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Most non-seismic, non-geodesic pre-earthquake phenomena are believed to be controlled by the
stress-activation of peroxy defects in rocks, which release highly mobile electric charges. Though ubiqui-
tous in minerals of igneous and high-grade metamorphic rocks, peroxy defects have been widely
overlooked in the past. The charge carriers of interest are positive holes, chemically equivalent to O�

in a matrix of O2�, physically defect electrons in the O2� sublattice, highly mobile, able to propagate fast
and far. O� are oxidized relative to O2�. As such O� are not supposed to exist in minerals and rocks that
come from deep within the Earth’s crust, where the environments are overwhelmingly reduced. The pres-
ence of O� appears to contradict thermodynamics. However, there is no conflict. In order to understand
how peroxy defects are introduced into common rock-forming minerals, over which temperature win-
dow they release positive holes, and how this may be related to pre-earthquake phenomena, we look
at peroxy defects in a crystallographically and compositionally well characterized model system: single
crystals of nominally high-purity MgO, grown from the melt under highly reducing conditions. During
crystallization the MgO crystals incorporate OH� through dissolution of traces of H2O in the MgO matrix,
leading to a solid solution (ss) Mg1�d(OH)2dO1�2d, where d� 1. During cooling, the ss leaves thermody-
namic equilibrium, turning into a metastable supersaturated solid solution (sss). Using infrared (IR)
spectroscopy it is shown that, during further cooling, OH� pairs at Mg2+ vacancy sites rearrange their
electrons, undergoing a redox conversion, which leads to peroxy anions, O2

2�, plus molecular H2. Being
diffusively mobile, the H2 molecules can leave the Mg2+ vacancy sites, leaving behind cation-deficient
Mg1�dO. During reheating, but in the sss range, the O2

2� break up, releasing positive hole charge carriers,
which profoundly affect the electrical conductivity behavior. In igneous mafic and ultramafic rocks, sim-
ilar changes in the electrical conductivity are observed in the temperature window, where peroxy defects
of the type O3Si-OO-SiO3 break up. They release positive holes, which control the electrical conductivity
response. Deciphering these processes helps understanding the stress-activation of positive holes along
the geotherm.

� 2015 Published by Elsevier Ltd.
1. Introduction

Monitoring pre-earthquake phenomena and trying to under-
stand them is the only way to make progress toward the elusive
goal of forecasting earthquakes. The conventional seismological
approach, based on mechanical physics, has not been successful
and is mired in the labyrinth of statistical analysis. Combining seis-
mology with recent progress made in geodesy has not improved
the situation by much. If ever we want to be successful in forecast-
ing major seismic events, we have to look for non-seismic,
non-geodesic pre-earthquake signals. There are many such
pre-earthquake indicators (Freund, 2013) and much of the
information that they carry points to some electrical process or
processes, which seem to become activated within the Earth’s
crust. Since temperatures increase along the geotherm, it is good
to be starting with changes in electrical properties of minerals
and rocks as a function of temperature.

This is Part I of a two-part paper. It addresses a question that is
still widely misunderstood or considered controversial in the geo-
science community, namely the fact that igneous and high-grade
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metamorphic rocks can generate highly mobile electronic charge
carriers. Normally these charge carriers exist in the rock-forming
minerals in an inactive, dormant state. However, when conditions
are such that they become activated, they profoundly affect the
electrical properties of the rocks.

Part I and Part II deal with the activation of these electronic
charge carriers as a function of temperature and stress, respec-
tively. Though our ultimate goal is to understand rocks, which
are inherently very complex, Part I starts by looking at the
crystallographically simplest and compositionally well-controlled
system: magnesium oxide, MgO, single crystals.

Nominally high purity MgO single crystals can be grown from
the melt (Abraham et al., 1971). Their growth conditions are to
be characterized as more reducing than any redox condition to
which common magmatic or high-grade metamorphic systems in
the Earth’s crust will be ever exposed. Yet, as we’ll show here, these
MgO crystals contain peroxy defects, which are thought to be the
hallmark of extremely oxidizing conditions. We describe in Part I
how peroxy defects are introduced into the matrix of the MgO sin-
gle crystals despite their origin in a highly reduced environment,
how the peroxy defects release highly mobile electronic charge
carriers, which profoundly affect the electrical conductivity, and
how all this is consistent with thermodynamics. At the end of
Part I, the insight gained by studying laboratory-grown MgO
crystals is applied to mafic and ultramafic rocks. It may come as
a great surprise to many that the minerals of these rocks from nat-
ural highly reduced environments also contain peroxy defects
despite their overall highly reduced appearance.

Part II goes straight to rocks, addressing the question how
peroxy defects are activated by stress, generating by stress the
same type of electronic charge carriers as those activated in MgO
single crystals by heating. Part II is relevant to earthquake physics
and to the question how stress-activated highly mobile electronic
charge carriers are linked to the appearance of pre-earthquake
phenomena.

The backdrop to this two-part paper is the observation that –
paradoxically – any igneous and high-grade metamorphic rock that
can be collected at or near the surface of the Earth contains peroxy
defects in the matrix of its constituent minerals. Since peroxy
defects consist of pairs of oxygen that have converted from their
valence state 2� to the oxidized valence state 1�, their presence
in those rocks appears to be inconsistent with well-established
thermodynamical laws.

Peroxy defects are a hallmark of highly oxidizing conditions.
Except as a byproduct of high energy radiation events due, for
instance, to radioactive decay processes (Marfunin, 1979), O�

should not exist in igneous and high-grade metamorphic minerals
and rocks. In fact, those rocks and the minerals they contain have
encountered, over the course of their geological history, only
reducing, often highly reducing environments. By the time they
become exposed to the highly oxidizing conditions at and near
the surface the Earth, due to the O2-rich atmosphere, it is kineti-
cally impossible that peroxy defects could have formed inside
the matrix of the minerals. Hence, the mere suggestion peroxy
defects exist common minerals and rocks appears to be in violation
of thermodynamical principles.

However, the presence of peroxy defects is not in violation of
thermodynamics. The reason is that peroxy defects are introduced
into the matrix of oxide and silicate materials by way of a special,
yet apparently ubiquitous solid state reaction that operates outside
thermodynamic equilibrium. As will be shown in Part I, taking
well-characterized MgO single crystals as a model, peroxy defects
are introduced during cooling, in a temperature window when
thermodynamic equilibrium no longer applies and the system
has entered a metastable state.
It has long been known that peroxy defects exist in oxide mate-
rials. A well-studied case is amorphous silica, a-SiO2, where peroxy
links O3Si-OO-SiO3 affect the optical properties of fused silica opti-
cal fibers (Azzoni et al., 1994; Fukuchi, 1996; Ricci et al., 2001).
Another well-studied case is MgO, where the formation of O2

2�

anions has been shown to be linked to the incorporation of H2O,
in form of OH� (Freund and Wengeler, 1982). Studying solute
OH� in the MgO matrix has opened the way to understand why
peroxy can exist in minerals of igneous and high-grade metamor-
phic rocks despite their heritage from pervasively reduced crustal
and even upper mantle environments.

To discuss what is special about peroxy defects and the positive
hole charge carriers, which they produce, we begin with a descrip-
tion as to how peroxy defects are introduced into the matrix of
MgO crystals that have taken up small amounts of H2O component
during crystallization from the melt.

We have chosen MgO as a model oxide material because we
need to first understand the nature of peroxy defects and the
nature of the highly mobile electronic charge carriers that they
engender. MgO is the best model material for such a study.

MgO is the most ionic among all alkaline earth oxides with the
Coulomb interaction between Mg2+ and O2� contributing about
90% to the lattice energy (Pacchioni et al., 1993). As a main group
element Mg has only one oxidation state, 2+. With a band gap
around 8 eV, pure MgO should be a textbook example of a
near-perfect insulator, assuming that the valence for oxygen is
fixed at 2�.

MgO crystals are typically grown under extremely reducing
conditions, from the MgO melt produced in an open-pit carbon
arc furnace, where an electric arc heats MgO powder to the melting
point inside a densely packed MgO powder bed that acts as cru-
cible (Butler et al., 1971). Using MgO powders of highest chemical
purity, up to 99.999%, MgO single crystals can be obtained in purity
grades up to 99.99% (Abraham et al., 1971). However, it is to be
noted that, in any purity grade classification, gas/fluid phase
components such as H2O are not counted.

We’ll discuss first arc-fusion-grown MgO single crystals and
then turn to a rock, dunite, from the highly reduced upper mantle
environment and to selected igneous rocks from similarly reduced
deep crustal environments. In all cases the question is: do these
samples contain peroxy defects?
2. Solid solutions and supersaturated solid solutions

MgO–H2O is the simplest binary oxide system AO–H2O. Fig. 1
shows the AO-rich side of a binary phase diagram between a high
melting point oxide or silicate material AO and the gas/fluid phase
component H2O. Tmelt indicates the melting temperature of pure
AO. The presence of H2O causes Tmelt to be lowered to the
crystallization temperature Tcryst.

H2O becomes incorporated into the solid state in form of hydro-
xyl, OH�, forming a solid solution (ss). The ss field is widest at Tcryst.
Thermodynamics mandates that, with decreasing T, the width of
the ss field must decrease. If it were possible to maintain thermo-
dynamic equilibrium, the solute OH�would be continuously segre-
gated, until the ss field shrinks to zero at 0 K.

However, the segregation of solute OH� is a diffusion-controlled
process. Therefore, the system will eventually reach a temperature
Tfreez’g, below which segregation becomes so sluggish that the sys-
tem freezes. When T drops below Tfreez’g, the solid solution leaves
thermodynamic equilibrium and turns into a supersaturated solid
solution (sss), marked yellow in Fig. 1. The transition from ss to sss
at Tfreez’g depends on the cooling rate and typically falls into the
range around 600 �C (Nesse, 2000).



Fig. 1. AO-side of binary AO-H2O phase diagram showing the solid solution and
supersaturated solid solution fields.
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MgO crystallizes in the face-centered cubic NaCl-type structure
where all Mg2+ and O2� are on crystallographically equivalent sites.
We write the dissolution of d H2O in the MgO matrix as (d� 1):

MgOþ d H2O()Mg1�dðOHÞ2dO1�2d þ d MgO ð1Þ

Eq. (1) is mass-balanced and states that ss is formed by substi-
tuting two H+ for one Mg2+. In other words, the introduction of 2d
OH� causes the introduction of d Mg2+ vacancies.

As long as thermodynamic equilibrium is maintained during
cooling, the MgO–H2O ss continuously adjusts to the narrowing
of the ss field. It requires removing OH� and Mg2+ cation vacancies
from inside the grain. This process, termed ‘‘exsolution’’, can only
be achieved, if excess OH� and excess Mg2+ vacancies diffuse from
the interior of the crystal grain to the grain surface or grain bound-
ary. At the interface two OH� will combine to form H2O plus O2�

with the O2� chargewise compensating for the arrival of the
Mg2+ vacancies.

The solid state exsolution slows down during cooling, because
diffusion slows down exponentially with decreasing T. Regardless
how slowly a system is cooled, it will always reach a temperature
Tfreez’g, below which the system is considered frozen. Transitioning
through Tfreez’g causes the system to leave thermodynamic
equilibrium. Entering the sss field means entering the realm of
metastability.
2 V stands for vacancy; subscripts identify the site (except for oxygen sites, where
subscripts are omitted); superscript prime, dot, and x designate single negative,
positive and neutral charges, respectively, double prime and double dot designate
double negative and positive charges; subscript i means interstitial; square brackets
outline the essential parts of any given point defect (Kröger, 1964).
2.1. Solute OH� in solid solution

In order to learn more about solute OH�, we need to know (i)
what types of OH�-bearing defects are formed, (ii) where the dif-
ferent OH� reside in the crystal matrix and (iii) what happens to
them during further cooling.

MgO crystallizes in the densely packed, highest symmetry,
face-centered cubic (fcc) crystal structure. Because high-purity
MgO crystals are transparent over a wide spectral range, we can
use infrared (IR) spectroscopy to identify the solute OH� species
that form in the MgO matrix.

The IR absorption bands arising from the O–H stretching modes
of different types of OH� in the MgO matrix, mOH, have been fully
assigned (Freund and Wengeler, 1982). Fig. 2a/b depict the crystal-
lographic sites where the ‘‘impurity’’ OH� can reside in the MgO
matrix. For the ideal fcc structure, assuming the validity of the sub-
stitutional mode as given by Eq. (1), there are three types of solute
OH� that can form. The most abundant type should be OH� pairs at
Mg2+ vacancy sites.

Using the Kröger-Vinck point defect designation2 the OH�

pairs at Mg2+ vacancy sites are written as: ½OH� V00Mg HO��x, where
the two H+ of the OH� pair compensate for the missing 2+ charge
of Mg2+.

The OH� pair defects can dissociate according to:

½OH� V00Mg HO��x
I

() ½OH� V00Mg�
0

II

þOH�i
III

ð2Þ

where ½OH� V00Mg� is a single OH� at an Mg2+ vacancy site and OHi
� is

an interstitial OH� with its hydroxyl proton at any regular O2� in
the MgO structure. The Roman numerals I, II and III refer to the
defects labeled I, II, and III in Fig. 2a.

Because the OH� pair defect is neutral with respect to the sur-
rounding MgO matrix, it has the highest probability to form as part
of the MgO–H2O solid solution. Hence, as indicated in the
‘‘Expected IR spectrum’’ in Fig. 2a, the IR band I associated with
two OH� facing each other across an Mg2+ vacancy should give
the highest intensity mOH band. The mOH band II due to a single
OH� at an Mg2+ vacancy site should have a lower intensity, while
the mOH band III arising from interstitial OH� is expected to be
excessively broadened due to rapid motion of their H+ from O2�

to O2� sites, also known as H-bonding (Steiner, 2002).
The ‘‘measured IR spectrum’’ depicted in Fig. 2b deviates signif-

icantly from the ‘‘expected IR spectrum’’. The mOH band at
3560 cm�1, assigned to OH� pair defects, has low intensity, while
the mOH band at 3700 cm�1, due to single OH� at Mg2+ vacancy
sites, dominates the spectrum. In addition, there is a weak IR band
at 4150 cm�1. This band arises from a combination of the H–H
stretching vibration of molecular H2 in solid matrix with a phonon
lattice mode (Kriegler and Welch, 1968). The assignment of this
band to H2 has been confirmed through the presence of a mHD band
in MgO single crystals grown from a melt containing dissolved D2O
(Freund et al., 1982).

2.2. Redox conversion of OH� pairs to peroxy plus H2

The earliest indication that molecular H2 can evolve out of MgO
was obtained during a mass spectroscopic study of the gases
released during heating of ultrahigh purity OH�-rich MgO pro-
duced in situ by the thermal decomposition of Mg(OH)2 (Martens
et al., 1976). This study provided evidence for copious amounts
of H2 evolving from the nanocrystalline MgO powder, followed
by the evolution of atomic O with a sharp on-set temperature of
600 �C.

The release of atomic O and its sharp on-set at 600 �C are
indicative of disproportionation of peroxy:

O2�
2 ) O2� þ O ð3Þ

The said mass spectroscopic study also included partially
deuteroxylated MgO that produced copious amounts of HD and
D2 in addition to H2 (Freund et al., 1982). This work was substan-
tiated by an IR spectroscopic study of large MgO single crystals,
nominally 99.9% and 99.99% pure as well as doped with various
3d-transition metal cations, which were grown under highly
reducing conditions from a carbon arc melt (Freund and
Wengeler, 1982).

Noteworthy is that the OH�-pair defects at Mg2+ vacancy sites
are expected to be the most abundant OH�-bearing point defects



Fig. 2. (a) OH�-bearing point defects derived from the dissolution of H2O in MgO and expected relative intensities of the mOH bands due to OH� on the three dominant OH�-
bearing defect sites. Of those three expected mOH bands the one labeled I, due to OH� pairs at Mg2+ vacancies, should be most intense (after (Freund and Wengeler, 1982)). (b)
Measured IR spectrum: contrary to expectation the mOH band due to single OH� at Mg2+ vacancy sites is most intense. However, there is also a mHH band at 4150 cm�1, due to
the presence of H2 in the solid MgO matrix (after (Freund and Wengeler, 1982)).
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in the MgO–H2O solid matrix – an expectation that was not
confirmed by observation. The mOH band due to OH� pairs at
Mg2+ vacancy sites was not the most intense but rather weak.
The reason is that the OH� pairs at Mg2+ vacancy sites are subject
to a redox conversion, in the course of which the hydroxyl oxygens
transfer one electron each to their respective protons, reducing the
H+ to H, which combine to form H2, while the oxygen anions are
oxidized from the valence 2� to the valence 1�, from O2� to O�
which combine to form O2
2�. This redox conversion was found to

occur during cooling in the 400–600 �C window, i.e. over a temper-
ature range when the MgO–H2O system is already in the meta-
stable sss state, outside thermodynamic equilibrium (Freund and
Wengeler, 1982). The temperature window for this redox conver-
sion is marked in gray in Fig. 1.

Using the Kröger-Vinck point defect designation (Kröger, 1964)
the redox conversion of the OH� pairs can be written as:
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ð4aÞ

Eq. (4a) describes how an OH� pair at an Mg2+ vacancy site in
the MgO structure reversibly changes into a peroxy anion, O2

2�,
and molecular H2.

Since H2 molecules are mobile, even in densely packed MgO,
they can diffuse away from the Mg2+ vacancy site leaving behind
an Mg2+ vacancy chargewise compensated by a peroxy anion, O2

2�:

ð4bÞ

Eq. (4b) marks the on-set of irreversibility when the H2 mole-
cules formed that the Mg2+ vacancy site move away from their
‘‘birthplace’’ and transition into an interstitial site in the MgO
matrix.

In the case of nanocrystalline MgO (Martens et al., 1976), the
distance from any site in the interior of the nano-size crystallites
to the surface is very short, allowing the interstitial H2 molecules
to diffuse out of the crystallites and degas. In the case of larger
crystals the diffusion will take longer.

ð4cÞ

Eq. (4c) marks the transition to irreversibility because the H2

molecule has now left the solid state altogether and entered the
gas phase. Eq. (4c) describes the formation of cation-deficient
Mg1�dO. If d� 1, we may write it as excess-oxygen MgO1+d.

Eqs. (4a–c) describe a solid state reactions, which have
important thermodynamic implications.

First, pairs of redox-neutral OH� in the MgO matrix convert into
O2

2� plus H2, where the peroxy anion consists of two O�, oxidized
from the regular O2� state, while the redox-neutral protons of
the OH� have been reduced to the zero-valence state of H2.

Second, the H2 molecules move from their birthplace into inter-
stitial sites, where they are already spatially separated from their
oxidized counterpart, the O2

2� anions. Though the overall oxidation
state of the system will not change, spatial separation indicated by
Eq. (4b) will limit the reversibility.

Third, to the extent that H2 are able to diffuse out of the MgO
crystals altogether according to Eq. (4c), the redox conversion
becomes truly irreversible and MgO ends up with excess O in the
form of peroxy defects in its crystal structure.

Therefore, MgO crystals, grown from the melt produced under
the highly reducing conditions of a carbon arc furnace (Abraham
et al., 1971; Butler et al., 1971), acquire peroxy defects, which –
under thermodynamic equilibrium conditions – would be the
hallmark of highly oxidizing conditions (Wriedt, 1987).

As indicated in Fig. 1, the process described by Eqs. (4a/c) does
not violate thermodynamics because everything happens in the
supersaturated solid solution (sss), i.e. in a temperature window
below Tfreez’g, where all major diffusional processes involving
cations, anions and cation or anion vacancies have already slowed
down to such a degree that the MgO–H2O system must be consid-
ered frozen and in a metastable, non-equilibrium state.

Besides mass spectrometry and IR spectroscopy other tech-
niques have been employed to study the MgO–H2O sss system.
Valuable information was obtained through follow-on single crys-
tal studies of the electrical conductivity (Kathrein and Freund,
1983), thermal expansion (Wengeler and Freund, 1980), magnetic
susceptibility (Batllo et al., 1991), electron spin resonance
(Kathrein et al., 1984), dielectric polarization (Freund et al.,
1993), refractive index (Freund et al., 1994), and most recently
muon spin relaxation [unpublished results]. These additional
investigations have provided irrefutable evidence that, despite
their provenance from the extremely highly reducing conditions
of a carbon arc fusion furnace (Abraham et al., 1971; Butler et al.,
1971), the MgO crystals contain peroxy defects and evolve H2 gas
(Freund et al., 2002).
3. Peroxy defects

The term ‘‘peroxy-‘‘ is used in chemistry to designate the
bivalent group –OO–. Peroxy entities are well known in organic
chemistry, where they form a variety of organic compounds with
R1–OO–R2, where R1R2 = organic ligands (Klenk et al., 2002). In
inorganic chemistry a few stoichiometric peroxy compounds are
known, thermodynamically stable at atmospheric O2 pressure or
at higher O2 pressures, such as peroxides of alkaline metals
Na2O2, K2O2, Rb2O2, and Cs2O2 (De la Croix et al., 1998) and perox-
ides of the heavy alkaline earths, in particular of barium, BaO2

(Jorda and Jondo, 2001). These inorganic peroxides are predomi-
nantly ionic with O2

2� anions consisting of two O� engaged in a
very short, �1.5 Å, bond.

In the context of this paper we note that, however the peroxy
defects are created, they introduce a semiconductor aspect.

Peroxy anions, O2
2�, consist of pairs of oxygen anions that have

changed their valence from 2� to 1�. The peroxy bond tightly cou-
ples the two O�. In semiconductor parlance, an O� surrounded by
O2� represents a defect electron or ‘‘hole’’ the oxygen anion lattice.
A peroxy anion thus represents a self-trapped hole pair. The basic
difference between a hole in the oxygen anion sublattice of MgO
and a hole in a regular semiconductor material such as silicon, is
that, in the latter, holes are introduced by chemically doping Si
with an aliovalent impurity such as boron, B. In the case of MgO,
the holes are introduced without changing the overall chemical
composition but by changing the valence of a few oxygen anions
from 2� to 1� and slightly shifting the cation-to-anion ratio.

As long as the two O� forming a peroxy bond are tightly cou-
pled, their 1� valence is localized in the O�–O� bond. The presence
of O2

2� anions has no detectable effect on the electrical conductivity
of the MgO. This changes when the O�–O� bond breaks.

The O�–O� break-up can be achieved by heating (Freund et al.,
1993). Thermal dissociation occurs in two clearly identifiable
stages. At the outset the O2

2� entity is diamagnetic with the spins
associated with each O� tightly coupled and antiparallel. The
break-up starts by loosening of the O�–O� bond while maintaining
spin coupling and, hence, the diamagnetic state. This is followed by
decoupling of the spins, allowing the spins to flip and, hence, to
produce a paramagnetic signal (Batllo et al., 1991). Summarily this
dual-step process is shown in Eq. (5):

ð5Þ

During spin decoupling, the wave functions associated with the
two O� begin to delocalize over many neighboring O2�. This causes
anomalies in the thermal expansion, refractive index and other
material properties. (Freund et al., 1994). However, as long as the
both spins are still bonded to their parent Mg2+ vacancy site, the
electrical conductivity of the MgO crystals remains weakly affected
(Kathrein and Freund, 1983).

The break-up completes with the transfer of an electron from an
O2� into the decoupled peroxy bond. The result is that the outside
O2�, which transferred the electron, turns into O�, while the
peroxy bond becomes fully dissociated:

½O� V00Mg O��x () ½O� V00Mg�
0 þ O� ð6Þ

The first defect on the right had side of Eq. (6), a Mg2+ vacancy
associated with one O�, known as V� center, a paramagnetic
defect. It has been intensely studied by electron spin resonance
spectroscopy (Henderson and Wertz, 1977; Marfunin, 1979).



Fig. 3. Depiction of the sequence of steps at the OH� pair defect site in MgO, the
OH� pair redox conversion to O2

2� plus H2, the loss of H2 from the site, and the
break-up of the peroxy anion, O2

2�, into a bound O� plus an unbound O�.
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The outside O2�, which donated an electron, turns into O� as
shown on the right had side of Eq. (6). No longer bound to the
Mg2+ vacancy site, this O� turns into a highly mobile, charge car-
rier, a defect electron in the O2� sublattice, for which the name
‘‘positive hole’’ has been proposed (Griscom, 1990, 2011).

The peroxy dissociation according to Eq. (6) is written as a
reversible reaction to indicate that, under the appropriate condi-
tions, for instance during cooling, positive holes recombine with
the V� centers, returning to the peroxy state with two tightly cou-
pled O�.

The forward reaction described by Eq. (6) – dissociation – is a
second-order phase transition. It starts around 430 �C and reaches
completion around 600–650 �C. The back reaction – recombination
– tends to be sluggish, taking minutes to proceed during cooling,
hours at room temperature.

Fig. 3 summarizes the multi-step process as just described,
starting from the left with an OH� pair and its redox conversion
to O2

2� plus H2 according to Eq. (4a). Next comes the stage when
the H2 has diffuses away, leaving behind the peroxy at the Mg2+

vacancy site according to Eqs. (4b/c). The step describing the
decoupling of the spins is omitted. Instead, we show on the right
the break-up of the peroxy anion, leaving one O� at the Mg2+

vacancy site, while the other O� becomes unbound, turning into
a positive hole charge carrier, h�, according to Eq. (6).
Fig. 4. Top left: Projection of the (100) plane of MgO with a peroxy anion, O2
2�, at an

Mg2+vacancy site; Bottom left: Dip in the energy surface at the edge of the valence
band due to the presence of peroxy anions, O2

2�; Top right: Dissociated state of the
peroxy defect with one O� at the Mg2+ vacancy site, delocalized over its immediate
neighbors, and the highly delocalized wave function of the h�; Bottom row: Splitting
of the energy levels during dissociation of the peroxy defect to generate positive
holes and electrons in shallow traps (see text).
4. Positive holes

Positive holes, symbolized by h�, are defect electrons in the O2�

anion sublattice (Griscom, 1990, 2011). In semiconductor parlance,
positive holes are virtual particles associated with electronic wave
functions that describe a missing electron in some otherwise fully
occupied energy levels at the upper edge of the valence band.

Fig. 4 illustrates the start and end of the peroxy break-up. The
upper left shows an intact peroxy defect, characterized in bright
red by a dumbbell O2

2� anion next to an Mg2+ vacancy. The upper
right shows a dissociated peroxy defect. The red color of the O2�

surrounding the Mg2+ vacancy in the plane of the drawing, indi-
cates that the O� state delocalizes over the neighboring O2�. The
unbound O�, i.e. positive hole, is represented by shades of red
and rose spread over many O2�, indicating that the wave function
associated with h� is highly delocalized.

The lower part of Fig. 4 depicts energy levels that arise from the
presence of peroxy defects and positive holes. The edge of the
valence band is made of energy levels that derive mostly from O
2sp-symmetry atomic orbitals of O2�. The highest occupied level,
associated with the O2�, is antibonding and of r⁄ symmetry. In the
peroxy anion the r⁄ level is empty, leaving the non-bonding pnb as
the highest occupied level (Marfunin, 1979). Peroxy defects can thus
be represented by a local dip in the energy surface of the valence
band as schematically depicted in the lower left side of Fig. 4.

When the peroxy bond breaks, the non-bonding, pnb energy level
splits as indicated in the lower right of Fig. 4. The transfer of an elec-
tron into the broken peroxy bond creates new energy levels below
the edge of the valence band, shifted downward by �dE. The elec-
tron trapped by the broken peroxy bonds will occupy this level.
Due to symmetry considerations, a corresponding energy level must
be created in the forbidden band gap, shifted upward by +dE. The
delocalized wave functions associated with positive holes h� is indi-
cated by the red smear at the upper edge of the valence band.

5. DC conductivity of high-purity MgO single crystals

The insight gained so far can be applied to direct current (dc) elec-
trical conductivity measurements of MgO single crystals over the
temperature range, in which positive hole charge carriers can exist.

Well-annealed MgO single crystals are nearly perfect insulators.
Using a guard electrode to remove contributions from surface con-
ductivity, their room temperature conductivity was �10�16

(X�1 cm�1) (Kathrein and Freund, 1983). Upon heating the MgO
crystals display a complex response, which allows us to correlate
the conductivity behavior with the activation of positive hole
charge carriers as described in the preceding section.

For thermally activated conductivity due to a single charge car-
rier i with activation energy Ei we have:

r ¼ ri exp½�Ei=kT� ð7Þ
where ri is the pre-exponential factor for the charge carrier i.
Plotting logr versus 1/T Eq. (7) gives a straight line, an Arrhenius
plot, with the slope Ei. If several charge carriers 1, 2, . . . contribute
as in the case illustrated in Fig. 6a, endowed with activation ener-
gies E1, E2 . . ., we have:

r ¼ r1 exp½�E1=kT� þ r2 exp½�E2=kT� þ . . . ð8Þ

Eq. (8) will produce a plot with two or more straight Arrhenius
sections corresponding to E1, E2. . .

The total conductivity is the sum of the contributions by each
type of charge carrier:

r ¼ Rri ¼ Rnizili ð9Þ

where ni are the number densities, zi the charges, and li the
mobilities.



Fig. 5. Sequence of dc conductivity curves of a highest purity grade MgO single
crystal under the stringent clean conditions. Panel (a) shows an anomalous increase
in conductivity during the first heating, which is not observed, when the crystal is
reheated immediately after cooling as shown in Panel (b). However, if the crystal is
annealed over night, the conductivity anomaly during heating reappears as
indicated in Panel (c) (after (Kathrein and Freund, 1983)).
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Fig. 5a–d shows the dc electrical conductivity response of a
nominally high purity 4N-MgO single crystal as a function of tem-
perature under clean conditions in an ultra-dry argon atmosphere,
using 2-electrode, 3-electrode- and 4-electrode configurations
(Kathrein and Freund, 1983). Here we specifically discuss a series
of experiments where an MgO single crystal was repeatedly heated
and cooled at 10 �C min�1.
When the MgO crystal was well-annealed, the first time heating
resulted in the conductivity curve labeled ‘‘1st up’’ in Fig. 5a. It
shows the conductivity rising sharply between 350 and 400 �C,
reaching a maximum around 600 �C. Above 650 �C. the conductiv-
ity decreases until 700 �C and then increases again. Around
850–900 �C the conductivity joins an Arrhenius straight section
where the conductivity versus temperature curve becomes fully
reversible with an activation energy of 2.4 eV (Lempicki, 1953).
In this high temperature range the electrical conductivity is known
to be controlled by Mg2+ diffusion via an Mg2+ vacancy hopping
mechanism (Sempolinski and Kingery, 1980), possibly augmented
by O2� diffusion (Wuensch et al., 1973). During cooling, labeled
as ‘‘1st down’’ in Fig. 5a, the conductivity initially follows the
reversible high temperature curve with an activation energy of
2.4 eV and then transitions to a lesser slope, corresponding to a
1 eV activation energy, indicating a different conductivity
mechanism.

In Fig. 5b we replot the ‘‘1st down’’ curve together with the
‘‘2nd up’’ curve obtained by reheating the MgO crystal immediately
after it had cooled to about 250 �C. The ‘‘2nd up’’ curve differs
markedly from the ‘‘1st up’’ curve: it stays close to the cooling
curve ‘‘1st down’’. At about 700 �C the ‘‘2nd up’’ curve displays
the same 2.4 eV slope as before. The ‘‘2nd down’’ cooling curve
follows the same trend including consistently lower overall
conductivity values along its path.

This pattern of dc conductivity as a function of heating and
cooling is reproducible (Kathrein and Freund, 1983). It is observed
not only with MgO crystals of nominal 99.9% and 99.99% purity
grades but it is also seen in essentially the same magnitude with
MgO crystals doped at different concentration levels with
3d-transition metal cations such as Mn2+, Fe2+, Co2+, or Ni2+, indi-
cating that the conductivity is not controlled by metal cation impu-
rities nor to any other chemical impurity. The only alternative for
the anomalous conductivity response is that it is caused by the
presence of peroxy defects and the positive hole charge carriers,
which the peroxy defects release.

For the plot in Fig. 5c the MgO crystal was reheated after having
been annealed overnight. The ‘‘3rd up’’ curve exhibits the same
anomalous conductivity increase above 350–400 �C as during the
initial heating, ‘‘1st up’’. The cooling curve, ‘‘3rd down’’, follows
the trend observed during the prior two cooling cycles.

Key to understanding this complex temperature–time-depen
dent conductivity behavior are Eq. (5) describing the decoupling
of O�–O� bond and Eq. (6) describing the release of mobile positive
hole charge carriers by way of a second order phase transition over
the temperature window from 430 �C to about 600 �C (Kathrein
and Freund, 1983).

According to this interpretation, the conductivity increase dur-
ing heating as shown in Fig. 5a and c signals the activation of an
increasing number of positive hole charge carriers. In this case
Eq. (8) applies, which states that two reactions take place simulta-
neously with two activation energies E1 and E2 describing respec-
tively the break-up of the peroxy defects and the positive hole
conduction proper.

Combining Eqs. (8) and (9) gives

r ¼ n1z1l1 exp½�E1=kT� þ n2z2l2 exp½�E2=kT� ð10Þ

where E1 is the activation energy needed to break up the O�–O�

bonds leading to an increase the number n1 of positive holes h�,
and E2 is the activation energy that controls the conduction by h�.

To test the validity of this approach we designed an experiment
to separate the two mechanisms depicted in Fig. 6a/b using an
MgO single crystal of 99.99% nominal purity with a guard electrode
to minimize any residual surface conductivity contribution. We
heated the crystal in dry ultrapure Ar to 250 �C to bake out
potential surface contamination. After annealing for over 48 h,



Fig. 6. (a/b) Arrhenius plot of the data obtained during a specially designed
heating–cooling program to separate conductivity contributions arising from the
progressive break-up of peroxy defects (solid red circles) and from positive holes
(open squares). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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we applied a 20 �C/min heating–cooling program, which shifted all
temperatures relative to the earlier 10 �C/min heating–cooling pro-
gram. The temperatures given below refer to readings off Fig. 6a/b.

During first heating we raised the temperature to 550 �C,
reversed to cooling. After reaching 330 �C we switched to reheating,
raising the temperature to 580 �C, followed by cooling to 370 �C.
We then reheated it to 610 �C and switched again to cooling.
After the sample had cooled to 240 �C, we once more reheated it.

The conductivity pattern resulting from this heating–cooling
program depicted in Fig. 6a/b can be broken down into parts of
interest here:

(i) a steeply rising section (red filled circles) that can be approx-
imated by an Arrhenius straight line over the 480–650 �C
range (dashed black line) with an activation energy of
3.2 eV;

(ii) three parallel cooling-reheating straight sections (open
squares in shades of blue), which suggest a distinct mecha-
nism, endowed with an activation energy of about 1 eV.

Fig. 6b shows the same experimental data with the point
defects of interest inserted from the tightly bound peroxy defect
at right, the spin-decoupled peroxy defect in the middle, and the
dissociated peroxy defect at left. The temperature ranges over
which these stages exist are indicated.

If (i) is due to the break-up of the O�–O� bonds according to Eq.
(6) and generation of h� charge carriers, then Eq. (8) applies. In this
case we can rewrite Eq. (8) as:
ri ¼ r0 exp½�ðE1 þ E2Þ=kT� ð11Þ

where E1 refers to the energy needed to break the peroxy bond, cre-
ating increasing numbers of h� charge carriers, while E2 refers to the
activation energy for h� diffusion.

If (E1 + E2) = 3.2 eV and E2 = 1 eV, then E1 = 2.2 eV. Thus we note
that the energy needed to break the peroxy bond in the MgO
matrix is about 2.2 eV.

The activation energy for h� diffusion in the MgO matrix is about
1 eV and the entire electrical conductivity is controlled by h� as the
only mobile charge carriers.
6. Discussion

Conventionally, earthquake and pre-earthquake research as
conducted within seismology takes a mechanical approach,
focusing on mechanical aspects of stress build-up, rock deforma-
tion and rock rupture. However, there is mounting evidence that,
prior to major earthquakes, non-seismic effects become observ-
able, from which valuable information about pre-earthquake con-
ditions can be derived (Freund, 2013). Many of the non-seismic
pre-earthquake phenomena point to electrical processes that take
place in the rocks of the Earth’s crust during the build-up of stress,
expressing themselves at the Earth’s surface and above. It is there-
fore of paramount importance to understand the electrical proper-
ties of rocks throughout the Earth’s crust and how they change as a
function of the two main parameters: temperature and stress. Part
I of this two part paper is dedicated to temperature.

There is, of course, a large body of literature describing the elec-
trical conductivity of minerals and rocks as a function of tempera-
ture. In most studies the focus was on achieving thermodynamic
equilibrium conditions. This limits their usefulness with respect
to processes that take place in the Earth’s crust, where – as sug-
gested by Fig. 1 – the prevailing conditions lie mostly outside ther-
modynamic non-equilibrium and where metastability is much
more the rule than an exception. The number of prior studies that
address metastable equilibrium conditions is small, ostensively
because such measurements are more difficult to do and to
interpret.

Because of these difficulties, we have presented here a broad
study of the MgO–H2O system aimed at elucidating the intricacies
of electrical conductivity under conditions of thermodynamic
metastability. We have introduced MgO crystals, grown from the
melt, as a model for the AO–H2O phase diagram in Fig. 1, where
AO can be any oxide material or any silicate mineral. The study
of MgO has allowed us to unravel the complex solid state processes
that result from the incorporation of H2O, which is a universal pro-
cess during crystallization from any fluid-laden melt or magmas or
during recrystallization in any fluid-rich high-grade metamorphic
crustal environment. MgO has allowed us to discover a fundamen-
tal reaction that takes place in the supersaturated solid solution
(sss) state, outside thermodynamic equilibrium, namely the redox
conversion (RC) of pairs of solute OH� to peroxy defects plus H2.
This RC reaction is not limited to MgO but occurs across a wide
range of minerals and rocks. Focusing on MgO has allowed us to
characterize peroxy defects and to understand them as the source
of highly mobile positive hole charge carriers, which have a dra-
matic effect on the electrical conductivity behavior.

Taking advantage of the favorable properties specific to MgO we
have documented the RC of OH� pairs yielding peroxy, O2

2�, plus
molecular H2. Though first discovered in MgO more than 30 years
ago (Freund and Wengeler, 1982; Martens and Freund, 1976) and
further described in follow-up publications for MgO and a few
selected natural minerals (Freund, 1985, 1987), this RC appears
to take place in many mineral-H2O systems of crustal interest,
i.e. under the non-equilibrium, metastable conditions as we
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presented here. Unfortunately, though this RC is probably ubiqui-
tous across much of the Earth’s crust, it has been overlooked or
summarily ignored by the geoscience community.

The fundamental insight, which the MgO–H2O system has pro-
vided, is (i) that the valence of oxygen anions in an oxide matrix
can change from O2� to O�outside thermodynamic equilibrium,
(ii) that the presence of peroxy and O� has a profound effect on
the electrical conductivity in a critical temperature window, up
to about 600 �C, where metastable conditions prevail, and (iii) that
the repeatability of the measured conductivity vs temperature
response is consistent with metastable equilibria.

If the presence of O�, i.e. h� charge carriers, has a profound effect
on the electrical conductivity response of nominally high purity
MgO single crystals forming a dilute AO–H2O solid solution, we
may expect the same effect to be observable in other AO–H2O
systems, where AO are silicate minerals, crystallographically and
compositionally more complex than MgO. We may thus expect
to see telltale signs of h� charge carriers in laboratory experiment
with crustal minerals and crustal rocks and even with minerals
and rocks from the Earth’s upper mantle which cooled down
during their transport to the Earth’s surface and necessarily passed
through the RC temperature window.

Among the diagnostically most distinct signs of h� charge
carriers are (i) a steep, anomalous increase in electrical conductiv-
ity during heating through the temperature window over which
peroxy defects dissociate injecting highly mobile h� into the
valence band, and (ii) a seemingly characteristic 1 eV activation
energy observed during cooling and/or immediate reheating of
samples after cooling.

There are very few, if any, reports in the geoscience literature
that describe the steep increase in electrical conductivity during
initial heating. The reason is that, if researchers observed such a
seemingly anomalous conductivity behavior, they were inclined
to assign it to some kind of surface contamination. Such an inter-
pretation, namely surface contamination, indeed appears sup-
ported by the observation that, during relatively rapid cooling
and relatively rapid reheating, the anomaly disappears as was
demonstrated for MgO in Fig. 5a/b. The fact that the anomaly reap-
pears upon leaving a given sample at room temperature for an
extended period of time, such as overnight as shown in Fig. 5c,
would be dismissed on account of assumed re-contamination.
Obviously, so long as the anomalous conductivity behavior is
believed to be due to adventitious contamination, it would hardly
ever be included in any serious publication.
Fig. 7. Electrical conductivity of peridotite, 99% olivine, heated and cooled in a 1:1
CO:CO2 mixture, exhibiting an anomalously high conductivity region interpreted to
be caused by vapor-phase deposited surface carbon and the beginning of a cooling
curve, where the slope is consistent with a 1 eV activation energy (after (Duba and
Constable, 1993)).
There is one notable exception, where the initial heating curve
has been published for a dunite, an olivine-rich peridotite of upper
mantle origin (Constable and Duba, 1990). The Arrhenius plot in
Fig. 7 shows a conductivity increase during initial heating in a
1:1 CO:CO2 atmosphere at 1 bar. The conductivity values, derived
from data recorded at 2 �C/min, were found to increase moderately
from about 150 �C to �350 �C. Above 350 �C the slope becomes
steeper up to about 430 �C, then slightly less steep up to 560 �C,
strikingly similar to the conductivity vs temperature behavior of
the highest purity MgO single crystal as depicted in Fig. 5a/c. No
data are shown for the 560–670 �C interval. At 670 �C, the temper-
ature was held constant for an unspecified time, leading to a signif-
icant decrease in conductivity. When heating was resumed, the
conductivity increased, transitioning above 750 �C into a high tem-
perature branch similar to that recorded with MgO single crystals.
During cooling the conductivity curve changes around 600 �C to an
Arrhenius straight section with a �1 eV activation energy, again
similar to the cooling curve observed for MgO.

The interpretation offered by Constable and Duba for the
anomalously high conductivity is based on the assumption that,
during heating in a 1:1 CO:CO2 mixture, a thin carbon film would
deposit onto the sample surface, providing a low resistivity path-
way (Constable and Duba, 1990). According to thermodynamic cal-
culations, the 1:1 CO:CO2 mixture would leave the stability field of
graphite at 670 �C, thereby ending the carbon deposition and even
causing the existing carbon film to ‘‘burn off’’. No control experi-
ments are reported such as measuring the electrical conductivity
during repetitive heating–cooling–reheating cycles in the same
1:1 CO:CO2 mixture or different gas mixtures to explore the pre-
sumed deposition of carbon film with respect to the CO-C phase
boundary. We submit that the carbon film formation has not been
independently verified and that other causes for the anomalous
conductivity behavior of the dunite rock must be considered, for
instance conduction by h�.

There are also very few published data on the 1 eV activation
energy mechanism associated in MgO with h� conduction in the
lower temperature range. Out of the many papers that address
the question of the electrical conductivity of MgO only one paper
mentions specifically the 1 eV activation energy observed during
cooling below 700 �C but offers no explanation (Lewis and
Wright, 1968). Some other papers on MgO include figures with
short sections of a 1 eV Arrhenius plot but remain silent as to a
likely conduction mechanism.

The 1 eV activation energy has been well documented for mafic
and ultramafic igneous rocks as demonstrated in Fig. 8
(Parkhomenko, 1967, 1982). The data were obtained with heat-
ing–cooling protocols similar to that used to collect our MgO single
crystal data depicted in Fig. 5b. Over the temperature range from
below 100 �C to over 700 �C, different rocks with very different
absolute conductivities exhibit the same 1 eV activation energy.
No explanation has been offered in this and other publications
except by proposing that the 1 eV conduction may occur along
grain boundaries or through intergranular carbon or water films
(Constable and Duba, 1990; Roberts et al., 1999; Shankland et al.,
1997; Yoshino and Noritake, 2011). The possibility of bulk conduc-
tivity, through the interior of the crystals, has not been considered.

With polycrystalline materials such as rocks it is inherently dif-
ficult, if not impossible, to unambiguously distinguish between bulk
and surface or grain boundary conduction. In our MgO single crys-
tal study the application of a guard electrode allowed us to ascer-
tain that the 1 eV mechanism was due to charge carriers flowing
through the bulk – not along the surface. The fact that, as depicted
in Fig. 8, different rocks display the same 1 eV despite very differ-
ent absolute conductivity values, makes it unlikely that the current
flow be controlled by grain boundaries or intergranular water or
carbon films. Instead we propose that there is only one conduction



Fig. 8. Electrical conductivity of mafic and ultramafic rocks after Parkhomenko
(1967, 1982).

3 In Part II it will be shown that the h� activated by stress at ambient temperatures
appear to have a very wide spectrum of lifetimes, many as short as milliseconds,
others as long as minutes to hours, even days to weeks.
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mechanism, which applies to all rocks, the one with Ea = 1 eV
suggestive of positive hole conductions. If this is true, the different
rocks displayed in Fig. 8 would just have different number
densities of h� charge carriers ni of charge z and mobility l:

r ¼ nizl exp½�1 eV=kT� ð12Þ

The MgO single crystal studies lead us to the conclusion that, in
the temperature range of greatest interest to Earth’s crust, where
the conditions fall outside thermodynamic equilibrium and rocks
are in a metastable state, the in situ conductivity is dominated by
h� charge carriers. This points to a near-universal role of peroxy
defects and h� charge carriers in controlling the electrical conduc-
tivity of mafic and ultramafic rocks in the upper and middle crust,
possible of all rocks in any part of the Earth’s crust, where the con-
ditions are ruled by thermodynamic metastability (Freund, 2003).

At the same time, if the electrical conductivity of a typical upper
mantle rock like dunite as depicted in Fig. 7 appears to be also con-
trolled by h� charge carriers, this must not be construed to suggest
that in situ, under upper mantle conditions, olivine contains peroxy
defects. This cannot be the case. With reference to Fig. 1, it can be
firmly stated that the temperatures in the upper mantle will be
above Tfreez’g, meaning that, under in situ conditions, olivine forms
stable solid solutions, ss, with the traces of H2O fluid phase compo-
nent, which had been incorporated into the crystal matrix at Tcryst.

However, any rock from high temperature environments
collected at the Earth’s surface obviously transitioned from the ss
field into the sss field and cooled through the 500 �C window
where the redox conversion exemplified by Eqs. (4a/b) takes place.
In the case of olivine this conversion will involve hydroxyl pairs of
the type O3Si-OH splitting off H2 and rearranging under metastable
conditions to (Freund and Oberheuser, 1986):

O3Si-OH HO-SiO3 () O3Si-OO-SiO3 þH2 ð13Þ

If the diffusively mobile H2 molecule leaves the site next to the
peroxy defect (Freund et al., 2002), the reaction becomes
irreversible. Upper mantle olivine crystals collected at the Earth’s
surface will therefore contain peroxy defects, which – upon reheat-
ing in laboratory experiments – release h⁄ charge carriers:

O3Si-OO-SiO3 þ O2� () O3Si-O � O-SiO3 þ O� ð14Þ

where O� stands for h�.
7. Conclusion

Peroxy defects consist of pairs of oxygen anions in the valence
1�. Because O� is more oxidized than O2�, peroxy defects are not
supposed to exist in minerals and rocks, which, without exception,
come from reduced to highly reduced environments. In fact, under
thermodynamic equilibrium conditions, peroxy defects are the
hallmark of oxidizing conditions, which are not found anywhere
deep in the Earth’s crust and even less so in the upper mantle.
Therefore, finding that common crustal rocks and even upper
mantle rocks contain peroxy defects appears to be in violation of
thermodynamics. This, however, is not the case.

To study how O� can be introduced, we present the case of MgO
crystals, grown under most reducing conditions in a carbon arc fur-
nace. These MgO crystals contain OH�, forming a solid solution
(ss), Mg1�d(OH)2dO1�2d with d� 1, due to small amount of H2O
incorporated during crystallization from the H2O-laden melt.
During cooling, all solid state diffusion, specifically diffusion of
cations and anions as well as of cation and anion vacancies, slows
down, eventually reaching a temperature Tfreez’g, at which the
system can be considered frozen. At this point, the systems drifts
out of thermodynamic equilibrium and the Mg1�d(OH)2dO1�2d solid
solution, ss, turns into a supersaturated solid solution, sss.

While it is true that this transition from equilibrium to
non-equilibrium conditions occurs, there is a widespread miscon-
ception in the geoscience community that Tfreez’g marks the point
at which all solid state diffusional processes come to a stop.

This is not the case as presented in this paper. Using infrared
spectroscopy, it can be shown that, while cooling through a tem-
perature window around 500 �C, OH� pairs at Mg2+ vacancy sites
in the Mg1�d(OH)2dO1�2d matrix undergo an electronic rearrange-
ment known as a redox conversion (RC). During the RC two OH�

change into a peroxy anion, O2
2�, plus an H2. The introduction of

peroxy anions into the matrix of the MgO crystals has a profound
effect on the electrical conductivity. Using the repetitive heating–
cooling-reheating cycles as depicted in Fig. 5a/c, it can be shown
that the break-up of the peroxy anions leads to unbound O� states,
equivalent to defect electrons in the oxygen anion sublattice h�.
These h� are highly mobile electronic charge carriers, associated
with the O 2sp-type energy levels at the edge of the valence band,
known as positive holes.

In fact, the conductivity of melt-grown MgO single crystals of
the highest purity grades increases by 6–7 orders of magnitude
during the progressive break-up of the peroxy bonds.
Recombination of the thermally activated h� takes hours to com-
plete at ambient temperature due to their long lifetimes3.
Therefore, during cooling, many positive holes do not deactivate at
the same rate as the temperature decreases. Instead they continue
to remain mobile, conducting with the 1 eV activation energy.

The combination of an anomalous conductivity increase during
heating and the 1 eV activation energy during cooling creates a
diagnostically distinct conductivity response, which a variety of
igneous rocks share with MgO. This is a strong indication, if not
proof, that the peroxy defects and positive hole charge carriers
are not limited to the MgO–H2O system. The same type of process,
the redox conversion to peroxy defects plus H2 molecules, seems to
also take place in minerals of igneous rocks. They too contain
solute OH� due to the fact that they crystallized from H2O-laden
magmas. During cooling, their solute OH� pairs obviously also
undergo the electronic rearrangement of a redox conversion,
producing peroxy defects plus H2 molecules.
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On the basis of the work presented here we can say with a high
degree of confidence that igneous and high-grade metamorphic
rocks in the shallow crust and mid-crustal, ubiquitously contain
peroxy defects despite their overall reduced to highly reduced
appearance. The peroxy defects will release positive hole charge
carriers, for instance during heating, which control the in situ elec-
trical conductivity (Freund, 2003).

Conversely, minerals and rocks in the lower crust and in the
upper mantle cannot contain peroxy defects. The reason is that
the temperatures are high enough to activate cation and anion dif-
fusion as well as cation/anion vacancy diffusion. Hence, thermody-
namic equilibrium prevails, and there is no possibility for
metastable peroxy defects, nor positive hole charge carriers, to exist.

In Part II of this two-part paper we’ll provide evidence that
stresses also activate peroxy defects, generating positive hole
charge carriers which can flow out of the stressed rock volume.
During propagation through the rock column and upon arrival at
the Earth’s surface the positive holes cause a number of
follow-on processes, from which information can be derived about
the build-up of tectonic stresses deep below and, hence, about
pre-earthquake signals originating at the Earth’s surface that
would indicate an increased earthquake risk lurking deep below.

A corollary of this statement is that h� charge carriers can be
stress-activated only in portions of the Earth’s crust, where meta-
stable conditions prevail and where peroxy defects can generate
positive hole charge carriers when challenged by stress. If stress
activation of positive holes is a prerequisite for pre-earthquake
phenomena, the hypocenters for earthquakes that are preceded
by pre-earthquake signals must lie in the upper to middle crust.
This conclusion is consistent with reports (Chen et al., 2004; Liu
et al., 2006; Saroso et al., 2009) that, with the exception of events
in the cold inner part of a subducting plate, ionospheric perturba-
tions are observed primarily before earthquakes with hypocenters
in the upper to middle crust.
Acknowledgments

The results reported in this paper evolved over many years,
starting with early studies by Reinhard Martens, Heinz Wengeler
and Hendrik Kathrein, supported in part by the Deutsche
Forschungsgemeinschaft, and continuing with work supported
over several years by the NASA Ames Research Center Director’s
Discretionary Fund and, most recently, by the NASA Earth
Surface and Interior (ESI) program under grant # NNX12AL71G.

The publication fee is supported by the iSTEP project
NSC102-2628-M-008-001.
References

Abraham, M.M., Butler, C.T., Chen, Y., 1971. Growth of high-purity and doped
alkaline earth oxides; PartI: magnesium oxide and calcium oxide. J. Chem. Phys.
55, 3752–3756.

Azzoni, C.B., Meinardi, F., Paleari, A., 1994. Trapped-hole centers in neutron-
irradiated synthetic quartz. Phys. Rev. B 49, 9182–9185.

Batllo, F., LeRoy, R.C., Parvin, K., Freund, F., Freund, M.M., 1991. Positive hole centers
in magnesium oxide – correlation between magnetic susceptibility, dielectric
anomalies and electric conductivity. J. Appl. Phys. 69, 6031–6033.

Butler, C.T., Sturm, B.J., Quincy, R.B., 1971. Arc fusion growth and characterization of
high-purity magnesium oxide single crystals. J. Cryst. Growth 8, 197–204.

Chen, Y.I., Liu, J.Y., Tsai, Y.B., Chen, C.S., 2004. Statistical test for pre-earthquake
ionospheric anomaly. Terr. Atmos. Oceanic Sci. 15, 385–396.

Constable, S., Duba, A., 1990. Electrical conductivity of olivine, a dunite and the
mantle. J. Geophys. Res. 95, 6967–6978.

De la Croix, A., English, R.b., Brown, M.E., Glasser, L., 1998. Modeling the thermal
decomposition of solids on the basis of lattice energy changes: Part 2: alkaline-
earth peroxides. J. Solid State Chem. 137 (2), 346–352.

Duba, A., Constable, S., 1993. The electrical conductivity of a lherzolite. J. Geophys.
Res. 98, 11885–11899.

Freund, F., Wengeler, H., 1982. The infrared spectrum of OH-compensated defect
sites in C-doped MgO and CaO single crystals. J. Phys. Chem. Solids 43, 129–145.
Freund, F., Wengeler, H., Martens, R., 1982. A hydrogen–deuterium fractionation
mechanism in magnesium oxide. Geochim. Cosmochim. Acta 46, 1821–1829.

Freund, F., 1985. Conversion of dissolved ‘‘water’’ into molecular hydrogen and
peroxy linkages. J. Non-Cryst. Solids 71, 195–202.

Freund, F., Oberheuser, G., 1986. Water dissolved in olivine: a single crystal infrared
study. J. Geophys. Res. 91, 745–761.

Freund, F., 1987. Hydrogen and carbon in solid solution in oxides and silicates. Phys.
Chem. Miner. 15, 1–18.

Freund, F., Freund, M.M., Batllo, F., 1993. Critical review of electrical conductivity
measurements and charge distribution analysis of magnesium oxide. J.
Geophys. Res. 98 (B12), 22209–22229.

Freund, F., Whang, E.-J., Batllo, F., Desgranges, L., Desgranges, C., Freund, M.M., 1994.
Positive hole-type charge carriers in oxide materials. In: Levinson, L.M. (Ed.),
Grain Boundaries and Interfacial Phenomena in Electronic Ceramics. Amer.
Ceram. Soc., Cincinnati, OH, pp. 263–278.

Freund, F., Dickinson, J.T., Cash, M., 2002. Hydrogen in rocks: an energy source for
deep microbial communities. Astrobiology 2 (1), 83–92.

Freund, F.T., 2003. On the electrical conductivity structure of the stable continental
crust. J. Geodyn. 35, 353–388.

Freund, F.T., 2013. Earthquake forewarning – a multidisciplinary challenge from the
ground up to space. Acta Geophys. 61 (4), 775–807.

Fukuchi, T., 1996. A mechanism of the formation of E’ and peroxy centers in natural
deformed quartz. Appl. Radiat. Isot. 47 (11/12), 1509–1521.

Griscom, D.L., 1990. Electron spin resonance. Glass Sci. Technol. 48, 151–251.
Griscom, D.L., 2011. Trapped-electron centers in pure and doped glassy silica: a

review and synthesis. J. Non-Cryst. Solids 357, 1945–1962.
Henderson, B., Wertz, J.E., 1977. Defects in the Alkaline Earth Oxides. Taylor &

Francis, London.
Jorda, J.L., Jondo, T.K., 2001. Barium oxides: equilibrium and decomposition of BaO2.

J. Alloy. Compd. 327 (1–2), 167–177.
Kathrein, H., Freund, F., 1983. Electrical conductivity of magnesium oxide single

crystal below 1200 K. J. Phys. Chem. Solids 44, 177–186.
Kathrein, H., Freund, F., Nagy, J., 1984. O� ions and their relation to traces of H2O

and CO2 magnesium oxide: an EPR study. J. Phys. Chem. Solids 45, 1155–1163.
Klenk, H., Götz, R.S. Peter H., Mayr, Wilfried, 2002. Peroxy Compounds, Organic. in

Ullmann’s Encyclopedia of Industrial Chemistry edited. Wiley-VCH, Weinheim,
Germany.

Kriegler, R.J., Welch, H.L., 1968. Induced infrared fundamental band of hydrogen
dissolved in solid argon. Can. J. Phys. 46 (10), 1181–1189.

Kröger, F.A., 1964. The Chemistry of Imperfect Crystals. North-Holland, Amsterdam.
Lempicki, A., 1953. The electrical conductivity of MgO single crystals at high

temperatures. Proc. Phys. Soc. B 66 (4), 281.
Lewis, T.J., Wright, A.J., 1968. The electrical conductivity of magnesium oxide at low

temperatures. J. Phys. D Appl. Phys. 1, 441–447.
Liu, J.Y., Chen, Y.I., Chuo, Y.J., Chen, C.S., 2006. A statistical investigation of

preearthquake ionospheric anomaly. J. Geophys. Res. 111, A05304. http://
dx.doi.org/10.1029/2005JA011333.

Marfunin, A.S., 1979. Spectroscopy, Luminescence and Radiation Centers in
Minerals. Springer Verlag, New York, pp. 257–262.

Martens, R., Freund, F., 1976. The potential energy curve of the proton and the
dissociationenergy ofthe OH� ion inMg (OH)2. Phys. StatusSolidi (a) 37(1), 97–104.

Martens, R., Gentsch, H., Freund, F., 1976. Hydrogen release during the thermal
decomposition of magnesium hydroxide to magnesium oxide. J. Catal. 44,
366–372.

Nesse, W.D., 2000. Introduction to Mineralogy. Oxford University Press, New York.
Pacchioni, G., Sousa, C., Illas, F., Parmigiani, F., Bagus, P.S., 1993. Measures of ionicity

of alkaline-earth oxides from the analysis of ab initio cluster wave functions.
Phys. Rev. B 48, 11573–11582.

Parkhomenko, E.I., 1967. Electrical Properties of Rocks. Plenum Press, New York, NY,
pp. 314.

Parkhomenko, E.I., 1982. Electrical resistivity of minerals and rocks at high
temperature and pressure. Rev. Geophys. Space Phys. 20, 193.

Ricci, D., Pacchioni, G., Szymanski, M.A., Shluger, A.L., Stoneham, A.M., 2001.
Modeling disorder in amorphous silica with embedded clusters: the peroxy
bridge defect center. Phys. Rev. B 64 (224104), 224101–224108.

Roberts, J.J., Duba, A.G., Mathez, E.a., Shankland, T.J., Kinzler, R., 1999. Carbon-
enhanced electrical conductivity during fracture of rocks. J. Geophys. Res. 104
(B1), 737–747.

Saroso, S., Liu, J.Y., Hattori, K., Chen, C.-H., 2009. Ionospheric GPS TEC Anomalies and
M 3 5.9 Earthquakes in Indonesia during 1993–2002. Terr. Atmos. Oceanic Sci.
19 (5), 481–488.

Sempolinski, D.R., Kingery, W.D., 1980. Ionic conductivity and magnesium vacancy
mobility in magnesium oxide. J. Am. Ceram. Soc. 63, 664–669.

Shankland, T.J., Duba, A.G., Mathez, E.A., Peach, C.L., 1997. Increase in electrical
conductivity with pressure as an indicator of conduction through a solid phase
in midcrustal rocks. J. Geophys. Res. 102 (B7), 14741–14750.

Steiner, T., 2002. The hydrogen bond in the solid state. Angew. Chem. Int. Ed. 41 (1),
48–76.

Wengeler, H., Freund, F., 1980. Atomic carbon in magnesium oxide, Part III:
anomalous thermal expansion behavior. Mater. Res. Bull. 15, 1241–1245.

Wriedt, H.A., 1987. The magnesium-oxygen system. Bull. Alloy Phase Diagrams 8,
227–233.

Wuensch, B.J., Steele, W.C., Vasilos, T., 1973. Cation self-diffusion in single crystal
MgO. J. Chem. Phys. 58 (12), 5258–5266.

Yoshino, T., Noritake, F., 2011. Unstable graphite films on grain boundaries in
crustal rocks. Earth Planet. Sci. Lett. 306 (3–4), 1826–1192.

http://refhub.elsevier.com/S1367-9120(15)00283-7/h0005
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0005
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0005
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0010
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0010
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0015
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0015
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0015
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0020
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0020
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0025
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0025
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0030
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0030
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0035
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0035
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0035
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0040
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0040
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0045
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0045
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0050
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0050
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0055
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0055
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0060
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0060
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0065
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0065
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0070
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0070
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0070
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0075
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0075
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0075
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0075
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0080
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0080
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0085
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0085
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0090
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0090
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0095
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0095
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0100
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0105
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0105
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0110
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0110
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0115
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0115
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0115
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0120
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0120
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0125
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0125
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0125
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0125
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0125
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0130
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0130
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0130
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0135
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0135
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0140
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0145
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0145
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0150
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0150
http://dx.doi.org/10.1029/2005JA011333
http://dx.doi.org/10.1029/2005JA011333
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0160
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0160
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0165
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0165
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0165
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0165
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0170
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0170
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0170
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0175
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0180
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0180
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0180
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0185
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0185
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0190
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0190
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0195
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0195
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0195
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0200
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0200
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0200
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0205
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0205
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0205
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0210
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0210
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0215
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0215
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0215
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0220
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0220
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0225
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0225
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0230
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0230
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0235
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0235
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0240
http://refhub.elsevier.com/S1367-9120(15)00283-7/h0240

	Paradox of peroxy defects and positive holes in rocks. Part I:  Effect of temperature
	1 Introduction
	2 Solid solutions and supersaturated solid solutions
	2.1 Solute OH− in solid solution
	2.2 Redox conversion of OH− pairs to peroxy plus H2

	3 Peroxy defects
	4 Positive holes
	5 DC conductivity of high-purity MgO single crystals
	6 Discussion
	7 Conclusion
	Acknowledgments
	References


