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Abstract

Charge transport mechanisms and the proton contribution to electrical conduc-
tivity of synthetic orthopyroxene single crystals could be inferred by combining
results from hydrogen diffusivity and electrical conductivity experiments.

Dehydration experiments were conducted with aluminous enstatite and or-
thopyroxenes with three different Fe/Al-ratios. The results confirm the earlier
finding that iron enhances dehydration by charge-balancing escaping hydrogen
with a counter flux of electron holes, enabling hydrogen to diffuse indepen-
dently on its associated defect. The conjecture that aluminium decelerates
dehydration by forming comparably stable hydrous point defect complexes,
was also confirmed.

H/D-exchange experiments were conducted with pure and aluminous en-
statite, and one Fe- and Al-bearing orthopyroxene. In orthopyroxene with 0-3
wt% FeO total iron, H/D-exchange is about two orders of magnitude faster
than dehydration. In orthopyroxene with 6-10 wt% FeO total iron, dehydration
is similar to H/D-exchange in pure enstatite, indicating that hydrogen diffuses
independently from the associated point defect in both cases. Like dehydra-
tion, H/D-exchange is decelerated by aluminium with respect to pure enstatite,
reflecting the greater stability of hydrogen associated with aluminium.

Electrical conductivity of synthetic and natural hydrogen-bearing orthopy-
roxene showed little correlation with hydrogen content in iron-free enstatite,
and no correlation in iron-bearing orthopyroxenes. Comparing activation ener-
gies of electrical conductivity and hydrogen diffusion, three conduction mech-
anisms could be deduced: proton conduction, polaron conduction arising from
iron redox processes, and ionic conduction via octahedral vacancies. In or-
thopyroxenes with >5 wt% FeO total iron, proton and polaron conduction are
coupled, and polaron conduction is the major charge transport mechanism;
compared to low-iron and iron-free enstatite, electrical conductivity is 0.5-1
order of magnitude higher. For lower iron content, the proton conduction
mechanism is similar to H/D-exchange diffusion in pure enstatite. Although
the aluminous enstatites contained up to ten times more hydrogen than the
pure enstatites, both have very similar electrical conductivities, indicating that
the fraction of hydrogen incorporated in association with aluminium does not
contribute to electrical conduction.
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1. Introduction

1.1. Aim of the study and structure of the thesis

Since hydrogen enhances the electrical conductivity of various nominally anhy-

drous minerals (NAMs) of the upper mantle (e.g., Wang et al. (2006); Yoshino

et al. (2006); Wang et al. (1999); Dai and Karato (2009a)) highly electri-

cally conductive regions in Earth’s mantle were often explained with this phe-

nomenon (e.g., Karato (1990); Lizzaralde et al. (1995); Hirth et al. (2000)).

However, further constraints are needed to quantify the influence of hydro-

gen on electrical conductivity of NAMs and of Earth’s mantle, because so far

existing laboratory studies are inconsistent.

The aim of this study is to investigate the mobility and transport mecha-

nisms of hydrogen and the influence of hydrogen on electrical conductivity in

orthopyroxene, an abundant mineral of the upper mantle. The approach of

this study is to compare hydrogen diffusivity and electrical conductivity in or-

der to draw conclusions about charge transport mechanisms and the protonic

contribution to electrical conduction.

The electrical conductivity of synthetic and natural hydrogen-bearing or-

thopyroxene single crystals was measured with impedance spectroscopy at

ambient pressure and in hydrogen gas-flow. Dehydration experiments and

H/D-exchange experiments were conducted in a variety of synthetic single crys-

tals, such as pure enstatite, Al-bearing, and Fe-bearing orthopyroxenes. The

H/D-exchange experiments, partly conducted during electrical conductivity

measurements, allowed direct comparison of hydrogen mobility and electrical

conductivity and to deduce the protonic contribution to electrical conduction.

Conclusions about transport mechanisms and -kinetics of hydrogen-related
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1. Introduction

point defects could be drawn from the comparison of hydrogen diffusivity in

pure enstatite and orthopyroxenes doped with Fe, Al, and Al+Fe.

In the first part of the thesis, the hydrogen diffusion experiments are de-

scribed and hydrogen incorporation and transport mechanisms are discussed.

The second part deals with the electrical conductivity measurements; results

are discussed and compared to earlier studies. The third part combines the

results from the first and the second part, to mathematically model electrical

conductivity results with diffusivities of hydrogen, polarons, and octahedral

vacancies.

1.2. Hydrogen in Earth’s Upper Mantle

The upper mantle extends from the Moho at 30-80 km depth below continental

crust and at 5-7 km below oceanic crust down to the transition zone at about

410 km depth. The boundaries of the upper mantle are marked by a change in

seismic wave velocity arising from density contrasts. At the Moho, the change

is caused by the density contrast between the continental crust (mean den-

sity of 2.8 g/cm3) and mantle peridotite (mean density of 3.2 g/cm3). At the

410 km discontinuity olivine changes to the denser modification wadsleyite.

At ∼520 km wadsleyite changes to ringwoodite, which in turn breaks down to

perovskite and ferropericlase at about 660 km depth, giving rise to the 660 km

seismic discontinuity which marks the lower boundary of the transition zone

(Fig 1.1). Assuming the pyrolite composition, ortho- and clinopyroxene are

abundant in the uppermost 100 km of the mantle and, with increasing pres-

sure, are transformed more and more into the majorite component of garnet.

Orthopyroxene completely disappears at depth below ∼350 km.

Chemically homogeneous MORB compositions with respect to major ele-

ments suggest a chemically homogeneous depleted upper mantle which is con-

vectively stirred (e.g., Hofmann (1997)). Meibom and Anderson (2003) suggest

an alternative model in which a depleted mantle is mixed with relatively small
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1.2. Hydrogen in Earth’s Upper Mantle

E L E M E N T S JUNE 2008

COMPOSITION AND MINERALOGY OF THE
UPPER MANTLE AND TRANSITION ZONE
By comparing seismic properties with those estimated for
particular mineral assemblages, the physical and chemical
properties of the mantle can be constrained. A reasonable
starting point in such an analysis is to choose an average
upper-mantle chemical composition and then examine the
mismatch between the seismic properties observed and cal-
culated for a mineral assemblage reflecting this composition
as a function of depth. A number of methods have been
used to estimate upper-mantle composition. The simplest
use analyses of xenoliths that appear to have been unaf-
fected by melting, while others assume that certain elements
in the mantle have chondritic ratios (i.e. ratios found in
meteorites considered to be the unfractionated building
blocks of the Earth). Pyrolite, on the other hand, a synthetic
rock composition conceived by Ringwood as the source
rock for mid-oceanic ridge basalts (MORB), was constructed
by mixing a basalt composition with what was considered
to be the corresponding mantle-melt residue (see Ringwood
1991). Differences in major-element concentrations between
the majority of recently proposed upper-mantle compositions
appear quite minor (Walter 2004). There are slightly more-
obvious differences between the mineral proportions estimated
for such compositions at, for example, 1.5 GPa (gigapascals).
Most compositions result in olivine contents in the range
49–62%. Models that assume chondritic ratios for some ele-
ments have in general lower olivine contents than models
based primarily on mantle samples, while pyrolite falls
roughly in the middle (56%). Although
the various compositions would become
much more distinct if we were comparing
the types of basalts they would produce
by partial melting in the MORB source
region, differences in terms of density
and elastic properties are likely to be at
the limit of what can be discriminated
using geophysical observations.

FIGURE 1 shows the variation in mineral
proportions of a pyrolite composition as
a function of depth along an oceanic
geotherm. This is most easily described
by dividing the diagram in two and first
describing the olivine transitions, each of
which is related to a seismic discontinuity,
and then transformations in the remain-
ing Si- and Al-rich minerals, which
undergo phase transformations over
much broader depth intervals. The tran-
sition zone begins at ~14 GPa (410 km
depth), where (Mg,Fe)2SiO4 olivine trans-
forms into the denser structure wads-
leyite, sometimes referred to as β-phase or
modified spinel. At ~17.5 GPa (520 km),
wadsleyite transforms into ringwoodite,
sometimes termed γ-phase or silicate spinel.
At approximately 24 GPa (660 km), ring-
woodite breaks down to an assemblage of
perovskite-structured (Mg,Fe)SiO3 and
(Mg,Fe)O magnesiowüstite (actually fer-
ropericlase as MgO is greater than FeO),
which marks the beginning of the lower
mantle. With respect to Si- and Al-rich
phases, by 3 GPa pyrolite is composed of
garnet peridotite, but with increasing
pressure both clinopyroxene and
orthopyroxene components are incorpo-
rated into garnet as a result of the garnet
octahedral site, which is normally occu-

pied by Al, accepting Mg (and Fe) and Si. The Al-free garnet
end member (Mg,Fe)4Si4O12 is called majorite. This substi-
tution is favoured with increasing pressure and tempera-
ture. Garnet accepts Mg and Fe into the octahedral site but
not Ca, so the majorite substitution initially decreases the
proportion of orthopyroxene; however by mid–transition
zone conditions, all pyroxene components are hosted by
garnet. At pressures higher than 18 GPa, CaSiO3 perovskite
starts to exsolve from garnet. At depths greater than 660
km, garnet also transforms into (Mg,Fe)(Al,Si)O3 perovskite,
over a wider pressure interval than the ringwoodite trans-
formation, causing the Al content of perovskite to increase
over the first 50 km of the lower mantle. 

The uniformity in the major-element composition of
MORB over time is apparent evidence that the upper man-
tle has a relatively homogeneous composition, at least at
the scale at which partial melting takes place. However,
trace elements and radiogenic isotopes indicate significant
chemical heterogeneity in the basalt source region. These
characteristics must reflect, to some extent, the more
mobile nature of incompatible trace elements, while varia-
tions in major elements should be much smaller. On the
other hand, certain geochemical signatures in mantle-
derived magmas are widely believed to be caused by the
presence of subducted oceanic crust in the mantle. In some
studies, it has been proposed that partial melts from sub-
ducted crust are a component of most mantle-derived mag-
mas and that the relative homogeneity of MORB in fact
reflects mixing either in magma chambers or through melt

Mineral volume fractions for the top 1000 km of a pyro-
lite mantle. Small orange and pink regions in the top-

right-hand corner denote the stabilities of feldspar and spinel, respec-
tively (Ringwood 1991; Stixrude and Lithgow-Bertelloni 2005). Five
inset images show minerals recovered from high-pressure and high-
temperature experiments where the field of view is typically ~0.2 mm.
The olivine, garnet and pyroxene photographs are of natural samples
from peridotite xenoliths. 

FIGURE 1

172

Figure 1.1.: Mineralogical composition of Earth’s mantle; the figure was copied
from Frost (2008)

parts of subducted oceanic crust on length scales 102-105m and the source

region of basaltic melts averages over these two components. The fact that

basaltic rocks are homogeneous in major element composition but variable

in trace element and radiogenic isotope composition shows that incompatible

elements are more heterogeneously dispersed in the MORB source regions, re-

flecting their higher mobility (Frost, 2008). Hydrogen can also be considered a

mobile incompatible element, and water contents in Earth’s mantle vary likely

both radially and laterally.

The water rich exosphere originates from volcanic outgassing of water. A

substantial amount of water is recycled from the exosphere into the mantle

with subducted oceanic crust via sea-floor sediments and serpentinised litho-

spheric mantle (e.g. Kerrick and Connolly (2001)). Pore water and water from

decomposing hydrous minerals is released from the sediments. A part of this

water causes serpentinisation of the subducted lithospheric mantle, a process

which enables water transport to greater depth (Ranero et al., 2003; Rüpke
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1. Introduction

et al., 2004). The subducted crustal rocks are dehydrated further and eclogi-

tised at greater depth in the mantle. Some of the released water causes partial

melting in the overlying mantle wegde and generates arc volcanism in the ob-

ducted plate. Some water is transported further down and is incorporated into

the minerals of the upper mantle and transition zone. It is controversial how

much water resides in the mantle and how it is distributed.

In nominally anhydrous minerals (NAMs), hydrogen is incorporated as hy-

droxyl and causes point defects. In olivine, hydrogen might also form planar

defects of the humite type (Kitamura et al., 1987). In pyroxenes, hydrogen

related point defects form complexes with trivalent cation-related point de-

fects. The hydrogen solubility is therefore enhanced by doping pyroxenes with

trivalent cations, such as ferric iron, chromium, and aluminium. Aluminium

incorporation in orthopyroxenes particularly enhances the hydrogen solubility

in orthopyroxenes (Stalder, 2004). It has been argued that hydrogen related

point defects in NAMs are the major repository for water in Earth’s mantle

(Bell and Rossman, 1992). Concentrations of hydrogen in natural upper man-

tle peridotite xenoliths amount to 0-194 ppm-wt H2O in olivine, 39-460 ppm-

wt H2O in orthopyroxene, and 140-957 ppm-wt H2O in clinopyroxene (Peslier,

2010). Clinopyroxene typically contains twice as much water as orthopyroxene

and olivine hosts about one tenth of the clinopyroxene’s water content. It is

questionable, wether water concentrations in mantle xenoliths represent the ac-

tual upper mantle water concentrations, because dehydration profiles observed

in olivine indicate partial re-equilibration of xenoliths during their ascent (De-

mouchy et al., 2006; Peslier and Luhr, 2006). On the other hand, Peslier (2010)

pointed out that dehydration profiles were observed only in olivine and never

in the associated pyroxenes. Kinetics of hydration in iron-bearing San Carlos

olivine along the fastest crystallographic direction [100] (Kohlstedt and Mack-

well, 1998) is about 0.5 log units higher than dehydration along the fastest

direction [001] in mantle orthopyroxene from Kilbourne Hole, which is the

fastest dehydration diffusivity of pyroxenes available up to now (Stalder and
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1.2. Hydrogen in Earth’s Upper Mantle

Skogby, 2003). Dehydration in synthetic orthopyroxene (Stalder et al. (2007),

this study) and diopside (Ingrin et al., 1995; Hercule and Ingrin, 1999; Car-

penter Woods et al., 2000) is several log units lower. It may be concluded

that hydrogen contents of the upper mantle might rather be inferred from the

pyroxenes in xenoliths as long as the individual crystals do not exhibit a de-

hydration profile. However, dehydration and hydration kinetics in pyroxenes

are still high enough to enable re-equilibration of minerals in a mantle xenolith

with the host magma within days.

The common model for water contents of Earth’s mantle is based on obser-

vations from mantle xenoliths, basaltic melts and experimentally determined

hydrogen solubilities in mantle minerals. Water contents in the upper man-

tle probably increase with depth from ∼200 ppm-wt H2O at the MOHO to

∼4000 ppm-wt H2O at ∼410 km depth (Bolfan-Casanova, 2005). The transi-

tion zone is believed to host about ten times more water than the upper mantle;

the hydrogen storage capacity of wadsleyite and ringwoodite was experimen-

tally determined to be 2-3 wt% H2O at relevant P-T-conditions (Kohlstedt

et al., 1996; Smyth et al., 1997). Solubility of water in lower mantle min-

erals — perovskites and ferropericlase — is low, i.e., <10 ppm-wt H2O in

Mg-perovskite and <20 ppm-wt H2O in ferropericlase. Furthermore, it was

found to be negatively correlated with temperature (Bolfan-Casanova et al.,

2000, 2002, 2003). This suggests much lower water contents in the lower man-

tle than in the transition zone and in the upper mantle but this is controversial

due to experimental difficulties.

If more water is present than can be incorporated into the minerals, a water-

rich fluid phase or a hydrous silicate melt may form. A review on water induced

partial melting in the mantle is provided by Hirschmann (2006). When partial

melting occurs, hydrogen strongly partitions from the minerals into the melt;

for example Tenner et al. (2009) estimated the partition coefficient between

peridotite and coexisting melt to be 0.01-0.005 at upper mantle conditions.

This suggests that partial melts potentially have a large influence on the con-
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1. Introduction

centration and distribution of water in the mantle.

An important topic with implications for geophysical observations is the

influence of hydrogen related point defects on physical properties of NAMs,

comprising essentially the enhancement of all kinds of transport mechanisms

in the minerals, including plastic deformation, through the weakening of in-

teratomic bonds and causing of point defects. In silicates, hydrogen forms

hydrogen bonds with two oxygen atoms, where one oxygen atom accepts an

electron from the hydrogen atom and the positively charged proton attracts a

second adjacent oxygen atom. In crystals, the hydrogen bond length, or alter-

natively the bond strength, depends on the distance between the two oxygen

atoms in the undisturbed lattice. Hence, the mobility of hydrogen depends

on the incorporation mechanism which determines its position in the crystal

lattice. The interatomic bonds in the vicinity are disturbed and weakened

through the formation of hydrogen bonds and the associated point defects.

The influence of hydrogen related point defects on the macroscopic rheol-

ogy of mantle rocks persists in the reduction of shear strength (e.g., Hirth and

Kohlstedt (1996); Mei and Kohlstedt (2000a,b); Dixon et al. (2004); Chen et al.

(2006)) and in a change and enhancement of lattice preferred orientation of

minerals through shear strain, causing a rheologic anisotropy (e.g., Jung and

Karato (2001)). The presence of hydrogen, either in a fluid phase or incorpo-

rated into the minerals, also lowers the melting temperature of minerals, influ-

encing the mechanical properties of mantle rocks by triggering partial melting

(e.g., Gaetani and Grove (1998); Asimow et al. (2004); Médard and Grove

(2008)). Therefore, seismic wave attenuation and seismic anisotropy might

indicate the presence of hydrogen (Karato and Jung, 1998; Shito et al., 2006).

When the minerals become anelastic through hydrogen-induced weakening,

seismic waves are attenuated due to energy dissipation. The anisotropic effect

of hydrogen on anelasticity (Mackwell et al., 1985) as well as the anisotropic

texture of sheared mantle rocks are possible explanations for seismic anisotropy

(Karato et al., 2008).
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1.2. Hydrogen in Earth’s Upper Mantle

The weakening of interatomic bonds enhances the mobility of cations in

mantle minerals. This is reflected by the enhancement of radiative heat con-

duction (Hofmeister, 2004; Hofmeister et al., 2006), of diffusivity of cations

(e.g. Hier-Majumder et al. (2005)), and of electrical conductivity in mantle

minerals (Karato, 1990). Electrical conductivity in hydrogen bearing NAMs

is not only enhanced through higher mobility of cations, but also through the

addition of mobile protons contributing to charge transport. The enhancing

effect of hydrogen on electrical conductivity was observed in wadsleyite and

ringwoodite (Dai and Karato, 2009b; Huang et al., 2005; Yoshino et al., 2008),

in olivine (Wang et al., 2006; Yoshino et al., 2006, 2009), in diopside (Wang

et al., 1999), in orthopyroxene (Dai and Karato, 2009a), and in bulk mantle

peridotites (Wang et al., 2008). Thus, high electrical conductivities in the

upper mantle were often interpreted in terms of hydrogen enhanced electrical

conductivity in minerals (e.g., Karato (1990); Hirth et al. (2000)). In addi-

tion anisotropic electrical conductivity at the base of the lithosphere (Bahr

and Duba, 2000; Leibecker et al., 2002; Gatzemeier and Moorkamp, 2005) was

hypothesized to be caused by the anisotropic mobility of hydrogen in upper

mantle minerals derived from laboratory electrical conductivity (e.g., Wang

et al. (2006); Yoshino et al. (2006); Dai and Karato (2009a)) and hydrogen

diffusion studies (e.g., Kohlstedt and Mackwell (1998); Stalder and Behrens

(2006)).

However, neither enhanced electrical conductivities nor electrical anisotropy

could consentanously be attributed to proton conduction in hydrous mantle

NAMs. Yoshino et al. (2006, 2009) found enhancement of electrical conduc-

tivity in olivine through hydrogen to be too low at upper mantle temper-

atures. Simpson and Tommasi (2005) tested the hypothesis of anisotropic

proton conduction at the top of the asthenosphere and concluded that the

electrical anisotropy cannot be attributed to proton conduction alone. On

the other hand, Wang et al. (2006) and Dai and Karato (2009a) measured

a large hydrogen-induced enhancement of electrical conductivity for olivine
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1. Introduction

and orthopyroxene and interpreted the results as to explain highly conductive

regions in the upper mantle. The reason for the high electrical conductivity

of the transition zone is still controversial. Electrical conductivity of hydrous

wadsleyite and ringwoodite was found to be higher than electrical conductivity

of the transition zone by Yoshino et al. (2008) and Manthilake et al. (2009),

whereas Huang et al. (2005) and Dai and Karato (2009b) inferred a transition

zone water content of about 0.1-0.3 wt% H2O beneath the Pacific from their

experimental results. These water contents, however, are still only one tenth

of the water storage capacity in wadsleyite and ringwoodite.

The presence of hydrogen in minerals provides a possible explanation for

abnormal results from geophysical deep sounding, such as enhanced electrical

conductivity, anisotropic electrical conductivity, and seismic wave attenuation.

Provided the influence of hydrogen on electrical conductivity and rheology is

well understood, water concentrations and the distribution of water in Earth’s

mantle could be inferred from seismic and magnetotelluric studies. However,

laboratory studies, on which geophysical models could be based, are still either

sparse and incomplete, or inconsistent. In order to derive reliable information

about Earth’s mantle from geophysical deep sounding, it is crucial to under-

stand the influence of hydrogen on physical properties of mantle materials.

In this study, hydrogen transport mechanisms and -kinetics in orthopyroxene

were investigated by diffusion experiments and electrical conductivity mea-

surements. The comparison between electrical conductivity and hydrogen dif-

fusivity enabled the identification of the charge transport mechanisms and to

constrain the contributions of different charge carriers to electrical conduc-

tion. Since orthopyroxene is an abundant mineral in Earth’s upper mantle

and contains about five times more water than olivine, it might have a sub-

stantial influence on physical properties of the upper mantle and needs to be

considered in geophysical models based on laboratory data.

8



1.3. H-incorporation and FTIR-spectra of orthopyroxene

1.3. Incorporation of hydrogen in orthopyroxene
and characteristics of FTIR-spectra

Infrared spectroscopy is a powerful tool to analyse and to quantify OH in min-

erals. The infrared spectrum of orthopyroxene shows often complex and unique

OH-absorbance features caused by OH-stretching vibrations and being closely

related to chemical composition. Since the position of an OH-absorption band

depends on the length of the hydrogen bond (Novak, 1973), information about

substitution reactions and proton locations in the crystal lattice can be de-

duced from FTIR-spectra. Criteria for the determination of the locations of

protons and the associated point-defects are electrostatic considerations such

as site electrostatic potentials (Smyth, 1989), charge-balance considerations,

and spatial considerations taking into account the O-H· · ·O bond lengths.

Limited conclusions can be drawn from possible substitution reactions, from

frequencies of OH-absorption bands, and from the comparison of OH-spectra

of samples with different chemical compositions.

The OH-spectrum of pure enstatite consists mainly of one sharp band at

3362 cm−1 and two or three very broad and overlapping bands in the range

2800 - 3300 cm−1 (Fig. 1.2). The width and overlap of these peaks compli-

cates the determination of the number and positions of peaks. In Si-deficient

enstatite, two additional sharp OH-bands at 3592 and 3687 cm−1 are present.

These are assigned to tetrahedral vacancies, the so called hydrogarnet de-

fect, i.e., Vtetr+4H+, where Vtetr denotes a tetrahedral vacancy (Prechtel and

Stalder, 2010). In the following, subscript ”oct” denotes octahedral position

and ”tetr” tetrahedral position. In contrast to all other OH-bands in orthopy-

roxene, which are polarized parallel to the crystallographic c-axis (nγ), these

two bands are polarized parallel to the b-axis (nα). Since all crystals in this

study have been synthesised at silica oversaturated conditions, these two OH-

bands were not observed. The main OH-bands exhibited by the samples of

this study are very likely caused by hydrogen charge-balancing Mg-vacancies,
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1. Introduction

i.e., Mg2+ ⇒ Voct+2H+, where Voct denotes a vacant octahedral position. The

most likely position of protons in the crystal structure of pure enstatite is be-

tween the two O(3A) or between two O(3B) atoms, near the cavities between

M2 octahedral positions (Stalder and Skogby (2002), Fig. 1.3).

Iron-bearing orthopyroxene shows two additional bands at 3330 and

3463 cm−1. Both additional bands are associated with ferric iron through

the substitution reaction: 2Mg2+ ⇒ Fe3+oct+H++Voct (Stalder, 2004). The

ferric iron related OH-bands are small compared to OH-bands of pure en-

statite at total iron content below about 3 wt% FeO total iron (Fig. 1.2).

Hydrogen can also be incorporated by reducing preexisting trivalent iron:

[2Fe3+oct+Voct]+H2 ⇒ [2H++Voct]+2Fe2+, where the point defect complexes are

given in parentheses. The first hydrogen incorporation mechanism operates

during crystal growth, whereas the second reaction denotes a solid-state hy-

dration mechanism.

Additional bands at higher wavenumbers are exhibited by aluminium-

bearing orthopyroxene and the main band of pure enstatite at 3362 cm−1

splits up into three peaks (3320, 3362, and 3385 cm−1). The main Al-associated

bands are located within ±5 cm−1 at 3477, 3520, 3550, 3583, 3602, and

3620 cm−1. Intensity and overlap of the sharp bands in the higher range

of wavenumbers (3450-3650 cm−1) increase with Al-content of orthopyroxene.

Due to the overlap, the number of clearly distinguishable peaks reduces with in-

creasing Al-content. The deconvolution of high-Al orthopyroxene OH-spectra

are deduced from low-Al orthopyroxene samples and possesses some uncer-

tainty (two uppermost spectra in Fig. 1.2). If the Al-concentration is lower

than about 1 wt%, the IR-spectrum still resembles the one of pure enstatite

except for the additional bands at wavenumbers above 3450 cm−1. It differs

the more from it, the higher the Al-concentration. Most of the Al3+ is incorpo-

rated by the Tschermak’s substitution (see also Section 3.1). Results from both

X-ray single crystal diffraction (Smyth et al., 2007), and NMR-spectroscopy

(Kohn et al., 2005) on Al-rich enstatite showed a nearly equal distribution of

10



1.3. H-incorporation and FTIR-spectra of orthopyroxene
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Figure 1.2.: OH-absorption spectra of several orthopyroxenes and their peak
deconvolution; polarized IR-beam with E‖[001]
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1. Introduction

Figure 1.3.: Crystal structure of orthopyroxene cut ‖[001] illustrating some
protonated point-defects and possible proton locations. O-atoms
are labelled, octahedral and tetrahedral positions are labelled
exemplarily.

Al3+ on M1- and T2-sites, suggesting that the tetrahedral and the octahedral

substitution mechanism involving H+:

Si4+ ⇒ Al3+tetr+H+ and 2Mg2+ ⇒ Al3+oct+H++Voct

are equally favourable. This interpretation agrees with the findings from IR-

measurements, where, in contrast to the Cr3+- or Fe3+-doped crystals, two

additional sets of OH-absorption bands occur upon doping with Al3+. The

most plausible band assignment is that the high wavenumber bands are caused

by tetrahedral defects, as suggested for olivine (Matveev et al., 2001; Lemaire

et al., 2004; Kovács et al., 2010), clinopyroxene (Stalder and Ludwig, 2007),

and orthopyroxene (Prechtel and Stalder, 2010). The most likely positions

of protons in Al-bearing enstatite were suggested to be between O(2A) -

O(1A) and O(2B) - O(1B), near the M1 or M2 position, constrained from

O-O distances and site electrostatic potential calculations (Stalder and Skogby

(2002); Smyth et al. (2007), Fig. 1.3). These proton positions were assigned
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1.3. H-incorporation and FTIR-spectra of orthopyroxene

to the bands around 3520 and 3550 cm−1. The splitting of the main OH-

band of pure enstatite at 3362 cm−1 in two additional ”shoulders” at 3320 and

3385 cm−1 might result from distorted T2 tetrahedra due to Al3+ replacing

Si4+ on tetrahedral positions, for example by the Tschermak’s substitution

reaction Mg2++Si4+ ⇒ 2Al3+ (Stalder and Skogby, 2002). The concentration

of protons bound to oxygen atoms of distorted tetrahedra increases with Al-

concentration, explaining the increase of the flanks at the cost of the 3362

cm−1-band with increasing Al-contents (Stalder and Skogby, 2002).

The infrared spectra of aluminium plus iron bearing orthopyroxene

contain both the Al-bands and the Fe-bands, but additional small bands at

3524 and 3538 cm−1 near the most prominent Al-related bands 3550 cm−1

and 3520 cm−1. Closely located centers of OH-absorption bands, related to

distinct cations, could suggest a similar substitution reaction. Through in-

corporation of point-defect forming cations, the crystal lattice is distorted in

the vicinity of the defect. If an analogous substitution reaction exists for

distinct cations, their different ionic radii may cause different lattice distor-

tions, resulting in slightly different in O-H· · ·O bond lengths. For example,

the bands at 3461 cm−1 and 3471 cm−1, the former iron related and the lat-

ter aluminium related, could correspond to equivalent incorporation mech-

anisms (Stalder and Ludwig, 2007), such as 2Mg2+ ⇒ Fe3+oct+H++Voct and

2Mg2+ ⇒ Al3+oct+H++Voct.

As long as doped solely, both aluminium and ferric iron incorporation en-

hance hydrogen solubility in orthopyroxene with respect to pure enstatite,

because these trivalent cations provide additional substitution mechanisms in-

volving hydrogen as charge balancing cation (Stalder, 2004). In contrast, if

doped in combination with each other, different trivalent cations can promote

the formation of anhydrous defects such as Al3+tetr+Fe3+oct (Stalder et al., 2005).
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2. Synthesis and preparation

2.1. Synthesis of orthopyroxene

The syntheses were done by following the procedure described by Stalder

(2002). A mixture of 70 wt-% SiO2 powder and 30 wt-% MgO powder was

used as the starting material for synthesising pure enstatite. In order to syn-

thesise crystals with iron and aluminium, Fe2O3 and Al2O3 were added to the

mixture (Appendix. A.1). About 80 mg of the solid oxide mixture, about 30

mg of H2O or D2O, and one or two seed crystals < 100 µm in size were sealed

in a platinum capsule of 6-7 mm length and 4 and 3.6 mm outer and inner

diameter, respectively. The seed crystals seem to promote the growth of one

to five larger individuals, but this was not investigated systematically.

The pressure assembly for the piston cylinder experiments (Fig. 2.1) was

made of an inner alumina sleeve hosting the sealed capsule. Heating was pro-

vided by a graphite tube surrounding the alumina sleeve with the capsule,

through electrical resistance heating. Typical parameters at run conditions

were 280 A and 6 V. Two outer tubes, one made of pyrex glass and the out-

ermost one of talc, served as the pressure medium and reduced friction. An

alumina filler piece was placed on top of the sleeve containing the capsule. The

pressure assembly was inserted into a tungsten carbide die-plate. The remain-

ing space in the pressure cavity was filled with a steel plug and a pyrophyllite

ring. The assembly was pressurised by a piston from below via an oil-hydraulic

system. The experimental pressure was deduced from the oil pressure of the

hydraulic system, assuming a pressure reduction through friction of ten per-

cent. The temperature was measured with an S-type thermocouple near the
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alumina

Pt capsule with sample
talc

Cu lid

steel plug

pyrex

pyrophyllite

graphite furnace

1.27 cm

S type thermocouple

Figure 2.1.: Schematic picture (not to scale) of the pressure assembly.

capsule. The thermocouple was inserted through a borehole into the pressure

assembly from the top.

The platinum capsule, containing the solid oxide mixture and some water,

was simultaneously pressurised to 25 kbar and heated to 1400◦C. The peak

temperature was then held for one hour to melt and homogenise the mixture,

before temperature was decreased isobarically with a rate of 10 or 6◦C per hour

down to 1150◦C. During cooling, enstatite crystallised from the water rich melt.

After reaching the end temperature, the sample was quenched by switching off

the heating power. Crystal sizes ranged from some tens of micrometers to 3

mm with crystal habits varying from stubby prismatic to platy. Due to the high

water content, the quench-phase was soft and presumably partly amorphous

material, so the enstatite crystals could easily be separated from it.

2.2. Sample preparation

After synthesis, the capsule was opened and the largest crystals with little or

no cracks and inclusions were hand picked and embedded in a thermoplastic

resin. They were crystallographically oriented parallel to a crystallographical

axis ± 5◦ with a polarisation microscope with conoscopic illumination. The

crystals were polished to plates of 120 to 350 µm in thickness. Most crystals
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2.2. Sample preparation

were oriented ‖(010) because this orientation often provided the largest cross

section. The least abundant orientation of the plates was ‖(001) because most

crystals were elongated in this direction.

Because many of the synthesis runs with D2O were not successful, some

of the crystals synthesised with H2O were deuterated in a cold seal-pressure

vessel (CSPV) with H2O as pressure medium at 2.5 kbar and 850◦C for about

7-10 hours. The crystals were sealed in a gold capsule with about 20 mg of

D2O and about 2 mg of SiO2 to avoid reaction to olivine due to high SiO2 sol-

ubility in the fluid phase at experimental conditions (Anderson and Burnham,

1965). In all samples, a small rest of hydrogen remained but it was regarded

as negligible.
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3. Chemical characterisation of
samples

The major element composition was analysed with an electron microprobe

(EMPA). Exemplarily, bulk ferric iron contents of some synthetic crystals were

determined with Mößbauer spectroscopy to provide a basis for estimating ferric

iron contents of the samples used for electrical conductivity experiments. The

OH-contents were measured with FTIR-microspectroscopy either with a single

element MCT-detector or with a focal plane array detector consisting of 64x64

MCT detectors.

3.1. Chemical composition — electron
microprobe analysis

The chemical composition of the crystals used for diffusion and electrical con-

ductivity experiments were determined after the experiments. The chemical

compositions are given in the respective chapters describing the experimental

results. Before the EMP-analyses, the crystals were embedded in epoxy resin,

polished to a planar surface, and coated with carbon to avoid accumulation

of charges at the surface during exposition to the electron beam. The crystals

were analysed in terms of Si, Mg, Fe, Al, Ca, K, Ti, Mn, and Na.

Electron microprobe analyses were carried out in Göttingen with a JEOL

JXA 8900 RL and in Hannover with a Cameca Camebax SX100. The focus

diameter of the electron beam was 5 µm, with a beam current of 15 nA, and

an acceleration voltage of 15 keV.
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3. Chemical characterisation of samples

Figure 3.1.: Photomicrograph of sample es17-5. The chemical inhomogeneity
is indicated by the colour gradient, the darker region is higher in
iron and aluminium. The width of the picture is about 1.8 mm.

A slight chemical inhomogeneity was detected in aluminium and iron bearing

orthopyroxenes, often also visible from a gradient in color (see polished sample

in Figure 3.1). The samples did not show a radial zoning, but a gradient over

the whole sample. However, the distribution of elemental concentrations over

the respective whole samples could not be analysed in detail.

Figure 3.2 shows that the major elements Si, Mg, Fe, and Al, are linearly

correlated in the same way as described by Stalder (2004). The cationic ratio of

Al to Si and Al to Mg+Fe (total iron) is both 0.5, suggesting the Tschermak’s

substitution to be the most abundant mechanism of Al-incorporation in or-

thopyroxene (Mg2++Si4+ ⇒ 2 Al3+). The increasing scatter towards lower

Al-concentrations in both plots indicates increasing diversity of Al–related

point defects, e.g., coupled Tschermak’s substitution of ferric iron and alu-

minium (Mg2++Si4+ ⇒ Al3++Fe3+). The equal distribution of Al between

tetrahedral and octahedral positions is confirmed by an X-ray diffraction mea-

surement on aluminous enstatite (Volker Kahlenberg, University Innsbruck,

personal communication) and mineral formulas derived from the EMPA data

(Appendix A.2). From the approximate Mg/Fe-ratio of 1:1 it can be concluded

that most iron is incorporated ”regularly” on octahedral positions. The mantle

orthopyroxenes from San Luis Potosi, Mexico, do not fit into the trend given
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3.1. Chemical composition — electron microprobe analysis
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3. Chemical characterisation of samples

by the synthetic orthopyroxenes and the natural Tanzanian orthopyroxene,

because they contain substantial amounts of calcium (0.4 at%) and chromium

(0.1 at% Heinrich and Besch (1992)). Both elements were not analysed and

not considered in the elemental correlations. Those two elements are incorpo-

rated on octahedral positions in orthopyroxene, probably leading to the shift

with respect to the synthetic samples.

3.2. Fe(II)- and Fe(III)-content — Mößbauer
spectroscopy

The Mößbauer spectroscopic measurements were carried out at room temper-

ature with a 57Co point-source operated in constant acceleration mode. The

samples were doubly polished single crystal plates, fixed in an aperture in

a 1 mm thick Pb-foil before placing them in front of the point source. Af-

ter calibrating the results to α-Fe, the spectra were fitted with the software

”MDA” (Jernberg and Sundqvist, 1983), applying three or four doublets of

Lorentzian peakshape. The doublets correspond to Fe(II) on octahedral M1

position, Fe(II) on octahedral M2 position, Fe(III) on any octahedral position,

and Fe(III) on any tetrahedral position. The Fe(II)– and Fe(III)–contents were

determined as percentage of total iron content (Table 3.1). Because the sam-

ples would have been too small to produce a proper absorption signal (Stalder,

2004), the samples were enriched in 57Fe in the syntheses through the addition

of this isotope to the synthesis start mixture.

As indicated in Table 3.1, two samples were measured with Mößbauer spec-

troscopy before and after heating in H2 or in air, respectively. After some

minutes of heat treatment, a change in ferric iron content was already observ-

able. All other samples in the table have been heated for several hours in air

prior to the Mößbauer spectroscopic measurements. Samples es2-2 and es5-1

were used for electrical conductivity measurements (which were not success-

ful), and the remaining samples in the table, es5-4 to es9-6, were used for
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Figure 3.3.: Example of a Mößbauer spectrum fitted with four doublets. This
fit corresponds to the values of samples es9-5 in Table 3.1.

dehydration experiments in air.

3.3. H2O–content — FTIR–spectroscopy

Fourier transform infrared spectroscopy (FTIR-spectroscopy) was used to mea-

sure OH-concentrations in the samples. The measurements were done either

with a Bruker IFS88 (Institute for Mineralogy, University of Hannover) or with

a Perkin Elmer 2000 (Geozentrum, University of Göttingen) both equipped

with an IR-microscope. The doubly polished crystal plates were placed in the

confocal, polarised IR-beam either on a Suprasil- (Hannover) or a KBr-window

(Göttingen). Single point analyses were done with a rectangular aperture of

50×50 µm (Hannover) or with a round pinhole aperture of 100 µm in diame-

ter (Göttingen). Profiles were measured with a slit aperture of 30 µm width

and a micrometer-measurement-device for positioning. Two-dimensional spa-

tial distribution of OH-absorbance over the crystal plate was measured with a

Bruker Vertex 70 equipped with a focal plane array detector and a Hyperion
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3.3. H2O–content — FTIR–spectroscopy

3000 microscope in the Institute of Mineralogy and Petrography, University of

Innsbruck, enabling a spatial resolution of down to 3 µm.

A linear or quasilinear baseline correction was applied to the region of OH-

absorbance in the infrared spectra. The OH-absorbance was either deter-

mined by a peak-deconvolution using the software Peakfit (Jandel Scientific)

or the absorbance was integrated over the respective wavenumber range 2800-

3650 cm−1. For quantitative analyses of the IR-spectra, the calibration by

Libowitzky and Rossmann (1997) was used. A detailed description of infrared

spectra evaluation is given in Section 5.3.
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Part I.

Hydrogen Diffusion in
Orthopyroxene

27





4. Introduction

The diffusivity of hydrogen has important consequences for the reequilibra-

tion of mantle xenoliths during their ascent and on electrical conductivity of

NAMs in the mantle. Hydrogen contents of mantle xenoliths do not necessar-

ily reflect hydrogen contents in the source region, because mm-sized crystals

could reequilibrate their hydrogen contents with the host magma during days.

This has been shown by hydrogen diffusion studies of nominally anhydrous

minerals (e.g., Kohlstedt and Mackwell (1998); Demouchy et al. (2006); Ingrin

et al. (1995); Hercule and Ingrin (1999); Stalder and Skogby (2003); Stalder

and Behrens (2006)). The contribution of protons to electrical conduction

in orthopyroxene depends on their mobility. This study aims to further con-

strain hydrogen mobility in orthopyroxene, an abundant mineral of the upper

mantle. Kinetics of dehydration and of H/D-exchange in iron and aluminium

bearing orthopyroxenes as well as in pure enstatite were investigated. Hy-

drogen self-diffusivity is reflected by hydrogen deuterium exchange and the

mobility of hydrogen associated point defects was investigated by dehydration

experiments.
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5. Diffusion experiments

Diffusion is a thermally activated process and is described by Fick’s second

law of diffusion

D = D0 × exp(−Ea/RT ) (5.1)

with D being the diffusion coefficient, D0 the preexponential factor, Ea the

activation energy, which is the amount of energy required for a particle to pass

the potential barrier between it’s equilibrium position and an adjacent one. R

is the ideal gas constant, and T the absolute temperature. The parameters

Ea and D0 are deduced from the Arrhenius plot log(D) vs. 1/T, in which the

diffusion coefficients plot in a straight line due to

log(D) = log(D0)− Ea/R× ln(10)× 1/T (5.2)

Hence, the activation energy is calculated from the slope:

Ea = Slope×R× ln(10) (5.3)

The preexponential factor equals the intercept of the line.

Two types of diffusion experiments were conducted: dehydration in air at

ambient pressure, and H/D-exchange experiments at 2 kbar in argon-pressurized

cold-seal pressure vessels (CSPV). The H/D-exchange experiments were con-

ducted at the Institute of Mineralogy, University of Hannover, and the dehy-

dration experiments were conducted at the Department of Geosciences, Univer-

sity of Göttingen. Most diffusion experiments were of the time-series type, i.e.,

after each of several short annealing experiments (ten minutes to four hours du-

ration), OH- and OD-concentrations were measured with FTIR-spectroscopy,
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5. Diffusion experiments

and the diffusion coefficient was deduced from the evolution of OH- and OD-

concentrations with time. Additionally, some diffusion coefficients were de-

duced from profiles of OH- and OD-absorbance across samples. Pure enstatite

and orthopyroxenes with variable contents of aluminium and iron were used,

which have been synthesised in a piston-cylinder apparatus with excess silica

at water saturated conditions as described in Section 2.1. Before the exper-

iments, all crystals were polished to small plates oriented along the crystal-

lographic axes to observe anisotropic diffusivity and to properly determine

H2O-concentrations in the crystals by FTIR-spectroscopy.

The heating time before reaching the final temperature of each annealing

experiment was taken into account by computing a correction term for each

experiment according to the following equation (Ingrin et al., 1995):

tcorr =

∫ tend

t=0

exp

(
−Ea
R

(
1

T (t)
− 1

Tend

))
dt (5.4)

with tcorr being the time to be added to the dwell time at the final temperature,

tend the point in time at which the final temperature was reached, Ea the

activation energy in [J/mol], R the ideal gas constant in [J/molK], T (t) the

temperature at time t in [K], and Tend the final temperature. In practice the

sum of the discrete steps of the time temperature record was computed:

tcorr =
∑
i

exp

(
−Ea
R

(
1

Ti
− 1

Tend

))
·∆t (5.5)

with ∆t = ti − ti−1 and Ti = T (ti). The activation energy was first estimated

from Stalder and Behrens (2006) and adapted subsequently from the actual

activation energy of diffusion obtained from this first estimate. Typically, the

change in the diffusion coefficient was smaller than its error after only one

iteration. The dwell times and corrected times are summarized in Table 5.2

and 5.1.

Diffusion coefficients were calculated from the time series of OH-extraction

using the solution of Fick’s second law for one dimensional-diffusion with ho-

mogeneous initial concentration in a solid bound by two parallel planes (Ingrin
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et al., 1995; Carslaw and Jaeger, 1959)

Cav
C0

=
8

π2

∞∑
n=0

1

(2n+ 1)2
exp

(
−Dt(2n+ 1)2π2

L2

)
(5.6)

with Cav being the average OH-absorbance (or concentration in ppm-wt) mea-

sured through the bulk crystal plate, C0 the initial concentration, D the diffu-

sion coefficient in [m2/sec], and L the thickness of the crystal in [m]. For the

increasing OD-concentration applies analogously

Cav
C0

= 1−

(
8

π2

∞∑
n=0

1

(2n+ 1)2
exp

(
−Dt(2n+ 1)2π2

L2

))
(5.7)

Two assumptions were made for applying these two equations: (1) the diffu-

sion coefficient is independent of concentration, and (2) the diffusion from the

edges of the crystal plate does not influence the diffusion through the plate.

The first assumption is approximately justified for the relatively small hydro-

gen concentrations in the samples of this study. To ensure that the second

assumption is justified, care has been taken to keep the distance between the

analysed spot and the edges or cracks of the sample much larger than the

thickness of the sample.

From the concentration profile across the crystal a diffusion coefficient was

computed using the following equation (Crank, 1975; Stalder and Behrens,

2006)
C(x)− C0

C1 − C0

= erfc

(
x

2
√
Dt

)
+ erfc

(
X − x
2
√
Dt

)
(5.8)

with C(x) being the absorbance (or concentration) at the location x, C0 the

initial absorbance (concentration), C1 the minimum absorbance, X the total

length of the profile in [m]. The function erfc() is the complement of the error-

function, i.e., 1-erf(). The profile-position x was measured with a Mitutoyo mi-

crometer mounted on the x-y-table of the IR-microscope. The ideal value of C1

is zero, but the fit of Equation 5.8 yielded usually C1 > 0. In an H-extraction

profile, the surface concentration can not directly be measured with FTIR-

spectroscopy because the spatial resolution of the FTIR-spectrometer used
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5. Diffusion experiments

here was about 30 µm. In addition, due to the finite thickness and irregularly

shaped edges of the samples, reflection and scatter complicated measurements

at the edges. One reason for C1 > 0 certainly was, that initially OD-bearing

samples also contained a small amount of OH due to contamination during

capsule preparation and experimental conditions.

The error of the diffusion coefficient was computed with the Gaussian law

of error propagation:

∆D =

√(
Ea
RT
· ∆T

T

)2

+

(
∆t

t

)2

+

(
2∆x

x

)2

+
(σD
D

)2
+

(
∆A

A

)2

·D (5.9)

∆D is the absolute error of the diffusion coefficient D, Ea the activation en-

ergy, R the ideal gas constant, T the temperature in Kelvin. The error of

temperature was estimated individually for each experiment from tempera-

ture oscillations during the dwell time. The error of time ∆t was estimated to

be 1/2×tcorr, the correction term resulting from Equation 5.5. ∆x was either

the uncertainty of measurement of sample thickness for time series, i.e., 5 µm,

or for profiles, an uncertainty of 20µm was assumed. For the diffusion profiles

measured with a much more accurate automatic x-y-table, ∆x was estimated

to be 10 µm. σD is the standard deviation of D resulting from the fit of Equa-

tion 5.7 or 5.8 to the data. The error of absorbance ∆A was assumed to be

10%, resulting from the uncertainty of baseline correction. Errors were usually

about 0.1-0.2 log units for diffusion coefficients derived from time series, and

about 0.2-0.6 log units for diffusion coefficients derived from concentration pro-

files. Errors larger than 0.2 log-units originated mainly from the error of time,

because some samples were heated relatively slowly. Errors between 0.1 and

0.2 log-units resulted almost exclusively from the standard deviation of the

diffusion coefficient. All other errors, i.e., uncertainties of time, temperature,

sample thickness, and IR-absorbance, had virtually no influence, particularly

on the logarithmic scale. Nevertheless, for consistency reasons all errors were

calculated with Equation 5.9.
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5.1. Dehydration experiments

5.1. Dehydration experiments

Several samples were placed together in an open gold crucible and heated in a

vertical tube furnace at ambient pressure in air. The samples were heated sev-

eral times and during heat treatment, hydrogen was released from the samples.

After each dehydration step (the term ”dehydration” is used synonymously

with ”dehydrogenation” and means hydrogen extraction), OH-absorbance was

measured with FTIR-spectroscopy and polarized light. The samples were

placed on a KBr-crystal and the focus diameter was reduced to 100 µm with a

pinhole aperture. The polarisation direction of the IR-beam was aligned paral-

lel to the two crystallographic axes lying in the plane of the sample plate, and

the OH-absorbances of both measurements were added. From the decrease of

absorbance as a function of time, a dehydration diffusion coefficient could be

deduced for the temperatures 800◦C, 850◦C, 900◦C, and 950◦C. The tempera-

ture was monitored with a S-type thermocouple a few millimeters away from

the crucible. The sample holder was inserted into the hot zone of the furnace

after the final temperature in the furnace had stabilized. A temperature of

770◦C was reached within a few seconds after the sample holder was pushed

into the furnace and the time-temperature path was recorded from 770◦C until

the final temperature in 10◦C steps or less. The heating time was used for the

time correction and for calculating the error of the diffusion coefficient.

5.2. H/D-exchange experiments

Oriented crystal sections originally synthesised in H2O, thus containing OH,

were heated together with D2O in sealed gold capsules at 2 kbar in argon-

pressurised CSPV’s. During the experiments, hydrogen was replaced by deu-

terium in the crystals. The experiments were conducted as a time-series and

subsequent measurements of OH- and OD-absorbance of the bulk crystal plate

with FTIR-spectroscopy after each experiment of the time-series. A diffu-

sion coefficient was deduced from OH- and OD-absorbance versus time for the
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5.2. H/D-exchange experiments

temperatures 650, 700, 750, and 820◦C. H/D-exchange experiments were also

conducted at ambient pressure with deuterium-bearing crystals exposed to a

continuous flow of hydrogen gas. During these experiments, electrical conduc-

tivity of the samples was measured. After the experiments at ambient pressure,

the samples were cut perpendicular to the original faces and polished, in order

to measure a concentration profile of OH and OD with FTIR-spectroscopy.

The advantage of H/D-experiments at 2 kbar was the reduced dehydration

due to higher D2O-fugacity. But since dehydration is about one order of mag-

nitude slower than H/D-exchange, significant dehydration did not occur in the

H/D-exchange experiments at ambient pressure either.

In order to prevent alteration of orthopyroxene to olivine during the exper-

iments at 2 kbar in D2O, about 2-3 mg of SiO2-powder were added before the

capsule was welded shut, to saturate the fluid phase in SiO2 at experimental

conditions (Anderson and Burnham, 1965). Two crystals were sealed in one

capsule, separated by a kink in the capsule wall and hold in place by slightly

flattening the capsule. This was necessary to avoid cracking of the samples,

when the capsule was squeezed later under experimental pressure. Neverthe-

less, some crystals broke at initial cracks during the experiments. However, no

crystal had to be discarded due to cracking, because the cracks were visible

before, and the location of the spot analysed with FTIR-spectroscopy did not

have to be changed after the crystals were broken in two pieces. To check the

capsules for leakage, they were placed in an oven at 110◦C for several hours

and weighed before and afterwards.

In most cases, two capsules were loaded into one autoclave. To keep the

capsules in position and reduce the volume inside the autoclave, filler rods of

Ni+NiO were added. To reduce loss of deuterium from the capsule, for ex-

perimental durations longer than one hour, about 200 µL of D2O were filled

directly into the autoclave. Before starting the experiment, the furnace was

stabilized at the final temperature. The sealed autoclave was pre-pressurized

with argon gas to 500 bar and then pushed into the furnace. During heating of
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5. Diffusion experiments

the autoclave, the pressure increased until 2 kbar and was automatically held

constant at this value ± 50 bar during the entire duration of the experiment.

The temperature was measured with a K-type thermocouple and continuously

recorded every 10 to 30 seconds. The temperature was measured about 1 cm

apart from the capsules outside of the autoclave, and corrected according to a

temperature calibration, conducted before the first run. To keep the heating

time as short as possible, the furnace was stabilized at a temperature 50◦C

above the target temperature of the experiment. After the autoclave had been

inserted into the furnace, the temperature was reduced with the controller in

steps of 10◦C, synchronously to the heating of the autoclave, so furnace and

autoclave would ideally reach the target temperature at the same time. Nev-

ertheless, a short overshoot of the autoclave temperature could not be avoided

in most cases, but was taken into account in the time correction. At the end

of the experiment, the samples were quenched by taking the autoclave out

of the furnace and immediately cooling it with compressed air. Temperature

decreased below 300◦C within about two minutes. Instead of defining a begin-

ning and an end of the temperature plateau, the effective experimental time

Equation 5.5 was applied to the whole time-temperature record, thereby also

taking into account small deviations from the target temperature during the

dwell at the final temperature, or temperature drifts.

For experiments at the two higher temperatures, 750 and 820◦C, experi-

mental durations of 10 to 60 minutes were conducted with a tiltable autoclave.

While the CSPV’s used in this study all operated in a horizontal position, the

tiltable autoclave could be tilted temporarily to a vertical position to slide the

capsules from the cool end to the hot end and backwards, allowing the samples

to heat and cool within about 90 seconds. The capsules were attached to a

steel weight and loaded in the autoclave. After the autoclave was connected

to the pressure line, it was tilted 90◦ backwards to the vertical, to ensure the

sample’s position is in the rear of the autoclave which remains cool during the

experiment. Then, the autoclave was pre-pressurized to 500 bar and inserted
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5.2. H/D-exchange experiments

into the furnace, which had already established the final temperature. As soon

as the autoclave reached a stable temperature and pressure (2 kbar), it was

tilted together with the furnace 90◦ ahead, so the weight with the attached

capsules slid to the hot front end of the autoclave. To end the experiment, the

autoclave was taken out of the furnace and - before cooling with compressed

air - was tilted again backwards, so the capsules slid back into the cool part.

In these experiments, heating and cooling processes could not be recorded,

because the autoclave was already equilibrated at the final temperature before

the experiment was started. It was assumed that heating and cooling time

were negligibly short, and time correction was done on the recorded temper-

ature between the two tilting-times of the autoclave, i.e., between capsule in

and capsule out.

After the experiments, the flattened capsules were weighed, heated over a

flame for expansion, cut open, and dried. The crystals could easily be re-

gained from the inflated and dry capsules. In some cases, an overgrowth of

small quartz crystals had to be removed by very slight polishing before IR-

measurement. Although bulk OH- and OD-absorbances could be influenced

by removing a surface layer from the diffusion profile, no such correlation be-

tween polishing and irregularities in the time series could be observed.

For the IR-measurements, the crystals were placed on an infrasil plate un-

der the IR-microscope and a continuous flow of H2O- and CO2-reduced air

was blown onto the samples. A quadratic aperture of 50x50 µm was used

corresponding approximately to the size of the focus. Although no polariser

was placed into the beamline, the IR-beam was not isotropic, but comprised

a direction of maximum energy, which was aligned parallel to the two crystal-

lographic axes in the plane of the sample plate. The OH-absorbances of both

measurements were added.
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5.3. Evaluation of IR-spectra of annealed samples

5.3. Evaluation of IR-spectra of annealed samples

The subsequent IR-measurement of some samples revealed, that the baseline of

IR-spectra can change significantly with repeated thermal treatment and han-

dling of the crystals. This made the accuracy of OH- and OD-concentrations,

deduced from the spectra, questionable, and complicated the interpretation of

the time series. Therefore, IR-spectra were evaluated with particular attention

for all possible sources of error and their influence on the spectra.

Although OH- and OD-absorbance was expected to change continuously in

H/D-exchange experiments, a scatter in the time series (absorbance vs. time)

was observed. Similarly, although a continuous decrease in OH-absorbance was

expected in the dehydration experiments — in addition to scatter — in several

samples an increase in absorbance was observed before it started to decrease

(e.g, Appendix B.1, B.17). This phenomenon also occurred with some Al-

bearing samples used for H/D-exchange experiments, but the increase was less

pronounced.

Irregular variations of OH-absorbance were likely caused by scatter and re-

flection of the IR-beam at the two surfaces of the crystal plates due to their

finite thickness. Sometimes, this produced an irregular sinusoidal baseline

which was difficult to define. The OH-absorption spectrum of Al-bearing en-

statite consists of many overlapping peaks and therefore does not reach zero

in between the region of OH-absorption. In those cases, the amplitude of the

sinusoidal background could only be estimated as illustrated in Figure 5.1.

A second source of analytical error in repeated measurements was the lo-

cation of the focus of the IR-beam. A slight variation in the location of the

focus could give a contribution to the observed scatter in the time series. This

was especially true for crystals possessing cracks because concentration profiles

were more evolved in the vicinity of cracks.

The increase in absorbance, which occurred in some diffusion experiments,

cannot be explained by any experimental or analytical error. A possible rea-
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5. Diffusion experiments

Figure 5.1.: Screenshots from Peakfit: baseline correction (left) and peak de-
convolution (right) of a spectrum with sinusoidal baseline. The
irregular oscillations are ignored in the baseline correction but the
respective oscillation is included as an additional ”peak” in the
peakfitting model.

son is a change of the absorption coefficient due to an intrinsic process of

equilibration to lower pressure and temperature, such as oxidation or lattice

relaxation.

A common feature in some IR-spectra was an absorption band around

2350 cm−1, resulting from atmospheric CO2. The CO2-band complicated the

evaluation of OD-absorption spectra as the band is relatively broad and its

intensity changed due to CO2-variations in the laboratory. At some point, this

disturbance was eliminated by a stream of H2O- and CO2-reduced air directed

onto the sample and into the detector chamber.

In both cases — irregular and systematic variations — acceptable time series

could be obtained by manual baseline correction and an internally consistent

peak deconvolution. The best reproducibility was achieved by applying a lin-

ear baseline in the range of OH- and OD-absorption respectively. A large part

of the unexpected variations in absorbance could be attributed to two broad

peaks centered around 3200 cm−1 and 3420 cm−1. These peaks were affected

by the abovementioned presumably intrinsic processes, and were therefore ne-

glected when appropriate (upper Figure 5.2). It was assumed that the actual
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5.3. Evaluation of IR-spectra of annealed samples

OH-concentration and the diffusion process were not influenced by the intrinsic

processes.

A third peak around 3060 cm−1 was influenced by CH-absorption around

2800 cm−1 resulting from contaminations on the surface. The CH-absorption

feature could be identified by two sharp bands centered around 2850 and

2920 cm−1. The band at 3060 cm−1 was also neglected when appropriate.

Since not all peaks decreased equally on dehydration, the neglection of peaks

poses an uncertainty for the diffusion coefficient deduced from the time series.

The neglection of the large peaks around 3200 cm−1 and 3420 cm−1 led to

a significant underestimation of the diffusion coefficient in some dehydration

experiments with iron-bearing samples. An example for this is the time series

of dehydration of sample es5-7, as illustrated in the lower Figure 5.2. The time

evolution of individual peaks of es5-7 and a more detailed description of the

assumptions made can be found in Appendix B.1.

H2O-concentrations were calculated with the calibration of Libowitzky and

Rossmann (1997) from IR-spectra with linear polarized beam and the electrical

field vector oriented parallel to nγ and either nβ or nα. Because most samples

were crystals polished to small plates, measurement of OH-absorbance of all

three components — nγ, nβ, and nα — was only possible in a few cases, leading

to an underestimation of H2O-concentration. When the actual concentration

was needed, for instance in the Nernst-Einstein equation, the actual H2O-

concentrations was estimated based on IR-measurements of chemically similar,

untreated samples.

The OH- and OD-absorbance resulting from H/D-exchange experiments

were measured without a polariser. Nevertheless, the IR-beam was not isotropic,

but the intensity distribution was elliptic. Therefore, spectra were measured

parallel to the two available crystallographic axes. Although H2O-concentrations

could not be computed from these measurements with the calibration of Li-

bowitzky and Rossmann (1997), relative changes in absorbance were sufficient

to deduce diffusion coefficients.
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Figure 5.2.: Time series of dehydration; black dots: total absorbance, red
dots: absorbance without neglected peaks around 3200 cm−1 and
3420 cm−1. Lines: fitted diffusion equation, diffusion coefficients
given as log(D). Dopants: es5-4 contains 0.67 wt% Al2O3 and
2.26 wt% FeO; es5-7 contains 0.43 wt% Al2O3 and 1.60 wt% FeO
(see also Tab. 6.2).
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5.3. Evaluation of IR-spectra of annealed samples

In contrast to several calibrations for H2O in NAMs, no calibration exists

for IR-spectra of D2O. OH- and OD-absorbance in enstatite are linearly corre-

lated. The extinction coefficient for OH is 1.79 times greater than the extinc-

tion coefficient for OD in pure and Cr-doped enstatite (Stalder and Behrens,

2006). This factor, could not be confirmed in the H/D-exchange experiments

of this study and was therefore not applied to the results. Possible reasons

for the disagreement are the varying data quality, the abovementioned diffi-

culties in spectra evaluation, and the fact that all H/D-exchanges were only

partly completed in this study. The factors were deduced from a linear fit

of OH-absorbance versus OD-absorbance, assuming that the concentration of

hydrogen plus deuterium remains constant. Factors obtained from time series

H/D-exchange experiments as well as from H/D-profiles across crystals after

one annealing experiment are summarized in Table 5.3. The factor scatters

around 1 for pure enstatite. For most doped samples, the factor is >1, possibly

due to the more complicated baseline correction in these samples. The chem-

ical compositions of the samples in Table 5.3 are summarized in Table 7.3.

Factors with values between 0.8 and 1.2 were ignored in the calculation of the

diffusion coefficient.
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5. Diffusion experiments

Table 5.3.: Linear correlation factors between the extinction coefficients of OH
and OD. More details about the samples are given in Table 7.2.
Sample es23-2: the peaks around 3060 and 3200 cm−1 and the
equivalent OD-peaks were excluded, because otherwise the vari-
ability of these peaks would hamper the linear correlation. Sample
es24-3: the peaks around 3060, 3200, and 3410 cm−1 and the equiv-
alent OD-peaks were excluded for the same reason.

Sample T [◦C] Orientation Factor Experiment

es4-7 810 (100) 1.19 time series, 2 kbar
es4-9 750 (100) 0.97 time series, 2 kbar

pure es4-8 700 (100) 1.10 time series, 2 kbar
enstatite es23-2 650 (010) 0.98 time series, 2 kbar

pen1 796 (100) 0.88 profile, 1 atm
es27-1 768 (010) 0.82 profile, 1 atm
es29-1b 810 (100) 1.57 time series, 2 kbar
es29-3 700 (001) 2.01 time series, 2 kbar

enstatite es29-2 700 (100) 1.17 time series, 2 kbar
+ Al es11-2a 800 (001) 2.72 profile, 1 atm

es11-1 853 (010) 1.26 profile, 1 atm
es11-3 802 (100) 0.84 profile, 1 atm
es5-5 810 (100) 2.33 time series, 2 kbar
es5-5 810 (010) 0.95 time series, 2 kbar
es24-3 750 (100) 1.68 time series, 2 kbar

enstatite
es3-4 650 (100) 2.36 time series, 2 kbar

+ Al + Fe
es16-3b 843 (100) 1.42 profile, 1 atm
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6. Results of hydrogen extraction
experiments

Synthetic single crystals of three different types were used for the hydrogen ex-

traction experiments: aluminium-bearing enstatite, and aluminium and iron

bearing orthopyroxenes with three different Fe:Al ratios. The aim of these

experiments was to investigate the influence of aluminium and iron on dehy-

dration kinetics and mechanisms in orthopyroxene, two abundant constituents

in the Mg-rich orthopyroxenes of Earth’s upper mantle. It has been found

earlier, that iron in pyroxene accelerates dehydration, because removal of a

proton can be charge balanced by oxidation of divalent iron to trivalent iron,

enabling hydrogen atoms to move through the crystal lattice by the redox re-

action 1/2 H2+Fe3+ ⇒ H++Fe2+ (e.g., Skogby and Rossman (1989); Bromiley

et al. (2004); Stalder and Skogby (2007)). In contrast, aluminium was expected

to decelerate dehydration, because the mobility of protons associated with Al-

defects would be governed by the mobility of the whole point-defect. This

is supported by the results depicted in Figure 6.1. The iron bearing samples

clearly dehydrate faster than the iron free, aluminium-bearing orthopyroxenes

and dehydration becomes faster with increasing iron content.

Despite the large errors of the diffusion coefficients of the two most iron rich

samples samples (es17-1a, es17-2, Tab. 6.2), the enhancing effect of iron on de-

hydration is illustrated by these samples. One of the given diffusion coefficients

possesses a comparatively large error, as the samples were dehydrated during

electrical conductivity measurements. Both samples were heated up relatively

slowly to the final temperature, during about 50 minutes. In the case of the
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6. Results of hydrogen extraction experiments
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Figure 6.1.: Arrhenius plot for dehydration of orthopyroxenes of various com-
positions. Open symbols are ‖[100] and closed symbols are ‖[010].
The mean chemical compositions are given in the legend. The
exact chemical compositions of the samples are summarized in
Table 6.2.
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Table 6.1.: Diffusivity-parameters for dehydration of orthopyroxene: D0 is the
preexponential factor and Ea the activation energy. ”Samples” de-
notes the sample group, e.g., es7-x means samples es7-2, es7-3, and
es7-5. Errors of D0 and Ea are given in parentheses. All diffusion
parameters are determined for the crystallographic direction [100]

Samples Mean wt-% of dopant D0 [m2/s] Ea [kJ/mol]

es7-x 7.8 Al2O3 4.3 (±1.8) e-03 262 (±30)
es5-x 1.9 FeO + 0.2 Fe2O3 + 0.5 Al2O3 5.3 (±0.7) e-05 205 (±20)
es9-x 2.7 FeO + 0.8 Fe2O3 + 0.3 Al2O3 2.4 (±0.9) e-04 200 (±51)
es17-x 8.2 FeO + 0.05 Al2O3 1.2 (±0.1) e-05 151 (±65)

diffusion coefficient at the higher temperature, 990◦C, the end temperature

was held constant for 25 minutes, yielding a large time error. The diffusion

coefficient at the lower temperature, 830◦C, has a smaller error because the

final temperature was held constant for two and a half hours. Each diffusion

coefficient was calculated for the final temperature. Due to the absence of

a concentration plateau in both profiles (Appendix B.10), the initial concen-

trations C0 were estimated, based on the OH-absorbances of the untreated

samples. In order to measure a concentration profile across the samples, they

were cut perpendicular to the faces after the dehydration experiment. Com-

parison of several IR-measurements of samples from the same synthesis yielded

absorbance contributions of ∼60% ‖[001], ∼30% ‖[010], and ∼10% ‖[100]. Be-

cause the faces of the two iron rich samples were originally oriented ‖(100)

and were oriented ‖(010) after cutting perpendicular, the IR-measurements of

the untreated samples consisted of the contributions ‖[001] and ‖[010], adding

up to about 90% of the total absorbance. The parameter C0 was therefore

estimated from the fresh sample’s OH-absorbance minus 20%.

Three samples (es7-2, es9-1, and es5-3) were first dehydrated at 800◦C and

subsequently annealed at higher temperatures. The Fe- and Al-bearing sam-

ples es5-3 and es9-1 were both annealed at 800 and 850◦C, and the Al-bearing

sample es7-2 was used for all four temperatures. The diffusivity might be
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6. Results of hydrogen extraction experiments
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Figure 6.2.: Linearised time series of sample es9-1

underestimated for a sample, which already had developed a concentration

profile before. The degree of underestimation depends on the length of the

initial concentration profile, and could possibly be smaller than the analytical

error of the diffusion coefficient.

The quasilinear representation of the time series C/C0 vs.
√
t flattens out

at C/C0 < 0.5, as shown for sample es9-1 in Fig. 6.2. The diffusion coefficient

deduced from sample es9-1 at 850◦C is underestimated by ∼0.3 log-units com-

pared to the chemically similar, initially untreated sample es9-2 (Tab. 6.3).

This is due to a too low C/C0 at the beginning of the second annealing tem-

perature, so later points deviate substantially from linear behaviour.

The diffusion coefficient is related to the slope S in the linear range of data

by

D =
πd2S2

16
(6.1)

with d being the sample thickness.
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The diffusion coefficient for the second temperature of es5-3 is within error

supported by a chemically similar, initially untreated sample, es5-4, annealed

at the same temperature (Tab. 6.3). For sample es7-2 no diffusion coefficient

could be deduced for 800◦C, the first temperature, because the OH-absorbance

did not decrease during the heat treatment. The diffusion coefficient for the

third temperature, 900◦C, is supported by the diffusion coefficient of the chem-

ically similar, initially untreated sample es7-5. The diffusion coefficient of es7-2

for 850◦C is justified by the consistency of the diffusion coefficients at 900◦C,

determined after the heat treatment at 850◦C, and by the fact, that during the

heat treatment at 800◦C, virtually no change in hydrogen concentration oc-

curred. The diffusion coefficient for the fourth temperature, 950◦C, is not well

constrained due to few datapoints in the time series. Nevertheless it matches

the more reliable diffusion coefficient of the initially untreated sample es7-3

within error.

The errors given in Table 6.1 were computed from the standard deviation of

the linear regression. Details on the fitting of diffusion profiles and assumptions

are given in Appendix B.1.
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6. Results of hydrogen extraction experiments
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7. Results of H/D-exchange
experiments

Three types of orthopyroxenes were used for H/D-exchange experiments: pure

enstatite, enstatite with ∼2 wt% of Al2O3, and with ∼0.6 wt% Al2O3 plus

∼2 wt% FeO total iron. In the hydrogen-bearing samples, OH- and OD-

absorbances were monitored as a function of time through the bulk crystal

plate. In addition, initially deuterium-bearing crystal-plates were cut perpen-

dicular to the faces after one annealing experiment with hydrogen gas at ambi-

ent pressure and a profile of OH- and OD-absorbance was measured across the

sample. Experimental conditions and diffusion coefficients of H/D-exchange

are given in Table 7.2 and the resulting activation energies and preexponential

factors are summarised in Table 7.1.

The experimental pressure has no or very little effect on the diffusivity. Dif-

fusion coefficients obtained in this study for pure enstatite agree well with

the results of Stalder and Behrens (2006), although the first were obtained

at 2 kbar and the latter at ambient pressure. Thus, diffusion parameters for

H/D-exchange in pure enstatite were calculated from combining the data of

this study, including diffusion coefficients of 2 kbar and ambient pressure ex-

periments, and the previously determined diffusion coefficients by Stalder and

Behrens (2006). The resulting activation energy of H/D-exchange in pure en-

statite is higher than previously determined by these authors: +22 kJ/mol ‖[100],

the deviation is still in the range of error, and +56 kJ/mol ‖[010].

The anisotropy of diffusion, D‖[010]<D‖[100]<D‖[001], reported for pure en-

statite by Stalder and Behrens (2006), is supported also for aluminous enstatite
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Figure 7.1.: Arrhenius plot of H/D-exchange diffusivity of pure enstatite. Dots
and circles indicate data of this study, diamonds denote data from
Stalder and Behrens (2006). The annotation ”1” denotes data
obtained at ambient pressure, other data was obtained from ex-
periments at 2 kbar. Open symbols are diffusion coefficients ‖[010]
and closed symbols are ‖[100]. The solid line represents the lin-
ear regression of diffusion coefficients ‖[100], the dotted line is the
regression line for diffusion ‖[010].
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Figure 7.2.: Arrhenius plot of H/D-exchange diffusivity of doped enstatite. Tri-
angles: enstatite with ∼2 wt% FeO and ∼0.6 wt% Al2O3, squares
and asterisks: enstatite with ∼2 wt% Al2O3. The annotation ”1”
indicates data obtained at ambient pressure, all other data were
obtained at 2 kbar. Open symbols are diffusion coefficients ‖[010],
filled symbols are ‖[100], and asterisks are ‖[001]. Solid lines repre-
sent the linear regression of diffusion coefficients ‖[100], the broken
line is the regression line for diffusion ‖[001].
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7. Results of H/D-exchange experiments

Table 7.1.: Diffusion-parameters for H/D-exchange in orthopyroxene: D0 is the
preexponential factor and Ea the activation energy. The errors of
D0 and Ea were deduced from the standard deviation and are given
in parentheses.

Dopant D0 [m2/s] Ea [kJ/mol]

‖ [001] 1.6 (±1.1) e-02 220 (±40)
Al2O3 ‖ [100] 5.7 (±1.5) e-02 246 (±60)

FeO + Al2O3 ‖ [100] 1.5 (±0.2) e-03 200 (±20)
‖ [100] 2.2 (±0.2) e-02 223 (±22)

pure enstatite ‖ [010] 7.2 (±0.2) e-02 241 (±31)

(Fig. 7.2). The activation energy of H/D-exchange diffusivity of Fe-Al-doped

orthopyroxene is smaller than of iron-free enstatite. The activation energy of

aluminous enstatite ‖[100] is the highest, but possesses a large uncertainty

originating from the limited availability of diffusion coefficients and from the

difficulties of IR-spectra evaluation (see also Appendix B.22, B.25, and B.36).

The most obvious effect of the dopant aluminium in enstatite is that H/D-

exchange diffusivity is decelerated with respect to pure enstatite. The dopand

iron has — at least in the investigated concentration — only little effect on

H/D-exchange. Since the activation energy of the iron-bearing samples is

lower, their diffusivity is enhanced with respect to pure enstatite only at tem-

peratures below 730◦C.

In most cases, the diffusion coefficient of hydrogen is equal or higher than

the diffusion coefficient of deuterium (Table 7.2). There are two possible rea-

sons for DH >DD: (1) The isotope effect, which says that the heavier isotope

is the slower one. The ratio of the diffusion coefficients of two isotopes is

D1/D2 =
√
m2/m1, where m1 and m2 are the molar weights of the isotopes,

leading to a constant ratio of DH/DD =
√

2 = 1.4. For samples es27-1 and

es16-3b applies DH/DD=1.4 and DH/DD=1.2, respectively, indicating an iso-

tope effect. (2) Desorption is faster than sorption. This seems to apply to
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Figure 7.3.: Arrhenius plot comparing the H/D-exchange diffusivities of all
samples. Grey data indicate pure and black doped enstatite. Dia-
monds: pure enstatite from Stalder and Behrens (2006), dots and
circles: pure enstatite this study, squares and asterisks: enstatite
with Al, triangles: enstatite with Fe and Al. Diffusion coefficients
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other diffusion coefficients were obtained from experiments at 2
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Solid lines: linear fit [100], dotted line: linear fit [010], broken line:
linear fit [001].
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7. Results of H/D-exchange experiments

sample pen1, in which DD >DH and D was the desorbed species. The dif-

ference between sorption and desorption might be somehow caused by the

interface between fluid/gas phase and solid crystal. The result of sample es5-5

‖[010] cannot be explained in this way, because DD >DH and H is the desorbed

species. Because the reason for the differing diffusion coefficients is not clear,

always the greater diffusion coefficient was considered.
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7. Results of H/D-exchange experiments
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8. Discussion

The diffusivities of H/D-exchange are higher than most of the diffusivities of

hydrogen extraction (Fig. 8.1). Only the samples containing 6 and 10 wt% FeO

total iron dehydrate as fast as the results from H/D-exchange experiments.

H/D-exchange and dehydration in the samples containing about 0.6 wt% Al2O3

and 2 wt% FeO differ by 1.5 log-units. The difference for pure enstatite is

slightly larger than one order of magnitude. Aluminium bearing, iron free

samples show a difference of ∼2 log-units between both diffusivities. Taking

into account that the samples used for dehydration experiments contained

∼7 wt% Al2O3 and H/D-exchange was determined for enstatite with 2 wt%

Al2O3, the difference between the two diffusivities might be somewhat smaller

than 2 log units for equal Al-concentrations.

Dehydration of orthopyroxene is slower than H/D-exchange, because

the protonated point-defects can only release their proton, when a new local

configuration of charge neutrality is provided and lattice strain is minimized.

This involves either rearrangement or annihilation of the respective point-

defects. The decelerating effect of aluminium on hydrogen diffusion suggests

that aluminium forms stable point defect complexes in orthopyroxene. As

microscopic exsolution of an Al-phase at surfaces or microscopic Al-rich inclu-

sions were never observed, the point defect complexes are possibly dehydrated

by forming pairs or submicroscopic complexes of more than two Al-atoms. A

possible rearrangement reaction is:

[Al3+tetr+H+]+[Al3+oct+Voct+H+] ⇒ [Al3+tetr+Al3+oct]+[Voct+2H+]

where the point-defect complexes are in square brackets. Two protonated Al-

defects fuse to one Tschermak’s defect, and the remaining octahedral vacancy
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8. Discussion
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Figure 8.1.: Compilation of hydrogen diffusion data of orthopyroxene. Solid
lines: H/D-exchange, dashed lines: H-extraction, dotted lines: H-
extraction from Stalder and Skogby (2003), dashed-dotted lines:
H-extraction from Stalder et al. (2007), diamond: H/D-exchange
from Stalder et al. (2007), triangle: H-extraction from Stalder
and Skogby (2007), dots: H-extraction from this study. The
numbers indicate the Al2O3- and FeO-content in wt% respec-
tively. All grey lines refer to pure enstatite. The natural orthopy-
roxene contains several minor elements which are not indicated
here, the iron-bearing samples of the two dots contain addition-
ally 0.05 wt% Al2O3. Crystallographical orientations are indicated
in square brackets.
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is charge balanced by the two protons. This configuration may be energet-

ically favourable, because dehydration diffusivity for pure enstatite (Stalder

and Skogby (2003), grey dotted line in Fig. 8.1) shows that the protonated

octahedral vacancies are more mobile than the Al-point-defects and can be an-

nihilated by diffusing to the surface of the crystal. Moreover, EMPA-analyses

suggest that Al is incorporated mainly through the Al-Tschermak’s substitu-

tion (Section 3.1). However, the above reaction implies that in Al-bearing

samples, some OH-bands increase at the cost of others, i.e., the OH-bands

of the defects [Al3+tetr+H+] and [Al3+oct+Voct+H+] would decrease relatively fast,

whereas the OH-band which corresponds to the defect [Voct+2H+] would in-

crease or decrease more slowly. In fact, increasing IR-bands in Al-bearing

samples were observed in dehydration experiments, but leading to a total in-

crease of OH-absorbance (e.g., Appendix B.17, B.18, B.19). It is noteworthy

that a possible site specific absorption coefficient, as it has been reported

by Kovács et al. (2010) for olivine, has not been studied yet for orthopyrox-

ene. A relatively high absorption coefficient of the increasing IR-band around

3400 cm−1, which in addition may be pressure and/or temperature dependent,

could lead to a total increase of absorbance. Except for the OH-peaks, which

exhibited some irregular behaviour or increased with time, all peaks in alumi-

nous orthopyroxene samples decreased approximately on the same timescale

during dehydration. In any case, the irregular development of OH-absorbance

indicates that an intrinsic relaxation process occurred during tempering which

was similar or equal to the above reaction. The slower dehydration is proba-

bly related to the necessity of the deprotonated point-defects to achieve charge

balance or diffuse to the surface of the crystal.

The dehydration process is facilitated by ferrous iron changing to ferric iron

in order to charge balance an escaping hydrogen atom

H++Fe2+ ⇒ 1/2 H2+Fe3+

(e.g., Skogby and Rossman (1989); Stalder (2004); Stalder and Skogby (2007)).

In other words, if Fe-bearing orthopyroxene is dehydrated, the flux of hydrogen
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8. Discussion

atoms is charge-balanced by a counter flux of electron holes and the dehydra-

tion is governed by the diffusivity of electron holes. The fact that this hydrogen

transport mechanism enhances hydrogen diffusivity and reduces the activation

energy shows that electron holes are more mobile than any other point-defect

in orthopyroxenes. The high dehydration diffusivities of the samples with 6

and 10 wt% FeO total iron suggest that dehydration is governed by the highly

mobile electron holes in these samples.

0 10000 20000 30000 40000 50000

0
5

10
15

20

Time [sec]

P
ea

ka
re

a 
[m

m
−2

]

es9−6
950°C

3600 3400 3200 3000

0.
0

0.
5

1.
0

1.
5

Wavenumber [cm−1]

A
bs

or
ba

nc
e 

[m
m

−1
]

Figure 8.2.: OH-absorbance of individual peaks and total OH-absorbance
(black) as a function of time. The broken line is the fitted dif-
fusion Equation 5.6, the peak model applied to the IR-spectra is
shown exemplarily in the inset. The OH-bands related to Fe3+

(3330 and 3460 cm−1) show an initial increase, whereas the OH-
bands assigned to Mg-vacancies (3060, 3200, 3360 cm−1) decrease
faster than the other peaks.

The dehydration reaction involving iron oxidation consists of two steps

66



(Stalder and Skogby, 2007):

Fe2++[VMg+2H+] ⇒ [Fe3++VMg+H+]+1/2H2

and

Fe2++[Fe3++VMg+H+] ⇒ [2Fe3++VMg]+1/2H2

This is confirmed by the results of this study and is most clearly shown ex-

emplarily with the evolution of the individual peaks of sample es9-6, dehy-

drated at 950◦C in air (Fig. 8.2, B.16). The initial increase of the OH-bands

centered at 3330 and 3460 cm−1, probably corresponding to the point defect

complex [Fe3++VMg+H+] (see also Section 1.3), mirrors the first partial reac-

tion. The OH-bands assigned to protonated octahedral vacancies, centered at

3060, 3200, and 3360 cm−1, decrease much faster than the other peaks, due to

the enhanced deprotonation of octahedral vacancies through both reactions.

In Fig. 8.2, the peaks at high wavenumbers, assigned to protonated aluminium

point-defects, in between 3470 to 3650 cm−1, increase also slightly. This in-

crease is also exhibited by iron free aluminous samples and can be attributed to

the abovementioned intrinsic equilibration of Al-point-defects. Although the

Fe3+-related OH-bands do not increase in all iron-bearing samples, the faster

decrease of Voct-related OH-bands was always observed (Appendix B.1).

Since the iron-bearing samples contained also aluminium and also exhibited

aluminium related OH-bands, an analogous dehydration reaction involving the

protonated Al-defects is possible:

[Al3+tetr+H+]+Fe2+oct ⇒ [Al3+tetr+Fe3+oct]+1/2H2

Previous H-extraction results of synthetic, iron-bearing orthopyroxenes (dashed-

dotted lines in Fig. 8.1) show that dehydration does not exclusively depend

on iron content (Stalder et al., 2007). The results of this study suggest that

dehydration is enhanced through aluminium, possibly due to the opportunity

for deprotonated point-defects to fuse to Al-Fe-Tschermak’s defects.

The kinetics of H/D-exchange show a similar dependency on the defect

chemistry as dehydration, i.e., diffusivity becomes slower through incorpora-

tion of Al and is slightly enhanced in the Al- plus Fe-bearing samples with
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8. Discussion

respect to pure enstatite. The results reflect that protonated Al-point-defects

are more stable and less mobile than protonated octahedral vacancies. H/D-

exchange in iron-bearing samples is slightly higher than in pure enstatite only

below 730◦C due to the low activation energy. H/D-exchange in orthopyrox-

ene might increase with higher iron contents and exceed hydrogen diffusivity

in pure enstatite also at higher temperatures. But since dehydration in the

high-iron orthopyroxenes is very likely governed by the abovementioned iron-

redox reaction, it probably marks approximately the upper limit for hydrogen

diffusivity in iron-bearing orthopyroxene. Diffusivity of H/D-exchange there-

fore could possibly be enhanced through iron only up to this limit, and as

a consequence, pure enstatite would possess the largest hydrogen diffusivity

above ∼850◦C.

It can be concluded, that hydrogen is incorporated in orthopyroxene in point

defect complexes involving vacancies and trivalent cations. Dehydration is

governed by the kinetics of rearrangement-reactions and diffusivities of the

point defect complexes. Aluminium reduces the mobility of hydrogen in or-

thopyroxene by the formation of relatively stable point defect complexes. Also

H/D-exchange is decelerated through aluminium due to the higher stability

of Al-H-point defect complexes. An exemption is provided by the presence of

iron, which enables hydrogen to diffuse independently of the associated point

defects and charge-balances protons by a counterflux of electron holes. The

mobility of hydrogen in the most iron-rich orthopyroxenes, investigated in this

study, is similar to hydrogen self-diffusivity, as indicated by the similarity be-

tween dehydration in the iron-rich samples and H/D-exchange. The results

confirm the previous finding of the enhancing effect of iron on hydrogen diffu-

sivity (Stalder and Skogby, 2007), and the hypothesis of the decelerating effect

of aluminium on hydrogen diffusivity.
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Part II.

Electrical conductivity of Enstatite
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9. Introduction

The electrical conductivity of silicate minerals is determined by the concentra-

tion and mobility of point-defects and the concentration of polyvalent cations,

providing mobile electrons. In a pure phase, electrical conductivity arises from

intrinsic point-defects in the crystal, i.e., vacancies, interstitial ions, electrons,

and electron holes. Impurities cause extrinsic point-defects, which may en-

hance electrical conductivity with respect to the pure phase. Electrical con-

duction in silicates is a thermally activated process, and these minerals can

therefore be classified as semiconducting materials. An important character-

istic of semiconductors is that even small concentrations of impurity cations

have an enhancing effect on electrical conductivity by decreasing the energy

gap between the valence band and the conduction band. Consequently, it is

very difficult to determine the electrical conductivity of a pure phase.

The aim of this study was to investigate the effect of impurities, such as

aluminium, ferric iron, and hydrogen, on the electrical conductivity of en-

statite. Electrical conduction in orthopyroxene single crystals is dominated by

ionic and electronic transport processes, but it is not a direct probe of them.

Comparison of electrical conductivity with hydrogen diffusivity via the Nernst-

Einstein relation (Eq. 14.1) is necessary to draw conclusions on the charged

species and their transport mechanisms which cause the measured electrical

conductivity.
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10. Impedance spectroscopy

Impedance spectroscopy is used to characterise electronic components and to

analyse various liquid and solid materials. A major application for solids is

the investigation of transport properties of charge carriers. Through analysis

of frequency domains, unwanted polarisation effects at the electrodes or other

interfaces can be ruled out and low electrical conductivities can be measured.

The methods of impedance spectroscopy and of data analysis are as diverse

as the applications of this measurement technique. In the following, only the

subject relevant for this study is described.

An alternating voltage (AC) is applied to the sample via two electrodes,

brought into contact with the sample by dipping them into an electrolytic

liquid or attaching them to the surface of a solid. Solid samples are usually

planparallel plates with the electrodes attached to the faces. The alternating

voltage can be described by the equation:

U = U(t) = U0 sin(ωt+ φU) (10.1)

U0 is the amplitude, ω = 2πf is the angular frequency, and φU is the phase an-

gle, which depends on the definition of the zero point of time. For convenience,

the alternating signal is written in the complex form.

U = U(t) = U0 cos(ωt+ φU) + i sin(ωt+ φU) (10.2)

The voltage induces an alternating current in the sample, which is phase shifted

with respect to the voltage and described by

I = I(t) = I0 cos(ωt+ φI) + i sin(ωt+ φI) (10.3)
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10. Impedance spectroscopy

I0 is the amplitude of the alternating current, and φI 6= φU due to the phase

shift. The impedance analyser measures the amplitude and the phase shift of

Figure 10.1.: Principle of impedance spectroscopy: A sample of thickness d
is placed between two electrodes with area A. The induced cur-
rent is characterized by it’s amplitude and phase shift. The real
part (I1) of the complex electrical conductivity is proportional to
the amplitude and the imaginary part (I2) is proportional to the
phase shift. The picture was copied from Funke (2002).

the induced current. From the two quantities, the current signal can be divided

into two parts, one oscillating in phase with the voltage, I1(t), the other one

is phase shifted by π/2, I2(t) (Fig. 10.1). The amplitudes of the two currents

are proportional to the real and the imaginary part of the complex electrical

conductivity, respectively.

σ′(ω) =
I0,1
U0

· d
A

(10.4)
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σ′′(ω) =
I0,2
U0

· d
A

(10.5)

σ(ω) = σ′(ω) + iσ′′(ω) (10.6)

d is the thickness of the sample, A the area of the electrodes, and σ(ω) the

admittance, the AC-equivalent to the conductivity to continuous current (DC).

The inverse of the admittance is the impedance, the AC-equivalent to the DC-

resistance. The applied voltage is small, between 1 and 1.5 V, to maintain

the linear ohmic relationship between voltage and current. The real part of

the electrical conductivity, σ′(ω), is a measure for the dissipated energy in the

system and can be regarded as an analogue to an ohmic resistance. It is called

the conductance and reflects the translational jumps of ionic and electronic

charge carriers. The imaginary part, σ′′(ω), represents the stored energy in

the system, analogous to a capacitor. It is also called the susceptance, as it

is a measure of the ability of a material to interact with an electrical field in

terms of rotational alignment of permanent dipoles and polarisation of atoms

and molecules.

To investigate the transport properties and mobility of cations in orthopy-

roxene, only the conductance needed to be considered. The electrical con-

ductivity was deduced from the conductance spectrum, log(σ′) versus log(f);

the frequency f is given in Hertz, σ′ in Siemens per meter (Fig. 10.2). The

conductance spectrum ideally consists of four regions: polarisation at low fre-

quencies, the low frequency- or DC-plateau, the frequency dispersive region

at higher frequencies, and the high frequency plateau at even higher frequen-

cies. If no polarisation would occur at the interface between the sample and

the electrodes, the DC-plateau would extend to zero frequency, corresponding

to continuous voltage. The polarisation at the electrode-sample interface is

expressed in a decrease of log(σ′) towards the low frequencies. This region

extends the further with increasing temperature. The DC-plateau is the fre-

quency domain of interest for this study. The level of the ”DC-conductance”

75



10. Impedance spectroscopy
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Figure 10.2.: Schematic conductance spectra. f is the frequency, T is arbitrary
temperature.

is the sum of the contributions of all mobile charge carriers to the electrical

conduction.

σ =
∑
i

σi+ + σe− (10.7)

where the sum is taken over all cations i+, e− denotes electrons. The oxygen

anions in silicates are very immobile due to their large atomic radius com-

pared to the cations and are therefore assumed to not contribute to electrical

conduction.

The frequency dispersive region and the high frequency plateau also arise

from movement of the charge carriers, but the higher the frequency, the more

thermal atomic oscillations around their equilibrium position contribute to

the signal. If the frequency approaches the Debye frequency, i.e., the maxi-

mum vibrational frequency of the crystal lattice at a given temperature, the

spectrum again flattens out to the high frequency plateau, where all oscilla-

tory movements of charged particles contribute to the conductance. The high

frequency plateau was never observed in this study, because it appears very
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rarely below 106 Hz. The kinetic energy of the atoms increases with increasing

temperature, and hence the frequency of successful jumps of charge carriers to

an adjacent new equilibrium position increases. Therefore, the DC-plateau ex-

tends to higher frequencies with increasing temperature. Due to the increasing

mobility of charge carriers with temperature, the level of the DC-plateau then

also increases, i.e., the whole impedance spectrum shifts towards the upper

right.
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11. Experimental setup

Electrical conductivity was measured by applying an alternating voltage with

an amplitude of 1.5 V to the samples via two platinum electrodes. The elec-

trodes were made of platinum conductor paste (OS2, Heraeus), which was

heated for 5 minutes at 500◦C and subsequently for another 5 minutes at

850◦C in air. The platinum paste reduced to a nearly pure platinum film with

good adhesion to the polished crystal surfaces.

The measurements were carried out at ambient pressure in the temperature

range 700 to 1040◦C. Hydrogen loss due to heating was minimized by flushing

the furnace with a continuous flow of either argon with 7% H2 or with pure

H2. The flushing also established a ”clean” atmosphere by replacing the air in

the furnace. Samples containing deuterium were exposed to pure H2 gas, to

derive H/D-exchange diffusion coefficients from the H/D-concentration profiles

measured with FTIR-spectroscopy after the experiments. The results of the

diffusion experiments are described in Chapter 7.

The oxygen fugacity was measured with an Yttrium doped ZrO2-ceramic

cell. The dopant caused oxygen vacancies, leading to enhanced oxygen mo-

bility in the ceramic. One end of the ZrO2-ceramic-piece was exposed to the

furnace atmosphere and the other end was exposed to the surrounding air.

The difference in oxygen fugacity caused a voltage U between both ends pro-

portional to the difference in oxygen fugacity:

U =
RT

zeF
ln

(
pO′2
pO′′2

)
(11.1)

The voltage U was measured with two platinum wires brought into contact with

one end each. Temperature T was measured with an S-type thermocouple near
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11. Experimental setup

the sensor ceramic. R is the gas constant, F the Faraday’s constant, pO′2
the

oxygen fugacity in the furnace, and pO′′2
the reference oxygen fugacity, in our

case air. ze is the number of electrons transferred per mole, here ze=4 because

O2 + 4e− = 2 O2−. Oxygen fugacities, calculated with Equation 11.1, were in

the range of log(pO2)=-55 to -130, i.e., the air was nearly completely replaced

by the ArH2- or H2-gas flow. Stable values were reached within minutes.

For automated impedance analyses, a modular system from Novocontrol was

used. The Alpha-A9 mainframe provided basic functionality of signal gener-

ation and analysis. The mainframe was combined with a ZG4 test interface

which enabled impedance measurements with our self-made sample holders in

four wire mode, among a variety of other measurement configurations. In four

wire mode, two cables were used for current and voltage each. With only two

electrodes used, the four wire mode was not essential, but provided the best

possible accuracy. The measurement system was controlled with the software

WinDETA (Novocontrol), which allowed automated data acquisition, online

graphical data preview and ASCII-file data export. The impedance range was

10−2 to 1014 Ω in the frequency range 3 µHz to 20 MHz.

In order to reduce the rate of failed measurements, the design of the sample

holder was changed at some point. A number of successful measurements were

done with the first sample holder (upper picture in Figure 11.2), but due to

the low signal of the small samples with electrode areas around 0.2 mm2, a

possible contribution of the alumina ceramics to the measured conductance

had to be considered. The first sample holder was constructed of one alumina

ceramics tube with six capillaries for the leading wires, so a current between the

leading wires could not be excluded. In the second sample cell, the Pt-leading

wires were hosted in two spatially separated ceramic tubings, similar to the

one described by Özkan and Moulson (1970), avoiding an electrical current

between wires of different potential through the ceramics (lower picture in

Figure 11.2).

The samples were either clamped directly between the faces of two truncated
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Figure 11.1.: Photomicrographs of two samples (es27-3 left, es9-3 right), show-
ing the Pt-paste electrodes and the fixation between two Pt-wires
in an sapphire single-crystal. The cube shaped sample was mea-
sured ‖[100] and ‖[001], the measurement ‖[010] failed due to
poor electrical contact.
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11. Experimental setup

cones made of Pt90Rh10-alloy, or they were fixed in an additional inset between

two Pt-wires (Fig. 11.1). All measurements with the first sample cell were done

without the inset, all but two of the measurements with the second sample cell

were done with the inset. The inset was made of a sapphire single-crystal

and its surface was kept clean to avoid accumulation of carbon or iron at

reducing conditions and at high temperatures. Hydrocarbon compounds were

removed by heating the inset in air. A coating of iron oxide on the surface was

sometimes observed after heating. The iron oxide was removed by dipping the

contaminated parts in concentrated HCl, so no contribution to the measured

electrical conductivity was expected to originate from the inset.

The purpose of the inset was to minimize the risk of surface conduction

as the samples used in this study were much smaller than commonly used

for impedance spectroscopic measurements. The faces of the truncated cones

were larger than the sample faces, which could facilitate conduction across the

edges of the crystal plates. Reproducible electrical conductivities of chemically

equal samples, but differing in size and geometry, suggest conduction through

the bulk samples, rather than along the surface. Sample es16-4a was measured

twice with different electrodes of the same area, but at different locations on the

sample. In one case, the electrodes lay directly in the middle of the sample,

in the other case, the electrodes were located near the edge. Furthermore,

one measurement was done without the inset. The results are in excellent

agreement, therefore surface conduction can be ruled out (Fig. 12.3).

Nevertheless, some measurements with exceptionally high or low electrical

conductivities were neglected. Very low values were always accompanied by

noisy spectra and could therefore be attributed to poor electrical contacts, e.g.,

between the Pt-electrodes and the wires of the sapphire inset. Very high elec-

trical conductivities were caused by bypass or leakage currents. In cases where

the Pt-paste was not applied carefully, the current could bypass the sample

leading to too high conductivities. Another example is the abovementioned

carbon or iron accumulation on sample edges or on the alumina inset. Further-
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more, air turned out to be more conductive than the samples, so measurements

in air were neglected.

The temperature was continuously monitored with an S-type thermocou-

ple (Pt90Rh10-Pt100). In earlier experiments, the temperature was recorded

manually at the start, at several frequencies of the DC-plateau, and at the

end of every spectrum acquisition. In later experiments, the temperature was

recorded automatically every 10 to 30 seconds. The sample cell was not in-

serted in the furnace before a stable starting temperature, usually 750◦C, was

established. Heating of the sample was therefore very fast and took just 5-10

minutes. Immediately after the sample cell was pushed inside, the ArH2-gas

valve was opened. In most cases, the gas flow was switched to hydrogen gas

after about three minutes. To terminate the experiment, the gas flow was

again switched to ArH2 gas mixture for about three minutes before the sample

cell was pulled out of the furnace. The sample cooled down to temperatures

below 500◦C in less than two minutes.

Since electrical conductivity depends on the thickness of the sample and on

the area of the electrodes, both needed to be determined before or after the

experiment. The sample thickness was measured with a Mitutoyo micrometer

with an accuracy of ±2 µm. The area of the Pt-spot was measured from

photomicrographs with the software Adobe Photoshop. Photos of both sides

of the sample were superimposed, so the overlapping area of the Pt-spots —

the effective electrode area — could be determined. Due to the irregular shape

of the Pt-spots, the effective area could differ significantly from the area of each

single spot.
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11. Experimental setup
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12. Results

In the log-log representation of an electrical conductivity spectrum, the higher-

frequency domain is attributed to charge transport through the sample, the

lower-frequency domain reflects trapping of ions and polarisation mechanisms

at the interface between the electrode and the crystal. Depending on temper-

ature and quality of the electrodes, the polarisation region could significantly

overlap with the DC-plateau, complicating identification of the level of the

plateau (upper Figure 12.1). A comparison with the impedance in the com-

plex representation helps to distinguish both frequency domains as they usually

appear as two distinct features in the complex impedance plot (Fig. 12.2): the

impedance of the bulk sample is represented by the semicircle, whereas the

electrode-sample interface contribution gives the adjacent ”tail”. In the com-

plex impedance plot, the frequency increases from right to left, opposing the

x-axis, so the ”tail” is at low frequencies. The electrical conductivity of the

sample equals the inverse diameter of the impedance arc. The frequency at the

vertex of the semicircle is the inverse relaxation time of the conduction-process.

Activation energies of electrical conductivity range from 133 to 290 kJ/mol;

the natural mantle orthopyroxenes having the lowest and pure enstatite the

highest activation energy. In some measurements, the activation energy changes

with temperature. The slope in the arrhenius plot either increases (es4-4, es16-

4a) or decreases (br1-2a, es7-8). The increase can be explained by a change of

the dominating charge transport mechanism, as discussed in detail in Part III.

A decreasing slope can not be explained in terms of transport processes, but

is related to degeneration of electrodes and alteration of samples. A time-

dependent increasing influence of polarisation effects at the sample electrode
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Figure 12.1.: Conductivity spectra and corresponding arrhenius plot of sam-
ple es7-8. Black spectra with datapoints indicate measurements
during heating and grey spectra with omitted datapoints were
measured during cooling at the same temperatures. The increas-
ing downward slope of the spectra is caused by an increasing
influence of polarisation, probably degeneration of the electrodes.
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to the left, as if the semicircle splitted up into two overlapping
semicircles.

interface is expressed in a growing low-frequency feature adjacent to the high-

frequency impedance arc. Formation of cracks in the sample due to heating,

cooling, or dehydration may cause the same effect. Measurements with signif-

icant polarisation effect are often also rather noisy, indicating poor electrical

contact between the sample and the electrodes. For this reason, several mea-

surements have been rejected.

The electrical conductivity result of sample es7-8 (6 wt% Al2O3) is an ex-

ample for increasing polarisation. Activation energy of this sample decreases

at 840◦C upon heating from 225 to 186 kJ/mol and remains constant upon

cooling (lower Figure 12.1). With time, the high-frequency impedance arc be-

comes more flat and elongated to the right, probably due to the development

of a second, overlapping arc (Fig. 12.2). The second arc indicates a second re-

laxation process with a similar relaxation time. Although no inhomogeneities

were found with the microscope or with SEM, such as exsolution of talc or of
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12. Results

an Al-rich phase, alteration of the sample cannot be excluded. Consequently,

the first five measurements, having the higher activation energy, more reliably

represent electrical conductivity of aluminous enstatite than the later measure-

ments and the lower activation energy.

The decrease of activation energy of br1-2a happens at similar temperatures

as the one of es7-8 (Fig. 15.3, right). The change in slope is smooth between

840 and 860◦C. Exsolution of an Al-rich phase is unlikely, because br1-2a con-

tains only 0.21 wt% Al2O3. However, FTIR-spectra of this sample reveal a

strong OH-stretching vibration band of talc at 3674 cm−1 and fine lamellae

could be observed microscopically in the crystal (Appendix C.1). The com-

plex impedance arc of this sample shows a slight elongation to the right after

several minutes of tempering, similar to sample es7-8. Moreover, the activation

energies of both samples are similar (Tab. 12.2).

Many samples show a hysteresis with heating and cooling branches in the

Arrhenius plot having different slopes. In some cases this is probably an effect

of the abovementioned degeneration of electrodes and alteration of samples.

Sometimes, the hysteresis suddenly occurs when the temperature is lowered.

In this case, also mechanical stress and loosening of fragile electrical contacts,

e.g., between wires and Pt-paste, could influence the measurements. In some

cases, a decrease in electrical conductivity can be attributed to a superimposed

decrease in charge carrier concentration with time.

The electrical conductivity of pure enstatite sample es27-3 was measured

in three experiments. Although electrical conductivity did not increase dur-

ing the experiments, it increased from experiment to experiment. Figure C.4

illustrates the change in electrical conductivity. After each experiment, the

sample was analysed with FTIR-spectroscopy and heated in air for 10 minutes

at 400◦C for fixation in the sample cell. Since it is unlikely, that the sample was

altered during the heating, the cause of the increase remains unclear. The first

experiment lasted 3:30 hours at 905◦C in ArH2-gas flow. Neither the H2O-

content nor electrical conductivity changed during this time. In the second
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experiment, the peak temperature of 861◦C was held constant for 16 hours in

H2-gas flow and electrical conductivity and hydrogen content did not change

either. In order to observe the effect of dehydration on electrical conductivity,

the third experiment was carried out in air, without a gas-flow. Five minutes

before each measurement was started, the ArH2-gas flow valve was opened and

shut immediately after the measurement was finished. Conductivity measure-

ments in ambient atmosphere yielded much too high values, probably due to

conducting contaminants in the air.

In the Arrhenius plot, the first one or two datapoints at the lowest tempera-

tures often have a lower slope than the later datapoints. This can be attributed

to moisture on surfaces and a large error in temperature measurement due to

fast heating during the first minutes. A stable temperature and atmosphere

was established in the furnace before inserting the sample. Therefore, the

sample cell was heated from room temperature to about 700◦C during the first

minutes.

Most electrical conductivity results of this study cluster in a narrow region

(Fig. 12.3). Only the samples oriented ‖[001] and the three most iron-rich sam-

ples exhibit higher conductivities. No systematic anisotropy between [100] and

[010] could be revealed. The anisotropy pattern of electrical conductivity of

orthopyroxene therefore is [001]>[010]≈[100]. In contrast to earlier studies on

olivine and orthopyroxene (e.g. Wang et al. (2006), Yoshino et al. (2009), Dai

and Karato (2009a)), the electrical conductivity does not show a clear corre-

lation to hydrogen concentration. The enhancement of electrical conductivity

through doping with aluminium, as observed by Duba et al. (1979), is also

not supported by the results. Some aluminous enstatites have approximately

the same electrical conductivity as pure enstatite, others exhibit slightly higher

electrical conductivities. If the iron concentration exceeds a threshold of about

5 wt% FeO total iron, it has an enhancing effect on electrical conductivity of

orthopyroxene due to polaron conduction. The contribution of polarons to

electrical conductivity is discussed in detail on the basis of model calculations
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12. Results

in Part III.

The variation of electrical conductivity with oxygen fugacity (Stocker, 1978)

was not investigated in this study, but the influence of variations in experi-

mental oxygen fugacity on the results needs to be discussed briefly. As already

mentioned, log(fO2 [bar]) varied between -55 to -130 at 700-1200◦C. Oxygen

fugacity during syntheses of orthopyroxene is not exactly known, but was sev-

eral orders of magnitude higher than during the electrical conductivity exper-

iments. Oxygen fugacity during syntheses of iron-bearing orthopyroxenes was

probably buffered by the ferrosilite-hematite-quartz system (Stalder, 2004),

and oxygen fugacity during iron-free orthopyroxene-syntheses was estimated

by Stalder et al. (2005) as to be buffered by the cell assembly, therefore be-

ing constrained by the C-CO-CO2-O2 system. It can not be excluded that

the samples at least partially equilibrated to the lower oxygen fugacity during

the conductivity measurements. The dependence of electrical conductivity on

oxygen fugacity in multiply doped orthopyroxenes is not known, but accord-

ing to the point defect models by Stocker (1978), the concentration of cationic

vacancies and electronic defects should decrease in general with decreasing oxy-

gen fugacity. Therefore, we would expect electrical conductivity to decrease

with time upon equilibration of samples during the experiments. A decreasing

oxygen fugacity was observed in two iron-free samples but was attributed to

hydrogen loss (Chapter 15). The change in charge carrier concentration should

affect the iron-bearing samples even more because of the reduction of mobile

electronic defects, but no other sample showed a superimposed continuous de-

crease of electrical conductivity. The effect of oxygen fugacity on the electrical

conductivities determined in this study can be considered as negligible.
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Figure 12.3.: Electrical conductivity (σ) of synthetic and two mantle orthopy-
roxenes. Upper figure: grey color indicates pure enstatite, black
enstatite with 0.1-6 wt% Al2O3. Lower figure: black indi-
cates synthetic orthopyroxenes with 0.1-1.4 wt% Al2O3 and 2-
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and 0.1 and 6 wt% Al2O3. Sample names and crystallographical
orientations are given in the legends. Details on the samples are
given in Tabs. 12.1, 12.2.
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13. Discussion

Due to the relatively high diffusivity of hydrogen, electrical conductivity is

expected to depend strongly on the hydrogen concentration (Karato, 1990).

The ”dry” pure enstatite sample (pen5) and the Al-rich sample (es7-8) which

contains more than 1500 ppm-wt H2O, illustrate clearly that this is not the

case for orthopyroxene in general. Both samples, as well as pure enstatite

with only about 250 ppm-wt H2O, have similar electrical conductivities (up-

per Fig. 12.3). A possible reason for this is the relatively low mobility of

hydrogen incorporated in association with aluminium, as demonstrated by the

diffusion experiments (Part I). Only the fraction of hydrogen incorporated as

charge compensation for octahedral vacancies might contribute to electrical

conduction. This fraction, as estimated from the corresponding OH-peaks in

the IR-spectra, is approximately the same for all iron-free enstatites regard-

less of their aluminium content (200-350 ppm-wt H2O). The high activation

energy of the hydrogen-free pure enstatite (pen5) suggests ionic conduction

via octahedral vacancies to be the dominating charge transport mechanisms

in this sample. The fact that electrical conductivity of the ”dry” pure en-

statite is even higher than the one of hydrous pure enstatite (es27-3, es4-4)

and the rather small effect of dehydration on electrical conductivity, as dis-

cussed in Chapter 15, suggest that protons and deuterons are not in general

the major charge carriers in the orthopyroxene samples of this study. Ionic

conduction via octahedral vacancies probably gives a substantial contribution

to electrical conductivity, in particular at temperatures higher than ∼900◦C.

In iron-bearing orthopyroxenes, hydrogen associated with ferric iron can be

replaced by electron holes having the same mobility as the protons. Electri-
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13. Discussion

cal conductivity of the iron-bearing samples is therefore insensitive to changes

in hydrogen content (es16-4a, see Section 15.3). The model calculations re-

vealed that polarons originating from ferric iron are the dominating charge

carriers in most iron-bearing samples, because their concentration is usually

much higher than the hydrogen concentration. It can be concluded that elec-

trical conductivity can not directly be correlated to hydrogen concentration

in orthopyroxenes, as the mobility of protons is governed by the mobility of

the associated point defects. The concentration and mobility of anhydrous

point defects might also equal or exceed that of hydrogen related point de-

fects. Consequently, anhydrous point defects, such as octahedral vacancies

and polarons, often provide substantial contributions to electrical conduction,

and the influence of protons on electrical conductivity is the smaller the larger

the contribution of anhydrous point defects.

13.1. Comparison with earlier studies

Several studies on electrical conductivity of orthopyroxene exist with disperse

results (e.g. Duba et al. (1976, 1979); Will et al. (1979); Voigt et al. (1979);

Xu and Shankland (1999); Dai and Karato (2009a)). The differences have

been attributed to differing experimental conditions, such as oxygen fugacity

or silica activity (Huebner and Voigt, 1988). Most data of this study also

disagree with the earlier studies on orthopyroxene. Although the data agree

roughly, most activation energies of this study are higher than the ones of

earlier measurements (Fig. 13.1).

In contrast to the majority of samples used in this study, earlier studies

used natural crystals, except for Will et al. (1979) and Voigt et al. (1979),

who both used synthetic, polycrystalline orthopyroxene. Besides some minor

elements, the natural samples contain higher amounts of Al2O3 and FeO than

the synthetic samples of this study. Figure 13.2 illustrates that only the two

natural samples of this study agree with some of the recent studies on electrical

96



13.1. Comparison with earlier studies

0.6 0.8 1.0 1.2 1.4

−
6

−
5

−
4

−
3

−
2

−
1

1000/T [K]

lo
g(

σ 
[S

/m
])

1500°C 1200°C 900°C 700°C 600°C 500°C

−
6

−
5

−
4

−
3

−
2

−
1

W
JD99 2 [010]

W
JD99 4−41 [010]

WJD99 37 [010]

H&V88

X&S99

X&S99

W
CHSV79

D&K09 0 [001]

DHS76 [001]

VSW
79 Fs20

VSW79 Fs50

VSW79 Fs100

YMS09 5

YM
S09 5

YMS09 1790

YMS09 400
XSD00 [100]

W
M

XK06 0

W
LYS08 126 Lherz

WLYS08 131 Pyrox

W
MXK06 130

WMXK06 270

D&K09 419 [001]D&K09 422 [100]

D&K09 423 [010]

YMYK06 228 [001]

YMYK06 227 [100]

YMYK06 95 [010]

DDITH79 [010]

DDITH79 [100]

pure enstatite
en + 6 wt% Al2O3

en + 0.1−1.4 wt% Al2O3
+ 2−10 wt% FeO (total Fe)

natural opx

data of this study:

Cpx

Figure 13.1.: Compilation of results of this study and of previous stud-
ies on electrical conductivity of olivine (grey), orthopyroxene
(lightgreen) and clinopyroxene (diopside, darkgreen and green
tetragon, indicated with ”Cpx”). Solid lines denote single crys-
tal measurements and broken lines indicate polycrystalline sam-
ples. Crystallographic orientations of the single crystals are given
in square brackets. If applicable, water contents are given in
ppm-wt H2O after the authors initials and the year of the pub-
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Voigt, 1988), VSW79 (Voigt et al., 1979) with Fs100/Fs50/Fs20
percentage of ferrosilite, WCHSV79 (Will et al., 1979), WJD99
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13. Discussion

conductivity of ”dry” or hydrogen-poor orthopyroxene. In addition, electrical

conductivity of olivine with few or no hydrogen also agrees with some results

of this study.

Since electrical conductivities of En2-1 and Mex5 are probably dominated

by polaron conduction, the interpretation of Xu and Shankland (1999) and

Dai and Karato (2009a) is supported, who suggested the same for their an-

hydrous orthopyroxene samples. The activation energy of the ”dry” sample

from Dai and Karato (2009a), 147±6 kJ/mol ‖[001], is comparable not only

to the natural samples, but also to the synthetic iron and aluminium bearing

sample es9-3, which has an activation energy of 155 kJ/mol ‖[100] and ‖[001]

(Fig. 13.2). But electrical conductivity of es9-3 ‖[001] is more than one log unit

higher, although the iron contents of this sample is about half that from Dai

and Karato (2009a). The difference is either caused by the difference in exper-

imental pressure (8 GPa vs. ambient pressure), or by differing charge carrier

concentrations. The higher electrical conductivity of es9-3 could be explained

by higher contents of hydrogen and ferric iron. The sample measured by Xu

and Shankland (1999) is chemically very similar to Mex5 of this study and

electrical conductivities of both samples are in good agreement. Both have

an activation energy of 174 kJ/mol, even though Xu and Shankland (1999)

measured a polycrystalline sample at 5 GPa. Hence, pressure has probably

only a minor influence on electrical conduction through the bulk crystal, as

already stated for olivine by Xu et al. (2000).

Apart from these agreements, an increase of electrical conductivity of several

log units due to hydrogen, as reported by (Dai and Karato, 2009a), was not

observed in this study. The increase in hydrogen content of olivine, as observed

by Wang et al. (2006), is possibly caused by the presence of an aqueous fluid

during the high pressure experiments. The authors report the subtraction of a

substantial amount of OH-absorbance in the IR-spectrum after the experiment,

designated as grain boundary water (as illustrated in the supplementary figure

of the publication). In Dai and Karato (2009a) there is no indication on a
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13. Discussion

change in hydrogen content during the high pressure experiments, but the

enhancement of electrical conductivity in the hydrous orthopyroxene samples

is nearly identical to that observed by Wang et al. (2006). An increase in

electrical conductivity with time together with a low activation energy as a

consequence of dehydration and formation of aqueous fluid was observed and

discussed by Yoshino et al. (2009). Although the problem of dehydration was

avoided by relatively low experimental temperatures, Yoshino et al. (2009)

found the electrical conductivity of hydrous olivine to be positively correlated

with hydrogen content. In contrast to orthopyroxene, which can contain a

variety of defect forming cations, olivine is rather ”intolerant” to defect cations.

For instance in San Carlos xenoliths, the mean total amount of defect-forming

cations in olivine is ∼0.6 wt% including Ca, Mn, and Ni. The mean total

amount of defect cations in orthopyroxene is ∼5.3 wt% including Ti, Al, Cr,

Mn, Ca, Na (the given amounts in weight percent refer to the oxides of the

given cations in Frey and Prinz (1978)). The concentration of point defects,

and hence electrical conductivity in olivine is probably directly enhanced by the

incorporation of hydrogen, whereas orthopyroxene has a larger concentration

of anhydrous point defects, and the influence of hydrogen on the point defect

chemistry is therefore less pronounced. Provided the electrical conductivity of

Earth’s upper mantle is influenced by proton conduction in the minerals, this

implies that electrical conductivity is rather a measure for water content in

olivine than in orthopyroxene.

13.2. Applicability of experimental results to
electrical conductivity of Earth’s upper
mantle

The electrical conductivity of upper mantle rocks ranges from 10−3 to 100 S/m.

At temperatures from 1000 to 1400◦C, electrical conductivities of orthopyrox-

ene and olivine agree with the lower range of conductivities in mantle rocks of
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13. Discussion

10−3-10−2 S/m. Highly conductive regions within the upper mantle were ob-

served, for example, directly beneath the East Pacific spreading ridge (Baba

et al., 2006), at ∼200 km depth below the Northeast Pacific oceanic litho-

sphere (Lizzaralde et al., 1995), and at ∼300 km and ∼450 km below Superior

Province of the Canadian shield, an Archean craton (Schultz et al., 1993).

The high conductivities were interpreted either as a conductive phase at grain

boundaries, e.g., partial melt (Roberts and Tyburczy, 1999; Gaillard et al.,

2008; ten Grotenhuis et al., 2005), iron sulfide (Watson et al., 2010; Ducea and

Park, 2000), carbon (Glover, 1996), or, based on the abovementioned recent

high-pressure experiments, by proton conduction in olivine (Wang et al., 2006).

However, at upper mantle temperatures, electrical conductivity of hydrous

olivine is still too low as to explain the high mantle conductivities (Yoshino

et al., 2009).

Some indications exist for the presence of partial melt in the upper man-

tle highly conductive regions. First, Green et al. (2010) found lherzolite to

melt during breakdown of pargasite, suggesting the presence of partial melts

at depth below 100 km under oceanic lithosphere. Secondly, incompatible el-

ements in general get enriched not only in melt, but also at interfaces such

as cracks and grain boundaries. Hiraga et al. (2003) reported enrichment of

Ca, Al, Cr, and Ti, and a Mg-depletion in a 5 nm thick zone at the interfaces

between olivine crystals in mantle dunite. A similar behaviour was observed

for hydrogen (Sommer et al., 2008): OH-enrichment was measured with FTIR-

spectroscopy at grain boundaries, cracks, and spinel inclusions. In nominally

anhydrous minerals (NAMs) hydrogen is incompatible. Significant amounts

of several 100 ppm-wt of H2O in NAMs are in equilibrium with high envi-

ronmental hydrogen fugacity. Consequently, hydrogen loss is a widely known

phenomenon in nature (Demouchy et al., 2006; Peslier and Luhr, 2006) as well

as in experiments including this study (Yoshino et al., 2006, 2009; Wang et al.,

2006; Dai and Karato, 2009a), and might trigger partial melting in the upper

mantle. Even though only a small portion of melt may be produced by dehy-
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13.2. Applicability to Earth’s upper mantle

dration, interconnectivity of the melt can be enhanced by shear strain, i.e., by

mantle flow (Hier-Majumder and Kohlstedt, 2006).

The influence of conductive impurities at grain boundaries on the bulk elec-

trical conductivity has already been experimentally investigated in several

studies (see citations in the first paragraph of this section). In terms of ap-

plication of laboratory data on magnetotelluric results, it has to be taken into

account that laboratory electrical conductivity is usually inferred from the

impedance in the kHz-frequency region, whereas magnetotelluric techniques

use very much lower frequencies with periods of several seconds to days for

measurements in the mantle. Laboratory measurements in the kHz-region de-

tect movements of charged particles on the nanometer scale, i.e., much shorter

than the grain size of samples. Hence, a conductive phase in a polycrys-

talline sample does not necessarily need to form an interconnected network

to enhance electrical conductivity inferred from impedance spectroscopy, and

consequently impedance spectroscopy is very sensitive to conductive impurities

even if not equally distributed in the sample. This contrasts the dimensions

involved in magnetotelluric measurements, in which a highly conductive grain

boundary phase in the mantle needs to be interconnected on a much larger

scale to significantly enhance electrical conductivity. Consequently, enhanced

electrical conductivities observed in the laboratory due to small amounts of

a conductive phase is not necessarily applicable to results of magnetotelluric

measurements. An example is the electrical conductivity of San Carlos olivine

containing 1 vol% of iron sulfide, an amount which is insufficient to be inter-

connected. Nevertheless, electrical conductivity is enhanced by more than one

order of magnitude with respect to plain olivine (Watson et al., 2010). A sec-

ond example is the study on natural rocks by Wang et al. (2008). Drill cores

of xenolithic mantle rocks were used for electrical conductivity measurements

at high pressure. Except for the pyroxenite, the results agree with presynthe-

sized samples and single crystals. The pyroxenite contains 5 vol% of iron oxide

which could have caused the high electrical conductivity (Fig. 13.1).
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13. Discussion

Grain boundaries enriched in incompatible elements as described by Hiraga

et al. (2003, 2004) might also provide pathways of higher mobility for con-

ductive impurity-caused point defects in mantle minerals. Demouchy (2010)

reported grain-boundary diffusivity of hydrogen in olivine to be almost three

orders of magnitude faster than volume diffusion through the bulk crystals.

The higher mobility and concentration of hydrogen related point defects or

other conductive defects at grain boundaries in mantle rocks could also be

considered as a reason for high electrical conductivity in the upper mantle.

Another property of the upper mantle revealed by magnetotelluric measure-

ments is lateral anisotropy of electrical conductivity. Anisotropic electrical

conductivity at the base of the lithosphere was detected for example by Bahr

and Duba (2000); Leibecker et al. (2002); Gatzemeier and Moorkamp (2005)

below Germany, by Bahr and Simpson (2002) below the Fennoscandian plate,

and by Simpson (2002) below the North Central craton of Australia. The elec-

trical anistropy conforms to the seismic anisotropy and it has been agreed by

these authors that the electrical anisotropy is caused by mantle convection pro-

ducing a shear-texture in the rocks of the upper mantle. Simpson and Tommasi

(2005) tested the hypothesis with a theoretical model, which assumed that hy-

drous olivine and orthopyroxene get crystallographically aligned through shear

strain. This lattice preferred orientation (LPO) might cause a macroscopic

electrical anisotropy because hydrogen diffusivity, and hence proton conduc-

tion, is anistropic along the three crystallographic axes in both minerals, in

particular in hydrous olivine. However, it was concluded that the observed

electrical anisotropy cannot be fully explained by the anisotropic electrical con-

ductivity of hydrous olivine and therefore other conduction mechanisms such

as conduction at grain boundaries and macroscopic inhomogeneities, must also

contribute to the observed anisotropy. Electrical anisotropy in orthopyroxene

is similar to olivine with the direction of highest electrical conductivity being

about half a log unit higher than the other two directions. Therefore, electri-

cal anisotropy of orthopyroxene, as determined in our study, does not provide
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13.2. Applicability to Earth’s upper mantle

an explanation for the observed electrical conductivity either. Various labo-

ratory studies on shear-textures in mantle peridotites exist (e.g. Skemer and

Karato (2008), Sundberg and Cooper (2008)), but electrical conductivity data

of sheared mantle rocks are still lacking.
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Part III.

Modelling electrical conductivity
with the diffusivity of hydrogen
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14. Charge carriers and charge
transport mechanisms in
orthopyroxene

Due to the usage of synthetic orthopyroxene the number of possible conduction

mechanisms is small. In pure enstatite, octahedral vacancies and protons are

the major contributors to electrical conduction. Silicon vacancies are assumed

to be rare in all samples, because the mixtures for orthopyroxene synthesis

contained excess silicon to exclude formation of olivine (Section 2.1). In iron-

bearing orthopyroxenes, polaron conduction is an important charge transport

mechanism. Polarons are quasi-particles arising from lattice strain around a

defect-cation, such as an Fe3+-ion on an octahedral position in the orthopyrox-

ene lattice. The extra positive charge attracts the surrounding oxygen atoms,

causing a local strain. In contrast to the polaron caused by trivalent Al3+oct, the

polaron caused by Fe3+oct is very mobile, because it moves through passing an

electron hole to an adjacent Fe2+-cation. The concentration of mobile polarons

equals the concentration of ferric iron and therefore depends on oxygen fugac-

ity. Ferric iron concentration is also enhanced by dehydration through the re-

action H++Fe2+ ⇒ 1/2H2+Fe3+ (e.g., Skogby and Rossman (1989); Bromiley

et al. (2004); Stalder and Skogby (2007)). Because protons are exchanged with

electron holes, electrical conductivity does not change through this reaction in

iron-bearing orthopyroxene. The activation energy of polaron conduction is

expected to be low compared to ionic conduction, because the transfer of elec-

trons requires fewer energy than the movement of cations. Although orthopy-

roxenes of the upper mantle have relatively low iron contents (6-8 wt% of FeO
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14. Charge carriers and transport mechanisms

and 0.3-0.6 wt% of Fe2O3 (Pearson et al., 2003)), polarons are probably im-

portant charge carriers. Charge transport mechanisms in aluminous enstatite

cannot definitely be denominated, because Al3+-cations form various kinds

of point-defect complexes, such as [Al3+oct+Voct+H+] and [Al3+oct+Al3+tetr], where

”oct” and ”tetr” denote Al3+ on an octahedral position and on a tetrahedral

position, respectively, V denotes a vacancy and H+ a proton. As discussed

in Chapter 8, the point-defect complexes in aluminous enstatite possibly rear-

range, e.g.,

[Al3+tetr+H+]+[Al3+oct+Voct+H+] ⇒ [Al3+tetr+Al3+oct]+[Voct+2H+]

Octahedral vacancies charge balanced by two protons, as in pure enstatite, are

the resulting protonated point defects from this reaction. This provides a pos-

sible explanation for the similarity between electrical conductivity of pure and

aluminous enstatite. As hypothesised previously in Chapter 13, the protons

bound to Al3+-cations on the left side of the reaction might not contribute to

electrical conduction, whereas the protons on the right side do. H/D-exchange

experiments showed that hydrogen is less mobile due to the stronger bond to

Al3+-defects than to octahedral vacancies (Chapters 6, 7). The fraction of hy-

drogen incorporated by charge balancing octahedral vacancies can be estimated

in aluminous enstatite from the area of the OH-bands in the FTIR-spectrum,

which are also present in pure enstatite. This yields similar concentrations

(250-330 ppm-wt H2O) as in pure enstatite (200-300 ppm-wt H2O). The re-

action implies, that the fraction of mobile protons would increase with time,

resulting in a time-dependent increase of electrical conductivity in aluminous

samples. However, a continuously increasing electrical conductivity did not

occur in this study, possibly due the slow kinetics of the reaction above com-

pared to durations of electrical conductivity experiments, or superimposed

dehydration.

Electrical conduction is linked to diffusion by the Nernst-Einstein equation:

σ =
Dcz2F 2

RT
(14.1)
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with D the diffusion coefficient in [m2/s], c the concentration in [mol/m3], z the

charge of the conducting species, F in [C/mol] and R in [J/mol] the Faraday’s

and the gas constant, respectively. Semiconduction is a thermally activated

process and its temperature dependence can be described by an Arrhenian

equation

σ = σ0 exp(−E/RT ) (14.2)

With σT = D·const. from Equation 14.1, the following equation can be de-

duced, which allows direct comparison between diffusion and conduction via

the activation energy of diffusion:

σT = σ0T exp(−Ea/RT ) (14.3)

The activation energy could be deduced from the linear regression of log(σT)

vs. 1000/T by calculating Ea [kJ/mol] = slope · R · ln(10). The mechanism

of charge transport is discussed in the following by comparing the activation

energy of electrical conduction to the activation energy of diffusion of cations

and polarons in orthopyroxene.

Dehydration experiments with orthopyroxenes containing 6-12 wt% FeO to-

tal iron suggest an activation energy of 140-160 kJ/mol for polaron diffusion in

orthopyroxene (Chapters 6, 8). Since dehydration of iron-bearing orthopyrox-

ene is charge-balanced by a counterflux of electron holes, it is assumed that the

kinetics of dehydration in iron rich orthopyroxenes equal the mobility of po-

larons. The H-diffusivity of dehydration of iron rich samples is used to model

the electrical conductivity of iron-bearing orthopyroxenes. The diffusivity was

determined for the crystallographical direction ‖[100], but since dehydration

is isotropic ‖[100] and ‖[010] in pure enstatite (Stalder and Skogby, 2003),

this diffusivity was also applied to electrical conductivities measured ‖[010].

Analogously, the mobility of octahedral vacancies is assumed to equal the de-

hydration kinetics of pure enstatite, as determined by Stalder and Skogby

(2003). Hydrogen is incorporated in pure enstatite mainly through charge-

balancing octahedral vacancies. In order to maintain local charge neutrality,
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14. Charge carriers and transport mechanisms

the two charge-balancing protons can only diffuse together with the vacancy.

Therefore, dehydration diffusivity is assumed to equal the diffusivity of octa-

hedral vacancies. The proton mobility in iron-free enstatite is deduced from

the diffusivity of H/D-exchange in pure enstatite.

According to the Nernst-Einstein equation, electrical conductivity depends

on the concentration of charge carriers (ci), which add up to the measured

electrical conductivity.

σ =
∑
i

Diciz
2
i F

2

RT
(14.4)

The main charge carriers are assumed to be protons (H) and electron holes

(h), both with charge z=1, and octahedral vacancies (Voct) with z=-2. The

equation then simplifies to:

σ =
F 2

RT
(Dhch +DHcH +DVoctcVoct4) (14.5)

The mix of charge carriers, their relative proportions and mobilities, deter-

mines the activation energy of the measured electrical conductivity. As shown

in the next chapter, this model well explains the diverse activation energies

obtained in this study. The diffusion parameters used for the model calcula-

tions are summarized in Table 14.1 and the model parameters are summarized

in Table 15.1.
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15. Modelling electrical
conductivity

The equation 14.5 is used for modelling the electrical conductivity results,

where the point defect concentrations are considered as parameters and fitted

to the measured values. The implied polaron concentrations agree with ferric

iron contents of similar synthetic orthopyroxenes determined with Mößbauer

spectroscopic measurements (Section 3.2). The hydrogen concentrations were

determined with FTIR-spectroscopy. Some hydrogen concentrations were es-

timated based on polarised measurements along two of the three crystallo-

graphic directions. The concentration of octahedral vacancies is not known,

but (Smyth et al., 2007) synthesized Al- and H-bearing enstatite with 5% va-

cant octahedral positions. The vacancy concentrations matching the measured

electrical conductivities range from 1.3 to 8% of all octahedral positions. In

the following, the concentration of octahedral vacancies will always be given as

a fraction of total octahedral positions. For example, for pure enstatite pen5,

8% vacant octahedral positions are required to match the measured electrical

conductivity (Fig. 15.1). The sample was completely dehydrated in an Ar-gas-

pressure vessel at 3 kbar and 1200◦C for three days prior to the conductivity

measurements. Therefore, octahedral vacancies can be assumed to be the ma-

jor charge carriers in this sample. This is supported by the activation energy

of 258 kJ/mol, which is similar to the high activation energy of octahedral

vacancy diffusion, 295 kJ/mol.

In the following, the point defects and their respective concentrations ob-

tained from the model calculations are described. In iron-free enstatite, the
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Figure 15.1.: Measured (symbols) and calculated (lines) electrical conductivity
of pure enstatite samples. The broken line illustrates the discrep-
ancy between activation energies of electrical conductivities and
H-self-diffusion in pure enstatite. It represents calculated proton
conductivity in pure enstatite ‖[010] with 200 ppm-wt H2O.

octahedral vacancy concentration follows from the difference between the mea-

sured values and the calculated electrical conductivities with the measured hy-

drogen concentrations. In iron-bearing samples, the octahedral vacancy con-

centration follows from the activation energy. The model equations and the

point defect concentrations are summarised in Table 15.1.

15.1. Pure enstatite

In contrast to the abovementioned hydrogen-free pure enstatite pen5, pro-

tons are likely to provide an additional contribution to electrical conduc-

tivity in hydrogen-bearing pure enstatite. However, the measured electrical

conductivities of hydrogen-bearing pure enstatite and low-Al-enstatite with
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15.1. Pure enstatite

∼0.1 wt% Al2O3 can neither be modelled with hydrogen self-diffusion in pure

enstatite, nor with octahedral vacancy diffusion. The activation energies of

electrical conductivity are lower than any available activation energy of diffu-

sion.

Sample es4-4 shows a change in slope and the beginning of a region of

higher activation energy at the highest temperatures, indicating an octahedral

vacancy contribution. Electrical conductivities of the samples with low alu-

minium content are described in the beginning of the next Section 15.2 (the

”br”-samples).

Pure enstatite sample es27-3 was used for three experiments, as described

in Chapter 12. The electrical conductivity increased for each experiment, al-

though no continuous increase occurred during the experiments. The results

of the first and the second experiment can not be modelled with proton or

octahedral vacancy conduction due to the low activation energy of the mea-

sured electrical conductivity. The third experiment was carried out at ambient

atmosphere and a temperature of 862◦C. The temperature was held constant

over 72 hours in order to observe the change in electrical conductivity during

dehydration of the sample. A decrease of 0.3 log units in electrical conductiv-

ity occured during this time. The decrease can be modelled with a simulated

hydrogen concentration profile evolving with time due to dehydration. De-

hydration kinetics parameters for pure enstatite are taken from Stalder and

Skogby (2003). An initial concentration of 200 ppm-wt H2O and a surface

concentration of 40 ppm-wt H2O was assumed by calculating concentration

profiles according to Equation 5.8 (see Appendix C.3 for the calculated de-

hydration profiles). For a sample of thickness X, electrical conductivity was

calculated for each of the n = X/∆x concentration-points ci in the profile,

corresponding to a spatial resolution of ∆x = 0.1µm.

σi =
F 2

RT
· ci ·DH (15.1)

For DH , the diffusivity of protons in pure enstatite obtained from H/D-exchange
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15.2. Al-bearing enstatite

experiments was implied (Table 14.1). The inverse conductivity of each sec-

tion, the resistances, are equivalent to a series connection of ohmic resistors.

Hence, the total resistance ρ of the whole profile equals the sum of all resis-

tivities ρi of the profile sections with thickness ∆x, scaled to the total profile

length X:

ρ =
n∑
i=1

ρi ·∆x ·
1

X
(15.2)

Analogously, the total electrical conductivity σH+ can be calculated from the

sum of the inverse electrical conductivities of the profile sections σi:

σH+ =
∆x

X

n∑
i=1

1

σi
(15.3)

To match the measured electrical conductivity, a contribution of 3% octahedral

vacancies to electrical conductivity was added (Tab. 15.1). As with sample

es4-4, the low activation energy during the short heating period of the third

experiment of sample es27-3 could not be reproduced with the model, since all

available mobility parameters possess a higher activation energy (Fig. 15.2).

The main consequence of this model calculation is that the decrease can be

entirely attributed to hydrogen loss. Due to the fact that protons are not the

only charge carriers in this sample, nearly complete dehydration of this pure

enstatite leads to a decrease of only 0.3 log units in electrical conductivity, in

contrast to the nearly 3 log units between hydrogen-bearing and hydrogen-free

orthopyroxenes measured by Dai and Karato (2009a) at 8 GPa.

15.2. Al-bearing enstatite

The electrical conductivity of sample br1-2a, enstatite with 0.2 wt% Al2O3,

could be modelled similarly to es27-3, but without a contribution of octahe-

dral vacancies. The model was based exclusively on proton conduction, i.e.,

on the mobility of H+ in pure enstatite ‖[010]. The sample initially contained

more hydrogen than es27-3, was dehydrated only partially during the experi-

ment (32% hydrogen loss), and electrical conductivity decreased slightly more
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15. Modelling electrical conductivity

in a much shorter time period (0.4 log units in 10 hours). The common fea-

ture of both models is the mismatch in calculated and measured conductivity

during the first heating, but the decrease is reproduced well by dehydration

(Fig. 15.3). Dehydration was again calculated with Equation 5.8 assuming

the dehydration kinetics of Al-bearing enstatite, an initial concentration of

280 ppm-wt H2O, and a surface concentration of 10 ppm-wt H2O (see Ap-

pendix C.2 for calculated dehydration profiles). Since the sample was heated

in hydrogen atmosphere, dehydration was slowed down to approximately the

rate of aluminous enstatite. That the dehydration rate of br1-2a is similar

to the dehydration rate of enstatite containing 6-7 wt% Al2O3 (Chapter 6)

should be considered coincidental, because the dehydration rate is probably

negatively correlated with the aluminium concentration in enstatite. The mean

concentration of the last calculated concentration profile is 141 ppm-wt H2O,

slightly lower than the bulk concentration of 185 ppm-wt H2O, measured with

FTIR-spectroscopy after the experiment.

The two samples br1-3 and br1-5 are chemically similar to br1-2a, they

contain 0.1 wt% Al2O3. All three samples originate from the same synthesis-

batch. However, electrical conductivity of br1-3 and br1-5 cannot properly

be modelled with protonic conduction in pure enstatite. Both samples are

oriented ‖(100), but their conductivity is slightly lower than that of br1-2a,

oriented ‖(010) (Fig. 12.3). This disagrees with hydrogen diffusion being faster

‖[100] than ‖[010] in orthopyroxene. The electrical conductivity of br1-3 and

br1-5 can approximately be matched with H+-conduction ‖[100] in pure en-

statite and with a concentration of 130 ppm-wt H2O, but the samples contain

210 and 240 ppm-wt H2O (Fig. 15.4).

Although the sample es7-8 contains 6 wt% Al2O3, i.e., much more alu-

minium and more hydrogen than the ”br-samples”, it exhibits a similar elec-

trical conductivity. Interpretation of the conductivity of Al-bearing enstatite

is complicated by the tendency of aluminium cations to form complexes of

point-defects. As discussed above, it is also possible that a second Al-rich
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15.2. Al-bearing enstatite

phase exsolutes in sample es7-8, causing the change to lower activation energy.

The first datapoints of es7-8, which are most likely to represent the untreated

sample, can be matched with a model which assumes a charge transport mech-

anism involving Al3+-ions and having the mobility of dehydration of aluminous

enstatite. The point-defect concentration required to match the measured val-

ues is equivalent to 2.4 wt% Al2O3, assuming that every point-defect contains

one Al-atom (Fig. 15.4).

The similarity between electrical conductivity in aluminous enstatite and

pure enstatite suggests, that only Voct-related protons contribute to electri-

cal conductivity. However, neither pure enstatite nor aluminous enstatite can

clearly be reproduced with calculated proton conduction, assuming the mobil-

ity of protons in pure enstatite, because the activation energies of the electrical

conductivities are lower than of H-diffusivity. The reason for this are either

inaccurate diffusion parameters for H/D-exchange in pure enstatite, or a differ-

ent conduction mechanism operating in both pure and aluminous enstatite. It

can not properly be tested if the electrical conductivity of aluminous enstatite

could also be explained by proton conduction in aluminous enstatite because

the diffusion parameters from H/D-exchange in aluminous enstatite are poorly

constrained.

The Al-bearing samples es11-2a, es11-1, and es11-3 crystallized from the

same batch, but they differ slightly in Al-contents (1.8 - 3.7 wt% Al2O3) and

H-contents (Tab. 12.1 and 12.2). All three samples have about 0.5 log units

higher electrical conductivities than the other pure and Al-bearing enstatite

samples. They have been synthesized with D2O and after the electrical con-

ductivity measurements in hydrogen atmosphere, a H/D-diffusion coefficient

could be deduced for es11-2a and es11-1, from the hydrogen and deuterium

concentration profiles measured with FTIR-spectroscopy across the crystals.

Calculated electrical conductivities with these diffusion coefficients and the

corresponding H2O+D2O-concentrations are compared to the measured val-

ues in Figure 15.5. The calculated electrical conductivities are lower than the
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15. Modelling electrical conductivity

measured values, with electrical conductivity of es11-2a being about half a

log unit higher than calculated. The activation energy of es11-2a is poorly

constrained because the experiment was carried out nearly isothermally, but

seems to agree with the activation energy of H/D-diffusion ‖[001] in aluminous

enstatite.

The Haven ratio, the ratio of netto transport of diffusing ions and ran-

dom diffusion, can not fully account for the observed differences. The netto

transport is measured in diffusion experiments, whereas electrical conductivity

comprises all ionic jumps, including immediately reversed. The Haven ratio of

es11-2a is 0.6, the ratio of es11-1 is only 0.3. However, although poorly con-

strained, the activation energies of samples es11-1 and es11-3 are much lower

(165 kJ/mol) than the activation energy of hydrogen diffusion in aluminous

enstatite (246 kJ/mol) and in pure enstatite (Tab. 14.1), indicating differ-

ent charge transport mechanisms. Application of the Haven ratio is therefore

probably not appropriate. As for the other aluminous enstatite samples, the

electrical conductivities of the es11-samples cannot be interpreted on the basis

of existing diffusion data.

15.3. Fe- and Al-bearing orthopyroxene

A diffusion coefficient for H/D-exchange was additionally determined for one

enstatite doped with aluminium and iron es16-3b (0.5 wt% Al2O3 and 1.7 wt%

FeO total iron). The calculated protonic conductivity is more than half a

log unit lower than the measured value. The sample contains 1.7 wt% FeO

total; the fraction of ferric iron was not determined. Assuming an additional

contribution of small polarons to electrical conduction corresponding to 10%

ferric iron, the difference between the measured and the calculated conductivity

at 843◦C reduces to 0.14 log units (Fig. 15.6). The resulting Haven ratio

is 0.7; it is 0.6 without the additional polaron contribution. The ferric iron

content is given here and in the following in percentage of total iron. Mößbauer
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15.3. Fe- and Al-bearing orthopyroxene
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15. Modelling electrical conductivity

spectroscopic measurements showed that the ferric iron percentage of a similar

sample was reduced from ∼11% to ∼9% after 1:45 h heat treatment in H2

at 905◦C and ambient pressure. The ferric iron content of sample es16-3b

is probably higher than 9%, but lower than 11%, because it was heated in

H2 for 54 minutes in the combined H/D-exchange and electrical conductivity

experiment.

The relatively high activation energy together with an electrical conductivity

similar to pure enstatite indicate that the electrical conductivity of sample

es24-2 (0.4 wt% Al2O3 and 2.0 wt% FeO total iron) is probably dominated

by protons having the mobility as in pure enstatite. The measured values

can within range of uncertainty be reproduced by hydrogen diffusion ‖[010]

in pure enstatite and a concentration of 360 ppm-wt H2O, approximately the

water concentration in this sample. The best fit is obtained with contributions

of 0.6% ferric iron content and 280 ppm-wt H2O. Both models suggest that

electrical conductivity in this sample is determined by proton conduction and

that the electronic contribution from ferric iron is minor.

The relatively low activation energy and the high electrical conductivity of

es9-3 (0.4 wt% Al2O3 and 4.7 wt% FeO total iron) suggest polaron conduc-

tion to be the dominating process. The model which explains the measured

electrical conductivity ‖[100] uses a proton concentration of 970 ppm-wt H2O,

the water concentration determined with FTIR-spectroscopy, and a polaron

concentration corresponding to 5% ferric iron. The mobility of the protons is

assumed to be determined by the mobility of the polarons (Table 15.1). The

ferric iron content was estimated on the basis of the Mößbauer measurements

before and after heating a sample in H2, revealing that ferric iron was reduced

from 11% to 9% after 1:45 h at 905◦C. es9-3 had already been heat-treated

in H2 in an earlier experiment at 800 to 900◦C for two hours. Therefore, 5%

ferric iron is a reasonable estimate. A better fit for the high temperature

range of the measurement can be obtained by adding a contribution of 3%

vacant octahedral positions to the model and reducing the concentration of
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15.3. Fe- and Al-bearing orthopyroxene

polarons corresponding to 4.5% ferric iron. The sample had been polished to

an oriented cube (Fig. 11.1) and electrical conductivity was measured along all

three crystallographic directions. The first measurement along [010] failed, the

second measurement ‖[100] is discussed in this paragraph, and the third mea-

surement along [001] was also successful. However, this measurement cannot

be modelled because no data are available for polaron mobility ‖[001].

The sample es16-4a (1.4 wt% Al2O3 and 3.7 wt% FeO total iron) was mea-

sured twice after being completely dehydrated in an Ar-gas-pressure vessel at

3 kbar and 1200◦C for 6 days. During the first measurement in H2-gas, the

sample regained about 300 ppm-wt H2O and during the second experiment in

ArH2-gas, water content of the sample probably remained constant or increased

even more, because the sample could potentially incorporate 800 ppm-wt H2O,

the initial water content. FTIR-spectroscopic analyses after the second exper-

iment are not available. The first measurement shows a hysteresis, but the

second measurement with new electrodes exactly matches the first datapoint

of the first measurement, excluding a time-dependent increase of electrical

conductivity. A superimposed increase can also be excluded for the first mea-

surement, because the two datapoints close to 1053◦C were measured with a

time-lag of 48 minutes, whereas the time intervals between the other data-

points were about five minutes. If electrical conductivity would have increased

with time, the arrhenius plot would exhibit a step at 1053◦C. The hysteresis

in the cooling branch of the first measurement can therefore be attributed to

degeneration of electrodes or electronic connections during cooling. Electrical

conductivity did not change, despite the superimposed process of continuous

rehydration. As mentioned earlier, dehydration or hydration through the iron

redox reaction leads to a replacement of polarons by protons with the same

mobility, and therefore has no effect on electrical conductivity. The fast rate

of rehydration also suggests that es16-4a rehydrated through the iron redox

reaction. The continously increasing slope characterising the electrical con-

ductivity of this sample, indicates at least two conduction mechanisms with
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15. Modelling electrical conductivity

different activation energies. The measured values can well be reproduced

by octahedral vacancy conduction together with a contribution of polarons.

Octahedral vacancy concentration is assumed to be 4% of all octahedral posi-

tions, the fraction of ferric iron is assumed to be 3%. The polaron contribution

might actually be partly replaced by protons with time, this would however

not change the result.

Electrical conductivity of sample es17-1a (0.1 wt% Al2O3 and 10.2 wt% FeO

total iron) can analogously be modelled with 6% vacant octahedral positions,

protons corresponding to 350 ppm-wt H2O, and polarons corresponding to 5%

ferric iron.

The electrical conductivity of En2-1, a natural orthopyroxene from Tansa-

nia with 0.2 wt% Al2O3 and 6.6 wt% FeO total iron, is probably dominated by

polaron conduction. The activation energy of the measured values is slightly

lower than the one of polaron conduction but the discrepancy lies within the

range of uncertainty of the activation energy of diffusion (151±65 kJ/mol).

The model calculation involves 3% ferric iron. Since the sample contains vir-

tually no hydrogen, proton conduction is not considered.

The natural mantle orthopyroxene Mex5 (5.5 wt% Al2O3 and 7.0 wt% FeO

total iron) from a peridotite xenolith originating from San Luis Potosi, Mex-

ico, exhibits an electrical conductivity similar to the synthetic samples. The

measured values can be modelled with the same model as the synthetic Fe- and

Al-bearing samples, i.e., a contribution of 1.3% octahedral vacancies plus a po-

laron contribution corresponding to 1.3% ferric iron (=̂ 0.1 wt% Fe2O3). The

polaron contribution could also be caused by protons with polaron-mobility

corresponding to 130 ppm-wt H2O, since the sample contained ∼150 ppm-

wt H2O. As with sample es16-4a, electrical conductivity does not change with

time, although the sample is dehydrated during the experiment from measured

141 to 52 ppm-wt H2O. The hysteresis in electrical conductivity of this sample

can be attributed to an increasing interface contribution, probably a degrada-

tion of the electrode-sample contact. Therefore, the model is fitted only to the
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15.3. Fe- and Al-bearing orthopyroxene
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Figure 15.7.: Measured (symbols) and calculated (lines) electrical conductivi-
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heating branch.

Since the diffusion coefficients used to calculate electrical conductivities, pos-

sess an uncertainty that carries over to the resulting concentrations of charge

carriers, they should therefore be considered as estimates for the relative con-

tributions of charge carriers to electrical conduction.
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16. Conclusions

(1) Electrical conductivities of the iron-bearing orthopyroxene samples can be

modelled with the diffusivities of protons, polarons and octahedral vacancies.

The model calculations imply that, due to the difference in activation en-

ergy between both charge transport processes, proton and polaron conduction

dominate at temperatures below ∼900◦C, whereas octahedral vacancy conduc-

tion becomes increasingly important at higher temperatures. The diversity in

electrical conductivity and activation energy of the iron-bearing samples is a

result of different contributions of polarons, protons and ions to the measured

electrical conductivity. According to the model calculations, high electrical

conductivities are primarily caused by polaron conduction, because their con-

centration is higher than that of the equally mobile protons in the higher

conductive iron-bearing samples.

(2) Electrical conductivities of iron-free enstatite samples are relatively uni-

form, regardless of their hydrogen or aluminium content. Most of their activa-

tion energies are lower than the activation energy of any up to date available

relevant diffusion process. Several possible explanations for electrical conduc-

tivity of hydrous pure and aluminous enstatite have been discussed, although

none allowed consistent interpretation of the electrical conductivities of pure

and aluminous enstatites.

(3) In iron-free enstatites, the concentration of electrically conducting hy-

drous point defects is much lower than the concentration of anhydrous point

defects. Consequently, hydrogen concentration has little influence on electrical

conductivity. In iron-bearing orthopyroxenes, a change in hydrogen concen-

tration does not change the electrical conductivity, because the protons are
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16. Conclusions

replaced by electron holes through oxidation of iron.

(4) Activation energies of the synthetic samples differ significantly from the

ones of natural samples. According to the model calculations, ionic conduction

via octahedral vacancies is an important charge transport mechanism in most

synthetic samples, but is of minor influence in the natural orthopyroxenes.

Electrical conduction of the natural samples arises mainly from polaron con-

duction. Since the water saturated synthesis conditions greatly enhance crystal

growth, they might also enhance the concentration of octahedral vacancies in

the synthetic samples with respect to the natural orthopyroxenes.

(5) High electrical conductivities of Earth’s upper mantle cannot be ex-

plained entirely by the enhancement of electrical conductivity of olivine through

hydrogen. Electrical conductivity of the second most abundant mineral in the

upper mantle, orthopyroxene, was found to be virtually independent on hydro-

gen concentration. This implies that highly conductive regions in the upper

mantle are probably not caused by proton conduction in the minerals. Hy-

drogen is potentially able to enhance electrical conductivity of upper mantle

rocks, but rather through it’s tendency to concentrate at grain boundaries and

inclusions or through triggering partial melting — processes which may lead

to interconnected highly conducting pathways in upper mantle rocks.
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Table A.2.: Stoichiometric coefficients of mineral formulas calculated from
EMPA-analyses. Tetrahedral Al: Altet=2-Si; octahedral Al:
Aloct=total Al-Altet; Fe is assumed as ferrous iron.

Sample Si Altet Mg Fe Aloct Mn Ca Na
Electrical conductivity experiments

es9-3 2.04 0.00 1.80 0.14 0.02 0.00 0.00 0.00
es24-2 2.04 0.00 1.88 0.06 0.02 0.00 0.00 0.00
es16-3b 2.02 0.00 1.90 0.05 0.02 0.00 0.00 0.00
es16-4a 1.94 0.02 1.90 0.11 0.04 0.00 0.00 0.00
Mex5 1.89 0.11 1.62 0.20 0.12 0.00 0.04 0.01
En2-1 2.00 0.00 1.79 0.19 0.00 0.01 0.01 0.00
es17-1a 1.99 0.00 1.71 0.30 0.00 0.00 0.00 0.00
es7-8 1.88 0.07 1.87 0.00 0.18 0.00 0.01 0.00
es11-3 2.02 0.00 1.90 0.00 0.07 0.00 0.00 0.00
es11-2a 2.02 0.00 1.90 0.00 0.08 0.00 0.00 0.00
es11-1 1.93 0.07 1.93 0.00 0.07 0.00 0.00 0.00
Br1-5 2.05 0.00 1.95 0.00 0.00 0.00 0.00 0.00
Br1-2a 2.04 0.00 1.95 0.00 0.01 0.00 0.00 0.00
Br1-3 2.05 0.00 1.94 0.00 0.00 0.00 0.00 0.00
es27-3 2.04 0.00 1.96 0.00 0.00 0.00 0.00 0.00

Dehydration experiments
es5-3 1.98 0.01 1.94 0.06 0.01 0.00 0.00 0.00
es5-4 1.98 0.02 1.92 0.06 0.01 0.00 0.00 0.00
es5-6 1.98 0.01 1.93 0.07 0.01 0.00 0.00 0.00
es5-7 1.99 0.01 1.95 0.05 0.00 0.00 0.00 0.00
es9-1 1.99 0.01 1.93 0.07 0.00 0.00 0.00 0.00
es9-2 1.98 0.01 1.86 0.14 0.01 0.00 0.00 0.00
es9-5 1.99 0.00 1.90 0.10 0.01 0.00 0.00 0.00
es9-6 1.99 0.00 1.92 0.08 0.01 0.00 0.00 0.00
es7-2 1.87 0.13 1.87 0.00 0.12 0.00 0.00 0.00
es7-3 1.82 0.18 1.81 0.00 0.19 0.00 0.00 0.00
es7-5 1.87 0.13 1.89 0.00 0.11 0.00 0.00 0.00

H/D-exchange experiments
es3-4 1.98 0.02 1.89 0.09 0.02 0.00 0.00 0.00
es15-2 2.03 0.00 1.86 0.08 0.03 0.00 0.00 0.00
es24-3 2.00 0.00 1.88 0.09 0.03 0.00 0.00 0.00
es5-5 1.98 0.02 1.93 0.07 0.01 0.00 0.00 0.00
es29-2 1.99 0.01 1.90 0.00 0.10 0.00 0.00 0.00
es29-3 2.01 0.00 1.92 0.00 0.07 0.00 0.00 0.00
es29-1b 2.00 0.00 1.90 0.00 0.09 0.00 0.00 0.00
es4-8 2.03 0.00 1.96 0.00 0.00 0.00 0.00 0.00
es4-9 2.04 0.00 1.96 0.00 0.00 0.00 0.00 0.00
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B.1. Dehydration experiments
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Figure B.2.: Time series for individual peaks (coloured) and sum of peaks
(black). The broad peaks around 3200 and 3400 cm−1 were not in-
cluded in the sum, because they show some abnormal behaviour.
Nevertheless, OH-absorbance increases during heat treatment at
800◦C. Assuming that the relaxation process does not influence
the dehydration, all datapoints reflecting the increased absorbance
were neglected for the fit of the diffusion equation (dashed curve).
The diffusion coefficient deduced from the time series at 800◦C
has a large uncertainty because the absorbance decreases very lit-
tle and is superimposed by the increase in absorbance and some
scatter of the data. At 850◦C the last datapoint was considered
to be influenced by the diffusion profiles from the edges of the
sample, and was ignored in the diffusion fit.
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Figure B.3.: Time series of OH-absorbance and fitted diffusion equation
(dashed curve).
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Figure B.4.: Time series of OH-absorbance and fitted diffusion equation
(dashed curve). The broad peaks around 3200 and 3400 cm−1

were not included in the sum, because they show some abnormal
behaviour.
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Figure B.5.: Time series of OH-absorbance and fitted diffusion equation
(dashed curve). The third datapoint is regarded as an outlier and
is not included in the fit of the diffusion equation. Reproducibil-
ity is probably reduced by the sinusoidal baseline of all spectra of
this sample.
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Figure B.6.: Time series of OH-absorbance and fitted diffusion equation
(dashed curve). The broad peak around 3200 cm−1 was neglected
in the sum, because it showed some abnormal behaviour.
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Figure B.7.: Time series of OH-absorbance and fitted diffusion equation
(dashed curve). Note the increase of the Fe3+-related OH-peaks
around 3330 and 3460 cm−1 in the lower plot, which reflects the
increase of Fe3+-content in the sample during tempering in air.
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Figure B.8.: Time series of OH-absorbance and fitted diffusion equation
(dashed curve). The two broad peaks around 3200 and 3400
cm−1 show some abnormal behaviour. In this case it was not
appropriate to neglect these two peaks, because they have a sig-
nificant influence on the trend of the sum. If the two peaks were
neglected, the diffusion coefficient would be 0.3 log units lower.
Here, the first datapoint is neglected to avoid the increase in
OH-absorbance, caused mainly by the two abnormal peaks. IR-
spectra of the last two datapoints were of bad quality with a high
background. The last two datapoints were therefore neglected in
the fit of the diffusion equation.
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Figure B.9.: Time series of OH-absorbance and fitted diffusion equation
(dashed curve). Since all peaks are affected by the scatter in
the first three timepoints, a problem of baseline subtraction is
assumed here. All data are included in the fit of the diffusion
equation.
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Figure B.10.: Concentration profiles of samples es17-2 and es17-1a: points are
measured concentrations, the curve is the fitted diffusion equa-
tion with parameters C0 as initial concentration and C1 as sur-
face concentration.

147



Appendix B. Diffusion experiments

3600 3400 3200 3000 2800

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

Wavenumber [cm−1]

A
bs

or
ba

nc
e

0 minutes

615 minutes @ 800°C

1020 minutes @ 850°C, 1 bar air
es5−3

Figure B.11.: Consecutive spectra after each dehydration step of sample es5-3.

148



B.1. Dehydration experiments

3600 3400 3200 3000 2800

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

Wavenumber [cm−1]

A
bs

or
ba

nc
e

0 minutes

982 minutes @ 850°C, 1 bar air

es5−4

3600 3400 3200 3000 2800

0.
0

0.
2

0.
4

0.
6

0.
8

Wavenumber [cm−1]

A
bs

or
ba

nc
e

0 minutes

852 minutes @ 900°C, 1 bar air
es5−6

Figure B.12.: Consecutive spectra after each dehydration step of samples es5-4
and es5-6.
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Figure B.13.: Consecutive spectra after each dehydration step of samples es57
and es9-2.
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Figure B.14.: Consecutive spectra after each dehydration step of sample es9-1.
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Figure B.15.: Consecutive spectra after each dehydration step of sample es9-5.
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Figure B.16.: Consecutive spectra after each dehydration step of sample es9-
6. Note the increase of Fe3+-related OH-bands around 3330 and
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B.1. Dehydration experiments
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Figure B.18.: Consecutive spectra after each dehydration step of sample es7-5.
Note the increase of absorbance with time.
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Figure B.19.: Consecutive spectra after each dehydration step of sample es7-3.
Note the increase of absorbance with time.
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Figure B.20.: Spectra of the profiles of samples es17-2 and es17-1a.
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B.2. H/D-exchange experiments
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Figure B.21.: Time series of OH- and OD-absorbance (circles) with fitted dif-
fusion equation (lines). log(DH) and log(DD): logarithm of
the resulting diffusion coefficients of hydrogen and deuterium
respectively.
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Figure B.22.: Time series of OH- and OD-absorbance (circles) with fitted dif-
fusion equation (lines). Note that due to the increase in OH-
absorbance of sample es29-2, the diffusion coefficient of this sam-
ple may be underestimated.
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Figure B.23.: Time series of OH- and OD-absorbance (circles) with fitted diffu-
sion equation (lines). The absorbance of sample es15-2 virtually
did not change over time, possibly due to a leaky capsule in one
experiment. Therefore, no reliable diffusion coefficient could be
deduced from this time series (see also the consecutive spectra
B.29).
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Figure B.24.: Time series of OH- and OD-absorbance (circles) with fitted dif-
fusion equation (lines).
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Figure B.25.: Time series of OH- and OD-absorbance (circles) with fitted dif-
fusion equation (lines). The diffusion coefficients of es29-1b were
calculated with the half thickness of the sample instead of the
whole thickness because the profile measured across the sample
revealed a cleavage plane parallel to the faces in the middle of
the crystal plate B.36.
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Figure B.26.: Time series of OH- and OD-absorbance (circles) with fitted dif-
fusion equation (lines).
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Figure B.27.: Consecutive IR-spectra showing the range of OH-absorbance be-
tween 3650 and 2800 cm−1 and the OD-absorbance between 2700
and 2200 cm−1. Pure enstatite sample es23-2 shows some IR-
bands which are characteristic for aluminium bearing enstatite.
According to the EMPA analysis, Al2O3-content of this sample
is about 300 ppm-wt, but this small contamination has already
a weak influence on the IR-spectra.
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Figure B.28.: Consecutive IR-spectra showing the range of OH-absorbance be-
tween 3650 and 2800 cm−1 and the OD-absorbance between 2700
and 2200 cm−1. Pure enstatite sample es4-8 shows some IR-
bands which are characteristic for aluminium bearing enstatite.
According to the EMPA analysis, Al2O3-content of this sample
is about 400 ppm-wt, but this small contamination has already
a weak influence on the IR-spectra.
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Figure B.29.: Consecutive IR-spectra showing the range of OH-absorbance be-
tween 3650 and 2800 cm−1 and the OD-absorbance between 2700
and 2200 cm−1. The OD-absorbance in the third lowermost spec-
trum of sample es15-2 is less than before, suggesting a leaky cap-
sule in the second H/D-exchange experiment. This may be the
reason for the only small change in OH- and OD-absorbances in
this sample.
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Figure B.30.: Consecutive IR-spectra showing the range of OH-absorbance be-
tween 3650 and 2800 cm−1 and the OD-absorbance between 2700
and 2200 cm−1. Pure enstatite sample es4-9 shows some IR-
bands which are characteristic for aluminium bearing enstatite.
According to the EMPA analysis, Al2O3-content of this sample
is about 300 ppm-wt.

168



B.2. H/D-exchange experiments

3500 3000 2500

0.
0

0.
2

0.
4

0.
6

0.
8

Wavenumber [cm−1]

A
bs

or
ba

nc
e

0 minutes

19 minutes @ 800°C, 2 kbar, D 2O
es4−7

3500 3000 2500

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

Wavenumber [cm−1]

A
bs

or
ba

nc
e

0 minutes

123 minutes @ 800°C, 2 kbar, D 2O
es29−1b

Figure B.31.: Consecutive IR-spectra showing the range of OH-absorbance be-
tween 3650 and 2800 cm−1 and the OD-absorbance between 2700
and 2200 cm−1. Pure enstatite sample es4-7 shows some IR-
bands which are characteristic for aluminium bearing enstatite.
According to the EMPA analysis, Al2O3-content of this sample
is about 300 ppm-wt.
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Figure B.32.: Consecutive IR-spectra showing the range of OH-absorbance be-
tween 3650 and 2800 cm−1 and the OD-absorbance between 2700
and 2200 cm−1.
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Figure B.33.: Profile of OH- and OD-absorbance, measured perpendicular to
the original faces of the crystal plates.170
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Figure B.34.: Profiles of OH- and OD-absorbance, measured perpendicular to
the original faces of the crystal plates.
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Figure C.1.: Microphotograph of sample br1-2a taken after the experiment.
The arrows indicate several thin lamellae, probably talc.
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Figure C.2.: Calculated evolution of H2O-concentration of br1-2a with time
during tempering in H2.
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Figure C.3.: Calculated evolution of H2O-concentration of es27-3 with time
during tempering in air.

177



Appendix C. Electrical conductivity

0.80 0.85 0.90 0.95 1.00 1.05

6.
0

5.
5

5.
0

4.
5

4.
0

1000/T [K]

lo
g(

 [S
/m

])

900!C 800!C 700!C

6.
0

5.
5

5.
0

4.
5

4.
0

1
2

3

Figure C.4.: To illustrate the evolution of electrical conductivity with time,
the succession of the three experiments of es27-3 are indicated
by the numbers and the first (red datapoint) and the last (blue
datapoint) measurement of each experiment are indicated. The
fact that electrical conductivity increases from experiment to ex-
periment but remains constant during the first two experiments,
can not be explained by equilibration or alteration of the sample.
The sample was quenched after each experiment and after removal
from the sample-cell was analysed with FTIR-spectroscopy. To fix
it again in the sample cell, a small amount of Pt-paste was added.
To remove organic compounds of the Pt-paste, the sample cell
assembly was fired in air at 400◦C for 10 minutes. Alteration of
the sample through this heat treatment is very unlikely.
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