trations in equilibrium with mantle conditions might be different from those measured from recovered xenolith
samples. High-pressure experimental measurements of hydrogen solubility as a function of py,o show a trend
similar to the hydrogen contents of natural samples, with hydrogen saturation levels that decrease following
the mineral series: diopside > enstatite > olivine > pyrope. Except pyrope, these minerals may incorporate more
than 1000 ppm H,O. Based on recent data of water solubility, stability and partitioning, we suggest that an
entire upper mantle saturated in hydrogen is highly unprobable and that the maximum average amount of
hydrogen stored in the nominally anhydrous minerals of the upper mantle is around 600 ppm H,0. Despite the
important progress achieved during the last years, our knowledge of the concentration of hydrogen stored as
point defects in the mantle above 410 km is still too poorly constrained. The importance of nominally
anhydrous minerals for the water budget of the upper mantle is now well established but still awaits complete
quantification.
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1. Introduction

Knowledge of the amount of hydrogen stored in
the upper mantle at present — and in the past —is a
key problem for understanding the petrological
and geochemical evolution of the mantle, as well
as for constraining the accretion model of the
Earth, the hydrosphere formation and the com-
plete cycle of hydrogen inside the mantle. Hy-

drogen, structurally bound as point defects in
nominally anhydrous minerals (NAM) was first
mentioned by Martin & Donnay (1972) as the
main site for water storage in the mantle. How-
ever, it is only during the past ten years that a
larger attention, initiated mainly by the work of
G.R. Rossman, has been turned to the study of hy-
drogen in nominally anhydrous minerals, and es-
pecially to upper-mantle minerals. The most im-
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Table 1. References to studies concerning hydrogen incorporation in important nominally anhydrous upper-mantle

minerals, in chronological order.

olivine Martin & Donnay, 1972
Wilkins & Sabine, 1973
Beran & Putnis, 1983

Aines & Rossman, 1984a
Freund & Oberheuser, 1986
Kitamura ef al., 1987

Miller et al., 1987
Mackwell & Kohlstedt, 1990
Bai & Kohlstedt, 1992

Bai & Kohlstedt, 1993

Bell et al., 1994

Wright & Catlow, 1994
Libowitzky & Beran, 1995
Kohlstedt et al., 1996

Kohn, 1996

Kurosawa et al., 1997
orthopyroxene Martin & Donnay, 1972
Beran & Zemann, 1986
Skogby et al., 1990
Mackwell, 1994

Bell ef al., 1995
Dobson et al., 1995

clinopyroxene Martin & Donnay, 1972
Wilkins & Sabine, 1973
Beran, 1976

Ingrin et al., 1989
Skogby & Rossman, 1989
Skogby et al., 1990
Smyth et al., 1991
Skogby, 1994

Bell et al., 1995

Ingrin et al., 1995

Ackermann et al., 1983
Aines & Rossman, 1984b, ¢
Rossman et al., 1988
Lager et al., 1989
Rossman et al., 1989
Geiger et al., 1991
Rossman & Aines, 1991
Bell & Rossman, 1992b
Langer et al., 1993
Khomenko et al., 1994
Bell et al., 1995

Wang et al., 1996

Lu & Keppler, 1997
Withers et al., 1998

garnet

portant mantle minerals, as deemed from abun-
dance and hydrogen concentration, have shown to
be olivine, clinopyroxene, orthopyroxene and gar-
net, which have been subjected to a large number
of studies on the different aspects of hydrogen in-
corporation. A selection of such articles is given in
Table 1. The amount of hydrogen varies strongly,
with a range in measured hydrogen concentrations
in the mantle-xenolith samples of about 0-200
ppm H,O for olivine and garnet, and 100-1000
ppm H,O for pyroxenes, as shown by a data com-
pilation by Bell & Rossman (1992a). These
authors conclude, in agreement with others, that
the trace-hydrogen-bearing nominally anhydrous
minerals probably act as the major repository for
H,O in the Earth’s upper mantle (Smyth ez al.,
1991; Bell & Rossman, 1992a).

Nominally hydrous minerals being present in
the upper mantle, such as amphibole, talc,
chlorite, phlogopite, lawsonite, dense hydrous
magnesium silicates (DHMS; Thompson, 1992),
etc., may of course contain considerably higher
concentrations of hydrogen. The high-pressure
stability fields and dehydration boundaries of

these phases are still extensively studied, and the
most recent results suggest that they could be im-
portant storage sites for water in specific regions
of the upper mantle (e.g. Schreyer, 1988; Schmidt
& Poli, 1994; Pawley & Wood, 1995; Schmidt,
1995; Ulmer & Trommsdorff, 1995; Inoue et al.,
1998; Irifune ez al., 1998). Most of these phases
are stable in the range of P, T conditions prevail-
ing in subduction slabs and can transport water at
different depths down to the transition zone
(Thompson, 1992). A few of them, like K-amphi-
boles, could also be stable in hotter regions of the
upper mantle, but their abundance is limited by
the low concentration of K and Na in the upper
mantle (Thompson, 1992). In any case, the hy-
drous and the nominally anhydrous mineral
groups are not exclusive alternatives to water stor-
age in the upper mantle. Both types of phases
must be considered in order to describe com-
pletely the water cycle in the Earth’s interior. Hy-
drous minerals are probably more important in the
water-rich regions of the mantle like subduction
zones, while nominally anhydrous minerals may
be important in the remainder of the upper mantle,
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including the peridotite “conveyor belt” above
subduction zones (¢f. Bell & Rossman, 1992a).

Initially, part of the attention for hydrogen in
upper-mantle minerals was linked to the interest
in the weakening effect of water on the deforma-
tion of mantle minerals, and the possible implica-
tion for the rheology of the mantle (Justice & Gra-
ham, 1982; Chopra & Paterson, 1984; Aines &
Rossman, 1984a; Mackwell et al., 1985; Karato et
al., 1986; Drury, 1991; Ingrin et al., 1992; Chen et
al., 1998). However, it seems now that the most
significant effects caused by hydrogen may con-
cern conductivity (Karato, 1990), stoichiometry,
and partial melting of the host mantle minerals
(Wyllie, 1979; Kushiro, 1990; Bell & Rossman,
1992a; Gaetani et al., 1993; Raterron et al., 1997).

During the last 10 years, quantitative measure-
ments of the concentration of structurally bound
hydrogen in mantle minerals have become re-
liable, mainly due to the improvement of the ac-
curacy of infrared (IR) spectroscopy calibrations
(e.g. Bell et al, 1995). A fundamental issue has
been to decide how the measurements of hy-
drogen concentration performed on mantle xeno-
lith samples can be used to determine the true
amount of hydrogen stored in the upper mantle.
Several authors suggested that large amounts of
hydrogen may be lost by xenolith samples, espe-
cially olivine, during their ascent (Mackwell &
Kohlstedt, 1990; Bai & Kohlstedt, 1992, 1993),
while others cast doubts on the importance of de-
hydrogenation during ascent (lhinger & Bell,
1991; Bell et al., 1994). Despite two recent review
articles (Bell & Rossman, 1992a; Rossman,
1996), the rapidly increasing amount of data col-
lected by European and American laboratories
make it difficult to get a clear view of the current
knowledge on the subject. In this article, we will
successively review: 1) hydrogen concentration
data measured in mantle xenolith samples, 2) the
recent knowledge on the point defects associated
with the structural incorporation of hydrogen,
3) the kinetics of hydrogen exchange reactions,
4) the dependency of hydrogen solubility with
pressure, and 5) the relationship between Fe?t and
hydrogen contents, for the main anhydrous mantle
minerals olivine, clinopyroxene, orthopyroxene
and garnet. The aim is to discuss the realistic
ranges of hydrogen concentration that can-be ex-
pected in the upper mantle, in accordance with the
more recent mineralogical data, and to direct at-
tention to the main points that still need to be ad-
dressed.
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2. Hydrogen in mantle xenolith minerals
and related point defects

2.1. Analytical methods

Quantitative determination of the sometimes low
concentrations of intrinsic hydrogen in nominally
anhydrous minerals may be a difficult task. A
large number of analytical methods have been ap-
plied, and among these, IR spectroscopy has been
the most frequently used method. In the IR spec-
trum the vibrational mode of the OH dipole gives
rise to absorption bands, and the position of these
bands depends on the strength of the hydrogen
bond, bond geometry and neighbours (Libo-
witzky, 1999). Examples of typical IR spectra of
olivine, garnet, orthopyroxene and clinopyroxene
in the wavenumber range of the OH stretching
bands are shown in Fig. 1. The orientation of the
OH dipole may be inferred from the pleochroic
behaviour of the absorption bands. The concentra-
tion of OH is directly related to the intensities of
the bands if the spectra are measured accurately;
e.g. spectra of anisotropic minerals should be
measured in polarised mode (cf. Libowitzky &
Rossman, 1996). Advantages of the IR technique
are very high sensitivity, ability to distinguish hy-
droxyl ions from adsorbed and intrinsic water
molecules, and distinguish OH appearing in inclu-
sions of hydrous phases from OH structurally
bound in the parent phase (e.g. amphibole lamel-
lae in clinopyroxene, Skogby & Rossman, 1989).
The most important disadvantages are the need of
single crystals, and the fact that the technique has
to be calibrated against an independent hydrogen
analysis method. A number of analytical methods
have been adopted to calibrate IR spectra, includ-
ing P,Os cell coulometry (Wilkins & Sabine,
1973), gravimetric techniques (Aines & Rossman,
1984c), nuclear reaction analysis (Rossman et al.,
1988), and gas extraction manometry (Bell et al.,
1995). Some of the early calibrations have been
shown later on to be inaccurate, and the hydrogen
content has in many cases been overestimated. To
obtain accurate OH concentrations from IR spec-
tra, the calibration needs to be performed for the
mineral under study. Since IR spectra in some
cases have been shown to substantially change for
specimens of the same mineral of different com-
positions or from different localities, there may
even be a need for independent calibrations for
the different types of spectra for the same mine-
rals. For a long period such mineral-specific cali-
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Fig. 1. Example of OH bands present in IR spectra of
pyrope, olivine, enstatite, and diopside. Two different
types of OH bands are distinguished from pleochroic
studies or from the behaviour of the bands with tempera-
ture change or with hydrogen incorporation (group I and
II). These differences of behaviour suggest that several
types of defects are involved in H incorporation in each
of these minerals. All spectra were collected on single
crystals under the same conditions, resolution 2 cml,
unpolarized beam and at room temperature. Spectra have
not been normalised to common thickness but were ver-
tically offset by A = 2, each. Samples: Dora-Maira py-
rope; Zabargad olivine; enstatite from Tanzania; diopside
from Russia.

brations were lacking for many mantle minerals,
but the recent calibration of Bell ef al. (1995) has
considerably improved the situation for garnet and
pyroxenes.

Apart from mineral-specific calibrations of IR
spectra a more general calibration method, based
on the correlation of the absorption coefficient
and the band energy for a number of various hy-
drous compounds was reported by Paterson (1982)
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and has often been applied. However, this method
cannot be considered as very accurate when ap-
plied to different NAM, and concentration data
based on this calibration should be treated with
some caution. Recently, a new general calibration
based on stoichiometric hydrous silicate and oxide
minerals was published by Libowitzky & Ross-
man (1997). The authors emphasize that only
spectral areas, and not peak intensities, are corre-
lated with OH concentrations and that proper ex-
perimental conditions are a prerequisite to obtain
true concentrations (Libowitzky & Rossman,
1996). This new calibration is not profoundly dif-
ferent from the earlier calibration (Paterson,
1982), and is reported with a regression reliability
of 10 to 20% (Libowitzky & Rossman, 1997).
However, the general applicability of these trends
to NAM with low concentrations of H is not yet
completely proved and in some cases they differ
strongly from mineral-specific calibrations, e.g.
for pyrope (Libowitzky & Rossman, 1997).

Other methods that have proved useful in
determining hydrogen concentrations in NAM are
secondary ion mass spectroscopy SIMS (Kuro-
sawa et al., 1992, 1997), and solid state nuclear
magnetic resonance (NMR) spectroscopy (Cho &
Rossman, 1993; Kohn, 1996).

2.2. Hydrogen contents in xenolith samples

A compilation of the range of hydrogen contents
as reported in literature for mantle-derived oli-
vine, clino- and orthopyroxene, and garnet is
shown in Fig. 2. The hydrogen contents of the
specific minerals, as well as analytical problems
and uncertainties, will be discussed below.

T

| clinopyroxene

l orthopyroxene

:] olivine

0o 200 400 600 800 1000 1200 1400
ppm H,0

L

Fig. 2. Range of hydrogen concentration measured in
upper-mantle xenoliths. The dashed area for clinopy-
roxene data corresponds to omphacitic composition.
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Olivine

Although olivine has been subjected to a large
number of IR studies during recent years, an ap-
propriate calibration by an independent method is
still missing. Instead, hydrogen concentrations
have usually been calculated from the IR data
using the general calibration by Paterson (1982).
The uncertainty was therefore substantially higher
than for minerals for which accurate mineral-spe-
cific calibrations exists, even though the recent
calibration of Libowitzky & Rossman (1997) is in
fair agreement with the earlier calibration.

Reported hydrogen concentrations for olivine
of mantle origin are generally low, often only a
few ppm, and range from less than 1 up to 140
ppm H,O (Miller er al., 1987; Bell & Rossman,
1992a; Rossman, 1996; c¢f. Fig. 2). The higher
contents are reported for garnet peridotite and
kimberlite megacryst samples, whereas lower
contents are reported for spinel lherzolite samples.
A recent SIMS study on mantle olivine (Kurosawa
et al., 1997) reports concentration levels in the
range 10-60 ppm H,O for a large number of
samples. Although this range is compatible with
the range obtained by IR spectroscopy, SIMS data
from Kurosawa et al. (1997) lead generally to
higher hydrogen content in spinel lherzolites. For
the much studied San Carlos olivine IR band in-
tensities correspond to 0.2-0.6 ppm H,O (Miller et
al., 1987) while SIMS data give considerably
higher concentrations of 30-40 ppm H,O (Kuro-
sawa et al., 1997).

Clinopyroxene

Quantitative determination of hydrogen contents
from infrared spectra can now be considered as
fairly reliable for diopside and augite since several
studies show convergent results (Wilkins &
Sabine, 1973; Skogby er al., 1990; Bell et al,
1995). An exception is omphacite, for which no
mineral-specific calibration has yet been publish-
ed. Omphacite spectra are significantly different
from augite and diopside spectra, with the main
absorption at lower wavenumbers. Since the
molar absorption coefficients for OH have been
shown to systematically increase toward lower
wavenumbers (Paterson, 1982; Skogby & Ross-
man, 1991; Libowitzky & Rossman, 1997), calcu-
lated concentrations for omphacite, based on the
diopside calibration, may be somewhat overesti-
mated (Skogby et al, 1990; Smyth et al, 1991).
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In such cases, the use of a general calibration
method (Libowitzky & Rossman, 1997) may be
preferred.

Clinopyroxene is the major upper-mantle
mineral that has been shown to carry the highest
concentrations of hydrogen (c¢f. Bell & Rossman,
1992a; Fig. 2). Concentration data have been re-
ported for diopside, augite and omphacite, and
range from 100 to 1300 ppm H,O (Skogby et al.,
1990; Smyth et al., 1991; Bell & Rossman,
1992a; Rossman, 1996). Although the highest
concentrations are found in omphacite from
mantle eclogites, augite and diopside contain also
considerable amounts of hydrogen, corresponding
to 400-600 ppm H,0. The hydrogen content in
these phases does not show significant correlation
with the type of mantle environment. Based on a
correlation of hydrogen content and M2 site vac-
ancies in clinopyroxene from mantle eclogites,
Smyth et al. (1991) suggested that the hydrogen
concentration may reach 2000 ppm H,O at depth.

Orthopyroxene

There are few studies of hydrogen contents in
mantle orthopyroxenes, and the calibration of the
IR spectroscopic data has remained uncertain until
the mineral-specific calibration of Bell er al
(1995). Skogby et al. (1990) report concentrations
in the range 60 to 250 ppm H,O, but these values
should be reduced by a factor of 0.4 according to
the new calibration. Bell & Rossman (1992a) and
Rossman (1996) found that most mantle orthopy-
roxenes fall in the range 60-650 ppm H,0, with a
few exceptions at lower concentrations repre-
sented by basalt megacrysts (Fig. 2). Orthopy-
roxene in garnet-peridotite xenoliths show the
highest concentrations, whereas spinel peridotite
show lower concentrations.

Garnet

Mantle pyrope-rich garnets have been subjected to
a large number of studies involving OH analyses
(e.g. Aines & Rossman, 1984b, c; Rossman e al.,
1989; Bell & Rossman, 1992a, b; Langer et al.,
1993). Reported concentrations range from less
than 1 up to 200 ppm H,0, with most samples
containing less than 60 ppm (Bell & Rossman,
1992a; Fig. 2). Significantly higher concentrations
have been reported (Aines & Rossman, 1984b;
Langer et al., 1993), but new calibrations have
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Fig. 3. Schematic diagram of expected hy-
drogen defects in olivine and upper-mantle
nominally anhydrous minerals (NAM) in
general, and related reactions of formation
of these defects.

a. Hydrogen defects in the olivine struc-
ture as suggested by several authors
(Freund & Oberheuser, 1986; Bai &
Kohlstedt, 1993; Libowitzky & Beran,
1995). The crystallographic structure is
projected on the (100) plane and only four
M1 octahedral sites, one M2 site and one
tetrahedral Si site are shown. Hydrogen
defects associated with M1, M2 and Si
vacancies (squares): (2 H'pme - V'MD%
(2 H'Me - V'm2* and (H*s; - V""s)™ are
shown with the orientation of OH bonds in
accordance with the pleochroism observed
in the infrared spectra. For the possible
hydrogen defects associated with oxygen
interstitials (H* - O";)" and (2 H* - 0")* no
locations or dipole orientations have been
proposed by the authors (Bai & Kohlstedt,
1993), we have projected them close to the
much larger empty sites of the structure.
b. Schematic view of the reaction of hy-
drogenation (1) in the olivine structure:
2Fe* + 2 0% + Hy = 2 Fe?* + 2 OH,
leading to the formation of a 2 H*ys. defect
attached to a pre-existing M2 vacancy
V"Mz.

c. Schematic view of a reaction of forma-
tion of a “non-hydrogen point defect” (3)
in the olivine structure: 2 Fe2* + Mgyo* +
1/2 0y = 2 Fe3* + V" + MgO, leading to
the formation of a M2 vacancy V"ump. The
kinetics of reaction (3) is much slower
than the reaction of hydrogenation (1).
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shown these values to be overestimations (e.g.
Bell et al., 1995).

Different types of systematic variations of the
hydrogen concentration in mantle garnets have
been reported. From a study based on 166 mantle
garnets, Bell & Rossman (1992b) demonstrated
that the hydrogen concentration varies according
to the host-rock paragenesis, with the lowest
values obtained for on-craton eclogites and the
highest values obtained for Cr-poor megacrysts.
An inverse correlation between hydrogen content
and molar fraction Xg, = Mg/(Mg+Fe) for Cr-poor
garnet megacryst nodules was interpreted as re-
flecting the increasing water content of a differen-
tiating parental magma. Moreover, samples from
the Colorado plateau, which represent a fluid-rich
mantle, have been shown to contain approx-
imately two times more hydrogen than samples
from southern Africa (Aines & Rossman, 1984b;
Bell & Rossman, 1992a, b).

2.3. Location of OH and associated defects

Although the amount of hydrogen in most nomi-
nally anhydrous mantle silicates is relatively eas-
ily accessible, it is more difficult to determine the
modes of incorporation and the specific crystal-
lographic positions. Since the amount of hydrogen
in these minerals is low (<0.13 wt.% H,0), direct
methods such as X-ray and neutron diffraction
have rarely been used. The current knowledge is
in most cases based on results from indirect
methods such as the pleochroic behaviour of IR
absorption bands, thermodynamic defect chem-
istry, correlation with minor elements, and en-
ergetic calculations. Since the incorporation
mechanisms for hydrogen in both mantle and
crustal samples are thought to be similar, results
from studies on samples from both types of envi-
ronments will be considered below.

Olivine

Most point-defect models have involved Si and
Mg vacancies (e.g. Mackwell & Kohlstedt, 1990),
and some also oxygen interstitials (Fig. 3a). Based
on experimental results showing that the hydrogen
solubility depends on hydrogen fugacity to the
first power and oxygen fugacity to the one-half
power, Bai & Kohlstedt (1992) proposed an incor-
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poration model with hydrogen associated with
oxygen interstitials and Mg vacancies. Due to the
appearance of two groups of OH bands (labelled
as group I and group II; Fig. 1) and the depend-
ence of hydrogen solubility on both oxygen fuga-
city and orthopyroxene activity, these authors sug-
gest that hydrogen atoms associated with oxygen
interstitials occur together with two distinct lattice
defects, one being linked with divalent oxygen in-
terstitials (water molecules) and the other being
linked with monovalent oxygen interstitials (hy-
droxyl ions; Fig. 3a; Bai & Kohlstedt, 1993).

The association of OH with Si and Mg vacan-
cies is compatible with results from studies of the
pleochroic behaviour of IR absorption bands (e.g.
Beran & Putnis, 1983). In a study performed on a
natural forsterite sample showing only group-I
OH bands in its IR spectrum, Libowitzky & Beran
(1995) proposed that oxygen in the Ol position is
partially replaced by OH dipoles pointing towards
an assumed vacant Si-site. They also noticed that
OH at the O2 position and directed towards an as-
sumed vacant M1 octahedron conform to the ob-
served polarisation scheme (Fig. 3a).

However, results based on energetic calcula-
tions are not in full agreement with these defect
models. Using atomistic computer simulation
techniques, Wright & Catlow (1994) investigated
the structures and energies of four different OH
defects in olivine. Incorporation of hydrogen at an
oxygen position accompanied by reduction of fer-
ric iron was found to be the energetically most fa-
vourable mechanism. Incorporation of interstitial
water molecules associated with Fe** reduction
and Mg vacancies was found to be energetically
possible under strongly reducing conditions,
whereas incorporation mechanisms involving Si
and Mg vacancies alone, and also the hydrogarnet
substitution, (Vs;fOH]4), were found to be energet-
ically unfavourable. Nevertheless, Mg and Si vac-
ancies have been shown to be present in signifi-
cant amounts in natural olivine (Nakamura &
Schmalzried, 1983), and reduction of ferric iron
cannot solely explain the hydrogen concentrations
experimentally incorporated at elevated pressures
(Bai & Kohlstedt, 1993; Kohlstedt et al., 1996).

Hydrogen incorporation in olivine seems nor-
mally not to be directly correlated with the con-
centration of other elements, although Kurosawa
et al. (1997) observed a correlation between the
sum of the monovalent cations (H+Li+Na) and
trivalent cations in olivine from garnet peridotites.
In one case, however, a coupled substitution in-
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volving hydrogen and other low-concentration
elements has been demonstrated in olivine. In a
sample of non-mantle origin Sykes ez al. (1994)
report evidence for association of unusually high
amounts of hydrogen with boron. They could
show by TEM studies that the main incorporation
mechanism for the OH determined from IR spec-
troscopy was via the coupled substitution
B(F,0H)Si.;0.;, and to a minor extent also related
to humite-type planar defects.

Clinopyroxene

In the clinopyroxene structure, the O2 oxygen po-
sition has been pointed out as a favourable site for
the OH ion due to its underbonded character, ac-
cording to its Pauling bond strength (Smyth, 1988).
The excess charge created by the OH- = O sub-
stitution may be balanced by either cation vacan-
cies or charge-deficient substitutions (e.g. trival-
ent ions for Si). -

Polarised IR spectroscopic studies of diopside
have revealed OH absorption bands with two
types of pleochroic behaviour, the first (group I)
corresponding roughly to bands ‘around 3640 cm!,
and the second (group II) to bands at 3535, 3460
and 3355 cm’! (Fig. 1). These two types of bands
suggest that at least two types of hydrogen loca-
tions exist simultaneously in the diopside struc-
ture (Beran, 1976; Ingrin ef al., 1989; Skogby et
al., 1990). The OH bands in polarised spectra of
augite are similar to diopside spectra, with the ex-
ception that the band at 3355 cm’! is missing
(Skogby et al., 1990).

Smyth et al. (1991) found a correlation of the
intensity of a strong OH absorption band at 3470
cm’!, characteristic of jadeite-rich omphacite spec-
tra, and vacancies on the M2 site. They suggested
that the OH dipole occupies the O2 oxygen posi-
tion, and is directed towards a vacant M2 site.
This interpretation is supported by experimental
studies that have demonstrated that some clino-
pyroxenes contain octahedral vacancies at the
pressure and temperature conditions where
eclogite is stable (Gasparik, 1986). The same di-
pole orientation is reported from studies based on
the pleochroic scheme of the higher frequency OH
bands (group I) in diopside spectra (Beran, 1976).

Sample chemistry has been demonstrated to
correlate to some extent with the intensity of
various absorption bands in a few cases. For in-
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stance, chromium has been noted to be associated
with a specific band in diopside spectra (Ingrin et
al., 1989), and other trivalent cations have been
shown to be weakly correlated with the intensity
of the group II bands (Skogby et al., 1990). Si-
deficient ferrian diopsides have been shown to ac-
commodate unusually large amounts of OH under
reducing experimental conditions (Skogby &
Rossman, 1989).

Orthopyroxene

Reports considering the OH location in ortho-
pyroxene are scarce. IR spectra of orthopyroxenes
are different from clinopyroxene spectra, and con-
tain several OH absorption bands. The ortho-
pyroxene OH bands may be also divided into two
groups, one consisting of relatively sharp high-en-
ergy bands at 3650-3400 cm™! (group I) and the
other consisting of broad low-energy bands at
3400-3000 cm™* (group II; Fig. 1). An incorpora-
tion model based on the pleochroism of bands
from group I of enstatite was presented by Beran
& Zemann (1986). They suggested that OH oc-
cupies the O2B oxygen position, with a dipole
alignment approximately in the [001] direction.
The pleochroic scheme and OH orientation have
been confirmed for a number of samples by
Skogby et al. (1990). Also for orthopyroxene,
more than one type of defect seems to be involved
in the incorporation of hydrogen, as suggested by
the occurrence of a broad OH band around 3050
cm! with only weak pleochroic behaviour (Beran
& Zemann, 1986; Skogby et al., 1990; Rauch &
Keppler, 1996; Fig. 1).

Garnet

The incorporation mode of OH in garnets has
been discussed in numerous studies (e.g. Aines &
Rossman, 1984b, c; Ackermann et al, 1983;
Lager et al., 1989; Rossman & Aines, 1991;
Geiger et al, 1991; Cho & Rossman, 1993;
Langer et al, 1993; Khomenko et al., 1994;
Wright et al., 1994). The hydrogarnet substitution,
(O4H,) = Si0,, represents the best characterised
type of OH incorporation in garnets, and has been
verified by both X-ray and neutron diffraction
studies (e.g. Lager et al., 1989). In addition, atom-
istic simulation calculations (Wright e al., 1994)
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conducted on the grossular structure have shown
that the hydrogarnet defect is energetically favour-
able, and that such defects should be common in
gamnets. However, the hydrogarnet substitution
seems not to be the only incorporation mechan-
ism, even in grossular. At low hydrogen concen-
trations, IR spectra of grossular are much more
complex than at high hydrogen concentrations,
and NMR studies of such samples have shown
that the OH ions occur in pairs of two rather than
in clusters of four (Cho & Rossman, 1993).

The presence of the hydrogarnet substitution
with up to several wt.% H,O has been well estab-
lished only for garnets of the grossular-andradite
series, and it is unclear whether this incorporation
mechanism is common in the pyrope-rich garnets
of mantle origin. Lager et al. (1989) conclude that
mantle garnets may contain only very limited
amounts of the hydrogarnet component, as indi-
cated from distance-least-squares modelling.
Geiger et al. (1991) interpret a single-band IR
spectrum obtained on synthetic pyrope grown
from oxides as being due to the hydrogarnet com-
ponent. On the other hand, pyrope grown from
gels exhibits four bands that resemble spectra of
natural near end-member pyrope (Rossman et al.,
1989), indicating that OH are present in several
different local environments. However, clear
correlations of OH bands and minor elements in
garnets have not been demonstrated, and Bell &
Rossman (1992b) conclude from an extensive
study that none of the analysed chemical compo-
nents seem to facilitate OH incorporation. A de-
fect related to the hydrogarnet substitution, i.e.
[(OH;)0) groups substituting for SiO, groups,
has been suggested to occur in synthetic titanium-
substituted pyrope (Khomenko et al., 1994).

Additional evidence for multiple incorporation
mechanisms are provided from the behaviour of
absorption bands after annealing experiments at
high pressures and temperatures. Experiments of
water incorporation in Dora-Maira pyrope by Lu
& Keppler (1997) show that the increase of the
OH content in this garnet is related to an intensity
increase of the IR bands around 3650 cm’!, while
the intensities of the bands around 3600 cm! de-
crease (Fig. 1). This behaviour suggests, by com-
parison with the other minerals considered above,
that more than one type of defect seems to be in-
volved in the hydrogen incorporation in pyrope
gamet as no particular single OH defect has yet
been proposed to explain such variations in band
intensities.

3. Mechanisms and Kinetics of hydrogen
exchange reactions

As mentioned above, the defects associated with
hydrogen incorporation in anhydrous minerals
may be quite numerous and complex. The hy-
drogen incorporation mechanisms can be regarded
as the combination of a “non-hydrogen point de-
fect” (a cation vacancy, an anion interstitial or a
substitution by a cation with a lower valency) as-
sociated with one (or several) interstitial hydrogen
ions which act(s) as a local charge compensator
(Fig. 3a). The exchange of hydrogen with the en-
vironment may proceed by two different types of
mechanisms: 1) by moving hydrogen interstitials
without moving the associated “non-hydrogen
point defect” and locally adjusting the charge bal-
ance by oxidation of a neighbouring cation, e.g.
by changing Fe?* into Fe3* (or another multivalent
cation; Fig. 3b), 2) by moving also the associated
“non-hydrogen point defect”, thus suppressing the
need for a local charge balance by hydrogen ions
(Fig. 3c).

The first type of mechanism requires diffusion
of hydrogen ions (protons) coupled with a counter
flux of electron holes, related to the valence
change of multivalent cations (Fe, Mn; Fig. 3b).
The second type of mechanism requires in addi-
tion the diffusion of the related point defects (cat-
ion vacancies, oxygen interstitials, efc.; Fig. 3c).
Reactions of the first type are expected to have a
considerably faster kinetics than the second type
of mechanism (several orders of magnitude). The
first type will be active at low temperatures
(< 1000°C) on the time-scale of laboratory experi-
ments while the second type of mechanism will be
effective only at higher temperatures and/or for
longer durations. The kinetics of oxidation-dehy-
drogenation and reduction-hydrogenation reac-
tions controlling the exchange of hydrogen be-
tween anhydrous minerals and their environment
(mechanism 1) begin to be quite well do-
cumented. However, the reactions of defect for-
mation that control the maximum of hydrogen so-
lubility in the mineral (mechanism 2) are different
for each type of associated “non-hydrogen point
defect” and are still poorly constrained.

3.1. Hydrogenation-dehydrogenation
reactions

The reaction which is generally assumed to con-
trol the hydrogenation-dehydrogenation of an-
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Table 2. Reported kinetic data for the dehydrogenation-hydrogenation reaction for olivine, garnet and pyroxene.

Mineral Orien- T range Environment E + (30) Dy Experiment Refer-
Xpe = tation c0) (GPa) (kJ/mole) (m2/s) ences#
Fe/(Fe+Mg)
olivine //a 800 P=0.3GPa 130+30 (6+3)105 Huptake
San Carlos /e - -194<logfoy<-11.1 13030 (5+4)-106 - 1
Xre=9% /I'b 1000 fH, ~ 160 MPa ? <3-10-12 IR profiles
olivine //a 800 P=0.3GPa 145 £ 30 1.4-104 H uptake
San Carlos /e - Fe/FeO and opx buffer 110+ 50 1.4-10-7 - [2]
XFe =9% /b 1000 180+£50  1.5-104 IR profiles
pyrope 700 H
- in air and N3 flow 253+20 2-5 extraction, [3]
Xre = 16% 950 IR profiles
pink pyrope H
Dora Maira 800 in air <2:10-14  extraction, [4]
XFe =2.5% IR integral
diopside 700 H
XFe =3.6% / - in air 126 + 24 2:10°7 extraction, (5], [6]
a*,b,c¢ 1000 and H uptake,
fg, =0.1, 0.01 MPa IR integral
diopside 600 H-D
Xpe=3.6% /la*, ¢ - fy, =fp,=0.01MPa 14916 4-104 exchange [6]
850 -25 <log fo, <-16 IR integral
diopside 700 H-D
Xpe = 3.6% /b - f, =fp, =001 MPa 143 %33 1-10-5 exchange [6]
900 -25 <log fo, <16 IR integral

# [1], Mackwell & Kohlstedt (1990); [2], Kohlstedt & Mackwell (1998); [3], Wang et al. (1996);
[4], Ingrin & Hercule (1994); [5], Ingrin et al. (1995); [6], Hercule & Ingrin (1999).

hydrous iron-containing minerals involves reduc-
tion-oxidation of iron, following the reaction
(Fig. 3b):

Fe** + O* + 1/2 H, = Fe** + OH" 1
alternatively written:

2Fe’*+2 0%+ HO =2 Fe** + 2 OH + 1/2 O,

or with the Kréger-Vink notation:

Fere + Og* + 172 Hy = Fey* + (OH)o'

with “.” for one extra positive charge and “x” for
a normal charge in regard to the occupied site.
This reaction was first proposed by Barnes (1930)
for the dehydrogenation of amphiboles. The corre-
lation of hydrogen loss with Fe3* increase during
heating has been confirmed by IR and Mdossbauer
spectroscopic studies (Patterson & O’Connor,
1966; Emst & Wai, 1970). Since these early
works, numerous studies of dehydrogenation have
been performed on amphiboles with different
compositions, which have confirmed the impor-
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tance of this reaction (see for instance Hawthorne,
1981; Clowe et al, 1988; Phillips et al., 1989;
Dyar et al., 1992, 1993). These studies on hydrous
minerals have been used largely as guides for the
study of low-temperature hydrogen exchange in
anhydrous mantle minerals.

Recent results of kinetic studies suggest that
for iron-rich minerals (above an Xz, = Fe/(Fe+Mg)
ratio of about 0.08, close to the average of the
upper-mantle composition) the kinetics of reaction
(1) is rate-limited by the mobility of the hydrogen
atoms whereas, for lower iron contents, it is
slower and controlled by the mobility of electron
holes (Hercule & Ingrin, 1999; Carpenter et al.,
2000). In general, the kinetics of exchange is ani-
sotropic (olivine and pyroxenes) if it is controlled
by hydrogen mobility, but isotropic if it is limited
by the electron-hole mobility. As will be discussed
below the kinetics of the hydrogenation-dehy-
drogenation reaction for the different upper
mantle NAM in the temperature range 700-
1000 °C are very close to each other, within one
order .of magnitude (Fig. 4). With an average dif-
fusion coefficient around 10°'°® m%s at 1000°C,
hydrogen exchange by reaction (1) is very fast,
and equilibration should be attained within less
than tens of hours for the majority of crystals at
this temperature.

Olivine

The first qualitative kinetic study of hydrogena-
tion in olivine (San Carlos) was performed by
Mackwell et al. (1985) and showed that the rate of
exchange is very fast at 1100°C (saturation after
few hours for a 3 mm thick sample). Later on, the
same material was subjected to a quantitative
kinetic study in the temperature range 800-
1000 °C (Mackwell & Kohlstedt, 1990). These re-
sults showed that the rate of hydrogenation at 0.3
GPa in San Carlos olivine is strongly anisotropic
with diffusion coefficients along crystallographic
direction D, = 10D, = 100D, and an activation en-
ergy for both a and ¢ directions equal to 130 =30
kJ/mol (Table 2; Fig. 4). The diffusion rate is not
affected by the hydrogen concentration in the stu-
died range of concentrations and seems qualita-
tively not affected by oxygen fugacity. The
authors finally suggest that the kinetics of hy-
drogen incorporation in olivine is controlled by
the diffusion of hydrogen through reaction (1), the
mobile species being protons charge-coupled to a
counter flux of electron holes.
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Fig. 4. Arrhenius plot summarising the kinetics of dehy-
drogenation-hydrogenation reactions and H-D exchange
in olivine (bold lines), pyrope (dashed lines and dot),
diopside (thin lines). All the shaded area represents the
expected range of H exchange in upper mantle NAM
(controlled by H diffusion). The crystallographic direc-
tions of diffusion are indicated for minerals with aniso-
tropic behaviour. (1) H incorporation in San Carlos oli-
vine, Mackwell & Kohlstedt (1990); (2) H extraction in
iron-rich pyrope, Wang et al. (1996); (3) H extraction in
iron-poor Dora-Maira pyrope, Ingrin & Hercule (1994);
(4) H-D exchange in diopside, Hercule & Ingrin (1999);
(5) H extraction in iron-poor diopside, Ingrin et al.
(1995).

Clinopyroxene

Low-temperature extraction and incorporation of
hydrogen in clinopyroxenes was reported by Ing-
1in ef al. (1989) and Skogby & Rossman (1989).
Both papers suggest that hydrogen exchange is
controlled by the oxidation-dehydrogenation reac-
tion (1), which is supported by results from opti-
cal spectroscopy showing that hydrogen uptake
(at 700°C under 1 atm H,) is correlated with an
increase of Fe?*. More recently, Skogby (1994)
has shown from hydrogen incorporation experi-
ments on synthetic crystals studied by Mossbauer
spectroscopy, that octahedrally coordinated Fe>* is
reduced to Fe?* by an amount somewhat higher
than the amount of incorporated hydrogen. The
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kinetics of the hydrogenation-dehydrogenation re-
action has been particularly well documented for
diopside (Ingrin et al., 1995; Hercule, 1996; Car-
penter, 1996; Hercule & Ingrin, 1999; Carpenter
et al., 2000; Skogby, unpublished data).

Experiments performed in air and at 0.1 and 1
atm py, on diopside single crystals with Xg, =
Fe/(Fe + Mg) = 0.036 followed by IR spectros-
copy in the range 700-1000°C have shown that
the kinetics of the hydrogenation-dehydrogenation
reaction is isotropic, and one to two orders of
magnitude slower than hydrogenation of olivine
(Ingrin et al., 1995; Hercule & Ingrin, 1999;
Fig. 4). The activation energy of diffusion is close
to the activation energy found for olivine (126 £
24 kI/mol; Table 2). However, hydrogen-deute-
rium exchange performed on the same samples in
the same range of temperature at 0.1 atm py, and
Pp,» leads to faster diffusion coefficients, that are
much closer to the diffusion coefficients for oli-
vine. The H-D exchange is found to be anisotropic
with D, = D, = 10D, and an activation energy in
the same range as for hydrogenation-dehydroge-
nation of olivine and diopside (around 145
kJ/mole; Hercule & Ingrin, 1999; Table 2, Fig. 4).
These authors conclude that reaction (1) is not
rate-limited by the mobility of hydrogen in iron-
poor diopside, but more probably by the mobility
of electron holes.

As suggested by early studies (Bai et al.,
1994; Skogby, 1994) and quantified by recent de-
hydrogenation experiments performed in air on
diopside single-crystals with various iron content
(Xpe: 0.064, Carpenter, 1996; Carpenter et al.,
2000; 0.05, 0.126, Hercule, 1996; 0.05-0.29,
Skogby, hydrogenation, unpublished data), the
kinetics of reaction (1) increase with the iron con-
tent, up to a maximum rate which corresponds to
the mobility of hydrogen. This rate limit is
reached at Xg, = 0.06-0.08 (Hercule, 1996).

In none of the studies mentioned above has a
dependence of the hydrogen exchange kinetics on
the hydrogen and oxygen partial pressures been
reported.

Orthopyroxene

Almost all the dehydrogenation-hydrogenation
experiments performed on orthopyroxenes are
qualitative (Beran & Zemann, 1986; Skogby &
Rossman, 1989; Bell ef al., 1995). A rough calcu-
lation from the sparse data suggests that the
kinetics of dehydrogenation is in the range of the
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kinetics observed for diopside and olivine.
Skogby & Rossman (1989) assume, by analogy
with clinopyroxene, that hydrogen exchange in
enstatite is governed by reaction (1). However, no
clear proof has yet been published. Preliminary
quantitative kinetic data have been presented by
Mackwell (1994); however, the results were diffi-
cult to interpret due to the different behaviour ob-
served for the individual OH absorption bands.

Garnet

Although a large number of IR analyses of hy-
drogen defects in garnets have been performed
(especially interesting for the present review are
the pyrope-rich mantle garnets), only very few
kinetic experiments have been reported. Despite
the fact that low-temperature dehydrogenation of
garnet on the time scale of laboratory experiments
has been demonstrated, it is generally assumed
that hydrogen in pyrope is less easily removed
than hydrogen in other anhydrous minerals
(Geiger et al., 1991; Bell et al., 1995). This view
is confirmed by recent dehydrogenation experi-
ments performed on iron-rich pyrope single-crys-
tals (around 16 % almandine component) by Wang
et al. (1996) who obtained kinetic rates around
one order of magnitude slower than those ob-
tained for olivine and diopside (Fig.4). The
authors found that the kinetics of dehydrogenation
in pyrope depends on the hydrogen concentration
of the pyrope crystal. Their study also shows that
the activation energy of the diffusion process in-
volved in the dehydrogenation reaction in these
garnets is much higher than that measured for oli-
vine or diopside (253 + 20 kJ/mol; Table 2). How-
ever, for more iron-poor garnet (sample from
Dora-Maira Massif with about 2.5 % of almandine
component) Ingrin & Hercule (1994) found, at
800°C, that the kinetics is at least thirty times
slower than that obtained by Wang ez al. (1996)
(Fig. 2; Table 2). This suggests that the kinetics of
reaction (1) may be positively correlated with the
iron content also in garnet.

General comments

The main points which should be emphasised
from the results of the kinetic studies of reaction
(1) in mantle NAM are:

1) There is only a small variation in the
kinetics of hydrogen exchange in iron-rich oli-
vine, pyroxene and garnet. In the temperature
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range 800-1000°C the kinetics are within one
order of magnitude (Fig. 4).

2) The dependence of the kinetics on iron con-
tent, as demonstrated for diopside and indicated
for garnet, is highly probable for all these mine-
rals if they have a low concentration of iron (Xp.
less than 0.08). The high concentration of iron in
upper mantie NAM (Xg, generally above 0.08)
suggests that the kinetics of H exchange following
reaction (1) is probably rate-limited by the diffu-
sion of hydrogen in these minerals (shaded area in
Fig. 4).

3) The low activation energies of the kinetics
of the exchange reactions (130-140 kJ/mol) ob-
served for olivine and pyroxene compared to the
higher activation energy (250 kJ/mol) observed
for garnet suggest that the types of defects in-
volved in the storage of hydrogen in garnets are
different from those of olivine and pyroxenes. The
activation energies found for garnet are closer to
the activation energies found for H exchange in
quartz and feldspars (160-200 kJ/mol, Kats et al.,
1962; Kronenberg et al., 1986; Behrens, 1994;
Kronenberg et al., 1996).

3.2. Reactions involved in the formation
of hydrogen-associated point defects

The concentration of “non-hydrogen point de-
fects” associated with hydrogen interstitials deter-
mines the maximum amount of hydrogen that can
be incorporated at a given hydrogen fugacity (fy,)
following reaction (1). It is possible to modify the
concentration of these defects by reequilibrating
the mineral with a different thermodynamic envi-
ronment during pre-annealing high-temperature
experiments. Such experiments were first reported
on olivine crystals. Due to the slower kinetics of
defect formation in pyroxenes, it is only recently
that such experiments have been performed with
success in the latter minerals and only preliminary
results are reported here.

Olivine

Bai & Kohlstedt (1992, 1993) have shown that the
amount of hydrogen which can be incorporated at
a given fy, in olivine (San Carlos) pre-annealed at
1300°C, is a function of the oxygen fugacitiy (fo,)
and the orthopyroxene activity (a,p,) sustained by
the sample during the pre-annealing. To explain
the observed relationship between fo, and hy-
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drogen solubility these authors have proposed that
hydrogen defects are related to oxygen interstitials
(O;") or/fand metal vacancies (Vy.', Me cations,
Fe, Mg, Ni, Mn, Ca, efc., may occupy either the
M1 or M2 octahedral site). The related hydrogen
point defects are respectively OH and H,O inter-
stitials (H- O;"Y, (2H" - O;")") or H atoms lo-
cated at empty Me sites (Hy, or 2QH)me, ¢f
Fig. 3a). Bai & Kohlstedt proposed that the con-
centrations of these defects are controlled by the
following reactions, among others.

Creation of a doubly charged oxygen intersti-
tial,

2 Fe** + 1/2 0, = 2 Fe** + O}, 2)

where " indicates two extra negative charges, with
the two possible associated hydrogen defects fol-
lowing equation (1):

FeMe‘ + Oi" + 1/2H2 — FeMex + (H. _ Oi")l,

and
Fepe' + (H® - O") + 172 Hy = Fep &t + 2H® - O)");

or/fand (Fig. 3b):
creation of a doubly charged cation vacancy,

2 Fey + Mey + 1/2 0y =2 Fey” + Ve + MeO,
3

with the two possible associated hydrogen defects
following equation (1):

Fepme + VMme' + 1/2 Hy = Feyt + HMeI ,
and

FCM; + HMe, + 12 H2 = FCMCX + (2H)Mex.

The relaxation times of creep experiments
(Mackwell ez al., 1988), but also the Fe-Mg inter-
diffusion measurements (Nakamura & Schmalz-
ried, 1984), and the reequilibration time of fluid
inclusions in olivine (Pasteris & Wanamaker,
1988), lead these authors to suggest that the modi-
fication of point-defect concentration following
the change in the thermodynamic environment
surrounding olivine crystals is rate-limited by the
mobility of metal vacancies Vi The activation
energy for diffusion of these vacancies is close to
190 kJ/mole, with a Dy in the range of 2-10*
m?%s (Fig. 5; Nakamura & Schmalzried, 1984;
Mackwell et al., 1988). It is not yet clear if the
new thermodynamic state reached by the interior
of the crystal through the migration of metal vac-
ancies V) is really a true equilibrium or only a
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Fig. 5. The high-temperature reequilibration of associ-
ated “non-hydrogen point defects” is probably controlled
by the mobility of metal vacancies Ve Dy, in olivine
is deduced from a compilation of data of Nakamura &
Schmalzried (1984), Mackwell er, al. (1988) and
Kohlstedt & Mackwell (1998), the range of dispersion of
data is about 0.5 in logarithmic units along the line la-
belled “Dy,,, olivine”. The mobility of Vi in diopside
at 1200°C (point) is deduced from Guilhaumou et al.
(1999). The dashed line *Dy,,, diopside” is hypothetical
(question marks), assuming the same slope than the oli-
vine curve. For comparison also the kinetic relations for
hydrogen diffusion in olivine (narrow lines, direction
[100]) and diopside (directions [100] and [001]) are
plotted.

partial equilibrium of the octahedral sublattice
(Poumellec & Jaoul, 1984). As shown by Bai &
Kohlstedt (1993), the change of concentration of
the “non-hydrogen point defects” involved in the
storage of hydrogen in olivine follows the same
type of kinetics. Such relatively fast kinetics are
more difficult to interpret in terms of the mobility
of oxygen interstitials compared to metal vacan-
cies because oxygen is known as one of the slo-
west diffusion species in olivine, with a diffusion
coefficient more than 4 orders of magnitude
slower than Fe or Mg diffusion (e.g. Gérard &
Jaoul, 1989). Kohlstedt & Mackwell (1998) scem
to have definitely abandoned this interpretation in
favour of an interpretation based on metal vacan-
cies (Vpo)-
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However, regardless of the species involved,
these kinetic data suggest a minimum time for a
modification of the concentration of “non-hydrogen
point defects” associated with hydrogen following
an external change of fo, and/or ay, (Fig. 5).

Clinopyroxene

The coefficients of self-diffusion in clinopyroxene
are much slower than the coefficients of self-dif-
fusion in olivine. For instance, the self-diffusion
coefficients of atoms in octahedral sites in diop-
side (Dimanov & Ingrin, 1995, and Dimanov et
al., 1996, for Ca self-diffusion; Freer et al., 1982,
and Brady & McCallister, 1983, for Ca-Mg inter-
diffusion and Fe self-diffusion), are several orders
of magnitude slower than diffusion coefficients of
atoms from octahedral sites in olivine (Buening &
Buseck, 1973; Misener, 1974; Nakamura &
Schmalzried, 1984; Hermeling & Schmalzried,
1984; Jurewicz & Watson, 1988; Jaoul et al,
1995).

The diffusion rate of point defects associated
with hydrogen incorporation, like Vy,, is thus ex-
pected to be slower in clinopyroxene than in oli-
vine at the same range of temperatures (DVyy,, oli-
vine = 107! m%s at 1100°C; Fig. 5). Guilhaumou
et al. (1999) have performed a preliminary experi-
ment on a gem quality Russian diopside single-
crystal in order to measure the mobility of the
point defects involved in the uptake of hydrogen
at 1200°C (V7). The experiment leads to a diffu-
sion coefficient of the order of 5- 101 m%s at
1200 °C (Fig. 5) which is assumed to represent the
mobility of metal vacancies Vy. This diffusion
coefficient.is two orders of magnitude lower than
that of Vj. in San Carlos olivine crystals.

Orthopyroxene and garnet

Despite the lack of diffusion data for orthopyrox-
ene, high-temperature “reequilibration” Kkinetics
similar to that obtained for diopside is expected:
the diffusion coefficients of Mg-Fe interdiffusion
in orthopyroxene measured from low-temperature
experiments (in the range 600-800°C, E, = 233
kJ/mole and Dy = 103, Ganguly & Tazzoli, 1992;
Brady, 1995) lead by extrapolation to 1100°C to
values close to those for diopside (= 10°'8 m%s).
The kinetics of point defect formation in orthopy-
roxene is thus expected to be in the same range as
for diopside.
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The case of pyrope garnet may be somewhat
different due to the nature of hydrogen defects.
Although substitution of hydrogen in the tetrahe-
dral position by the hydrogarnet substitution
(HO00* = SiO,* may be a mechanism of hy-
drogen uptake in pyrope (Geiger et al., 1991; Bell
& Rossman, 1992b), other incorporation mechan-
isms which explain the difference of activation
energy of diffusion of garnet compared to py-
roxenes are acceptable as well. We also notice that
diffusion coefficients of Fe and Mg atoms in al-
mandine-pyrope garnets are several orders of
magnitude lower than in olivine (Dge.mg and Dy,
= 101-10"" m%s at 1100°C; Duckworth & Freer,
1981; Cygan & Lasaga, 1985; Elphick er al,
1985; Chakraborty & Ganguly, 1992; Schwandt et
al., 1995). We suggest that, like for pyroxenes, the
kinetics of reequilibration of the associated “non-
hydrogen point defects” (at least partial reequili-
bration) for pyrope is probably slower than for
olivine.

3.3. Geological implications from
kinetic data

It is possible, from the kinetic parameters con-
sidered above, to determine the time of hydrogen
reequilibration of a single crystal as a function of
temperature and grain size. We have calculated
the time required for olivine, diopside and garnet
to reach 95 % of final concentration for a range of
grain sizes representative of mantle xenoliths, as
shown in Fig. 6 (1-10 mm, see Mercier, 1980).
However, this diagram is only semi-quantitative,
as numerous data are missing concerning the
kinetics of dehydrogenation of garnet, the in-
fluence of the iron content on the dehydrogena-
tion kinetics in diopside and the mobility of metal
vacancies in pyroxenes. Assuming that the ex-
perimental data are directly applicable to mantle
conditions several points can be drawn:

For olivine, the fast kinetics of dehydrogena-
tion-hydrogenation suggests that the measured hy-
drogen content is mainly due to late exchange,
which for the smaller crystals may correspond to
atmospheric hydrogen loss after eruption, and for
the coarser grains to equilibration within a shal-
low magma chamber. The same remark stands for
the hydrogen concentrations measured in mantle
pyroxenes and pyrope garnets which, with a simi-
lar kinetics of dehydrogenation-hydrogenation
(Fig. 4), probably reflect the py, conditions pre-
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Fig. 6. Time required for 95% reequilibration of H in
crystals of 1 to 10 mm size as a function of temperature.
Dehydrogenation-hydrogenation reactions of olivine |
and 10 mm, thick solid curves; pyrope | to 10 mm,
discontinuous curves; diopside 1 and 10 mm, dotted
curves. Partial reequilibration through diffusion of metal
vacancies (olivine 1 and 10 mm, dotted area; diopside 1
and 10 mm, grey area). Curves were calculated from the
isotropic diffusion parameters (7) given in Ingrin et al.
(1995) for cubic crystals (2L x 2a x 2b), except for the
olivine curves which were deduced from a one-dimen-
sional diffusion relation applied to the [100] direction of
olivine (expression (3) in Ingrin et al., 1995).

vailing in the last magma reservoir prior to erup-
tion (shallow magma chamber?).

Thus, the low concentration of hydrogen
measured in mantle olivine and garnet compared
to pyroxenes from the same origin cannot be ex-
plained by a late loss of hydrogen during ascent
through the dehydrogenation reaction (1). We
think that this difference is better explained by a
lower H solubility compared to pyroxenes.

However, the faster mobility of associated
point defects in olivine (mainly V") compared
to pyroxene may also affect the relative amount of
hydrogen preserved in natural samples. The mo-
bility of metal vacancies in olivine is apparently
too high to expect that the initial defect concentra-
tion of the associated “non-hydrogen point de-
fects” could be completely preserved in olivine in
contact with magmas at 900 to 1300°C. In con-
trast, with a partial reequilibration time in the
range of 1 year at 1100°C for a crystal of 10 mm,
pyroxenes could preserve such information and
provide useful data on the thermodynamic condi-
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tions prevailing in the source regions of some
magmas.

We finally remark that, assuming that grain-
boundary diffusion of hydrogen is not rate limit-
ing, the kinetics of hydrogen exchange in NAM is
so fast that at temperatures prevailing at 410 km
depth, equilibrium of hydrous components be-
tween the transition zone and the upper part of the
upper mantle is quite probable. If no effect of
pressure on diffusion coefficients of hydrogen or
vacancies is assumed, the characteristic time of
diffusion in a 10 mm olivine single crystal at
1500 °C is lower than 1h and 40 days for hy-
drogen and vacancies, respectively.

4. Solubility as a function of pressure

Several high-pressure experiments have been re-
cently conducted in order to determine the max-
imum amount of hydrogen that can be incorpo-
rated in olivine, pyroxenes and garnet, and also to
determine how the hydrogen concentration in
these phases correlate with pressure (total pres-
sure, P, and water fugacity, fy,0). The maximum
amount of hydrogen experimentally incorporated
in these phases is on the order of 0.1 wt.% H,O
(1500 ppm for San Carlos olivine, Kohlstedt et
al., 1996; 1200 ppm for synthetic enstatite, Rauch
& Keppler, 1996; 200 ppm for Dora-Maira py-
rope, Lu & Keppler, 1997; 1000 ppm for synthetic
pyrope, Withers et al., 1998; about 1160 ppm for

diopside, Kohn, 1996). Fig. 7 shows a compilation
of the hydrogen solubility at high pressure as a
function of total HyO pressure. We decided to use
this raw parameter rather than the HyO fugacity
because the latter quantity is relatively difficult to
estimate in several experiments or at least neces-
sitates some restrictive assumptions. However,
when H,O fugacity was relatively well con-
strained we expressed in the text the dependency
of the solubility with this fugacity.

Olivine

Solubility data on San Carlos single-crystal oli-
vine have been collected up to pressure conditions
corresponding to the transition zone (Bai &
Kohlstedt, 1992; Kohlstedt et al., 1996). Their re-
sults suggest that hydrogen solubility, at f, condi-
tions controlled by the Ni/NiO buffer, follows the
law:

Cy = A(T) fyy0 exp (-PAV/RT) (G))]

with the activation volume AV = 10.6 x 10¢ m%/
mol and A(T) = 1.1 H/10% Si MPa! for T =
1100°C, with a maximum solubility at 13 GPa
equal to 1510 ppm H,O. The solubility was de-
duced from unpolarized FTIR measurements fol-
lowing the calibration of Paterson (1982). The
data were extracted from the measurement of the
IR absorbance of OH bands between 3780 and
2950 cm! and represents the contribution from all
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different hydrogen defects present in olivine
through different OH bands (bands of group I and
II, Bai & Kohistedt, 1993). The solubility
measured by Kohlstedt et al. (1996) is thus a
maximum value, at least in the presence of pure
H,0 fluids. However, the Paterson (1982) calibra-
tion may underestimate the true amount of hy-
drogen present in olivine by up to 40 %, if we
compare to the new calibration by Libowitzky &
Rossman (1997).

The dependence of total pressure (P) on solu-
bility, as proposed by these authors, is difficult to
interpret since several types of hydrogen defects
are involved: two different defects have indeed
been identified in the OH bands from group I, and
the bands of group II correspond probably to a
third type of defect (see Freund & Oberheuser,
1986; Libowitzky & Beran, 1995).

Clinopyroxene

No systematic studies of the high-pressure solu-
bility of hydrogen in clinopyroxenes have yet
been reported, however, the available data indi-
cate that the solubility increases with pressure (¢f.
Fig. 7). At rather moderate conditions, i.e. 0.3
GPa and 1100°C, Bai er al. (1994) obtained a
solubility of 140 ppm H,O in single-crystal diop-
side. In Fe/FeO buffered experiments on polycry-
stalline diopside performed at 2 GPa and ca.
1050 °C, Lavie & Ingrin, unpublished data) ob-
tained a solubility of 560 ppm H,O. A higher sol-
ubility of 1160 ppm H,O in polycrystalline Al-
rich diopside (DiggCaTs;;) synthesised at 1.5 GPa
and 1000-1150°C was found by Kohn (1996)
using 'H MAS NMR spectroscopy.

Orthopyroxene

Recent experiments performed by Rauch & Kep-
pler (1996; personal comm. 1998) show that up to
1186 ppm H,0 can be incorporated in single-crys-
tal enstatite MgSiO; in the presence of water at
1100°C and 7.5 GPa total pressure (Fig. 7). These
experiments demonstrate that a large quantity of
hydrogen can be stored in enstatite, even without
any iron content. This result is consistent with the
solubility of 240 ppm H,O found by Kohn (1996)
from 'H MAS NMR spectroscopy measurements
on synthetic polycrystalline enstatite synthesised
at 1.5 GPa , 1000-1150°C (Fig. 7). Furthermore,
Rauch & Keppler suggest, similarly to experi-

ments on San Carlos olivine, that a saturation
level of the hydrogen concentration occurs above
a critical pressure.

Garnet

The same type of experiments as those on olivine
and enstatite has been performed on a natural
single-crystal pyrope (Dora-Maira) by Lu & Kep-
pler (1997), in piston cylinder and multi-anvil ap-
paratus with Ni/NiO buffer and pressures up to 10
GPa. Lu & Keppler (1997) succeeded to incorpor-
ate up to 100 and 200 ppm H,O in pyrope at 3 and
10 GPa, respectively. For comparison the amounts
incorporated in olivine or enstatite are 200 and
450 ppm H,O respectively at 3 GPa and around
1000 and 1200 ppm H,O at 10 GPa (see Fig. 7).

Withers et al. (1998) have crystallised syn-
thetic pyrope crystals with up to 1000 ppm H,O as
hydrogarnet defects, at 1000°C and 5 GPa in the
presence of excess SiO,. The authors show that
above 7 GPa only anhydrous pyrope crystallised
in their experiments, suggesting that the stability
field of hydrogarnet defects is relatively narrow in
the upper mantle. However, comparison of these
results with the data from Lu & Keppler (1997) or
with the hydrogen concentration measured in
natural garnet xenoliths is rather difficult as the
nature of hydrogen defects in the latter garnets is
different. Thus, the IR absorption peak reported in
crystallised synthetic pyrope is centred at 3630 cm!
while this peak is almost absent in natural pyropes
(main peaks are centred at 3670 cm! and 3570 cm’!
in natural samples; see Bell & Rossman, 1992b;
Bell et al., 1995; Wang et al., 1996).

General comments

It is clear from the results of the above-mentioned
hydrogen solubility experiments that a maximum
average concentration in the range of 1000 ppm
H,0 may be stored in upper-mantle NAM, at satu-
rated mantle conditions, at least in the main
phases: olivine and pyroxenes. However, the
water saturation condition for the entire mantle
above 410 km is not realistic. The solubility data
collected are still preliminary; for instance, the ef-
fect of the composition of mineral phases on the
hydrogen solubility has not yet been addressed
and data have so far only been collected for re-
stricted fo, conditions (mainly under Ni/NiO buf-
fer).
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However, in a first attempt to understand hy-
drogen storage in the upper mantle, we may as-
sume that the above data are representative of the
solubility dependence of H in mantle phases with
pressure.

Except for pyrope, the maximum amount of
hydrogen measured in natural upper-mantle NAM
corresponds roughly to the range of solubility ob-
tained experimentally for a total water pressure of
1 to 3 GPa (cf. Fig. 2 and Fig. 7). The amount of
hydrogen incorporated experimentally in diopside,
enstatite and olivine, shows the same range of
concentrations as those observed in nature, sug-
gesting that the differences of concentration ob-
served in natural xenoliths are largely caused by a
true difference of H solubility in NAM and not
only due to a difference of kinetics of reequilibra-
tion.

The minimum contents of hydrogen present in
pyroxenes from upper-mantle xenoliths (around
60 and 100 ppm H,O for opx and cpx, respec-
tively) correspond to the solubility at a py,o lower
than 0.2 GPRa for both minerals. For the same py,0,
the amount of hydrogen that can be incorporated
in olivine and pyrope is lower than 10-20 ppm
H,0. These low concentrations may reflect late-
stage hydrogen equilibration of the xenoliths with
the host continental alkali basalt, kimberlite, or is-
land arc magma from which they were extracted.
The minimum hydrogen contents observed in
xenolith samples could thus correspond to their
solubility at the low py,o conditions prevailing in
the host magmas at shallow depths.

The apparent difference in behaviour of gar-
net, with a maximum solubility in xenoliths corre-
sponding to equilibrium with a py,o of 10 GPa
(Fig. 7), may have two reasons. Firstly, Dora-
Maira pyropes used for the experimental study of
Lu & Keppler (1997) show very sharp OH bands
unlike the majority of natural pyropes, which indi-
cates that the Dora-Maira pyrope may not be fully
representative for mantle garnets. Secondly, the
kinetics of reequilibration of pyrope garets (reac-
tion involving host defects, see chapter 3) may be
much slower than reequilibration in olivine or
even in pyroxenes, and thus may preserve infor-
mation from deeper levels than the other minerals
(as suggested by the measurements on mantle gar-
nets by Bell & Rossman, 1992b).

The most recent solubility measurements
show the occurrence of a H saturation level at
high pressures (Kohlstedt et al., 1996; Rauch &
Keppler, 1996; Withers et al.,, 1998). The authors
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generally explain this behaviour by an activation
volume, AV, which is related to the volume
change of the mineral lattice upon hydrogenation.
The expressions of the solubility suggest that a
decrease of solubility should occur at high water
fugacity, and some data support this possibility
(Kohlstedt et al., 1996; Rauch & Keppler, 1996;
Withers et al., 1998). However, this has not yet
been clearly proved for all types of hydrogen de-
fects as all the reactions of hydrogen incorpora-
tion involved in the process are not yet clearly
elucidated, and the occurrence of a decrease in hy-
drogen solubility in upper mantle NAM is still
questionable.

The most important conclusions derived from
the experimental results on hydrogen solubility
can be summarised as follow. The minimum
amount of hydrogen stored in mantle xenolith
samples corresponds roughly to the saturation
conditions of pH,O prevailing in shallow magma
chambers, with the occasional exception of oli-
vine that sometimes contains only sub-ppm con-
centrations of hydrogen (e.g. Miller erf al., 1987).
The presence of numerous xenoliths with higher
H concentrations (e.g. Bell & Rossman, 1992a)
suggests that these xenoliths probably have been
in contact with higher pH,O conditions in deeper
parts of the upper mantle, and that they have kept
a memory of those (Bell er al., 1994). If, during
their transport toward the surface, some xenoliths
have crossed a mantle region dryer than the con-
centration corresponding to the condition of a
shallow magma chamber, they are likely to have
kept a memory also of that. Thus it is reasonable
to assume that such hydrogen-poor regions of the
mantle do not exist, and that the average hydrogen
concentration of the upper mantle above 410 km
depth is higher than this limit (around 60 to 100
ppm H,O for pyroxenes).

5. Implications from the Fe** contents
of xenolith samples

As previously mentioned, a major question in es-
timating the actual hydrogen concentration in
NAM within the upper mantle is whether the hy-
drogen concentrations measured in mantie xeno-
liths are representative for the mantle conditions,
or if hydrogen has been lost (or gained) during the
ascent process. If hydrogen has been lost by the
dehydrogenation-oxidation reaction (1), which ap-
pears as the fastest hydrogen exchange process, a
corresponding increase in the ferric iron contents
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Table 3. Ferric iron content and possible hydrogen loss for nominally anhydrous mantle minerals.

Mineral Fe;O3 max H>O loss H2Oneas Ref.
Wt.% ppm H,0 ppm Hy0
clinopyroxene 0.40-0.80 450 - 900 100 - 1080 [1], [2]
orthopyroxene 0.29-0.50 320-570 60 - 450 [1], [2]
olivine <0.22 250 0.1-140 1]
garnet 0.13-1.57 150 - 1800 1-200 3]

Ferric iron data from [1], Dyar ez al. (1989); [2], Luth & Canil (1993); [3], Luth ez al. (1990).

of the different minerals should be expected.
Comparisons can be made with mantle-derived
amphiboles.

In a study based on 16 kaersutite samples ob-
tained from hornblende megacrysts in basaltic
flows, Dyar et al. (1992) found an inverse correla-
tion of the hydrogen and ferric iron concentrations.
The correlation was interpreted as evidence for
hydrogen loss in connection with iron oxidation
during the ascent process. Without knowledge of
the initial ferric iron contents in NAM in the
upper mantle, an eventual increase can of course
not be determined. Data on both the hydrogen and
ferric iron contents in NAM from the upper
mantle would be valuable, but are unfortunately
not available. Nevertheless, the total ferric iron
contents will provide an estimate of the maximum
possible amount of hydrogen that may have been
lost by the dehydrogenation-oxidation reaction.
Hence it may be worthwhile to consider the ferric
iron contents of the most important NAM.

+ .
F e3 concentrations

The oxidation state of iron in mantle-derived
clino- and orthopyroxene has been investigated by
Maossbauer spectroscopy. For clinopyroxene, Dyar
et al. (1989) report Fe**/Fe'® values in the range
0.12-0.23 for five spinel lherzolite samples, and
Luth & Canil (1993) report values in the similar
range of 0.12-0.24 for ten samples, also of spinel-
lherzolite origin. Assuming a nominal total Fe
content of 3 wt.% FeO for this type of samples,
the ratios correspond to a ferric iron concentration
of 0.40-0.80 wt.% Fe,O;, and a corresponding
maximum hydrogen loss for clinopyroxene in the
range 450-900 ppm H,O (Table 3). For orthopy-
roxene, the same authors report Fe*/Fe' values

in the range 0.04-0.07 (with one outlier at 0.14)
for 12 samples of the same origin. These lower ra-
tios are compensated by the higher total Fe con-
tents in orthopyroxene, with a mean value of 6.5
wt.% FeO, resulting in a comparable ferric iron
concentration of 0.29-0.50 wt.%. The maximum
hydrogen loss for orthopyroxene is thus limited to
320-570 ppm H,O (Table 3).

The ferric iron content in mantle-derived gar-
nets has been investigated by Luth ez al. (1990).
Moéssbauer data obtained on 23 samples from
mantle xenoliths show a bimodal distribution with
garnets from low-temperature garnet lherzolites
having Fe3Y/Fe* <0.07 whereas samples from
high-temperature garnet Iherzolites have Fe3*/Fe't
>0.10. The ferric iron concentration is in the
range 0.13-1.57 wt.% Fe,0Os;, which sets an upper
limit of possible hydrogen loss in the interval 150-
1800 ppm H,0 for the different samples (Table 3).

Olivine shows considerably lower Fe*/Fe'
values, but it has not been possible to detect ferric
iron in mantle olivine by Mssbauer spectroscopy
at all (e.g. Dyar ef al., 1989). Assuming a detec-
tion level around 0.02 in Fe**/Fe®, together with a
total iron content of 10 wt.% FeO, the ferric iron
content should be below 0.2 wt.% Fe,O,;. This
corresponds to a maximum possible loss of hy-
drogen of 250 ppm H,O (Table 3).

Limitations of hydrogen loss

The highest possible amounts of hydrogen that
may have been lost by the dehydrogenation-oxi-
dation reaction in olivine, clino- and orthopy-
roxene are comparable to the upper ranges of re-
ported hydrogen concentrations for the different
minerals (Table 3). These values of possible hy-
drogen loss represent upper limits since the
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phases, with the possible exception of olivine,
cannot be considered devoid of ferric iron in the
upper mantle (e.g. O’Neill et al., 1993).

The much higher hydrogen concentrations that
have been reported for olivine from solubility ex-
periments at high pp,o (Kohlstedt et al., 1996;
Fig. 7) seem not representative for the upper
mantle. If such high concentrations were present
in olivine in the upper mantle, and then decreased
during ascent by the dehydrogenation-oxidation
reaction to the low levels that are measured,
around one order of magnitude higher ferric iron
contents should be expected. However, the com-
paratively fast kinetics of reactions involving the
formation of vacancy point defects in olivine (¢f:
reaction 3) may have allowed reequilibration and
loss of hydrogen by reactions which do not
change the ferric iron content. Two models of hy-
drogen loss appear possible considering the ex-
perimental data.

1) Olivine xenoliths may initially contain
around 100 ppm H,O. During the ascent, varying
amounts of H,O are lost according to the oxida-
tion-dehydrogenation reaction (1), leading to the
observed range of 0-100 ppm H,O. The equivalent
amounts of Fe3* are produced, but the low concen-
trations cannot be detected analytically. The range
in dehydrogenation may be caused by different
conditions during the ascent process.

2) Olivine xenoliths lose hydrogen by a com-
bination of reactions (1) and (3), leading to the ob-
served range of 0-100 ppm H,0. No extra Fe** is
produced in this process following for instance the
equation (3) + (1) :

Meyt + H;O = 2H)yet + MeO. “@)

In the latter model, the initial hydrogen contents
cannot be deduced from the Fe**/Fe™ ratio.
Garnet seems to be the only case of the con-
sidered phases that has such a high ferric iron con-
centration that major dehydrogenation by the de-
hydrogenation-oxidation reaction cannot be ruled
out (Table 3). The maximum ferric iron concentra-
tion corresponds to hydrogen loss around 10-20
times higher than what is normally measured in
mantle garnets. This implies that dehydrogenation
is not limited by the ferric iron content, and may
have occurred to a substantial degree. On the
other hand, published solubility data show that the
solubility in pyrope-rich garnets is not very high
(Lu & Keppler, 1997; Fig. 7), except for the hy-
drogarnet defect (Withers ez al.,, 1998). Although
not strictly comparable, it is worth noting that gar-

nets from high-temperature peridotites in South
Africa have been reported to have higher HO
contents than samples from low-temperature peri-
dotites (Bell & Rossman, 1992b), whereas
samples from high-temperature garnet lherzolites
have higher Fe>* contents than samples from low-
temperature garnet lherzolites (Luth ez al, 1990).
Thus the negative correlation of hydrogen and fer-
ric iron concentration (expected, if a notable
amount of dehydrogenation occurred through re-
action (1) during ascent) is not confirmed in the
mantle garnets.

In view of the reported ferric iron contents, it
seems that the initial hydrogen concentrations in
upper-mantle clino- and orthopyroxene may be
around two times higher than the actually ob-
served upper values, i.e. 1000 ppm H,O for ortho-
and 2000 ppm H,0O for clinopyroxene. These
values represent maximum levels, if we assume
that hydrogen exchange occurs only through reac-
tion (1) since the diffusion kinetics of associated
non-hydrogen defects in clino- and orthopyroxene
are relatively slow. Compared with the available
solubility data (cf. Fig. 7), these hydrogen concen-
trations correspond to equilibrium py,o of less
than 10 GPa for both minerals.

Oxidation-dehydrogenation processes in man-
tle xenoliths during ascent may also have impor-
tant implications for models concerning the oxida-
tion state of the mantle (cf. Luth & Canil, 1993,
O’Neill et al., 1993). When such models are based
on Fe**/Fe'® ratios obtained on mantle minerals
that may have lost hydrogen during the ascent
process, it should be taken into account that the
initial Fe3*/Fe'! ratios may not necessarily be
preserved during the ascent process, and that the
actual ratios in the mantle could be significantly
different. Concomitant measurements of the hy-
drogen contents and the Fe3*/Fe' ratios in mantle
minerals should be valuable in constraining these
oxidation-state models.

6. Constraints on the water solubility in
the upper mantle

6.1. Solubility limits at water-saturation
conditions

As mentioned earlier, it is not justified to imagine
that minerals in the entire upper mantle could be
saturated with water stored as hydrogen-bearing
defects. However, we know that at depths between
100 and 200 km, subducted lithospheric oceanic
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plates dehydrate and release a relatively large
amount of water to the upper mantle wedge above
the slab (Thompson, 1992; Bell & Rossman,
1992a). It is thus realistic to assume that this
mantle wedge may be water-saturated with a total
Pr,o of 3 to 6 GPa, similar to the conditions of the
solubility experiments, assuming that no import-
ant contributions from other volatile phases are
present (e.g. COy).

With the assumption that the experimental sol-
ubility data (Fig.7) are directly applicable to
upper-mantle conditions, it is possible to estimate
the maximum amount of H present in NAM in
this water-rich region at 150 km depth. The max-
imum water content is approximately 520 ppm
H,0 if we assume a garnet-peridotite mantle and a
mineralogical model composed of 0.66 olivine +
0.27 opx + 0.03 cpx + 0.04 gamet (McDonough,
1990). This water content can reach around 610
ppm H,O if, as indicated by the new calibration of
Libowitzky & Rossman (1997), an underestima-
tion of 40 % is assumed on the hydrogen-solu-
bility measurements in olivine.

In the shallow oceanic lithospheric mantle
below 3 GPa (above 100 km), the maximum ex-
pected hydrogen content at py,o saturation in spi-
nel peridotite composed of 0.62 olivine + 0.24
opx + 0.12 cpx (McDonough, 1990) reaches about
370 ppm H,0 (435 ppm H,O for a 40 % underes-
timation on olivine). Thus, a concentration of 600
ppm H,0 is considered an upper limit in the upper
mantle, at least above 150 km depth.

6.2. Constraints from the water content
of melts

Previous attempts to determine the amount of
water in the upper mantle were essentially based
on measurements of the water content of quen-
ched matrix glass of pillow lava or glass inclu-
sions present in phenocrysts from mid-ocean ridge
basalts (MORB) and subduction-zone magmas
(e.g. Michael, 1988; Dixon et al., 1988; Jambon &
Zimmermann, 1990; Sisson & Layne, 1993; Da-
nyushevsky et al., 1993; Sobolev & Chaussidon,
1996). The average concentrations measured in
the most primitive magmas range from 0.1 to 0.5
wt.% H,0 for MORB and 1.0 to 2.9 wt.% H,O for
subduction related magmas (Sobolev & Chaussi-
don, 1996).

Almost all of these authors assume a partition
coefficient for H,O between minerals and melt
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(DY) around 0.01. They deduce the H,O concen-
tration in the source region from the estimate of
the fraction of partial melting (around 5 to 20 %).
For N-MORB or intermediate T-MORB sources
the water contents range from 60 to 300 ppm
H,0. For E-MORB the concentration may be
higher, with 200 to 950 ppm H,O. For subduction
zones the amount is much higher with 600 to
1900 ppm H,O for 5% partial melting. The dif-
ference in concentration inferred from aggregated
fractional melting and batch melting model is not
really significant (Sobolev & Chaussidon, 1996).

Before the possibility of water storage in
NAM was considered, the amount of water in the
shallow upper mantle was interpreted as evidence
for the presence of hydrous minerals or water-rich
fluids in the source regions of magma (Michael,
1988; Dixon et al, 1988; Jambon & Zimmer-
mann, 1990; Sisson & Layne, 1993; Danyushev-
sky et al., 1993). The water concentrations de-
duced from MORB are not in contradiction with
the water contents in NAM as deduced from the
saturation experiments, and the presence of hy-
drous minerals is hence not systematically required
in the source region. On the other hand, water-
saturation conditions in NAM seem not sufficient
to explain the concentration of 600 to 1900 ppm
H,0O derived from subduction zone magmas.

However, all these estimations from basalt
water content are based on assumptions that may
be problematic.

1) For instance, it is generally assumed that
the partition coefficient of water (D%) between
mineral residue and melt during partial melting is
equal to 0.01. This assumption has been deduced
from the similarity of-the behaviour of water and
La partitioning (Dixon et al., 1988). However, the
two so far reported partition coefficients of water
between NAM and melt measured on natural
samples lead to different results. Kurosawa et al.
(1997) observed a DY of 0.015 between olivine
and glass inclusions from ion-probe measure-
ments, and Dobson et al. (1995) measured a parti-
tion coefficient between orthopyroxene and boni-
nite glasses in the range 0.003-0.004 from IR
analyses. The latter data should be shifted to
0.001-0.002 if the new calibration on IR data for
hydrogen in orthopyroxene of Bell et al. (1995) is
applied. Considering the larger hydrogen sol-
ubility in enstatite compared to olivine, the final
partition coefficient between melt and upper-
mantle peridotites deduced from these data should
be 0.02 and 0.001 respectively. If we assume that
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the partition coefficient is equal to 0.001 and that
no hydrous phase is present in the source magma
of subduction-related volcanoes (Sobolev &
Chaussidon, 1996), the expected amount of water
estimated for 5 % fractional melting is reduced to
the range 500-1500 ppm H;0. An experimental
determination of the partition coefficient as well
as the identification of the parameters that may af-
fect the distribution are highly needed in order to
propose a firm estimation of the water content in
the upper mantle.

2) The models applied by a majority of the
authors assume that hydrogen partitioning be-
tween melt and upper-mantle minerals is governed
by equilibrium partial melting. The role played by
equilibrium partial melting in MORB and subduc-
tion-zone magma genesis has been questioned
several times (Bédard, 1989; Qin, 1992; Iwamori,
1993). Disequilibrium partial melting is directly
related to the rate of diffusion of the relevant ele-
ments in minerals compared to the rate of the up-
ward migration of the melt. If diffusion rates of
species are very different, as is expected for the
diffusion of hydrogen and lanthanum in minerals,
a direct relation between elements correlation and
partition coefficients cannot be assumed.

3) Furthermore, the uncertainty on the fraction
of melting is quite large, and especially difficult to
estimate if disequilibrium partial melting occurs.
For instance, partial melting between 6 and 2 % is
sufficient to explain 1.0 to 2.9 wt.% H,O in glass
inclusions, assuming a partition coefficient be-
tween melt and NAM equal to 0.001. The
presence of hydrous phases in the magma source
regions cannot be excluded, but exchange be-
tween melt and NAM must also be considered and
the partition coefficient between NAM and melt
must be measured with sufficient accuracy.

Nevertheless, the available data on hydrogen
solubility in NAM from natural samples and from
laboratory experiments suggest that the average
concentration of hydrogen in-the upper mantle
above the transition zone range from a minimum
value of about 30 ppm H,O to a maximum limit
that should not be much higher than 600 ppm
H,0. We have seen in a previous section that hy-
drogen exchange in NAM can be very fast, faster
than the normal rate of material transport through
mantle convection. The mantle wedge above the
subduction zone at 150 km depth is one of the
“wettest” parts of the upper mantle above 410 km
depth, and the hydrogen concentration of NAM in
this region is probably close to the saturation

level. These observations are in accordance with
an average hydrogen concentration in upper
mantle NAM closer to the 600 ppm H,O upper
value than to 30 ppm H,O.

6.3. Connections with the transition zone

The estimation of the amount of hydrogen stored
in the upper mantle above 410 km is a key ques-
tion if we want to constrain the amount of water
stored in the transition zone between 410 and
660 km depth. Recent experimental results have
shown that B-(Mg,Fe),Si0O, can incorporate up to
3.3 wt.% H,0, suggesting that the transition zone
is probably the main water reservoir of the upper
mantle (Smyth, 1987, 1994; McMillan et al,
1991; Inoue et al., 1995; Kudoh et al., 1996). Ex-
perimental estimates of the partition coefficient of
water between olivine, a-(Mg,Fe),Si0;,, and wad-
sleyite, B-(Mg,Fe),Si0,, give values around D*P =
1/40 (Young et al, 1993) and D¥F = 1/20
(Kohlstedt er al., 1996). All laboratory experi-
ments performed on these phases show that the
amount of water stored in wadsleyite is at least ten
times higher than in olivine. According to these
observations Wood (1995) proposed to constrain
the amount of water in the upper mantle from the
effect of water on the width of the o-B binary
phase loop. Assuming a partition coefficient D*P
of 1/10 and a maximum thickness of the 410 km
seismic discontinuity of 13 km, Wood (1995) con-
cludes from thermodynamic considerations that
H,O concentration of 200 ppm is an upper limit
for the upper mantle above 410 km.

However, according to Stixrude (1997), the
presence of pyroxenes and garnet, not considered
in Wood’s model, may substantially narrow the
width of the binary phase loop and could partly
compensate the effect of water. Wood’s model
predicts a very wide phase-boundary loop for high
concentration of water in olivine, wider than 1.5
GPa at 1500°C for an olivine concentration of
1200 ppm H,0, and even more if a lower DB is
applied. For comparison, experiments performed
by Kohlstedt et al. (1996) with the same amount
of water at 1100°C show that the width of the
loop is narrower than 1 GPa (between 13 and 14
GPa, in agreement with previous dry experiments;
Katsura & Ito, 1989; Fei er al., 1991). However,
to our knowledge, no experimental evidence for a
notable increase of the width of the olivine-wad-
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sleyite transition in the presence of water has been
published.

The kinetics of hydrogen exchange between
NAM is fast enough (see section 3) to assume that
the transition zone is probably in equilibrium with
the upper part of the upper mantle. From the ex-
pected range of water contents in the olivine sta-
bility field of the upper mantle (30-600 ppm
H,0), and the available data on the partition coef-
ficient between olivine and wadsleyite, we can es-
timate the amount of water included in the wad-
sleyite phase of the transition zone to 0.06-1.8
wt.% H,0. These values compare favourably with
the recent estimation of 1-2 wt.% H,0 by Yusa &
Inove (1997) from compressibility data of hy-
drous wadsleyite.

7. Conclusions and perspectives

Conclusions

Estimating the amount of hydrogen stored in the
upper mantle above 410 km is a complex problem
which needs to be adressed in order to quantify
the water cycle in the Earth’s interior. Much pro-
gress has been achieved during the past ten years
in the understanding of water storage in the upper
mantle. In particular, storage of hydrogen in NAM
is now well established and is no longer the re-
search field of mineralogists only. Hydrogen has
been found in most NAM from the upper mantle,
with decreasing concentration of hydrogen fol-
lowing the mineral series diopside > enstatite >
pyrope > olivine. The nature of the point defects
involved in the process of hydrogen uptake in
these minerals has been elucidated, even if not
completely clarified. In particular for pyroxenes
and olivine we know that protons, as well as Fe>*,
play a key role in the process of charge compensa-
tion correlated with point defects such as cations
vacancies and heterovalent substitutions. Kinetic
studies have shown that both Fe*" and H* are in-
volved at low temperatures in the reaction of hy-
drogenation-dehydrogenation following reaction

(1):
Fe** + O* + 1/2 H, = Fe** + OH" 1)

The kinetics of this reaction has been shown to be
so fast for pyroxenes, olivine and pyrope, that we
assume that numerous mantle xenolith samples
loose a part of their initial hydrogen content dur-
ing ascent from the mantle.
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Olivine has also a fast kinetics of creation-
annihilation of point defects associated with hy-
drogen storage (mainly vacancies) suggesting that
this mineral may have lost or gained some of
these defects, following a reaction as expressed by

3):
2 FeMex + MeMex +1/2 02 =2 Feye + VMe"+ MeO
(3)

However, the substantially slower kinetics of
this reaction for pyroxenes, and probably pyrope,
suggests that these minerals are able to preserve a
part of the concentration of point defects they in-
herited from their upper-mantle source region.

The recent high-pressure experiments per-
formed in order to measure the solubility of hy-
drogen in these minerals largely confirm the trend
observed in natural samples: at the same py,o hy-
drogen solubilities decrease in the mineral series
from diopside > enstatite > olivine > pyrope.

As confirmed by the reactions discussed
above, the concentrations of Fe** and H* are
clearly related and the amount of Fe** measured in
the upper-mantle xenolith samples is of the same
range as the hydrogen content (except for pyrope).
It suggests that the concentrations of the two ca-
tions in the upper mantle are highly dependent,
and their behaviour cannot be studied inde-
pendently. The average concentration of hydrogen
in upper mantle NAM, as deduced from the pres-
ent knowledge from natural samples and ex-
perimental results, is somewhere between 30 and
600 ppm H,0, probably closer to the upper limit.

Perspectives

An error of 100 ppm H,O in the determination of
the amount of hydrogen stored in NAM of the
upper mantle above 410 km may drastically
change the results of net budget calculations of
the Earth’s internal water cycle: an extra amount
of 100 ppm H,O in this upper part of the upper
mantle is equivalent to an extra 100 m water layer
at the Earth’s surface, and increases the amount of
water in the transition zone by at least 1000 ppm
H,O (assuming that D*® = 1/20).

In the future, the problem of water storage in
the upper mantle will be accurately solved only if
we are able to accomplish the following tasks:

— determine the different types and locations of
hydrogen defects in diopside, enstatite, olivine
and pyrope;
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— further develop quantitative methods (IR, ion
probe, nuclear reaction analysis, NMR, ezc.)
to measure the concentration of hydrogen in
small upper-mantle samples;

— determine the dependence of hydrogen sol-
ubility on mineral composition and oxygen fu-
ghcity;

— accurately measure the partition coefficients
of hydrogen between NAM and melt;

— determine the kinetics of the involved reac-
tions and the hierarchy of these kinetics for
the four types of minerals;

— perform systematic studies of the relation be-
tween Fe’™ and hydrogen content in mantle
xenoliths.
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