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ABSTRACT

If we can ever hopeto under stand the non-seismic signalsthat the Earth
sends out before major earthquakes, we need to under stand the physics of
rocksunder increased levels of stress. In particular we need to under stand
the generation of eectrical currentsin the ground. We have begun to study
how electrical conductivity of igneousrocks changesunder stressand what
types of charge carriers are involved. We show that quartz-rich granite
and quartz-free anorthosite both generate electronic charge carrierswhen
subjected to stress. The charge carriers are positive holes (p-holes), i.e.,
defect electrons on the oxygen anion sublattice. They spread out of the
stressed rock volume, the“ sour cevolume”, into the surrounding unstr essed
rocks. Time-varying ground currentsare required to generate pre-earth-
qguake local magnetic field anomalies and low-frequency electromagnetic
emissions. We posit that stress-induced activation of p-holechargecarriers
and their outflow from the source volume is the basic process by which
ground currentscan begenerated in the Earth’scrust. We propose that the
arrival of p-holes at the Earth’s surface leads to changes in the ground
potential that may induce ionospheric perturbations. We further propose
that the build-up of high electric fields at the ground surface can ionizethe
air, hence causeion emission and cor ona dischar ges. When p-holes recom-
bine at the ground surface, they are expected to form vibrationally highly
excited O-O bonds. The de-excitation of these O-O bondswill lead to stimu-
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lated mid-IR emission, which may explain the reported pre-earthquake
“thermal anomalies’ identified in satellite images.

(Key words: Pre-earthquake phenomena, Electrical conductivity, Stress,
Magnetic field, lonization, EM emission, Thermal anomalies)

1. INTRODUCTION

1.1 Electronic Charge Carriersin Rocks

Many pre-earthquake phenomenarequire electrical currents that flow in the ground. This
is particular true for low to very low frequency electromagnetic (EM) emissions and magnetic
field anomalies that have been reported from many regions of the world to precede earth-
guakes and seaquakes. Since such EM emissions and magnetic field anomalies have been
detected over long distances (Deaet al. 1993, 1997; Molchanov et al. 1998a; |smaguilov et a.
2001; Ohta et a. 2001) and from satellite altitudes (Serebryakovaet a. 1992; Molchanov et al.
1998b, c; Parrot 1994), ground currents must be quite strong. This raises the question about
mechanisms that can generate powerful electrical currentsin the ground.

Most researchers have discussed EM emissions and magnetic field anomaliesin the con-
text of piezoelectric effects (Finkelstein et al. 1973; Nitsan 1977; Cress et a. 1987; Y oshida et
al. 1994, 1998) or triboel ectrification (Y amada et a. 1989; Mol chanov and Hayakawa 1998z;
Takeuchi and Nagahama 2001). Another suggestion that has been considered is based on stream-
ing potentials. Streaming potentials arise from charge separation when water or brines are
pushed through porous rocks or along gouge-filled faults (Morgan et a. 1989; Yamadaet al.
1989; Bernabé 1998; Lonre et al. 1999; Revil et al. 1999). In this case the charge carriers are
ionsin aqueous solution.

Here we follow a different lead. We look at the stress-induced activation of electronic
charge carriersin rocks. Before we address thisissue we need to answer arather basic question:
What types of electronic charge carriers are known to exist in silicate rocks?

AsFig. 1 shows there are two types of electronic charge carriers that can exist in solids:
electrons and defect electrons. Our attention focuses on defect electrons. Defect electrons
arise when an electron islacking at a given sitein the crystal structure where one is supposed
to be. Defect electrons are electronic positive charge carriers, aso known as holes. They play
acentral role in semiconductors (Kittel 1980).

Semiconductors are materials, where the energy difference between the valence band and
the conduction band, the band gap energy E,, is so narrow that kT, the mean thermal energy
(with T being the temperature in degrees Kelvin and k the Boltzmann constant) is enough to
lift electrons from the valence band into the conduction band. For each electron lifted to the
conduction band, a hole isleft in the valence band. Both act as charge carriers but electronsin
the conduction band are much more mobile than holes in the valence band. Therefore, with
conductivity being given by the number of charge carriers (electrons and holes) multiplied by
their respective mobilities, every chemically pure, intrinsic semiconductor is n-type, meaning
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Fig. 1. Two types of electronic charge carriers exist in solids, electrons and de-
fect electrons or holes. Holes can exist in various lattice environments.
When they occur in the oxygen anion sublattice of oxide and silicates
they are called positive holes or p-holes for short.

that its electrical conductivity will always be dominated by the electrons in the conduction
band. To make a semiconductor p-type, so that holes dominate its conductivity, specific impu-
rities have to be introduced, which add holes without adding electrons.

A classical example of a p-type semiconductor is silicon doped with B atoms that occupy
Si sites. Since boron has only three outer valence electrons compared to silicon’s four, the
substitution produces an electron-deficient site, commonly called a“hol€e’. The hole is not
strictly localized at the B atom. Instead B acts as an acceptor, allowing valence band electrons
from neighboring Si to flow onto the B site. Conversely, the hole spreads out from the B site
over the neighboring Si sites and thereby turnsinto a positive charge carrier. B-doped silicon
is a p-type semiconductor when the number of holes in the valence band (made large by B-
doping) multiplied by their mobility exceeds the number of electronsin the conduction band
multiplied by their mobility (Kittel 1980).

Insulators differ from semiconductors in the width of their band gaps. In insulators the
band gap is so wide that thermal promotion of valence band electronsinto the conduction band
becomes practically impossible.
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Asarule minerals are insulators. Exceptions showing relatively large electronic conduc-
tivity are magnetite, Fe,O, (Dieckmann et a. 1983) and some sulfides (Park 2002). Holes can
exist in silicate minerals, for instance when a trivalent cation such as Fe** occupies a cation
site structurally designed for adivalent cation such as Fe?*. In these cases, however, the hole
state tends to be localized on the Fe** site, meaning that it is not mobile and does not contrib-
ute significantly to the conductivity.

Of course, at high temperatures all rocks become conductive because ions, mostly cations,
start to become mobile (Hermance 1979; Matsushima 1989). The problem is how to under-
stand the non-zero conductivity of rocks at low to moderate temperatures. Dubaand Shankland
(1982) proposed that carbon precipitates in igneous and high-grade metamorphic rocks from
high-temperature, high - pressure, CO,, - laden fluids, producing intergranular carbon films.
Such films would persist long after the CO,, - laden fluids are gone and the rocks have cooled.
If interconnected and partialy graphitized, they would conduct currents due to el ectrons mak-
ing their way along grain boundaries.

Intergranular carbon films have been invoked to account for the small, conductivity of
crustal rocks (Frost et al., 1989; Glover and Vine 1992, 1994). The conductivity of carbon
films is sometimes combined (Shankland et al. 1997) with electrolytical conductivity that
would arise when water and brines fill fissures and cracks in porous rocks (Chelidze and
Gueguen 1999).

1.2 Positive Holes

We are looking at an entirely different class of charge carriersin rocks. They are elec-
tronic but have been entirely overlooked in the past.

The formulae of oxides and silicates minerals are invariably written with the tacit as-
sumption that their oxygen anions exist in nothing but the 2- oxidation state. However, oxygen
anions can exist in two oxidation states: 2- and 1-. Any oxygeninthe O™ state occupying asite
that is crystallographically assigned to O* represents an electronic hole. To distinguish holes
inthe O sublattice from other types of holes, they are called “positive holes” or p-holes for
short.

Positive holes reside in the O 2p-dominated valence band of the silicate minerals, where
2p denotes the electronic levels derived from the 2p electronic orbitals of atomic oxygen using
the usual symbolic representation of s, p, d, etc. Being electronic in nature and probably highly
delocalized (Freund et a. 1994), p-holestravel at the upper edge of the valence band. They are
not stopped by grain boundaries. The reason isthat all silicate minerals have O 2p-dominated
valence bands, which are in electronic contact. Hence, p-holes should be able to jump grain
boundaries with relatively little scattering or attenuation (Freund 2002, 2003). They should be
able to traverse macroscopic distances. Indeed, once activated, positive voltage signals have
been observed to propagate through rocks at speeds in the order of 100-300 m s, probably
due to a phonon-assisted p-hole hopping mechanism from 0% to O* lattice site (Freund

2002). With lattice phonon frequencies in the order of 10* Hz (sec-1) and jump distances
from 0% to 0% lattice sitesin the order of 3A (10° m), such a speed of propagation of the
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wave front appears reasonable: 3M10%° m x 10" sec = 300 ms. The drift velocity, the
speed with which p-holes actually move asindividual charge carriersin agiven electric field,
is certainly much smaller but currently still unknown.

The reason why p-holes had not been previously recognized as potentially importance
charge carriersis probably due to the fact that, under normal conditions, they exist in a dor-
mant form, in the form of positive hole pairs, PHP (Freund 2002, 2003). Such PHPs are chemi-
cally equivalent to peroxy bonds, O™- O, characterized by avery short O"- O distance of
~1.5A compared to the usual O?- 0% distances ranging from 2.7A to 2.9A. Peroxy bonds are
known defectsin fused silica(Friebeleet a. 1979; Ricci et a. 2001) and natural quartz (Fukuchi
1996). In silicate minerals they are believed to link XO, tetrahedra, O,X /°°\ XO,, where
X = g**, A%, etc.

1.3 How p-Holes are Introduced into Minerals and Rocks

We can be reasonably certain that PHPs and, hence, p-holes are introduced into oxides
and silicates viathe structural incorporation or “dissolution” of small amounts of water during
crystallization or recrystallization in H,O - laden environments.

Thereis general agreement in the literature that, when minerals crystallizein H,O - laden
environments, including H,O - saturated magma, small but non-negligible amounts of H,O
become structurally incorporated even in minerals, which are nominally anhydrous such as
feldspars, quartz, pyroxenes, garnets, and olivines (Wilkins and Sabine 1973; Bell and Rossman
1992; Rossman 1996). The dissolved H,O doeﬁ not stay in the form of molecular H,O but
turnsinto hydroxyls, O,X -OH with X = Si**, AI®, etc. Writ ng this reaction for asmcate
with X0, tetrahedralinked via comers, we have: 0, X/O\XO +H,0 OX/M+,, /X0,

Infrared (IR) spectroscopy iscommonly used to detect and quantlfy the hydroxyl contents
in nominally anhydrous minerals. In all these studiesthe tacit and probably erroneous assump-
tion is made that hydroxyl anions represent the end stage of the dissolution mechanism of
H.O.

’ Studying the dissolution of H,O in MgO as astructurally simple model oxide, a peculiar
reaction was discovered, which seems to have broad significance in the mineral world. When
H,O becomes incorporated into MgO at high temperatures during crystalllzatlon from an
H,O - laden melt, hydroxyl anions, OH", are formed alongside with Mg®" vacancies. In a
reactlon which takes place during cooling through the 600-400°C range, OH™ pairsat Mg**
vacancy sites rearrange electronically: the two hydroxyl O transfer an electron each to their
respective protons, H*, thereby forming an H2 molecule, while the 02 anions change from
the -2 to the -1 oxidation state. The O° combine to form a peroxy anion, 022', marked by a
very short but also quite labile O™- O™ bond. A peroxy anion is a PHP as defined above, i.e.,
an electrically inactive, dormant pair of p-holes, waiting to be “awoken” (Freund et al. 1993).
Later studies summarized in (Freund 2003) provided evidence that this redox reaction, in
which some oxygen anions change their valency from 2- to 1-, is not limited to MgO but of
widespread occurrence also in arange of silicate minerals, whereit can be written more gener-
dly as: O,X /M 4+, IX0; 04X /P°\XO, +H,.
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The presence of molecular H, as predicted by thisin situ redox reaction has been con-
firmed in a number of igneous and high-grade metamorphic rocks (Freund et al. 2002a).
Therefore, we can presume that these crustal rocks, which have all crystallized or recrystal-
lized in H,O - laden magmas or other H,O - laden environments, also contain PHPs.

Here we show through a series of laboratory experiments that (i) p-hole charge carriers
can be activated by mechanical stress, presumably from the dormant, yet labile PHP precursors,
(ii) the p-hole activation leads to an increase in the electrical conductivity, and (iii) the electri-
cal conductivity increases not only within the stressed rock volume but also in the surrounding
unstressed rocks.

Recognizing the presence of p-hole charge carriersin rocks may have far-reaching impli-
cations for understanding those non-seismic pre-earthquake signals like low frequency EM
emissions and local magnetic field anomalies, which require powerful electrical currentsin
the ground.

2. EXPERIMENTAL

We report on a series of experiments carried out between June 2003 and April 2004 asa
first attempt to study the changes in electrical conductivity induced by stress. We used two
igneous rocks, a quartz-bearing granite and a quartz-free anorthosite. The granite was avail-
ablein the form of slabs of different size and thickness with unfinished, saw-cut surfaces. The
anorthosite was available in the form of 30x 30 cm? tiles, 9.5 mm thick. One surface of the
tiles was polished while all other surfaces were |eft as cut with the diamond saw. All samples
were air-dry. As reference material, which is not expected to contain PHPs and p-holes, we
used commercia Na-Ca-Al-silicate plate glass with the same dimension as the rock tiles.

The granite is a medium-grained grayish-white granite from the Sierra Nevada batholith,
available under the trade name Sierra White. It comes from a quarry in Raymond, CA, has a
bulk density of 2.67 g cm’ a compressive strength of 170MPa, atensile strength of 13MPa,
and an average porosity of 0.31%. Anorthosite is a coarse-grained lower crustal rock. Our
samples come from the Lundh quarries 20 km west of Larvik, Norway, and are available under
the trade name Blue Pearl. The main mineral component is Ca-rich feldspar (Iabradorite) with
crystalsin the 10-25 mm size range. The bulk density is2.68-2.72 g cm, the compressive
strength 180-190M Pa, the tensile strength 13M pa, and the porosity range 0.12 - 0.16%.

During rock deformation and fracture experiments as described in the literature, the samples
are usually loaded over their entire cross sections (Y oshidaet al. 1998; Takeuchi and Nagahama
2001). Our approach in the present paper is different. We are using rock samplesthat are larger
than the pistons. In this manner we place only a small sub-volume of the sample under com-
pressive stress keeping the surrounding rock largely stress-free or under the effect of relatively
weak compressive and tensile stresses. To confine the pressure and achieve higher loads be-
forefailure, the glass and anorthosite tiles were mounted in ametal frame, made of 2.5x 2.5 cm?
aluminum stock, as depicted in Fig. 2, while the granite slabs were used as such, without
confinement in the frame.

The rocks were loaded uniaxially between two pistons, using a SATEC hydraulic press,
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Fig. 2. Metal frame used to confine the rock tiles during the uniaxial loading
experiments.

Model Prism 500 QC. The load rate varied from 1-5MPa/min. As pistons we used either steel
cylinders, 7.3 cm diameter or rectangular steel bars, 4 x 22 cm? with beveled rimsto minimize
the stress gradients along the edges. The pistons were electrically isolated from ground by
0.8 mm thick sheets of dense polyethylene with a resistance of >10™. In most of the cases
reported here, we used the pistons as el ectrodes, applying a dc voltage across them, typically
+100V, to measure the current that can flow through the stressed rock volume. In other cases
we biased both pistons at 100V and measured the current that can flow from the stressed
rock volume, the “source volume”, through the essentially unstressed rock to ground. Lastly,
to measure (i) self-generated potential s between the source volume and ground and (i) cur-
rents flowing into or out of the stressed rock volume, we |eft the pistons unbiased. In all cases,
to assure good electrical contact, we used conductive Cu tape between the pistons and the
rocks. To measure the currents we used Keithley 486 and 487 picoampmeters. To measure the
voltages we used a Keithley 617 electrometer. For recording rapid processes we used a
200 MHz Tektronix 4 - channel oscilloscope, model TDS4020. Additional details on the ex-
perimental procedure will be given in the sections below.

3.RESULTS

3.1 Glass

We used the metal frame as depicted in Fig. 3a. We loaded the glasstilesin the center. A
typical fracture patternis seenin Fig. 3b. First, during run #52, we applied +100V to both
pistons and measured the current flowing from the pistons to the ground metal frame as shown
intheinset in Fig. 3c. The current isin the 0.01pAmp range (10™* Amp), at the limit of what
the Keithley 486 can measure, and therefore considered nil. Second, for run #53, we applied
100V across the two pistons measuring both the piston-to-piston current and the current to the
grounded frame as shown in Fig. 3d. Both currents are in pAmp range so long as no cracking
occurs. At the moment of major cracking the piston-to-piston current rises to the 5-10nAmp
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Fig. 3. (8) Glasstile mounted in the metal framein the SATEC press at the end of
arun. Both pistons can be seen with some of the electrical contacts; (b)
Glass tile after the run with a typical fracture pattern and the contact
electrodes made with electrically conductive Cu tape; (c) Thereis a
current of 0.075 pAmp between the central pistons, biased at +100 V,
and the grounded metal frame but essentially no change during loading
up to fracture except for spikes in the order of +20 fAmp during crack
formation; (d) Experiment with 100 V applied across the pistons. Cur-
rent through the 9.5 mm thick glasstile under stress (red) and current to
the metal frame (blue).

range (5x10 ° —10 Amp), while the piston-to-frame current remains low with a short burst
during cracking.

The main conclusion to be drawn from these two experiments with the glasstilesis (i) the
conductivity through the stressed glass between the pistons increases when fractures occur
that create new surfaces along which current flows more easily; (ii), the conductivity through
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the essentially unstressed glass volume outside the pistons, i.e., the current flowing to the
grounded metal frame, remains very low.

3.2 Granite

The situation changes quite markedly when we place thin slabs or tiles of igneous rocks
under similar levels of uniaxia stress. Wefirst describe an experiment with arectangular dice
of SierraWhite granite, 8 mm thick and larger than the piston diameter as shown in the insert
in Fig. 4a. The rock was not confined in ametal frame. It was loaded at an approximately
linear rate of 5.6MPa/min over the run time of 30 min. Before and during loading we applied
dc voltages from OV to +1000V in +100V increments for 30sec at each step. For graphical
representation the data are divided into six time windows as shown in Fig. 4alabeled 0-V.

The response was ohmic, suggesting that the currents are not limited by charge carrier
injection at the electrodes. Fig. 4b shows the current versus voltage plots in these six time
windows. In Fig. 4c we plot the conductivity as afunction of time. At zero load, the value is
0.0.7x10™ Sm™. The conductivity increases quickly by afactor of 4 after the start of loading
and continues to increase slightly at higher stress levels.

The next question was whether the conductivity of the granite increases only within the
rock volume between the pistons undergoing deformation or also outside the pistons, where
the rock is nominally unstressed. For this purpose we took an irregular slab of granite, larger
than the piston diameter and 13 mm thick, and loaded it as shown in Fig. 5a. The pistons
served as one set of electrodes. In addition we placed a second set of electrodes outside the
pistons as shown by theinsertsin Fig. 5a. The dc voltage applied cross the pistons and across
the second pair of electrodes was constant, 100V.

Theresults are shown in Fig. 5b. Before loading the currents flowing between the pistons
and to the outside electrodes were of the order of 2 Amp and 0.1 Amp, respectively. Upon
loading the current between the pistonsincreased in an almost stepwise manner to 5 Amp and
then continued to rise to about 63 Amp at the moment of failure. Failure of this unconstrained
granite sample occurred at about 65M Pa. The current flowing between the outside set of elec-
trodes also increased sharply after application of the load to 0.8 Amp, then began to fluctuate
strongly. The fluctuations seem to correlate with steps in the current between the pistons, i.e.,
with the current through the stressed rock. Halfway through the run, however, the current
between the outer electrodes had decreased to values close to those before [oading.

Therapid, almost stepwiseinitial increasein the current, while the load was till low, isa
feature that we have often observed. It suggests that low levels of stress suffice to activate
charge carriersin the affected rock volume. Thereafter, as the stress on the rock increases, the
current between the pistons increases too. However, there is also an increase in the current
between the outer electrodes, i.e., outside the area of the highly stressed rock volume between
the pistons. The increase in the latter current could be either due to weak stresses transmitted
from the rock between the pistons to the surrounding rock, causing independent activation of
charge carriersin the surrounding rock, or it could be due to charge carriers that are activated
in the stressed rock between the pistons and flow out into the surrounding unstressed rock.

We can differentiate between these two cases on the basis of how the currents evolve with
time and load. For case (i), we can expect a continuous increase of the stresses transmitted
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Fig. 4. (a) Stress versus time plot for a conductivity experiment using a slab of
granite and the pistons as electrodes as shown in the insert. The six time
windows indicate when the voltages were increased in 100 V steps from
0to 1000 V; (b) Linear response suggesting ohmic behavior except in
the time window (1) where the conductivity changes rapidly as the load
isfirst applied giving a curved response; (c) Conductivity versus time of
the granite dlab showing a baseline conductivity of the unloaded granite,
which increases upon loading.

from the loaded portion of the rock between the pistons to the immediate surrounding, dueto
Poisson’ s ratio and the lateral expansion of the volume of rock under uniaxial compression
(Christensen 1996). Hence, the conductivity of the rock outside the pistons should increase
throughout the run so long as stresses are increasing. However, as Fig. 5b demonstrates, the
current through the nominally unstressed rock outside the pistonsisincreasing only during the
early part of the loading curve and then decreases with strong fluctuations. This observationis
inconsi stent with weak stresses transmitted from the rock volume between the pistons and the
idea that such stresses would control the conductivity of the surrounding unstressed rock.
Instead we have to consider the alternative case, namely that charge carriers activated in
the stressed rock between the pistons flow out of the “source volume” and increase the con-
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ductivity of the surrounding rock. The next experiments are designed to validate whether this
ideamay betrue.
3.3 Anorthosite

We simplified the geometry of the experimental set-up, using one of the 30 x 30 x0.95 cm®
anorthosite tiles, confined in the metal frame to prevent early failure due to the low tensile
strength of these rocks. We biased both pistons at +100V relative to the ground along the
periphery as depicted in Fig. 6a. Under this condition, with an electric field gradient between
the pistons and the frame, we would measure the current flowing to the frame, i.e., the current
through the rock outside the stressed rock volume.

Upon loading the center of thetile the current increased near-instantly from 1.06 to 1.16
Amp as shown in Fig. 6b. The current continued to increase through the first half of the run,
reaching 1.5 Amp, and then decreased as more and more cracks devel oped.

The currents measured through the anorthosite tile are 7 orders of magnitude larger than
those measured through the glasstiles (see Fig. 3c) under identical conditions.

Asevidenced by Figs. 5b and 6b, we observe a sharp increase of the current flowing from
the pistons to the frame already at the beginning of the run, at low loads. It is unlikely that,
under these conditions, the stresses in the surrounding rock would suffice to activate the charge
carriers all the way to the frame. This can be taken as an indication that another mechanismis
at work that allows a current to flow from the loaded central volume to the grounded frame.

We did another test to verify that the charge carriers are positive. With the geometry of the
experimental set-up depicted in Fig. 6awe expect to record a current from the source volume
between the pistons to the grounded frame only when the voltage applied to the pistonsis
positive. The reason being that a positive voltage would “push” p-hole charge carriers out
toward the grounded frame, while a negative voltage would confine them in the source volume.
When we changed polarity, applying -100V to the pistons instead of +100V, the current de-
creased near-instantly to background values in the pAmp range, confirming that the charge
carriers activated in the source volume are indeed positive, hence p-holes.

The experiment presented in Fig. 6 does not yet rule out that weak stresses transmitted
laterally from the rock between the pistons may cause the observed conductivity increasein
the surrounding rock. It is therefore of interest to determine how the stresses decay from the
pistons toward the periphery of the rock tile.

Figure 7 shows afinite element analysis of the stress distribution in the tile at low and
high load, respectively. The analysis appliesto static stress applied to a perfectly elastic mate-
rial within the range of Hooke's law, i.e., linear elastic response. The color scale gives ten
stress level s with the highest stress level approaching the compressive strength of anorthosite.
Atlow load asin (), the stressis uniform over the piston area. Outside the pistons the stresses
decay rapidly and remain below the 10% level all the way to therim. At high load asin (b), the
stresses spread out to the periphery of thetile, though pockets of low stress persist towardsthe
corners. There are two possible explanations for the sharp rise in the current flowing from the
central pistons to the frame at the beginning of the load application: (i) while low levels of
stress suffice to activate the charge carriers within the volume of rock between the pistons,
even lower levels of stress activate the same charge carriersin the outlying regions of thetile,



Freund et al. 15

which, up to this point, still remain essentially stress-free, and (ii) charge carriers activated
within the volume of rock between the pistons, the source volume, are capable of spreading
out through unstressed rock to the periphery of thetile.

Cause (i) could possibly explain theinitia sharp rise of the current but isinconsistent with
the observation that the currents tend to decrease later in the runs as demonstrated clearly in
Fig. 5b but also in Fig. 6b. If low levels of stress were the agents to activate the charge carriers,
one would expect a continuous increase of the current to the frame similar to the current
between the pistons (see Fig. 5b). Thisis not observed.

With the electrode configuration depicted in Fig. 6a we cannot determine how much cur-
rent flows along the surfaces of the tile. We modified the set-up as depicted in Fig. 8a by
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Fig. 6. (a) Current (red) and stress (blue) versus time and electrode configuration
where both pistons are biased at +100V relative to the ground around the
periphery of the anorthosite tile. Note the rapid increase in the current
flowing to ground at the beginning of loading.
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adding a set of square guard electrodes, made of a 6.3 mm wide Cu strip, on both sides of the
tile halfway between the pistons and the frame to capture any surface currents. Any current
flowing past the guard electrodes would have to be a bulk current. The guard electrodes were
connected every 30 sec to the picoampmeter or were disconnected and left floating. We mea-
sured the currents from the pistons to the guard electrodes and the currents from the pistons
past the guard electrodes to the frame.

Theresults are shown in Fig. 8b. Before application of the load, with the guard electrodes
disconnected and floating, the current between the +100V pistons and the frame was in the
order of 0.2 Amp. When the guard electrodes were grounded, they captured 0.7 Amp, but a
small current, of the order of 0.1 Amp, continued to reach the outer frame. Upon loading, all
three currentsincrease, reaching maximaearly around 0.8, 1.9, and 0.5 Amp, respectively, and
dightly lower values during the rest of the run, up to the time of failure.

Theincrease of the currents upon loading confirms the findings of the two earlier experi-
ments shown in Figs. 5 and 6. The fact that the frame continues to draw currents even when the
guard electrodes are connected to ground confirms that a current flows through the interior of
thetile, i.e., through the bulk of the rock. Theratio of the current reaching the outer frame with
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Fig. 8. (a) Load versus time plot and electrode configuration used to discrimi-
nate between surface and bulk currents; (b) Currents flowing outward
from the stressed rock volume between the pistons, which are both bi-
ased at +100 V relative to ground, and in part captured by the set of
grounded guard electrodes halfway between the pistons and the grounded
frame.

the guard connected to the current reaching the outer frame with the guard electrodes floating
is constant throughout the run.

In al cases presented so far we imposed an electric field, either vertically across the
source volume or laterally between the pistons and ground, i.e., across the rock outside the
pistons. Under these conditions we observe that, when load is applied, the currents increase
both vertically between the pistons and laterally between the pistons and ground. The currents
seem to always increase rapidly, in an almost stepwise fashion, as soon as the load is applied
as Figs. bb, 6b and 8b demonstrate. This suggests that the relatively low levels of stress acting
on the rock between the pistons suffice to activate the charge carriers. During further loading
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the currents continue to increase, generally reaching a maximum at about half the failure load,
and then decay.

A limitation of all these experimentsis that, in order to measure a current, we always
imposed an electric field. However, if the rock volume between the pistons acts as the source
volume from where p-holes flow out into the surrounding rock, we expect to see a self-gener-
ated electric potential across the rock, due to the lateral movement of charges.

We set up an experiment to measure (i) the potential difference between the pistonsand a
capacitor plate on the rock surface, and (ii) the current flowing to ground. Instead of round
pistons acting on the center of the tile we used a pair of rectangular pistons with an area of
22 x 4 cm?. We placed both pistonsin electrical contact with the tile but insulated them from
the press by means of 0.8 mm of plastic. Thus, we allowed charges, which the stressed rock
would generate, to flow into the steel pistons. We insulated three edges of the tile from the
frame but applied a Cu stripe to one edge as the ground contact. We measured (i) the voltage
between the pistons and the capacitive sensor using the Keithley 617 electrometer, and (ii) the
current flowing to the ground using the Keithley 486 picoampmeter.

As soon as we began loading we observed a potential difference that devel oped between
the pistons and the capacitor as shown in Fig. 9. Since anorthosite does not contain quartz, the
observed voltage cannot be due to a stress-induced piezoel ectric potential. The surface poten-
tial is positive, indicating that the charge carriers are positive. At the same time as the surface
potential is building up, acurrent is flowing from the volume between the pistonsto the elec-
trode over 20 cm away. Even after the load was put on constant, 50 min into the run at about 70
tons, surface potential continued to become more positive. The current continued to increase,
reaching 40pAmp for another 10min before decaying slowly.

Table 1 lists essential parametersincluded in thisfirst set of experiments with rocks and
glass.

3.4 Relation between Voltage Pulse and Fracture

Lastly, we report on an experiment designed to measure at what time during loading the
p-hole charge clouds are generated relative to the moment of fracture. Valianatos and Tsanis
(1998) have shown that preseismic and coseismic electrical signals are related to the rate with
which the rocks are deformed. During stick-dlip experiments with granite cylinders, Takeuchi
and Nagahama (2001) observed a sharp voltage pulse arriving 1-2 msec before the actua dlip
as manifested by the arrival of the acoustic signal. In their case the voltage pulses were mostly
positive, followed by abroader negative voltage signal, but negative pul ses were al so observed.

For our uniaxial rock deformation experiment we set up athick slab of granite between
two sheets of the high-insulation plastic, equipped with a microphone about 1cm from the
pistons and a capacitive sensor with an area of 4 x5 cm? about 10 cm from the pistons. The
acoustic signals from major cracks that occurred during loading were used to trigger the data
acquisition system of the Tektronix TDS40204-channel oscilloscope to record the acoustic
signals arriving at the microphone and the voltages recorded by the capacitive sensor. We
recorded 12 events. Figure 10 shows atypical result: a sharp positive voltage reaching amost
+3V that arrived about 1.5 msec before the acoustic signal. Theinitial voltage pulse was al-
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Fig. 9. Self-generated electric field between the pistons, which are in electrical
contact with the rock, and the capacitor, plusthe self-generated currents
from to ground; Surface potential (red) and current (blue) flowing into
and out of the rock from ground. Theloading rate was linear up to 50 min
into the run. Thereafter the load was kept constant at 81 MPa. The dashed
vertica line points to the change from linear loading to constant load.

ways positive and followed by a broader negative voltage signal, reaching about -0.8V before
returning to the baseline.

The sample under study here is quartz-bearing granite, which could, in principle, produce
apiezoelectric voltage signal, when placed under stress. However, no voltage signal has been
observed that would scale with the applied stress. Instead, we see a time-dependent behavior,
where a distinct, positive voltage pulse always seem to precede the fracture. The time se-
guence between the voltage pulse arriving first and the acoustic signal arriving later suggests
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Table 1. Overview of samples and conditions.

Experiment / Samples

Sierra White Granite

Blue Pearl Anorthosite

Glass

Current through stressed

rock volume with externally

applied electric field

#35: 0-1000 V
#42: 100 V on pistons

#53: 100V
across pistons

Current through unstressed
rock volume with externally

applied electric field

#42: 100 V on pistons
and on a set of outside
electrodes

#47: +100 V on
both pistons,
frame at ground.

#48 +100 V piston

#52 +100 V on
both pistons,
frame at
ground.

Self-generated current and
potential without externally

applied electric field

#71 current and
surface potential

Fig. 10. During cracking the capacitive sensor registers a sharp positive voltage
pulse (red), followed by a broader negative signal, before the microphone
registersthe acoustic signal (blue) indicating that the crack had occurred.

21
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that a cloud of positive charges is generated just before the stresses in the rock reach the
critical level at which fracture occurs.

Such a response would be expected, if a mechanism exists, by which positive charge
carriers are generated in large numbers shortly before fracture. It is consistent with p-hole
charge carriers being activated by dislocations, which are formed in very large and ever in-
creasing number as the rock is stressed and approaches catastrophic failure. However, the
maximum rate at which dislocations are generated is reached when the dislocations attain a
critical density and begin to coal esce into microcracks. The microcracksin turn coalesce into
major cracks, which initiate catastrophic failure (Miguel et al. 2001).

4. DISCUSSION

4.1 General

The experiments described here were set up to study how the electrical conductivity of
rocks changes when stress is applied. Though we have not yet had the opportunity to system-
atically vary many important parameters, nor to include water-saturated rocks, the results ob-
tained so far provide evidence that crustal igneous rocks such as granite and anorthosite con-
tain dormant charge carriers, which are absent from regular alumosilicate glass. These charge
carriers can be activated by stress. They are electronic in nature and positive. Hence, they are
defect electrons. From earlier studies summarized in Freund (2003) we deduce that they are
associated with the oxygen anion sublattice of the constituent minerals. Hence, they are “posi-
tive holes” or p-holes for short. In chemical terms ap-holeisan O in amatrix of 0* as
explained in the Introduction. Having an unpaired spin an O™ is hot a stable entity. Therefore,
the O™ will tend to pair up with other O™ to form what isto the chemist aperoxy bond, O™- O,
or peroxy link, 0,X /°°\ X0,, with X = §**, AI**, etc.

In physical terms a peroxy bond or peroxy link represents a dormant positive hole pair,
PHP. A PHP iselectrically inactive but can be activated by a number of processes. The activa
tion process of interest in the context of stressis mechanical deformation. Stresses beyond the
elastic limit cause plastic deformation. The fundamental process by which solids plastically
deform involves moving rows of atoms by a fraction of the unit cell parameter. This process
leads to atomic dislocations, which are line defects. When many dislocations align along cer-
tain crystallographic planes, they form shear planes, which are planar defects.

Didlocations are generated in very large numbers (Hanson and Spetzler 1994), typically
of the order of 10'° —10" cm™ (linear cm per cm®). Asthey move through the crystal structures,
displacing rows of atomsin a zipper-like fashion, they rip apart any PHPsthat lie in their path,
thereby activating p-hole charge carriers. The rate of p-hole activation is expected to peak
before fracture. The reason is that, as the number of dislocations and shear planes increases
first in response to increasing stress, they will eventually begin to coalesce into microcracks.
The microcracks will in turn coalesce into larger cracks and cascade in scale leading up to
catastrophic fracture. Thisinferred maximum rate of dislocation movement seemsto be at the
root of the signal sequence seen in Fig. 10; as cracks form in the large granite block in this
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experiment, a positive voltage pulse is recorded milliseconds before the acoustic signal arrives.
The positive voltage indicates the peak in p-hole generation. The acoustic signal indicates the
actual crack, which occurs moments later.

The thrust of the series of experiments described here was to demonstrate that the p-hole
charge carriers exist in the igneous rocks under study, that they are activated in the rock vol-
ume under stress, and that they can spread not only to the outer surface as predicted by King
and Freund (1984) but also out of the source volume into the surrounding unstressed rock.

As outlined in the Introduction p-holes represent electronic states in the otherwise filled
valence bands. Thereis evidence that the wavefunctions associated with these states are highly
delocalized (Freund et al. 1994), causing the p-holes to spread over neighboring O anions
and to propagate through the valence band. When we apply an electric field, the p-holes carry
an electric current not only through the stressed rock volume but a so through unstressed rock
over distances of tens of cm. Evidence for this current is seenin Figs. 5, 6, and 8. Even when
we don’t apply an electric field, the spreading of the p-hole charge carriersisseenin Fig. 9 as
acurrent that flows out of the source volume and through the unstressed rock to the ground
electrode about 20 cm away. The positive surface charge detected by the capacitive sensor
confirms that the surrounding rock becomes positively charged relative to the source volume.
When the positive potential reaches and exceeds the Schottky barrier, which is always present
a any metal-to-insulator or metal-to-semiconductor contact (Sze 1981), electronsflow in from
the ground, thereby closing the current loop.

Though details of the movement of charges through the rock are far from understood at
the present time, recognizing that electronic charges exists in rocks and can be activated by
stress can help us better understand those non-seismic pre-earthquake phenomena, which re-
quire powerful electrical currents flowing in the ground. The next sections contain ideas asto
how p-hole charge carriers may be involved in some of the widely reported and often well
documented pre-earthquake phenomenasuch as EM emission, ionospheric perturbations, ground
level air ionization, and thermal anomalies, which suffer so far from alack of understanding of
the underlying physical causes.

4.2 Electromagnetic Emissions

Electromagnetic (EM) emissions have been observed by many groups and are widely, but
not universally, thought to be associated with pre-seismic activity (Oike and Ogawa 1986;
Fraser-Smith 1992; Serebryakova et al. 1992; Park et al. 1993; Y oshida et al. 1994; Parrot
1994; Merzer and Klemperer 1997; Hayakawa and Molchanov 1998; Huang and Ikeya 1998;
Vershinin et a. 1999; Gershenzon and Bambakidis 2001; Troyan and Kiselev 2001). With the
information presented in this paper, e.g., the stress-activation of p-hole charge carriersin rocks
such as granite and anorthosite, it may betimely to revisit some of these earlier concepts and
to see whether p-hole charge carriers could provide for aless problematic explanation of the
EM signals observed.

In order to generate any form of EM emission mobile electrical charges haveto beavailable.
These charges have to either move in the space domain or wax and wane in the time domain.
We may extrapolate the insight gained from our laboratory data to realistic geophysical
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situations. For instance, we may assume that, due to plate motion, a volume of rock in a
Seismogenic zone experiences ever increasing levels of stress. When p-holes are activated, the
stressed rock volume will turn into a source volume from where charge carriers flow out. Such
an outflow constitutes an electric current, which in turn generates an electric field that counter-
acts the outflow. The field will initiate other charge fluxes, for instance an influx of charges,
which reduce the counteracting field. The end result will be that the p-hole outflow from the
source volume will wax and wane in concert with the build-up and reduction of the counteract-
ing electric field and the charge carrier movements it engenders. To produce trains of EM
signals the currents have to wax and wane repeatedly, i.e., to pulsate or oscillate. We can
describe this as a system that consists of two currentsin opposite directions coupled through
their respective electric fields. Though details are still very sketchy, such coupled systems are
known to go into oscillations (Haken 1978).

4.3 Changesin Ground Potential and | onospheric Perturbations

Prior to major earthquakes the ionosphere reportedly displays remarkable perturbations
(Molchanov et a. 1993; Molchanov and Hayakawa 1998b, c; Alperovich and Fedorov 1999;
Chen et a. 1999; Cliverd et al. 1999; Liu et al. 2000, 2001; Pulinets et al. 2000; Sorokin et al.
2001; Pulinets and Boyarchuk 2004). These perturbations extend over large areas, of the order
of 500 - 1000 km, and require changes of the electric field close to ground level, which must be
sufficiently strong to induce a reaction in the ionosphere.

The Earth’ s surface and the ionosphere can be considered as two capacitor plates. The
plate at the Earth’s surface is fixed, while that in the ionosphere is mobile and can adjust to
changesin the electric field on the ground. Data presented by Liu et al. (2000, 2001) suggest
that the ground potential often becomes positive prior to major earthquakes. As aresult, the
electron-dominated, negative plasmafrom the upper reaches of the ionosphereis pulled down,
while the ion-dominated positive lower ionospheric layer is pushed aside. The Russian school
(Sorokin et al. 2001; Pulinets and Boyarchuk 2004) proposes that atransient electric field is
generated at ground level due to pre-earthquake radon emission. How the radioactive decay of
radon in air should create an either positive or negative electric field isnot clear.

From earlier work (Freund 2002) and the work presented here we know that p-holes acti-
vated in the source volume can spread through 10 - 20 cm unstressed rock, leading to a posi-
tive surface potential of the order of 0.4 - 0.5V. We do not know how efficiently these charge
carriers spread over longer distance, including layers of water-saturated rocks. However, if p-
holes were to spread through kilometers of rock, they would reach the Earth’s surface. There
they would cause the ground potential to become positive. The center of such a ground poten-
tial anomaly is expected to lie above the source volume. Assuming a continuing supply of p-
holes from below, the area of abnormally high positive ground potential will expand laterally.
It is conceivable that, at the center of such an anomaly, the ground could reach high positive
values relative to the rim, sufficiently high to cause perturbationsin the ionosphere.

4.4 lonization of Air, Haze Formation, Corona Discharges, and Electrostatic Noise

One of the characteristics of p-holesis that, when they reach the surface, they form athin
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charge layer, of the order of 10nm. The surface potential isafunction of the dielectric contrast
between the dielectric and air (King and Freund 1984). For adielectric contrast from 10to 1,
the calculated surface potential is 0.4 V, consistent with measured values (Freund 2002). As-
suming a charge layer thickness of 10 nm, the associated electric field at aflat surfaceis of the
order of 0.4x10% v m* and much higher at sharp points. When the density of charges reaches
about 2.7x10°° Coulomb m™, corona discharges can occur in air over aflat surface. Surface
charge densities of the order of 10™ —107 Coulomb m? have been measured immediately
after brittle fracture and frictional dlip (Takeuchi and Nagahama 2002).

In electric fields of the order of 10" -10° V m™ air molecules can become field-ionized.

There are several predictable consequences:

(i) injection of positive ionsinto the air close to ground;

(ii) dielectric breakdown of the air;

(i) initiation of corona discharges;

(iv) emission of visible light from the discharge plasma;

(v) emission of high frequency electromagnetic (EM) radiation.

Airborne ions are expected to act as nucleation centers for water droplets, providing a
possible explanation for the reported occurrences of pre-earthquake haze or ground-hugging
fog. Airborne positiveions could also provide aphysical basisfor the long-sought explanation
of why animal s reportedly behave abnormally before major earthquakes, an observation, which
has been transmitted over centuriesin the folklore of peoplesliving in seismically active re-
gions (Tributsch 1983).

Coronadischarges could be the cause of luminous phenomena, so-called earthquake lights,
which reportedly precede large seismic events by days, hours and minutes (Derr 1986; St-
Laurent 2000). During rock impact experiments (Freund 2002) flashes of light were observed
coming from the edges of the rock cylinders. They were identified as corona discharges be-
cause they also led to burstsin high frequency EM emission, similar to the increase in static
noise at kHz frequencies noted by radio operators and airplane pilots before major earthquakes
(Warwick et al. 1982).

45 “Thermal Anomalies’ and Stimulated Mid-IR Emission from the Ground

It costs energy to break the peroxy bond. From electrical conductivity experiments (Freund
et a. 1993) we estimate the (thermal) activation energy for the dissociation of the peroxy bond
to be about 2.4 eV or 220 kJ mol. During application of stress a similar amount of energy
must be dispensed to break the peroxy links, provided by the pool of mechanical energy.

If p-holes spread out from the source volume and reach the surface, they not only become
trapped as mentioned above. They are a so expected to recombine to form peroxy links. Dur-
ing this recombination process the peroxy dissociation energy, or afraction of it, is regained.
This chain of arguments leads to the logic conclusion that the peroxy links formed at the
surface through pairwise recombination of p-holeswill be“hot”, i.e., in avibrationally highly
excited state. There are only two ways how the O-O entities which form the peroxy link can
dissipate their excess energy:

(i) by emitting IR photons at the characteristic frequencies of the O-O stretching vibration;
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(ii) by partitioning their energy into the adjacent X-O bonds, where X = §i**, AI®** caus-
ing them to become vibrationally excited and to emit at characteristic X-O frequencies.

We have recently reported on laboratory experiments aimed at measuring the mid-IR
emission from large blocks of granite and of anorthosite. While these rocks were being loaded
at one end, the IR emission spectrum measured from the surface 30 - 40 cm away from the
source volume changed instantly (Freund et al. 2002b, 2003). Narrow emission bands were
observed in the range of 850 - 950 cm*t (10 - 11.7 m), i.e., at the frequencies of the O-O
stretching vibrations. They include bands, which have been tentatively identified as hot bands
arising from transitions between vibrationally excited states. If these observations can be con-
firmed by further measurements planned for 2004, we may have found a physical processto
account for the reported pre-earthquake thermal anomalies seen in mid-1R satellite images
(Tronin 2002).

5. CONCLUSIONS

The discovery that p-holes exist in igneous rocksin an electrically inactive, dormant state
but can be activated by stress may |ead to a better understanding of pre-earthquake phenomena,
which have previously been considered inexplicable or without merit. For our exploratory
series of experiments we have chosen quartz-bearing granite and quartz-free anorthosite to
demonstrate that the piezoelectricity of quartz is not the controlling property. We provide
evidence that stresses activate p-hole charge carriersin both types of rocks. The differences
between the granite and the anorthosite cannot be quantified since the conditions under which
the data were taken were different.

We also demonstrated that in both rocks, once the p-holes are activated within the source
volume, these charge carriers are capable of spreading into surrounding rocks that are essen-
tially stress-free. This outflow is a mechanism, by which ground currents can be generated.
Any sustained outflowing p-hole current, however, must couple to a countercurrent that is
needed to complete the current loop. Depending on the nature of the coupling, the details of
which are still poorly understood, we can conceptualize ground currents that wax and wane.
The ensuing ground current pulses would then lead to local magnetic field variations and to
EM emissionsin the low to very low frequency range as observed prior to major earthquakes.

When p-hole charge carriers reach the ground surface, they are expected to cause other
seemingly dis ointed phenomena reported to be associated with impending earthquake activity.
For instance, by generating high electric fields at the ground-air interface p-holes may lead to
ionization and diel ectric breakdown of the ground-level air. This could be the reason for ground-
hugging fog or haze formation and for luminous phenomena know as earthquake lights. If p-
holes streaming from below pile up at the Earth’ s surface but cannot be dissipated fast enough,
they would cause the ground potential to change over large surface areas. Eventualy the ground
potentials may become strong enough to induce perturbations in the ionosphere. Findly, if p-
holes recombine at the ground surface, they are expected to release energy. Thisenergy will be
deposited primarily into specific vibrationally excited atomic bonds. When these bonds de-
exciteradioactively, they would emit in the mid-IR region, causing an apparent increase in the
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radiation temperature of the Earth’s surface.
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