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Abstract

In the coupled electric interaction of rock fractures and gas invasion, that is, when gases interact with newly created
crack surfaces, the unpaired electrons within the rock crystal defects are thermally stimulated, released into the crack
due to the temperature rise at the crack tip via plastic work, and attached to ambient gas molecules to electrify them
in a negative state. Using a working hypothesis that this mechanism is the source mechanism of seismo-electromag-
netic phenomena, we conducted laboratory experiments in which rocks were fractured with pressurized N,, CO,,
CH,, and hot water vapour. Fractures were induced by a flat-ended indenter equipped with a flow channel, which
was loaded against blocks of quartz diorite, gabbro, basalt, and granite. Fracture-induced negatively electrified gas
currents at~ 25 °C and ~ 160 °C were successfully measured for ~ > 100 ys after full development of the crack. The
peak electric currents were as high as 0.05-3 pA, depending on the rock species and interaction area of fractured rock
and gas and to a lesser extent on the gas species and temperature. The peak current from fracturing granite, which
showed higher y-ray activity, was at least 10 times higher than that from fracturing gabbro, quartz diorite, and basalt.
The results supported the validity of the present working hypothesis, that coupled interaction of fracturing rock with
deep Earth gases during quasi-static rupture of rocks in the focal zone of a fault might play an important role in the

generation of pre- and co-seismic electromagnetic phenomena.
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Introduction

Geophysical evidence suggests that mantle-derived deep
Earth fluids/gases along fault planes have an important
role in generating earthquakes, and this is significant for
modelling earthquake occurrence (Yoshida et al. 2002;
Sano et al. 2014, 2016). According to the deep Earth gas
hypothesis, when water-bearing porous sediment extends
to a great depth, the different pressure gradients in water
and rock form a stepwise pressure distribution that builds
up in the underground rock—water system. Then, a pore-
collapsed domain develops at a critical depth and forms
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an impermeable barrier to deep Earth fluids (Gold 1987;
Sibson 1990). An impermeable layer that crosses a high-
angle reverse fault is called a “fault valve” (Sibson 1990),
and deep Earth fluids can be stored in the lower por-
tions of a fault valve during interseismic periods. Water
has been found in deep scientific boreholes to depths
up to 10 km, and it is likely that water extends as deep
as~20 km in stable crust (Smithson et al. 2000). Mean-
while, the seismogenic zone of on-shore earthquakes
commonly also extends to depths of 10-20 km (Sibson
1990).

When both the tectonic shear stress and the pressure
of the reservoir fluids reach a critical level, micro-cracks
grow in the fault-valve zone and link with each other.
Then, when the linked cracks breach the fluid reservoir
barrier, low-viscosity gases, such as hydrocarbons and
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3He contained in the deep Earth fluids, and then expand-
ing gases degassed from deep fluids percolate into the
linked cracks, widen them, and weaken the fault zone,
which results in acceleration of unstable ruptures, lead-
ing to major earthquakes. In fact, recent observation of
helium/argon isotope changes after the 2016 Kuma-
moto earthquake, which was a high-angle reverse-type
event, suggested that the helium/argon anomaly probably
resulted from deep-seated fluids being squeezed through
the fault plane by the tectonic stress that caused the
earthquake (Sano et al. 2016). The beginning of a quasi-
static rupture of the seismogenic fault-valve zone when
the linked cracks breach the fluid reservoir, leading to the
unstable acceleration of rupture of the whole seismogenic
zone, might correspond to an imminent precursor period
of earthquakes.

The fault-valve model is also assumed to apply at sub-
duction zones, where an asperity on the subducting plate
is tightly connected to the pore-collapse domain in the
accretion wedge. In fact, Kumagai et al. (2012) showed
that a strongly localized asperity, possibly a subduct-
ing seamount, may have been the origin of the mega-
asperity of the 2011 Tohoku-Oki earthquake. Therefore,
when a seamount on an oceanic plate encounters a
rigid impermeable barrier layer in a continental plate, it
might create the conditions for fault-valve behaviour to
store deep Earth fluids during an interseismic period.
This model might also be supported by recent physico-
chemical analyses of deep-sea waters performed after
the 2011 M, 9 Tohoku-Oki earthquake, which showed
that '3C-enriched methane and *He-bearing fluids were
released from deep sub-seafloor reservoirs after the
mainshock passed through the plate interface in the sub-
duction zone (Kawagucci et al. 2012; Sano et al. 2014).

When deep gases interact with the newly created crack
surfaces generated in the fault, the unpaired electrons con-
tained in the rock crystal defects are thermally stimulated
(Fukuchi et al. 1986) and released into the open crack due
to the rise in temperature (~ >300 °C) at the crack tip, where
heat is generated by plastic work dissipation (Li et al. 1996).
These electrons then become attached to the gas molecules,
electrifying them to a negative state (Scudiero et al. 1998;
Enomoto 2012; Enomoto et al. 2017). We believe that this
process is the elementary mechanism of the electromag-
netic phenomena that accompanies an earthquake. Note
that the geomagnetic variation caused by the 1965-1967
Matsushiro earthquake swarm could be explained quantita-
tively by this model (Enomoto et al. 2017).

The present report is an extension of previous laboratory
experiments (Enomoto et al. 2017) performed to under-
stand the electromagnetic phenomena underlying the quasi-
static fracturing stage of the fault. To this end, we conducted
a wide range of experiments using various combinations
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of gas species and rock species, not only at the room tem-
perature of~25 °C, but also at an elevated temperature
of ~160 °C, a temperature comparable to that of the seismo-
genic zone (Sano et al. 2014). At this temperature, the rock
still exhibits brittle properties (Kawamoto and Shimamoto
1997), but unpaired electrons are stably trapped in the crys-
tal lattice defects in the rock (Fukuchi et al. 1986).

Methods

Fracture tests

As illustrated in the schematic view of the experimen-
tal setup in Fig. la, a flat-ended V-shaped plate-type
indenter made of hardened carbon steel was attached to
a universal testing machine and pressed against a rock
sample. The tested rocks were as-received quartz diorite
(from Kanagawa/Tanzawa, Japan), gabbro (from Zim-
babwe), basalt (from Hyogo, Japan), and fine-grained
granite (from Fujian, China). The water content of these
rocks was in the range of 0.03—0.15 wt%. The basic con-
figuration of the equipment is the same as that previously
reported (Enomoto et al. 2017), but some improvements
were made to conduct the experiment at elevated tem-
perature (~ 160 °C) and under a variety of conditions.

A square rock sample was loosely clamped to pre-
vent the edge of the rock from lifting during loading or
jumping sideways upon rupture. Two sheets of polyte-
trafluoroethylene (PTFE) 0.4 mm thick were greased for
lubrication and placed between the rock and the clamp
stop surface to control the slippage during fracture so that
the initial crack width at the time of fracture was about
1 mm (see Fig. 1b). At the same, a pressurized gas stored
in a flow channel inside the indenter, which had an open
slit 20 mm long by 1.8 mm wide, was sealed with a PTFE
sheet 0.4 mm thick for experiments at room tempera-
ture of ~25 °C (see Fig. 1b) and lead alloy sheet 0.4 mm
thick for ~ 160 °C (not shown). As shown on the right side
of Fig. 1a, heated CO,, CH,, and N, gases at a pressure
0.4—0.5 MPa were supplied to the gas flow channel inside
the indenter from the gas cylinders and passed through
a temperature-controlled heat exchanger. On the other
hand, hot water vapour was supplied to the flow channel
from a pressured vessel having a saturated vapor pressure
at 160 °C. The indenter pressed the rock during loading at
a crosshead speed of 0.5 mm/min, and immediately after
the rock was subjected to a guillotine fracture at the criti-
cal fracture load, the gas flowed into the crack gap and
interacted with the newly created fracture surface, result-
ing in electrification of gas molecules. Then, the gas cur-
rent was measured by an electrode made of #20 copper
mesh sputter-coated with platinum to prevent oxidation
degradation (see Fig. 1c) and recorded by a datalogger
with a sampling time of 10 ps. The signal of the vibro-
meter attached to the indenter holder (see Fig. 1d) was
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Fig.1 a Schematlc view of the experimental setup: universal tester for the measurement of electrified gas current interacting with fractured rock at
temperatures of ~ 25 °C and ~ 160 °C, with the three methods of gas supply shown on the right side; b flat-ended indenter gas outlet (slit) covered
with PTFE seal, as seen from below; ¢ bottom view of Pt-coated mesh electrode attached to the underside of the rock; d setup in fourth series of
experiments with an electrode (stainless-steel rod with or without resin coating) buried in acrylic container filled with granite grains and soil; e
close-up of container in d; f three-dimensional model of flat-ended indenter on a rock; g meshing for model shown in f, with contact configuration,
mesh refinement near stress concentration, line A-B, and parameters; h colour coding of equivalent strain; and i~k and I-n two-dimensional strain
distribution along a line A-B at loads of 600, 800, and 1200 kg without and with a small flaw on the rock surface, respectively
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used as a trigger to record the current signals to the data-
logger. The vibration signal is also used to determine the
final rupture point of the rock when the gas starts to flow
into the crack gap.

In earlier experiments, it often happened that the frac-
ture occurred irregularly outside the area directly below
the gas outlet slit, and thus the current signal was also
irregular. Therefore, a small flaw was introduced just
under the slit with a diamond blade, and this produced
the expected guillotine-type fracture with relatively good
reproducibility. Its effectiveness was confirmed by finite
element analysis of stress and strain under contact load,
as described in the next section.

Several series of experiments were conducted to under-
stand how the various factors affect the generation of
electrified gas currents associated with rock fracture.
These factors included gas species, rock species, rock/
gas interaction area, and voltage bias on the electrode.
The rock/gas interaction area S was defined as S=(rock
thickness L,) x (electrode width L.,).

In the first series of experiments to understand the
characteristic feature of the electric signals from the
reference electrode and electrode for gas current were
evaluated during the loading period up to the final frac-
ture. The signal from the reference electrode, which
was attached on the rock surface near the indenter (see
insert in Fig. 2a) was measured to investigate the effect of
charge fluctuation during loading. The effect of bias volt-
ages of 0V, that is, an electrically floating state (no bias),
and 77 V on the electrode was also evaluated.

In the second series, the effects of rock/gas interaction
area S and various combinations of rock/gas species at
gas temperatures of ~ 25 °C and ~ 160 °C on electric cur-
rents without the electrode bias were studied for quartz
diorite, gabbro, and basalt.

In the third series, the electrical potential was meas-
ured using a contact-type ultra-high-impedance voltme-
ter attached to the electrically floating mesh electrode.
The measuring range was=+0-2000 V and the sampling
time was 500 ps. This experiment was performed with
the combination of gabbro/N, at~160 °C. The electro-
static energy of the gas was then evaluated.

To investigate the electrostatic induction effect near
the ground surface, away from the deep earthquake focal
zone where coupled electrical interaction occurs, we
conducted a fourth series of experiments with the setup
shown in Fig. 1d and e. We filled an acrylic container
with small granite grains and soil with water content of
0.9 wt%, and buried an electrode of stainless-steel rod
5 mm in diameter, with and without a non-conductive
acrylic resin coating, at a depth 40 mm below the back
surface of the fine-grained granite.
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Finite element analysis of elastic deformation

during loading

Before adopting the flat-ended indenter described above,
an indenter with a round tip shape was used in prelimi-
nary experiments. However, the PTFE seat, which seals
the pressurized gas, broke during loading due to high line
contact stress, and the gas often leaked before the final
fracture. Therefore, the flat-ended indenter was adopted
to improve the sealing property.

However, there were often cases where the rock did not
fracture directly under the gas slit of the indenter. There-
fore, as mentioned above, a flaw smaller than the slit
width was introduced into the rock surface in the middle
of the projection surface of the slit. We then conducted
a finite element analysis to examine its effectiveness. To
this end, we used SOLIDWORKS 2015® with the three-
dimensional contact configuration shown in Fig. 1f. The
mesh size in the area where stress is concentrated, to a
depth of 25 mm and with a width of 50 mm, was 0.3 mm,
and the area outside the concentration had a mesh size
of 4 mm (see Fig. 1g). The flaw on the rock surface was
0.5 mm wide and 2 mm deep. The material parameters of
the hardened carbon steel indenter and rock (granite) are
noted in Fig. 1g.

Figure 1h is a colour chart showing the equivalent
strain (ESTRN) level in Fig. 1li—n, where Fig. li-k and
l-n shows the two-dimensional strain distribution along
lateral line A-B (see Fig. 1f) at loads of 600, 800, and
1200 kg without and with small flaws on the rock surface,
respectively. The results show that when a flaw is intro-
duced on the rock surface, the strain is well concentrated
beneath the flaw at a load of 800 kg or more, which sug-
gested that such flaws are likely to create a crack directly
under the gas slit.

Results and discussion

Characteristic feature of the signals during rock loading/
fracture

In the first series of experiments using quartz diorite rock
20 mm thick and an electrode biased at+77 V with flow-
ing CO, gas (hereafter we simply note this as combina-
tion of quartz diorite/CO,), the typical result (Fig. 2a)
showed that the electrified gas current (see the black sig-
nal) was successfully measured for approximately 100 ps
after the full development of the crack when a big vibra-
tion occurred (see the light-grey signal in Fig. 2a). To
determine how the electric charges possibly generated by
stress-activated and/or electrokinetic effects during load-
ing affect the current signal, the signal of the reference
electrode attached to the rock sample near the indenter
(inset of Fig. 2a), was monitored. The result indicated
that the charge effect was much lower, as shown by the
orange signal in Fig. 2a. Note that laboratory experiments
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Fig. 2 a Current signals for combination of quartz diorite/CO, at~25 °C with electrode bias of 477V and S=1.6 x 10 m?, where black curve is
the signal at the gas current electrodes, orange curve is the signal at the reference electrode, and light grey curve is the vibration signal; b electric
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— 77V, orange ones are at+ 77V and grey one is at 0V; ¢ electric currents for combination of gabbro/CH, at~ 160 °C without electrode bias at

$=12x10"%m?and S=24 x 10 m?% d electric currents for combination of gabbro/CO, at~25 °Cand~ 160 °C (two signals for each temperature
overlap because two tests were performed at each temperature to check the reproducibility) and e electric signals for combination of gabbro/CO,,
water vapour, N,, and CH, at~ 160 °C and combination of basalt/N, at~ 160 °C. Arrows in a—e show the final rupture point when the gas started

to flow in the crack gap. f Relationship between the peak current /, and rock/gas interaction area S for the various test conditions listed in the plot
legend. The data for quartz diorite/CO, for+ 77V and ~ 25 °C were taken from one author’s previous work (Enomoto et al. 2017). The dotted line in f

is an approximated relation: /p (MA)=1069 x S (m?), where the coefficient of determination is R*=0.83

of the electric currents due to stress-stimulated electric
effects in granite (Hadjicontis and Mavromatou 1996)
and in gabbro (Freund 2002; Dahlgren et al. 2014) or
due to water-induced electrokinetic effects in sandstone
(Wang et al. 2015) have been reported, where the cur-
rent levels were on the order of several to several tens of
nanoamperes. In comparison to these reported results,

the present gas currents were higher by an order of mag-
nitude or more.

Figure 2b shows typical electric current signals
measured at an electrode bias of 77 V for the combi-
nation of quartz diorite/CO, at~25 °C and =77 V and
no bias for the combination of gabbro/CO, at ~ 160 °C,
respectively. These results show that the current was
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less related to the polarity of the electrode bias volt-
age under the present conditions. Because all signals
were recorded on the positive side even without bias,
the current should be negatively charged. Thus, the
results suggest that the charged gas current has nega-
tive potential higher than — 77 V, which was confirmed
by the experiments described in detail below.

Effect of rock/gas interaction area, rock and gas species,
and gas temperature

In the second series of experiments, a bias-free elec-
trode was used to investigate the effect of rock/
gas interaction area S and the gas species at~25 °C
and ~ 160 °C for gabbro and basalt. Figure 2c shows
the current signals of S=1.2 x 10™* m? (i.e. L,=15 mm
and L,=8 mm) and 2.4 X 107 m? (i.e. L,=20 mm
and L,=12 mm) for the combination of gabbro/CH,
at~ 160 °C, and it can be seen that the peak current
increased as the interaction area S increased.

Figure 2d shows the current measurements con-
ducted twice each for the combination of gabbro/CO,
at~25 °C and ~ 160 °C. The peak currents were all in
the range 0.08-0.15 pA and independent of the tem-
perature. The variations in the peak values were within
a reasonable limit.

Figure 2e shows a comparison of the currents for
gabbro combined with various gas species—water
vapour, CO,, N,, and CH, at~160 °C—and also the
current for basalt combined with N, at~160 °C. The
interaction area S was 1.2 x 10™* m? in these experi-
ments. The results show that the gas current charac-
teristics did not change regardless of the rock and gas
species combination employed in the second series of
experiments.

Figure 2f summarizes the relationship between the
peak current /, of various gases at~25 °C and ~160 °C
for quartz diorite and gabbro in the second series of
experiments, as well as the peak current /, of quartz
diorite/CO, at~25 °C with electrode bias of+77 V,
as reported elsewhere (Enomoto et al. 2017), and the
interaction area S. As S increased, the scatter in the
peak current I, became notable because the increas-
ing thickness of the rock L, or width of the electrodes
L,, often caused unstable or irregular rock fractures.
Nevertheless, the relationship of I, versus § could be
expressed by a linear approximation: I, (in microam-
peres)=1069 x S (in square metres) with the coeffi-
cient of determination of R?>=0.83, which indicated the
maximum current density per 1 m? of fracture area is
1.1 mA/m?, regardless of the rock or gas species, gas
temperature, or bias of the electrode in the range tested
in the second series of experiments.
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Electrostatic energy

To estimate the electrostatic energy of the electrified gas
flow in the present fracture experiments, in the third
series of experiments, we independently measured the
current flowing through the electrode and the potential
generated on the electrically floating electrode for the
combinations of gabbro/N, and gabbro/CH,. Figure 3a
and b shows the typical current results for the combi-
nations of gabbro/N, and CH, at~160 °C, which are
enlarged the signals in the middle of Fig. 2e, and electric
potential for the combination of gabbro/N, at~160 °C,
respectively. From Fig. 3a, the total negative charge Q
generated during the total time from the first increase of
the current signal to its peak in combination of gabbro/
N, is estimated as —5.3 x 1072 C, and from Fig. 3b, the
minimum potential V'is -230 V. The electrostatic energy
E is thus estimated as

E =15HQV =1 x (—5.3 x 10*12(:) X (=230 V)
=13x1077].

In some of the gabbro fracturing experiments using
CH,, the rock fracturing test section was shielded from
external light with a blackout curtain, and a high-sensi-
tivity camera with ISO 25,600 was used to take a photo-
graph and determine whether the electrostatic ignition of
flammable CH, occurred during the final rock fracture,
but ignition could not be confirmed. Because the mini-
mum energy for electrostatic ignition of CH, is at least
0.3 x 1073 J (Pratt 2000), an experiment as large as 0.3 x
1073/1.3 x 10 =2.3 x 10° times the present scale might
be required for electrostatic ignition of CH,. Because the
fracture area interacting with CH, in the present experi-
ment was 1.2 x 10~* m?, there is a high probability that
CH, would be electrostatically ignited by a fracture of
(1.2x10™ m?) x (2.3x10%=27.6 m? or more, which
corresponds to a fracture size of about 5.3 m. This sug-
gests that, because fractures of this scale can easily occur
at the fault zone due to tectonic stress during an earth-
quake, deep Earth CH, gas is likely to ignite electro-
statically. The mechanism of electrostatic ignition due
to electrical interaction of fracturing rock with meth-
ane may be related to the natural plasmoids (fireballs)
recently photographed at the Baikal rift zone in Russia
(Tatarinov and Yalovik 2013).

Electrostatic induction

From the fourth series of experiments, Fig. 3c shows
typical gas currents at a temperature of~25 °C with
§=1.2x10"* m? for the combination of granite/CO, as
well as that of gabbro and quartz diorite/CO, for com-
parison. Figure 3d shows the induced current collected
by the electrode rods with and without resin coating
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vibration for combination of granite/CO, at ~25 °C and d induced current signals at the pipe electrode with and without non-conductive resin
coating buried in a container filled with granite grains and soil. Arrows show in a-d the final rupture point when the gas started to flow in the crack
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with CO, at S=1.2 x 10" m? and ~ 25 °C; Ny. o o, for the background in open air is also included. Arrows pointing to the left and right indicate the

buried in the container (see Fig. le). First, we discuss
the results in Fig. 3c, where it is noted that the peak cur-
rent /, of the granite is about 10 times larger than those
of quartz diorite and gabbro. The average peak current
of four tests for granite was 1.76 +0.36 pA. One possible
reason for this difference is that granite contains more
exoelectron emission sources, that is, unpaired electron
sites at lattice defects, than the other rocks. To confirm
this, we performed electron spin resonance (ESR) analy-
ses to detect trapped electrons at the lattice defects, such

as the E’ centre in granite and quartz diorite. However,
a normal ESR spectrum could not be obtained, possibly
because iron ions or some other metal ions in the rocks
interfered with normal ESR acquisition. Because the exo-
electrons captured at the lattice defects are caused by
radioactive elements within the rock (Lewis 1966), we
measured the y-ray equivalent dose rate from the present
rock samples using an environmental radiation monitor-
ing device (measuring range of 150-1250 keV and 0.001—
9.999 mSv/h, sampling period of 0.167 min). Figure 3e
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shows the typical dose equivalent rate of quartz dior-
ite, gabbro, and granite for the measurement period of
30 min in open air. The number of events, defined as the
peak dose equivalent rate Ny, , exceeding 0.04 pSv/h
for 30 min, were counted. The results of [Ny, y,(rock)]—
[NY.gs(background)=1] were 4 for quartz diorite, 3
for gabbro, 7 for basalt, and 46 for fine-grained granite,
where Ny, , for granite is the highest among the rock
samples. The peak currents and the Ny, ,, number for
the rocks are compared in Fig. 3f. The fact that the cor-
relation between the I, and Ny, o, of each rock is high
suggests the validity of the present working hypotheses:
the origin of the gas current after coupled interaction of
fracturing rock can be attributed to the mechanism of
exoelectron release from the newly created crack surface
plus the electrification of gas molecules due to electron
attachment reactions.

Next, we discuss the results of Fig. 3d, where electro-
static induction signals were successfully detected by an
electrode made of a stainless-steel rod buried in a con-
tainer filled with rock grains/soil. Note that the signal
of Fig. 3c is a negatively charged gas current, while that
of Fig. 3d is the opposite, which means that a positive
charge is electrostatically induced on an electrode, even
with an insulation coating. The present experiment does
not necessarily simulate the geometrical scale between
the focal zone of an earthquake and the ground surface,
but it does suggest that the negative charges generated
during the quasi-static fracture process of the focal zone
can induce positive charges in an electrode buried near
the ground surface.

Note that anomalous changes in the telluric potential/
current at the ground level have been often observed in
the precursor stage of major earthquakes (e.g., Miyakoshi
1986; Varotsos and Lazaridou 1991; Varotsos et al. 1993;
Nagao et al. 1996; Enomoto et al. 2006), and in electro-
magnetic phenomena related to the telluric potential/
current, such as VLF/ULF electromagnetic waves (e.g.,
Asada et al. 2001; Fujinawa and Takahashi 1990; Hay-
akawa et al. 2015) and geomagnetic signals (e.g., Enom-
oto et al. 2020). The generation of such electromagnetic
precursors requires the generation of a large electric cur-
rent before a major earthquake (e.g., Utada 1993; Park
et al. 1996; Enomoto 2012). Because tectonic stress does
not accumulate rapidly before a major earthquake, and
thus any stress-activated electromagnetic processes are
hardly able to generate large currents rapidly before an
earthquake, the present model of the fracturing rock/
gas interaction process provides a plausible explanation
for rapid generation of a large current before a major
earthquake.

For example, if the resistivity of the crust is assumed
as 10%.0m, Utada (1993) estimated the source
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current intensity as 10° A for the seismic electric sig-
nal of 107 V/m associated with an M =5 earthquake
observed by the VAN method (Varotsos et al. 1993) at
a station with an epicentral distance of about 10° m.
Given the empirical relationship between the fault rup-
ture area S; and the magnitude M as Sy =10M~*9 km?
(Kanamori and Anderson 1975), the fault rupture area
S for M =5 is 10’ m?. Our experiment found the maxi-
mum gas current for granite to be about 10 times that
for gabbro and quartz diorite. We can then estimate
the total maximum current I, generated after inter-
action of rupture area Sp with gases as [, =11 x 1073
A/m?x 107 m*=1.1 x10°> A. Although further study
is needed, the present model is responsive to Utada’s
point.

Conclusion

The present experiments demonstrated that deep gases,
which invade cracks extending through the fault-valve
zone and flow upward, interact with quasi-static fractures
in the earthquake focal zone to form a negatively charged
current after electrical interaction with the newly cre-
ated crack surfaces. The current magnitude is larger for
rocks that contain lattice defects that capture unpaired
electrons produced through geological time by natural
radiation arising from the decay of radioactive elements
(e.g., in granite). The fracture-induced gas current was
much higher than the stress-induced current and the
electrokinetic streaming current previously reported.
It was also experimentally confirmed that the flow of
negatively charged gas generated at the focal zone deep
underground can induce positive charges at the ground
level. The present results thus suggest a mechanism for
the previously reported anomalous telluric current sig-
nals, and the related electromagnetic phenomena that
are often observed at the ground level in association with
earthquakes. Also, as a result of this laboratory experi-
ment, it might be possible to detect the electric signal
accompanying an earthquake by observing the telluric
potential/current induced in a conductor, such as a steel
water pipe buried underground. Such an approach is now
undergoing model field tests.
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