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Abstract The kinetics of hydrogen diffusion in en-
statite was studied by hydrogen—deuterium exchange
experiments in the range of 1-5,000 bar and 700-850°C
using synthetic single crystals of pure and Cr-doped
enstatites. The OH- and OD-content in the samples
was quantified after each thermal treatment with
Fourier transformed infrared spectroscopy. H-D-
exchange rates were measured parallel to the three
crystallographic axes. In addition, in order to visualize
diffusion profiles, OH and OD were mapped for some
samples, utilizing synchrotron IR micro-spectroscopy.
Hydrogen self-diffusivities derived from D/H exchange
experiments at one atmosphere are very similar to the
chemical diffusivity of hydrogen in natural Fe-bearing
orthopyroxene, which was reported previously (Stalder
and Skogby 2003) to exhibit a small, but significant
anisotropy (D[001] > D[100] > D[010]). Activation
energies are estimated to be 211 (+31) kJ/mol for dif-
fusion parallel [100] and 185 (+28) kJ/mol for diffusion
parallel [010]. Lattice diffusion of hydrogen is decel-
erated by more than one order of magnitude when Cr
is dissolved in enstatite. In comparison to the chemical
composition, pressure seems to have only a minor
influence on hydrogen diffusion. Compared to other
minerals in the Earth’s upper mantle, enstatite exhibits
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the highest activation energy for hydrogen diffusion,
suggesting faster diffusion than in other mafic minerals
at mantle temperatures, but slower diffusion at crustal
conditions. Thus under upper mantle conditions,
physical properties that are expected to be influenced
by hydrogen mobility, such as electrical conductivity,
may in enstatite be more intensely affected by the
presence of hydrogen than in other upper mantle
minerals.
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Introduction

During the past 20 years numerous studies have shown
that considerable amounts of hydrogen can be incor-
porated by defects in the crystal lattice of nominally
anhydrous minerals of the Earth’s upper mantle (e.g.,
Kitamura et al. 1987; Skogby et al. 1990; Bell and
Rossman 1992; Bai and Kohlstedt 1992; Bell et al.
1995; Ingrin and Skogby 2000; Rauch and Keppler
2002; Stalder 2004; Zhao et al. 2004). On the one hand,
the solubility and high mobility of hydrogen in mantle
minerals has far reaching consequences for physical
properties such as rheology (Chopra and Paterson
1984; Mackwell et al. 1985; Hirth and Kohlstedt 1996;
Mei and Kohlstedt 2000) and electrical conductivity
(Karato 1990; Wang et al. 1999). In addition, incorpo-
rated hydrogen plays an important role during partial
melting, as it can be released as water and reduce
mantle solidus temperatures. Even if pyroxenes only
account for approximately 30 wt% of the Earth’s
upper mantle, their generally higher OH-contents as
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compared to olivine (Ingrin and Skogby 2000) make
them major hosts for water in the upper mantle.

OH-concentration of natural orthopyroxenes found
at the Earth surface varies strongly with geological
setting (Skogby et al. 1990). It has been argued that
samples from xenoliths from the upper mantle might
have undergone partial water loss during ascent
(Mackwell and Kohlstedt 1990; Ingrin and Skogby
2000), as diffusion experiments on single crystals of
mantle minerals have demonstrated a high diffusivity
of hydrogen (olivine: Mackwell and Kohlstedt 1990;
Kohlstedt and Mackwell 1998; 1999; Demouchy and
Mackwell 2003; orthopyroxene: Stalder and Skogby
2003; Carpenter 2003; clinopyroxene: Ingrin et al. 1995;
Hercule and Ingrin 1999; Carpenter et al. 2000). High
H-mobility in natural (i.e. Fe-bearing) orthopyroxene
from the Earth‘s mantle is—similar to olivine—prob-
ably achieved by electron-hole diffusion coupled to a
counter flux of protons, which is rate-limited by proton
self-diffusion (Mackwell and Kohlstedt 1990).

In this study the kinetics of hydrogen-deuterium
exchange in enstatite was studied experimentally in the
range of 1-5,000 bar and 700-850°C using synthetic
single crystals of pure and Cr-doped enstatites. H-D-
exchange rates were measured with Fourier trans-
formed infrared spectroscopy parallel to the three
crystallographic axes. After verification that H-D-
exchange was fully reversible, diffusion coefficients
were determined in both time dependent exchange
experiments and from diffusion profiles. In order to
visualize diffusion profiles, in some samples OH and
OD was mapped with a spatial resolution of 10-20 pm
utilizing the synchrotron IR-beamline at BESSY II in
Berlin-Adlershof.

Experimental
Enstatite synthesis and preparation

Single crystals of pure enstatite and Cr-doped enstatite
were synthesized from specpure oxides at 25 kbar in a
piston—cylinder apparatus under H,O- or D,O-satu-
rated (D,O from Sigma-Aldrich, 99.9% purity) condi-
tions (Stalder 2002), leading to four different starting
materials. Samples of each charge were analysed with
a JEOL JXA 8900 RL electron microprobe using an
accelerating voltage of 15 kV, a sample current of
15 nA and a beam focus diameter of 5 pm. For Cr the
analysis lasted 30 s on the peak and 15 s on the back-
ground, for Si and Mg the analysis lasted 15 s on the
peak and 5 s on the background. Pure enstatites were
stoichiometric within analytical error (Stalder 2004).
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No other elements than Mg, Si and O were detected.
Three crystals of Cr-doped OD-bearing enstatites
contained 0.64 (+0.19) wt% Cr,03. Similar Cr,Os-
contents (0.58 + 0.09 wt%) were determined in two
crystals of Cr-doped OH-bearing enstatite. No other
elements than Mg, Si, Cr and O were detected. The
oxidation state of Cr was not determined directly, but
on the basis of crystal chemical considerations and the
greenish colour (Stalder 2004) chromium is expected to
be incorporated as ¥Cr**.

Crystals of each charge were selected by handpick-
ing, embedded in a thermoplastic resin and oriented
parallel (100) or (010) using a microscope with polar-
ised transmitted light. All crystals were ground and
polished on both sides and the thickness of each sec-
tion was measured with an accuracy of + 2 um using a
mechanical micrometer. After preparation for diffu-
sion, experiments specimens were between 50 and
290 pm thick. The area of the polished faces was in the
range of 0.2-2 mm?.

Hydrogen isotope exchange experiments

Kinetic studies at one atmosphere were performed by
stepwise thermal treatment in a vertical furnace purged
with a constant H,-gas flow of 60 ml/min. Temperatures
were measured with a Pt;gp—PtggRhjp—thermocouple
located approximately 5 mm above the sample. The
temperature was calibrated against the melting point of
Au and is estimated to be correct within + 2°C. For
H-D-exchange experiments samples were inserted in
an Au-container (5.0 mm in diameter) which was
placed in the central zone of the furnace. The furnace
was then flushed with hydrogen and subsequently
heated to the desired temperature at a rate of 20°C/min.
For cooling the heating power was switched off,
resulting in an initial cooling rate of 12°C/min. As a
finite time is required to reach the nominal temperature
and to quench the sample, additional H-D-exchange
may occur during the temperature ramps. In order to
account for heating and cooling, a run time correction
was applied following the equation (Ingrin et al. 1995):

t
EN/1 1
Teorr = fdwell T / exp |:<R> (T — To>:| dr (1)
0

The activation energy was estimated from Stalder
and Skogby (2003) to be approximately 200 kJ/mol.
The resulting error in time is estimated to be +2 min.

High-pressure D-H-exchange experiments were
performed in an internally heated pressure vessel
(IHPV) at 2,000 and 5,000 bar. Oriented crystals
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initially containing OD were sealed together with
H,O in an Au-capsule with 5.0(4.6) mm outer (inner)
diameter. Analogously, crystals initially containing OH
were equilibrated with D,O (Sigma-Aldrich, 99.9%
purity). Quartz was added to each charge in excess to
the silica solubility in the fluid expected for the given
P-T conditions (Manning 1994), in order to prevent
hydrothermal alteration of orthopyroxene to olivine.
IHPV-runs were initially pressurised to approximately
half of the final pressure and then heated to the final
temperature causing a simultaneous increase in pres-
sure; the final pressure was held constant with-
in + 50 bar. A heating rate of 100°C/min up to 760°C
and 20°C/min between 760 and 800°C was applied,
leading to a short overstepping (up to about 5°C for
1 min). Temperatures were controlled within + 1°C
using a Ptjpp—PtgoRh;g—thermocouple placed next to
the sample. Experiments were finished by switching off
the heating power resulting in an initial cooling rate of
approximately 100°C/min. In order to facilitate the
retrieval of the crystal, the capsule was carefully heated
over a flame until it was sufficiently inflated. Then, the
capsule was cleaned, weighed, pierced, dried and
weighed again, in order to check for fluid loss during
the experiment. In all runs reported here, no significant
weight loss could be observed. All experimental run
conditions are summarized in Table 1.

Infrared spectroscopy

Polarised IR-spectra of each sample was recorded
parallel to the crystallographic c-axis (Fig. 1) in trans-
mitted light using a Bruker IFS 88 FTIR-spectrometer
coupled to a Bruker microscope IR scope II at the
University of Hannover. Measurements were per-
formed using a globar light source, a KBr beamsplitter
and a wire-grid polarizer. For each spectrum 64 scans in
the range between 0 and 6,000 cm™" were acquired with
a spectral resolution of 2 cm™'. Backgrounds in the
spectra were fitted using a polynomial function between
4,000 and 3,500 cm™, 2,950 and 2,650 cm™', and 2,200
and 2,100 cm™'. Total absorption was obtained by
integration over the wavenumber range from 3,000 to
3,600 cm™" for OH and 2,200 to 2,700 cm™" for OD.
During analysis of samples #192-195 significant inter-
ferences of the OD-absorption band close to 2,300 cm™
with the CO,-stretching modes occurred due to varia-
tions in atmospheric CO, during the IR session.
Therefore, in these samples for quantification of H/D
exchange only the integral absorption of the most
pronounced OH-absorption band (range of 3,300-
3,420 cm™) and the corresponding OD-absorption
band (2,450-2,550 cm™) was considered.

Table 1 Experimental run conditions and diffusion results
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#194
#193
#110
#111
#112
#192
#195
#97a°
#97b°
#99
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#114
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# Diffusivity was derived from a concentration profile

°® The same sample was used in runs 97a and 97b. Experiment 97a was performed before 97b

All times are increments. Nominal run times gy Were corrected (o) according to Eq. 1
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Fig. 1 IR-spectra (E//c) 10 10
showing the OH- and a L9 L9
OD-absorption bands in
pure enstatite #111 (a) and -8 8
Cr-doped enstatite #113 -7 g -7 g
(b). The three different g E g E
spectra compare the sample § §
after synthesis under D,0O- it 5 s I o 8
saturated conditions (I, thick -4 5 F4 5
black curves), after the first I L3 é L3 é
thermal treatment in H, at ) M_._._,—/&_t 5
ambient pressure (II, thin i
black curves), and after a 1 -1 I 1
second long term thermal T T 0 T 0
treatment in H, (II1, thick 3500 3300 3100 2900 2600 2400 2200
grey curves). In the case of the wavenumber (cm") wavenumber (cm")
Cr-doped sample, the grey
curve show the spectrum of a 10 10
Cr-doped enstatite with b -9 -9
comparable amounts of Cr as | g L g
#113 synthesized under
H,O-saturated conditions, -7 g r7 E
because the second exchange -6 @ -6 @
experiment with of #113 I L5 g L 5 §
failed (see text) 2 I 2
-4 © -4 ©
2 2
l3 ® L3 '®
II I 3
Lo L o
L1 L
L A I !
T T T 0 T T 0
3500 3300 3100 2900 2600 2400 2200
wavenumber (cm™') wavenumber (cm™)
Crystals equilibrated at high pressure in the IHPV
sometimes exhibited a very fine-grained overgrowth, 045
which probably consists of quartz and was precipitated
from the fluid phase during quenching. Attempts to 035 o
remove this overgrowth in an ultrasonic bath were not 025 §
successful. Spectra of crystals from THPV runs con- ' £
taining H,O exhibited a step-like increased back- 015 é
ground in the OH-absorption region (Fig. 2), whereas
those from runs containing D,O showed a similar | 00 7 L 0.05
feature in the OD-absorption region. This supported ~  LJ'_ _ _ _ _ _ _ _ _ o
the assumption that the additional absorption feature 20.05

was produced by OH- or OD-containing quench
deposits on the crystal surface. As an approximation,
background correction was carried out by adjusting a
linear baseline between 2,940 and 3,600 cm™ (Fig. 2).

In order to visualize the two-dimensional distribu-
tion of OH and OD, some samples were mapped uti-
lizing the synchrotron IR-beamline at BESSY II in
Berlin-Adlershof, Germany, using a Nicolet 870 FTIR
spectrometer equipped with a KBr-beamsplitter, a
Continupm microscope and a MCT-detector. Spectra
were recorded using a rectangular aperture with a
spatial resolution of 10 x 10 to 20 x 20 um. No polar-
izer was applied. For each spectrum 8-32 scans in the
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3800 3600 3400 3200 3000 2800 2600
wavenumber (cm-1)

Fig. 2 IR-spectrum of an originally OD-bearing enstatite equil-
ibrated with H,O at 2 kbar (sample thickness 290 pm). The step
in the background at approximately 2,900 and 3,700 cm™ is
probably due to OH-containing precipitates on the surface of the
crystal. Since polynomial fitting of the stepped background did
not furnish unequivocal results, a linear baseline correction was
applied (dotted line)

range between 2,000 and 4,000 cm™ were acquired
with a spectral resolution of 2 cm™. Between IR-
analyses an automatic X-Y-stage moved the sample
with increments of 10-20 pm. The higher beam bril-
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liance and intensity of synchroton IR-spectroscopy in
comparison to usual FTIR-spectroscopy was insofar
advantageous. Smaller beam diameters and shorter
counting times generated sufficiently high signal-
to-noise ratio absorption signals in the OH- and OD-
vibration regions, and hence enabled mapping with
high spatial resolution. Spectra were automatically
processed yielding peak height, peak area, peak height
ratio or ratio of two chosen peak areas, and the
resulting data were encoded by colour. After data
reduction a smoothing function averaging over the
eight nearest neighbour points was applied (Fig. 3).
Between 378 and 1,225 spectra were recorded to create
one map. The time to create a map of 300 x 300 pum
(consisting of 400 spectra a 16 scans) took several
hours. Two maps revealing the OH and OD distribu-
tion within the sample are shown in Fig. 3. Both sam-
ple #97 (Fig. 3a) and #191 (Fig. 3b) exhibit higher OH/
OD-ratios towards the rim. In case of sample #191 the
diffusion rim appears to be only slightly broader
towards the (001) face than towards the (100) face,
suggesting that diffusion in the Cr-doped enstatite is
nearly isotropic. In the pure enstatite (sample #97),
however, the diffusion rim developed along [001] is
significantly enlarged compared to that along [100],
suggesting a distinct hydrogen diffusion anisotropy.

Analytical solutions of diffusion problems

Because the thickness of the samples perpendicular to
the polished surfaces was much smaller than parallel to
them, diffusion can be described using the solution of
Fick’s second law for one-dimensional diffusion in a
solid medium with a homogeneous initial concentra-
tion bounded by two parallel planes (Carslaw and
Jaeger 1959; Ingrin et al. 1995). This approach is jus-
tified only if the diffusion from the sides is not signifi-
cantly faster than from the basal planes, as supported
by the data presented in Table 1. In H-D-exchange
experiments only one species (i.e. OH or OD) was
initially present. Then the average OH- and OD-con-
centration across the crystal plate follows the equation

v 8 & —Dt(2n +1)* 72
2 Z 2n+1) ( 412 (28)

for the removed species and

aﬂ_ . ii —Dt(2n +1)°n
i 2n+1) 412

a integal
absorbance
OH/OD

>30.0
>23.9
>19.0
>15.2

>12.1
>9.62
>7.66
>6.10
>4.86
>3.87
>3.08

b integral
absorbance
OH/OD

>1.4

>1.2
>1.0

>0.8

> 0.6

Position {(Micrometers)
0 S0 100 150 200 250 300 350 400 450 S00

>0.4

>0.2

50 100 150 200 250 300 350 400
Position (Micrometers)

[100]

[001]

Fig. 3 Maps showing the spatial distribution of the OH/OD
absorbance ratio for a pure enstatite sample #97b after annealing
in H,O (2 kbar, 800°C, 3 h) and b Cr-doped enstatite sample
#191 after annealing in H, (1 bar, 800°C, 24 h). OH/OD-
absorbances are discriminated by colours as indicated on the
right hand side. These ratios were determined by dividing peak
areas in the ranges 3,330-3,400 cm™' and 2,480-2,520 cm™! (a),
and 3,435-3460 cm™" and 2,540-2,570 cm™" (b). Concentration
ratios OH/OD may be calculated by scaling with eqp/eop (cf.
Fig. 4). The solid black line highlights the boarder of the crystal;
spectra taken outside or on the edge of the sample lead to
random values. Note the horizontal scratch in the upper half of a,
causing locally poor quality spectra resulting in deviating values
for total absorbance

for the introduced species, where c,, is the average
concentration across the whole thickness of the crystal
plate, ¢y the initial concentration of the diffusing
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species, D the diffusion coefficient, ¢ the time and 2L
the thickness of the sample.

As orientation of crystals parallel to (001) was not
successful (the preferred cleavage parallel (110) split
the crystal into many fragments as soon as the thick-
ness became smaller than 350 pm), diffusion param-
eters along [001] were calculated from diffusion profiles.
For some crystals diffusivities along [100] were also
calculated from measured diffusion profiles (Table 1).
At a given time the concentration as a function of the
location x along a profile can be expressed as

= erfc (2\;})‘) + erf (f—\/_l_);) (3)

where erfc is the complementary error function,
¢(x) the at position x and X the crystal length along
the profile. As diffusion along the measured profile is
superimposed with the diffusion through the basal
planes, another fitting parameter a, is introduced,
taking into account that the concentration at the dif-
fusion plateau is not 0. Along the profile the contri-
bution of diffusion from the basal planes is assumed to
be constant. In first approximation the two diffusion
processes—on the one hand through the basal planes,
and on the other hand from the side—can be treated
as two independent processes, because the diffusion
coefficient obtained by fitting the profile is mainly
determined by the length over which the concentration
changes.

As the diffusion experiments were carried out at
much lower pressures (and lower hydrogen fugacities)
than the syntheses, defects in the synthetic crystals
were not in equilibrium with the thermodynamic
conditions prevailing during the H/D exchange exper-
iments. Therefore, a decrease in bulk (OH + OD)-
content in the sample is expected to be superimposed
to the D/H exchange. However, the kinetics of de-
hydration is much slower than hydrogen self-diffusion
(Stalder and Skogby 2003) and it is only expected to
change the total (OH + OD) significantly close to the
surface.

Results

Quantification of species concentrations and
reversibility of H-D-exchange

Integral absorbances (Aoy and App) of the OH and
the OD bands are plotted for Cr-free and Cr-bearing
enstatite in Fig. 4. For pure enstatite two parallel
trends are apparent (Fig. 4a). The first trend is defined
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Fig. 4 a Integral absorbances of OH- vs. OD-absorption bands
(Ao and App) for pure enstatites (normalized to 1 cm sample
thickness). Samples #99 (black circles), #110 (open triangles),
#111 (open circles), #112 (open squares), #97a (open diamond)
and #97b (black squares), see text and Table 1. All data follow a
trend which represents the ratio of the integral molar extinction
coefficients. b Integral absorbances of OH- vs. OD-absorption
bands for Cr-doped enstatites. Samples #113 (open circles), #114
(black circles), #115 (grey circles). See text

by sample #99 (black circles), which originally con-
tained OH and was equilibrated with D,0O. #110 (open
triangles), #111 (open circles) and #112 (open squares)
were produced by D,O-saturated syntheses and then
annealed in Hj,-atmosphere at ambient pressure.
Absorbances of all samples synthesized under D,O-
saturated conditions (before and after partial H-D-
exchange) plot on a straight line which intersects the
ordinate at a value close to the integral absorbance of
enstatites synthesized under H,O-saturated conditions
and vice versa. It is therefore concluded that the molar
content of OH of the enstatite crystals synthesized
under H,O-saturated conditions is similar to the OD-
content in crystals synthesized under D,O-saturated
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conditions. As all these data follow a trend with a slope
of —1.8, the ratio of the extinction coefficients for OH
and OD e*gy/e*op = 1.8 can be derived. Knowledge
of this ratio is necessary for calculating diffusion
coefficients from concentration profiles measured
across the crystals.

Reversibility of H-D-exchange was tested using
sample #97 (open diamond). Complete H-D-exchange
was achieved within 24 h by annealing the sample in
D,O atmosphere at 800°C, 2,000 bar (black square on
the OD-axis). Then the sample was stepwise re-equil-
ibrated with H,O at same P-T conditions (black
squares along the broken line). The data of the
hydrothermally treated samples form a second trend
parallel to the first one, but shifted towards lower ab-
sorbances (Fig. 4a). We attribute this shift to partial
dehydration during the initial long term hydrothermal
treatment in D,0O. Using the e*op/e*op ratio of 1.8 the
loss of the total (OH + OD) is calculated to be about
20%. Based on this value a chemical diffusivity of
hydrogen of log Dy[010] = —14.1( & 0.3)m?/s is esti-
mated by applying Eq. 2a. The value is two orders of
magnitude lower than diffusion coefficients derived
from hydrogen H/D exchange at the same conditions
(Table 1) implying that short term D/H exchange
experiments are not significantly influenced by
desorption kinetics in our study.The plot of integral
absorbances of OH- vs. OD-absorption bands of Cr-
bearing enstatites is shown in Fig. 4b. One problem
was that cracks evolved during H/D exchange experi-
ments at 1 atmosphere. After the first exchange step
the abundance of cracks was very low, and the
exchange rate can be still interpreted in terms of
one-dimensional diffusion (#113, #191). However,
subsequent annealing experiments resulted in signifi-
cant losses in (OH + OD). In contrast, D-H-exchange
experiments at high pressure were less affected by
crack formation (#114, #115). But in these experiments
background correction of the IR spectra was more
difficult due to formation of fine-grained overgrowth
on the crystal surface, probably caused by precipitation
from the fluid phase. In order to establish trends for
e*on/e*op we used crystals #113 (open circles), #114
(black circles) and #115 (grey circles) which were
synthesized in the same batch under D,O-saturated
conditions and later equilibrated with H, (#113) or
H,O (#114 and #115), respectively. Because complete
D-H-exchange could not be achieved, two OH-bearing
enstatites (black triangles) with similar Cr content
were synthesized under the same condition as the OD-
bearing crystals (but with excess of H,O instead of
D,0) and used to calculate the ratio of the integral
molar extinction coefficients. Combining these data

yields roughly the same slope for Apy/t vs. App/t and
hence a ratio of e*gy/e*op as found for Cr-free sam-
ples. Thus we infer that the e*on/e*op ratio of 1.8 is
typical for enstatite and used this value for evaluating
relative concentrations of H and D in the diffusion
samples.

Kinetics of H-D-exchange

Diffusion results are summarized in Table 1. In pure
enstatite, H/D exchange is anisotropic, whereby D[001]
is approximately one order of magnitude faster than
D[010]. In Fig. 5a the time dependent OD — OH
exchange in sample #97 is displayed. Figure 5b shows a
diffusion profile parallel [100] and [001], respectively,
confirming the distinct diffusion anisotropy shown in
Fig. 3a. In contrast, diffusion anisotropy in Cr-doped

a1*\

0.8 1

#97, diffusion L (010), 290 pm

a

0.6
3 -logD[010] = 12.1 ( 0.1)
K] 2 kbar, 800°C

0.4 4

0.2 4

OLILI T T T T T
0 1 2 3 4 5 6
t/h

b 0.3

0.2 4
)
e
o
o
o

0.1 1

#97, 3.06 h,
y 2 kbar, 800°C
0 r r
0 0.25 0.5 0.75

x/mm

Fig. 5 Results of D-H exchange with sample #97 at 800°C and
2 kbar. a Variation of integral intensities with time in the central
area of the (010) section. b OD-diffusion profiles along [100] and
along [001] after the last hydrothermal equilibration step. Note
the different diffusivities along both crystallographic axes. Thick
black curves correspond to the diffusion coefficient and thin grey
curves correspond to the upper and lower limit of the given error
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enstatite appears to be much weaker, as illustrated by
the diffusion profiles measured on #191 along [100] and
[001] (Fig. 6). This result is consistent with the OH/OD
distribution map (Fig. 3b), which does not reveal a
significant anisotropy in diffusivity within error.

The effect of pressure on H-mobility does not follow
a clear trend. In Cr-free samples H-mobility is en-
hanced by about half an order of magnitude between 1
and 2,000 bar, but no clear trend is observed between
2,000 and 5,000 bar. H-mobility in Cr-doped enstatites
is also slightly higher at 5,000 bar than at ambient
pressure. The diffusion anisotropy at 2,000 bar (Fig. 5)
is slightly less pronounced, but in the same order as at
1 bar. An increase of diffusivity with pressure cannot
be explained with the concept of activation volume. A
possible explanation could be pressure-induced for-
mation or incorporation of defects. However, the

a

#191, 24.02 h,
. 1 atm, 800°C
T
e
8
S FES

-logD[100] = 14.3 (+ 0.2)
0 . . .
0 0.13 0.26 0.39 0.52
x/mm

b

#191, 24.02 h,
. 1 atm, 800°C
T
e
o
(3]
3 S &

& 1
-logD[001] = 14.1 (+ 0.2)
0 . . . .
0 0.2 0.4 0.6 0.8

x/mm

Fig. 6 OH-diffusion profiles along [100] a and [001] b for sample
#191 after annealing in H, (see also Fig. 3b). Thick black curves
correspond to the diffusion coefficient and thin grey curves
correspond to the upper and lower limit of the given error
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observed effects may be influenced by different pre-
vailing oxygen fugacity in experiments at ambient and
at elevated pressure as well.

The effect of doping is much more pronounced than
that of pressure. H-mobility in Cr-bearing enstatites is
in general, nearly two orders of magnitude lower than
in pure enstatite. The diffusion anisotropy in the Cr-
bearing crystals is less pronounced (Fig. 6), and cannot
be resolved within error of the diffusion profile mea-
surements.

Diffusion coefficients from different temperatures
were fitted using a least squares regression to an
Arrhenius equation

D = Dy e(~E/RT) (4)

where Dy is the diffusivity at infinite temperature and
E, is the activation energy. Results are shown in Fig. 7.
Values for Dy and E, of hydrogen self-diffusion in pure
enstatite along [100], [010] and [001] are listed in Ta-
ble 2. The high error for the diffusion parameters
parallel [001] is due to very imprecise data at 700°C.

)
E
=
Q
(m]
n
L .15 N
~
~
-16 4 ~
~
N
A7 : : : : —
0.80 0.85 0.90 0.95 1.00 1.05 1.10
1000/T (K1)

Fig. 7 Arrhenius plot for H-self-diffusion in synthetic enstatite
along [100] (black circles), [010] (black squares) and [001] (black
triangles). Diffusivities for Cr-bearing samples are shown with
grey symbols. The grey array indicates the range of chemical
diffusivities of hydrogen in natural upper mantle orthopyroxenes
(Stalder and Skogby 2003; Carpenter 2003), determined from
hydrogen extraction experiments. Metal vacancy diffusivities
(dashed line) are from Stalder and Skogby (2003). These values
were calculated from dehydrogenation experiments taken into
account that D ~ 3Dy,, (Kohlstedt and Mackwell 1998)
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Table 2 Parameters for hydrogen self diffusion in pure enstatite HS =h®+ 12H, (g) ( 5)
at 1 atm

Dy (m%s) E, (kJ/mol) kJ/mol Here we use the notation of Kréger and Vink (1956)
- to characterize point defects with respect to species (or

Il [100] 7.9 (+2.6) x 10 211 +31 . .
I [010] 17 (+0.5) x 10 185 8 elements), charge and crystallographic site. Positive,
Il [001] 7.3 (£2.5) x 107 158 +102 neutral and negative charge relative to the regular
structural sites is indicated by superscripts dot, x and
prime, respectively. 4° refers to a polaron (an electron
Discussion hole localized on an iron atom occupying an octahe-

Hydrogen diffusion in natural mantle-derived
orthopyroxenes and in synthetic enstatite

As noted above dehydration kinetics are slow in our
experiments compared to D/H interdiffusion. Hence,
in first approximation we can consider the D/H ex-
change as a process in a quasi-homogeneous medium.
Thus, the diffusion coefficients derived from isotope
exchange experiments are expected to be close to
the self-diffusivity of hydrogen. These values have to
be clearly distinguished from chemical diffusion co-
efficients which are determined from experiments in
which concentration gradients (or more precise gradi-
ents in the chemical potential of hydrogen) occur.

Chemical diffusion of hydrogen has previously been
studied on natural mantle-derived orthopyroxenes
from Kilbourne Hole/New Mexico and Hoher Hagen/
Germany (Stalder and Skogby 2003) and San Carlos/
Arizona (Carpenter 2003) using hydrogen extraction
experiments. The mantle-derived samples were Fe-
bearing with Fe/(Fe + Mg) between 0.08 and 0.10. The
major finding of both studies was that diffusion is
anisotropic in the order D[001] > D[100] > D[010].
Activation energies between 127 and 213 kJ/mol (with
an average of 175 kJ/mol) were determined for dif-
ferent samples and orientations. Diffusion along the
fastest diffusion direction (i.e. [001]) was one order
of magnitude faster than along the slowest diffusion
direction (i.e. [010]). In addition, Carpenter (2003)
studied hydrogen self-diffusion on orthopyroxene from
San Carlos at 1 GPa. Diffusivities were nearly identical
to those derived from hydrogen extraction experiments
and it was concluded that chemical diffusion of
hydrogen (as protons) is coupled to a counter-flux of
polarons (electron holes). Such a mechanism has been
proposed earlier to explain rapid dehydrogenation of
other Fe-bearing mafic silicates (e.g., olivine: Mackwell
and Kohlstedt 1990; clinopyroxene: Hercule and Ingrin
1999) with an iron content exceeding a critical value
(approximately Fe/(Fe + Mg) > 0.08). Extraction or
incorporation of hydrogen in Fe-bearing minerals can
be achieved by the reaction:

drally coordinated M-site). The chemical diffusion of
hydrogen depends on self-diffusion of hydrogen and on
diffusion of polarons by

2DwDyu

D="""""
Dy + Dy

(6)
Since Dy >> Dy (Mackwell and Kohlstedt 1998,
1999) the equation simplifies to

D ~ 2DH (63)

In other words, due to the accelerating effect of
rapidly moving polarons the chemical diffusion of
hydrogen is enhanced by a factor of two compared to
the self-diffusion of hydrogen. If protons are localized
on metal vacancies, reaction 5 modifies to

Hy = Vi +h+1/2H,(g) (7)

Again, the incorporation and extraction of hydrogen
is controlled by the interdiffusion of protons and
polarons, but the mobility of protons may be reduced
by interaction with M vacancies, V};. Hence, in this
case, the self-diffusion of hydrogen will decrease with
increasing concentration of M vacancies. In absence of
heterovalent elements, such as iron, hydrogen can be
incorporated in pyroxene only by substitution of reg-
ular elements, either Mg or Si, because incorporation
of hydrogen as molecular H,O is less likely in the
densely packed pyroxene structure. In pure enstatite
the most prominent hydrogen derived point defect is a
metal vacancy Vyp” on the Ml-position charge bal-
anced by two interstitial protons H;:

2HP +V}i; +MgO = Mgy, +H:0 (g) (8)

Reaction 8 or similar ones were suggested to control
the dehydrogenation of iron-poor pyroxene and olivine
(Mackwell and Kohlstedt 1990; Hercule and Ingrin
1999). The extraction of hydrogen involves parallel
diffusion of M vacancies and protons to the surface of
the crystal and annihilation of M vacancies at the
surface by dissociation reactions of pyroxene or by
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supply of MgO from an external source. Diffusion
mechanisms in which the main cationic constituents of
the orthopyroxene lattice are involved, i.e. Si-diffusion
(Mackwell 1991), Mg-Fe-interdiffusion (Ganguly and
Tazzoli 1994) or Mg-self-diffusion (Schwandt et al.
1998), are more than seven orders of magnitude slower
than hydrogen self-diffusion in the temperature range
investigated here, and hence are not very likely to
control the hydrogen extraction kinetics. If controlled
by reaction 8, fluxes of M vacancies and protons are
coupled by charge balance and the chemical diffusion
of hydrogen is given as (Kohlstedt and Mackwell 1998;
1999)

3Dy, Dy

b= 3Pl
DVM+DH

9)
The diffusion of M vacancies is much slower than
self-diffusion of hydrogen (Dy,,, resulting in

D ~ 3Dy, (9a)

The Mg-vacancy diffusivity calculated from dehy-
dration kinetics of pure synthetic enstatite (Stalder and
Skogby 2003) is in the studied temperature range about
2 log units slower than hydrogen self-diffusion and
matches the hydrogen self-diffusion determined in
Cr-doped enstatite along [010] within error (Fig. 7).
Using the chemical diffusivity of hydrogen from #97
(Table 1) the diffusivity of Mg-vacancies at 800°C and
2 kbar estimated by Eq.9a is log Dy[010] = -14.6
(+0.3) m?%/s, which is in excellent agreement with the
data derived from the experiments of Stalder and
Skogby (2003).

The slow self-diffusion of hydrogen in Cr-doped
enstatite implies that another defect than in pure en-
statite controls the mobility of hydrogen. A probable
incorporation mechanism for hydrogen is a coupled
substitution of 2Mg** by Cr’* + H* (Stalder 2004).
Thus, in Cr-doped enstatite the protons are probably
connected to Cr’* by strong local Coulomb-forces
generating very immobile defect associates, e.g.,
{Cr*+VM” + Hi} or, if protons are localised on M-
positions, {Cr*y+ Hyg). In both cases H/D exchange at
low concentration levels of Cr-defects is rate-limited by
the mobility of the Cr-defect rather than by H self-
diffusion. In this context we can also explain the for-
mation of cracks: the extraction of hydrogen requires
for the conservation of local charge neutrality the
movement of Cr>* or O, causing distortion and stress
in the crystal lattice. A possible defect associate
formed after extraction of hydrogen could be
{2CI'.M+VM”}.

@ Springer

The fact that the chemical composition influences
hydrogen diffusion is also evident when chemical dif-
fusivities of hydrogen in natural mantle orthopyroxenes
are compared to hydrogen self-diffusivities in pure
synthetic enstatite from this study (Fig. 7). According
to Eq 6a, the chemical diffusivity of hydrogen in Fe-
bearing samples is rate-limited by hydrogen self-diffu-
sion, but enhanced by a factor of two by polarons.
Considering this, the hydrogen self-diffusion in natural
(i.e., Fe-, Al-, and Cr-bearing) orthopyroxenes is about
one order of magnitude slower than in pure enstatite
(Fig. 7), illustrating the negative effect of trivalent
cations on hydrogen diffusion.

Comparison to other mantle minerals

In comparison to other nominally anhydrous mantle
minerals, the activation energy for hydrogen self-
diffusion in orthopyroxene exhibits the highest values,
clustering around 200 kJ/mol. Activation energies
reported for hydrogen self-diffusion for other mantle
minerals, as olivine (Kohlstedt and Mackwell 1998,
110 kJ/mol //[001], 145 kJ/mol //[100], 180 kJ/mol //
[010]), diopside (Hercule and Ingrin 1999, 149 kJ/mol //
[001] and //[100]*, 143 kJ/mol //[010]; Carpenter et al.
2000, 153 kJ/mol //[001]*, 181 kJ/mol //[100],) and
garnet (Blanchard and Ingrin 2004a, 140 kJ/mol,
Kurka et al. 2005, 102 kJ/mol) are lower. Dehydration
studies on Fe?*-poor crystals, where hydrogen diffusion
kinetics are prevailingly controlled by metal-vacancy
diffusion, revealed that activation energies are gener-
ally higher than that for hydrogen self-diffusion.
Orthopyroxene (Stalder and Skogby 2003) and garnet
(Wang et al. 1996; Blanchard and Ingrin 2004b; Kurka
et al. 2005), clustering around 300 kJ/mol, show
significantly higher activation energies than olivine
(Demouchy and Mackwell 2003, 211 kJ/mol) and
clinopyroxene (Ingrin et al. 1995, 136 kJ/mol). In
summary, H-mobility in enstatite at 800°C is slightly
slower than in olivine and clinopyroxene, but extra-
polation to mantle temperatures suggest higher H-dif-
fusivities for orthopyroxene than for other nominally
anhydrous minerals in the upper mantle. Physical
properties influenced by hydrogen mobility (as elec-
trical conductivity) are therefore suggested to be more
intensely affected by the presence of hydrogen in
orthopyroxene than in other upper mantle minerals
under mantle conditions.

Petrological application

The data for Cr-free samples imply that H-diffusivities
are fast enough to allow considerable H-exchange
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between a mantle xenolith consisting of mm-sized
crystals and its host magma upon ascent. However, Cr
decelerates hydrogen mobility considerably and, if it is
assumed that Cr does not affect the activation energy
for H-diffusion, orthopyroxenes with a high Cr/Fe-ra-
tio are suggested to be equilibrated with the host
magma less readily.

Trivalent cations such as AI** and Cr’* are abundant
in natural samples and, as demonstrated for Cr in this
study, may reduce the diffusivity of hydrogen signifi-
cantly. On the other hand, it is not very likely that
hydrogen self-diffusion is a simple function of Fe-
content, as extraction experiments on a (010)-section
of a pure synthetic ferrosilite yields nearly identical
diffusivities (Stalder, unpublished data) as hydrogen
self-diffusion in enstatite. However, as natural samples
contain both Fe and trivalent cations, probably the
ratio of Fe/(Cr + Al) controls hydrogen diffusion.
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