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Abstract
an electromotive force that made electric currents flow from the stressed volume to the unstressed volume.

When one end of an air-dry igneous rock block was uniaxially loaded in laboratory, there appeared

Quartz-free rocks such as gabbro also generated this force, stronger than quartz-bearing rocks such as granite.
This indicates that the piezoelectric effect of quartz and the electrokinetic effect of pore water do not make a large
contribution toward generating the electromotive force. We focus on peroxy bond that is one of the abundant
lattice defects in igneous rock-forming minerals. When mechanical loading deforms the lattice structure around
this defect and breaks its bond, its energy levels change and act like an accepter. As an electron is trapped
at this defect from a neighbor O?~ site, a positive hole is activated there. They attempt to diffuse toward the
unstressed volume through the valence band and are simultaneously affected by the attractive electric force with
the electrons trapped in peroxy bonds. This leads to a polarization in the stressed volume and the generation of
electromotive force between the stressed and unstressed volumes. Similar electromotive force may be generated

in the Earth’s crust where inhomogeneous stress/strain is changing.
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1 Introduction

Since early reports by Terada (1931) and Musha
(1931) for example, there are a number of reports
and reviews that there seems to be abnormal electro-
magnetic phenomena in the lithosphere, atmosphere,
and ionosphere before major earthquakes from da-
ta analyses after occurrences of these earthquakes. It
has been expected that successful detection of such
phenomena before earthquakes is useful for earth-
quake predictions (e.g., Uyeda et al., 2009). For ex-
ample, Varotsos and coworkers have tried predic-
tion from anomalous changes of electrotelluric po-
tential difference in Greece (e.g., Varotsos, 2005),
and Moriya and coworkers have tried prediction from
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anomalous transmissions of VHF-band radio waves in
Hokkaido, north Japan (e.g., Moriya et al., 2010).

Based on a general idea that earthquakes are fail-
ure phenomena of focal zones in the Earth’s crust to
release a portion of its deformation energy, electromag-
netic phenomena before earthquakes must be driven by
a mechanism preceding failure. On the other hand, the
stress/strain in the Earth’s crust is not uniform. Espe-
cially, it is expected that the distributions in and around
focal zones are complicated and must gradually change
just before failure (e.g., Kuroki et al., 2003). Consid-
ering them, it is expected that the mechanism of elec-
tromagnetic phenomena before earthquakes be strongly
related to non-uniform changes of the stress/strain con-
ditions. Here, we study electric signals from rock blocks
subjected to non-uniform loading in laboratory.

In section 2, we conduct two types of non-uniform
loading tests of rock blocks and measure electromotive
forces generated in the blocks. In section 3, we conduct
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analyses of the stress/strain distribution in the blocks
by means of finite element method (FEM). In section
4, we discuss mechanisms of the results and applica-
tion of the results in the laboratory scale to seismo-
electromagnetic phenomena in the geophysical scale.

2 Non-uniform loading tests

2.1 Electric currents induced by non-uniform
loading on various rocks

The rocks used in the first series tests are (1) gab-
bro from South Africa, (2) medium-grained granite from
Japan, (3) fine-grained granite from Japan, and (4)
white marble from Taiwan of China. There seemed no
preferred orientation of the grain-shape/distribution in
the rocks. The rocks were cut into block-shape with a
size of 2.5 cmx3.0 cmx10 cm. The surfaces were pol-
ished with abrasives #800. Thereafter, the blocks were
dried in air for more than one week.

Figure 1 shows a schematic of the experimental
set-up. The blocks were placed inside an aluminum en-
closure acting as a Faraday cage. One end of the blocks
was uniaxially loaded by means of a manual hydraulic
press (RIKEN, CDM-20PA). The load was measured
with a load cell (Minebea, CMM1-2T and CSD-819C).
The strain along the loading axis was measured by a
strain gauge (Minebea, F-3N-12T11W03) on the loaded
end surface. Copper tapes with graphite-based conduc-
tive adhesive were pasted on the loaded areas (2.5x2.5
em? each) and the unloaded end side (2.5x%3.0 cm?) as
electrodes. The loading areas and the aluminum rectan-
gular pistons for loading were grounded. The unloaded
end was grounded through an electrometer (ADCMT,
8240) with the impedance of about 30 M in case of a
picoampere-range ammeter.

Loading (3 MPa to 30 MPa)

chl: Load
Rock btk (& ) e s

L=y Length, L =10 cm

L=25cm +

ch3: Current

Data logger

Electrode tape

777 Ground
Figure 1 A schematic of the experimental set-up for
non-uniform loading of an air-dry rock block (height 3.0
cm, length 10 c¢m, thickness 2.5 cm).

The blocks were first loaded at 3 MPa for more
than 10 min. This was due to the lower limit of the
load cell and to eliminate the effect of the block slight-
ly moving at the application of the first load from 0
MPa. Then, a linear loading up to 30 MPa was su-
perimposed with a load rate of (1+0.15) MPa/s. Da-
ta of the load, strain, and current were analog out-put
to a recorder (HIOKI, 8808-50) and recorded at 16 Hz
sampling. Loading tests were repeated many times with
samples of all types of rocks.

Figure 2 shows an example of the experimental re-
sults in case of fine-grained granite. The positive value
in the stress means compression. The positive value in
the strain means contraction. The current value indi-
cated is the difference from the value at 3 MPa. The
positive value in the current means flowing from the
unloaded end to the ground through the electrometer
(the clockwise flow of current in Figure 1). The current
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Figure 2 An example of the experimental results for
fine-grained granite. (a) Stress: from 3 MPa to 30 MPa
at (1+0.15) MPa/s, positive value corresponding to
compression. (b) Strain: positive value corresponding to
contraction. (c) Current: difference from the value at 3
MPa, positive value corresponding to the current from
the unloaded edge to the ground through the electrode
(the clockwise flow of current in Figure 1).
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amplitude linearly increased with increase of load and
strain, at least, in the range we subjected in this experi-
ments. Gabbro and medium-grained granite also gener-
ated similar currents, but white marble did not generate
any remarkable current. Figure 3 shows the current in-
tensity at 30 MPa for all kinds of rocks. Quartz-free gab-
bro generates currents stronger than quartz-rich granite
and much stronger than non-igneous marble. Actually,
the amplitude of marble’s current was nearly equal to
the background noise level and should be considered to
be zero.

107

S
) N’
10- | o
:
_ £
i g :
3 = g 3
o g E =
:
é 8

24
10

Figure 3 The current amplitude at the stress of 30
MPa for all types of rocks. The currents mean difference
from the value at 3 MPa.

2.2 Electromotive force versus block length

The rocks used in the second series tests are gab-
bro and fine-grained granite, used also in the first tests.
The rocks were cut into block-shape with a size of 2.5
cmx3.0 cmx L em (2.5<L<10). The surfaces were pol-
ished and the blocks were air-dried in the same ways.
The experimental set-up of the second tests was same as
that of the first tests (Figure 1). In case of the shortest
block (L=2.5 cm), the whole volume of the block was
uniaxially loaded. The same load profile was used in all
tests. In the second tests, the potential difference was
also measured with the electrometer. Its impedance was
more than 10'® Q in case of a voltmeter mode. Load-
ing tests were repeated with many samples of two types
of rocks. Here, note that the current and the potential
difference were measured separately.

Figure 4 shows an example of the experimental re-
sults in case of gabbro. The positive value in the stress
means compression. The positive value in the strain
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Figure 4 An example of the experimental results for
gabbro. (a) Stress: from 3 MPa to 30 MPa at 14£0.15 M-
Pa/s, positive value corresponding to compression. (b)
Strain: positive value corresponding to contraction. (c)
Potential difference: difference from the value at 3 MPa,
positive value corresponding the electric potential high
at the unloaded end relative to the ground, making the
clockwise flow of current in Figure 1.

means contraction. The potential difference value in-
dicated is the difference from the value at 3 MPa.
The positive value in the potential difference means
an electromotive force making a current flow from the
unloaded end to the ground through the electrometer
(clockwise in Figure 1). This was concordant with the
results in case of the current measurements. Similar to
the current, the amplitude of potential difference lin-
early increased with increases of the load and strain. In
many cases, the potential difference (and the current al-
so) fluctuates a little with loading increasing. However,
a large fluctuation shown in Figure 4c is rare although
this is probably not a measurement error. Fine-grained
granite also generated similar currents and potential
differences. Figure 5 shows the amplitude of the currents
and potential differences at 30 MPa for the two types
of rocks. Quartz-free gabbro also generates currents and
potential differences stronger than quartz-rich granite
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(b) Fine-grained granite
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Figure 5 All results of the current and potential difference at the stress of 30 MPa of rock blocks with
various lengths for gabbro (a) and fine-grained granite (b). The currents and potentials are difference

from the value at 3 MPa.

in all of the length ranges. These amplitudes are roughly
zero at the length L=2.5 cm and become the maximum
in the range of 4 cm<L<6 cm although this trend is not
so clear for granite.

3 Finite element method (FEM)
analyses

To understand dynamics of rock samples subjected
to non-uniform loading, we also conducted analyses of
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the stress/strain distributions in the samples by means
of finite element method (FEM). Figure 6a shows the
finite element mesh and boundary conditions (in black)
for 2D analyses of the stress/strain distributions in a
rock block subjected to non-uniform loading. The sam-
ple simulated was a 10 cm long gabbro block (L=10
cm) with a height of 3 cm and a thickness of 2.5 cm.
This sample was loaded through a pair of the aluminum
rectangular pistons at one of its ends. The sample and
rectangular pistons were assumed to be in full contact
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Figure 6 Finite element analyses of a gabbro block with the length of 10 cm under the stress of 30
MPa. (a) The finite element mesh and boundary conditions (in black) and the deformed configuration
(in red). (b) The distribution of the third principal stress. (¢) The distribution of the maximum shear
stress. (d) The distribution of the horizontal strain component.
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without any relative slip. The center of the bottom sur-
face of the lower rectangular pistons was fixed horizon-
tally and vertically. A uniformly distributed 30 MPa
traction was applied to the top surface of the upper
rectangular pistons. The gabbro block and rectangular
pistons were discretized using four-noded iso-parametric
finite elements with a side length of 5 mm. They were
assumed to behave linear elastically under the assumed
loading condition. Elastic moduli of gabbro and rect-
angular pistons were set as 100 GPa and 70 GPa, re-
spectively. Poisson’s ratio was 0.25 for the gabbro sam-
ple and 0.35 for the rectangular pistons. FEM compu-
tations were carried out using a multi-purpose elasto-
plastic finite element code developed for rock engineer-
ing structures incorporating interface elements for dis-
continuities and special elements for support systems
also (Aydan et al., 1988, 2011; Kawamoto and Aydan,
1999).

Figure 6a shows the deformed configuration (in
red) overlapping with the original mesh (in black). Fig-
ures 6b, 6¢, and 6d show the distributions of the third
principal stress, the maximum shear stress, and the
horizontal strain component, respectively. The positive
values imply tension while the negative values com-
pression. These computational results clearly indicated
that the sample was highly deformed at the loaded end
while the load-free volume (5 cm< L<10 cm) was almost
stress/strain free.

4 Discussion

4.1 Possible candidates for the cause of elec-
tromotive force

Piezoelectric effect of quartz (e.g., Finkelstein et
al., 1973; Nitsan, 1977; Yoshida et al., 1997; Yoshida
and Ogawa, 2004) is the first possible candidate for the
electromotive force because quartz is involved in many
types of rocks and piezovoltage could be so strong under
certain conditions. However, this effect cannot explain
the electromotive force detected in gabbro that is quartz
free. Of course, this effect should contribute to the force
detected in two types of granite in this study. However,
its contribution will not be the prime cause because an
apparent piezoelectric coefficient of granite is general-
ly three orders of the magnitude smaller than that of
single crystal quartz (Sasaoka et al., 1998).

Electrokinetic effect of pore water (e.g., Mizutani
et al., 1976; Fitterman, 1978; Jouniaux and Pozzi, 1997)
is the second possible candidate. In general, pore water
includes a number of ions. In case of the mineral-water

system, positive ions are generally predominant in the
water, while negative ions adhere on the mineral sur-
faces, although depending on pH of water (Ishido and
Mizutani, 1981). Flow of such water is equivalent to flow
of electric current. This flow from the loaded volume to
the unloaded volume could make the electric potential
of the unloaded volume high. However, this effect could
not explain the electromotive force detected in the rock
samples that were well air-dried.

Rock-forming minerals involve a lot of lattice de-
fects. They are the third possible candidates. For ex-
ample, Vallianatos and coworkers uniaxially loaded the
whole volume of white marble blocks and measured elec-
tric currents with a pair of electrode plates conductively
pasted on sample sides perpendicular to the load axis
(e.g., Stavrakas et al. 2003; Vallianatos et al., 2004).
Although the amplitude of currents was very small un-
der low stress levels, it increased when the stress level
reached about 60%-80% of its failure stress. They ex-
plained these currents based on the motion of charged
dislocations (e.g., Slifkin, 1993) and named ‘pressure
stimulated currents’. Aydin and coworkers also conduct-
ed similar tests and obtained the results concordant
with those of Vallianatos’s group (Aydin et al., 2009).
Their results seem to be concordant with our results of
white marble samples subjected to non-uniform 30 MPa
loading (roughly about 30% of the failure stress). If
we loaded the marble samples stronger, we might de-
tect obvious electric currents. However, to explain the
electromotive forces detected in stiff igneous rock sam-
ples in our tests, a number of dislocations — much larg-
er content than that in marble —should be positively
charged and move from the stressed volume toward the
unstressed volume much faster than those in marble un-
der low stress levels. This is not concordant with the na-
ture of dislocations; dislocations cannot move fast under
low temperatures and low pressures.

Finally, we focus on peroxy bond (03X—00—-YOs3,
with X, Y=Si**, A>T, etc.), a type of the lattice defects
in rock-forming minerals. When mechanical loading de-
forms the lattice structure around this defect and breaks
its bond, an unoccupied energy level of the bond shifts
down from forbidden band toward valence band and an
electron can jump in this level from a neighboring oxy-
gen site. This results in an activation of a positive hole
at the neighbor and a trap of an electron at the broken
bond. Once activated, positive holes can spread away
through the valence band, like charge carriers in a p-
type semiconductor (e.g., Freund, 2010; Takeuchi et al.,
2010).
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The concentration of activated positive holes will
increase with an increase of the stress/strain level, at
least, in the range we subjected. Considering the dis-
tributions of stress/strain as shown in Figure 6, there
will distribute activated positive holes and trapped elec-
trons with a gradation that is the highest at the load-
ed end (L=0 c¢m) and zero at the middle of the block
(4 cm<L<6 cm). Because positive holes are mobile,
they attempt to diffuse toward the unstressed volume.
At the same time, they are electrically attracted by the
trapped electrons (Figure 7). As a result, an electric un-
evenness, i.e. an electric polarization, is formed in the
stressed volume (L<4 cm). This causes the electromo-
tive force between the loaded and unloaded ends. In case
of medium long samples (4 cm<L<6 cm), electrodes are
located at the both terminals of the polarization. On
the other hand, in case of longer samples (L>6 cm),
the positive electrode is far from the polarization. This
is why the electromotive force was the strongest in case
of medium long samples (Figure 3). When the ammeter
mode electrode connected the unloaded edge and the
ground, electrons flowed in the wire from the ground to
the unloaded edge to cancel the polarization. As a re-
sult, the ammeter detected a current flowing from the
edge to the ground through the ammeter (the clockwise
flow of current in Figure 1).

A

Electrons

Concentration

s Positive holes

Distance

Figure 7 Schematic distributions of the electrons and
positive holes overlapping the distribution of the max-
imum shear stress in a rock block subjected to non-
uniform loading.

Because the source of igneous rocks, i.e. magma,
generally involves water, igneous rocks involve traces of
water as hydroxyl impurities during high-temperature
crystallization. Some of the impurities are subsequent-

ly converted to peroxy bonds plus Hs molecules during
cooling. This process is universal on Earth. Therefore,
peroxy bond is generally involved in all types of min-
erals forming igneous rocks and high-grade metamor-
phic rocks. On the other hand, because white marble is
mostly formed by calcite in which the conversion from
hydroxyl pairs to peroxy bonds plus Hy molecules does
not occur, the stress-activation of positive holes is not
driven in white marble. Thus, peroxy bond seems to
be the most reasonable candidate to explain the elec-
tromotive force induced in igneous rocks subjected to
non-uniform loading.
4.2 Application to seismo-electromagnetic phe-
nomena

In this section, we try a simple application of
the experimental results to seismo-electromagnetic phe-
nomena in the geophysical scale. When a local change in
the crustal stress appears in a focal zone before faulting,
it is expected that holes be activated in and around the
focal zones (Figure 8). This situation would be similar
to the non-uniform loading test of the blocks with the
length 6 cm<L<10 cm. If we could install one terminal
of the electrodes in the hypocenter, we would effectively
measure abnormal changes in the electric potential dif-
ference between the hypocenter and the Earth surface.

Electrons

Positive holes

A\ 4

Concentration

Focal zone

Schematic distributions of the electrons

Figure 8

and positive holes overlapping with the right half of a
schematic of the Earth’s crust in and around a focal
zone.

If the Earth’s crust is dry, a portion of the positive
holes activated in the focal zone will reach the ground
surface. They will easily form a vertical electric field
on the order of kV/m only over distances on the or-
der of tens of nanometers from the ground surface. This
field can ionize the air (most likely O2—0OF) and inject
massive amounts of positive air ions into the lower at-
mosphere. Diffusion of these ions upward changes the
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ordinal atmospheric electric field and causes electric at-
traction of ions in the ionosphere downward (Freund
et al., 2009). When a vertical atmospheric electric field
formed by the positive holes on the ground surface is
enough strong, say ~1 kV/m macroscopically on the
ground level in a wide area, it may directly perturb
plasma in the ionosphere (Takeuchi et al., 2006). On
the other hand, if the Earth’s crust is wet due to pore
water, positive holes will be caught in the pore water.
They will combine with negative ions or oxidize water
molecules (i.e., HoO2) and lead further chemical reac-
tions (Balk et al., 2009; Grant et al., 2011). Thus, a por-
tion of the dynamic energy in focal zones is converted
to the electric energy, and a portion of the electric en-
ergy is further converted to the chemical energy. Thus,
there should be complicated dynamic-electromagnetic-
chemical linkages in the Earth’s crust. These linkages
cause various types of phenomena before earthquakes.

5 Summary

Gabbro, medium-grained granite, fine-grained
granite, and white marble were cut into the rectangular
block (height 3.0 cm, length 10 c¢m, thickness 2.5 cm).
After air-dry for more than one week, one end of each
block was uniaxially loaded up to 30 MPa. The contact
range for loading was up to 2.5 cm away from the loaded
end (the contact area was 2.5x2.5 cm?). An electrome-
ter, which connected the unloaded end and the ground,
detected electric currents from the unloaded end to the
ground during loading. Gabbro and two types of gran-
ites generated the currents much stronger than marble.
Moreover, gabbro tended to generate the currents and
potential differences stronger than two types of granites.

Gabbro and fine-grained granite were cut into
the shape of a rectangular block with various lengths
(height 3.0 cm, length 2.5 cm<L<10 cm, thickness 2.5
cm). After air-dry for more than one week, one end of
each block was uniaxially loaded up to 30 MPa. The
contact range for loading was up to 2.5 cm away from
the loaded end (the contact area was 2.5x2.5 cm?). An
electrometer, which connected the unloaded end and the
ground, detected electric currents from the unloaded
end to the ground during loading and electric poten-
tials that were high at the unloaded end relative to
the ground. Their amplitudes become the maximum
at the length 4 cm<L<6 cm. Gabbro generates the
currents and potential differences stronger than fine-
grained granite in all length ranges.

According to FEM analyses of the stress/strain
distribution in a gabbro block under the same non-

uniform loading condition, the stress/strain intensity
was the maximum at the loaded end and decreased
to zero at the length 4 cm<L<6 cm. The gradation
of the stress/strain distribution ranging 0<L<6 cm
seems to relate to the maximum intensity of the
current/potential at the length 4 cm<L<6 cm.

We focus on peroxy bonds (O3X-00-YO3, with
X, Y=Si*t, AI3*, etc.), an abundant lattice defect in
igneous rock-forming minerals. When mechanical load-
ing deforms the lattice structure around this defect and
breaks its bond, an unoccupied energy level of the bond
shifts down from forbidden band toward valence band
and an electron can jump in this level from a neigh-
boring oxygen site. This results in an activation of a
positive hole at the neighbor and a trap of an electron
at the broken bond. The concentration of activated pos-
itive holes will increase with the rate at which deviatoric
stresses are applied, at least, in the range we subjected
in this experiment. So that, there will be distributions
of activated positive holes and trapped electrons with
a gradation that is the highest at the loaded end (L=0
cm) and zero at the middle of the block (4 cm<L<6
cm). Because positive holes are mobile, they attempt to
diffuse toward the unstressed volume. They are simul-
taneously attracted from the trapped electrons. As a
result, an electric polarization is formed in the stressed
volume. This was detected as the electromotive force
that made currents flow from the unstressed edge to
the ground via the electrometer.

When a local change in the crustal stress appears
in a focal zone before failure, it is expected that holes be
activated in and around the focal zones. If we could in-
stall an electrode in the focal zone, we would effectively
measure abnormal changes in the electric potential dif-
ference between the focal zone and the ground surface.
However, there are pore water and underground water
in the actual Earth’s crust. Although water may shut
out transmission of positive charges, chemical reactions
between them will cause new chemical phenomena. We
can say that not only failure but also such energy con-
versions are ways of energy release for focal zones.
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