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Electromagnetic and neutron emissions from brittle rocks
failure: Experimental evidence and geological implications
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Abstract. It has been observed energy emission in the form of electromagnetic
radiation, clearly indicating charge redistribution, and neutron bursts, necessarily
involving nuclear reactions, during the failure process of quasi-brittle materials such
as rocks, when subjected to compression tests. The material used is Luserna stone,
which presents a very brittle behaviour during compression failure. The observed
phenomenon of high-energy particle emission, i.e., electrons and neutrons, can be
explained in the framework of the superradiance applied to the solid state, where
individual atoms lose their identity and become part of different plasmas, electronic
and nuclear. Since the analysed material contains iron, it can be conjectured that
piezonuclear reactions involving fission of iron into aluminum, or into magnesium and
silicon, should have occurred during compression damage and failure. These complex
phenomenologies are confirmed by Energy Dispersive X-ray Spectroscopy (EDS)
tests conducted on Luserna stone specimens, and found additional evidences at the
Earth’s Crust scale, where electromagnetic and neutron emissions are observed just
in correspondence with major earthquakes. In this context, the effects of piezonuclear
reactions can be also considered from a geophysical and geological point of view.

Keywords. Brittle failure; acoustic emission; electromagnetic emission;
neutron measurements; piezonuclear reactions; element evolution.

1. Introduction
It is possible to demonstrate experimentally that the failure phenomena, in particular when they

occur in a brittle way, i.e., with a mechanical energy release, emit additional forms of energy
related to the fundamental natural forces.

*For correspondence
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The authors have found increasing experimental evidence that energy emission of different
forms occurs from solid-state fractures. The tests were carried out at the Laboratory of Frac-
ture Mechanics of the Politecnico di Torino, Italy. By subjecting quasi-brittle materials such as
granitic rocks to compression tests, for the first time the bursts of neutron emission during the
failure process is observed (Carpinteri ef al 2009a, b; Cardone et al 2009), necessarily involv-
ing nuclear reactions, besides the well-known acoustic emission (AE) (Mogi 1962; Lockner et
al 1991; Ohtsu 1996; Scherbatov & Turcotte 2003, Carpinteri et al 2006a, b; 2007; 2009c¢, d, e),
and the phenomenon of electromagnetic radiation (EM) (Scott et al 2004, Lacidogna et al 2010,
2011), which is highly suggestive of charge redistribution during material failure and at present
under investigation.

Finding convincing explanations of all these complex phenomenologies is still an open issue.
EM emission was initially explained in terms of charge separation occurring across the frac-
tures, even if no reasonable explanation is found for each crack face to obtain a net charge
(Miroshnichenko & Kuksenko 1980; O’Keefe & Thiel 1995). More recently, a model preserving
the charge neutrality of crack surfaces, where lines of positive ions on both newly created frac-
ture surfaces oscillate around their equilibrium position in opposite phase to the negative ones,
was proposed (Frid et al 2003, Rabinovitch et al 2007).

As for the observed phenomenon of high-energy particle emission, i.e., electrons and neutrons,
searching the literature, the authors found very few references, among them a note by Preparata
(1991) in the framework of the superradiance applied to the solid state, where individual atoms
lose their identity and become part of different plasmas, electronic, nuclear, etc. He discussed the
possibility to produce the neutron bursts concomitantly with crack formation in Ti-deuterides.
According to this picture, charge separation, which is responsible for EM emission, should be
generated by the different accelerations of negative particles, the electrons, and positive ones,
the ions, much heavier.

However, our experiments (Carpinteri et al 2009a, b; Cardone et al 2009) follow a differ-
ent path with respect to the other research teams, where only fissionable or light elements
(deuterium) were used, in pressurized gaseous media (Arata et al 1995, 2002), in liquids with
ultrasounds and cavitation (Taleyarkhan 2002), as well as in solids with shock waves and fracture
(Diebner 1962; Kaliski 1976, 1978; Winterberg 1984; Derjaguin et al 1989; Fujii et al 2002).
We are treating with inert, stable and non-radioactive elements at the beginning of the exper-
iments (iron) (Carpinteri et al 2009a, b; Cardone et al 2009), as well as after the experiments
(aluminum). Neither radioactive wastes, nor gamma emissions were recorded, but only thermal
and fast neutron emissions. As confirmation of this observation, the results of Energy Dispersive
X-ray Spectroscopy (EDS), performed on samples coming from the Luserna stone, a metamor-
phic rock deriving from a granitoid protolith, specimens used in the experiments (Carpinteri
et al 2009a, b; Cardone et al 2009), show that, on the fracture surfaces, a considerable reduction
in the iron content (~25%) is counterbalanced by an increase in Al, Si and Mg concentrations
(Carpinteri et al 2011a).

The experimental analysis carried out by the authors may open a new possible scenario, in
which the coherent EM fields are able to produce neutron bursts in presence of sudden stress-
drops or catastrophic fractures, where charged-particle acceleration may take place.

2. Electromagnetic emission measurements

Crack growth is accompanied by acoustic emission ultrasonic waves (AE) and electromag-
netic emission (EME). We measured the magnetic field, given by the moving charges, in the
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low-frequency range during laboratory fracture experiments on granitic rocks specimens loaded
up to failure (Lacidogna et al 2011; Carpinteri et al 2011b; Warwick et al 1982).

Four cylindrical Luserna stone specimens were examined (figure 1). The electromagnetic
signals were detected using a device (Narda ELT-400 exposure level tester) calibrated accord-
ing to metrological requirements. The adopted device works in the frequency range between
10 Hz and 400 kHz, the measurement range is between 1 nT and 80 mT, and the three-axial mea-
surement system has a 100 cm? magnetic field sensor for each axis. This particular frequency
range was chosen to avoid disturbances due to radio waves that operate on medium frequen-
cies of 300-3000 kHz, or other electronic devices that generally operate on frequencies above
5-30 MHz.

The tests were carried out by means of a servo-hydraulic press, with a maximum capacity
of 1800kN, working by a digital type electronic control unit. The management software was
TESTXPERTII by Zwick/Roel (Zwick/Roel Group, Ulm, Germany), while the mechanical parts
are manufactured by Baldwin (Instron Industrial Products Group, Grove City, PA, USA). The
force applied was determined by measuring the pressure in the loading cylinder by means of a
transducer. The margin of error in the determination of the force is 1%, which makes it a class 1
mechanical press. The specimens were arranged with the two smaller surfaces in contact with the
press platens, without coupling materials in-between, according to the testing modalities known
as ‘test by means of rigid platens with friction’. During the compression tests Narda ELT-400
device was placed 1 m away from the specimens.

Specific tests were conducted to assess the potential EM environmental noise, and what
affecting the EM signals due to the MTS test machine electronic control. In particular, the
EM probe was used to detect the EM background noise for about 5h before the beginning of
each compressive test. The background noise was estimated at about 40nT in the frequency
range 10 Hz—400 kHz. Data acquisition of the EME signals was triggered when the magnetic
field exceeded the threshold fixed at 0.2 uT, after the preliminary measurements to filter out the
magnetic noise in the laboratory.

The shapes and sizes of the specimens, and the employed piston velocity are listed in table 1.
The selected piston velocity, reported in the table, is in the authors’ experience the most suitable
value to evaluate AE and EME activity in quasi-brittle materials such as concrete and rocks
(Carpinteri et al 2006a, b, 2007; Lacidogna et al 2011; Carpinteri ef al 2011b).

Figure 1. The cylindrical Luserna stone specimens C1, C2, C3 and C4 utilized for EM tests.
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Table 1. Geometry of the cylindrical Luserna stone specimens and compression
test piston velocities.

Specimen Diameter Height Slenderness Piston velocity
(mm) (mm) A =H/D (mm/s)

Cl 28 14 0.5 0.001

c2 28 28 1 0.001

C3 28 56 2 0.001

Cc4 53 100 2 0.001

As can be seen from table 1, the first three specimens (C1-3) have the same diameter (28 mm)
with a different slenderness A, respectively of 0.5, 1 and 2, specimen C4 has a diameter equal
to 53 mm and slenderness A = 2. During the compression tests, all the specimens have shown
a brittle response, with a rapid decrease in load-carrying capacity beyond the peak load. In
figures 2-5, the load vs. time diagrams and the EM signals are reported for specimens C1-4.
As shown in figures 2-5, the mechanical behaviour of specimens is characterized by a complex
load vs. time diagram. This is due to the composition of Luserna stone, which is a natural and
heterogeneous material.

Specimen C1 presents a more ductile behaviour (figure 2) characterized by the descending
branch of the load vs. time diagram. During the compression test, three EM signals, with constant
peak amplitude of 1.2 uT, were detected at 180, 500 s and 750 s (see figure 2a). All these signals
were anyway detected at stress-drops, in figure 2b also the amplitude and FFT analysis of the
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Figure 2. (a) Load vs. time diagram of the Luserna stone specimen C1. (b) Amplitude and FFT analysis
for the detected signal 1.
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Figure 3. Load vs. time diagram of the Luserna stone specimen C2. Five EM signals were detected during
the test.

first EME signal of the test on specimen C1 are shown. During the post-peak stage, i.e., the
softening branch in the load vs. time diagram, no further EME signals were detected. In fact,
at the peak load the fracture is completely formed and the subsequent stages are characterized
only by opening of the fracture surfaces. According to the model proposed by Frid et al (2003)
and Rabinovitch et al (2007), this means that no newly broken atomic bonds can contribute to
EME. In figure 2b the FFT analysis for signal 1 is shown. The main detected frequency is close
to 160 kHz according to the working frequency range of the Narda ELT-400.

Otherwise, specimens C2 and C3 show a very brittle behaviour, characterized by abrupt stress
drops after reaching the peak load. The experimental results are reported in figures 3 and 4.
Five EM signals were detected during the specimen C2 test. In specimen C3, four EM signals
were observed. Only in the case of specimen C2, the signal amplitudes (in uT) seem to be
proportional to the stress-drop values, as reported in (Fukui ef al 2005). Specimen C4 presents a
very high amplitude EME (16 uT) in correspondence of a stress drop localized at 1420 s after the
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Figure 4. Load vs. time diagram of the Luserna stone specimen C3. Four EM signals were detected during
the test.



64 A Carpinteri et al

250
16WDHE 1000

200
I 800

150
I 600

100

Load (kN)

I 400

Cumulated AE

[ 200

0 200 400 600 800 1000 1200 1400 FoO
Time (s)

Figure 5. Load vs. time diagram and AE cumulated number (dashed line) for specimen C4. A signal of
16 uT is detected in correspondence to the peak load.

beginning of the test. In this case, a very brittle behaviour is observed and the EME is localized
in correspondence of the failure of the specimen. Also the cumulated number of AE is detected
during the compression test (see figure 5). The experimental results obtained in the described
test are in good agreement with those obtained in Lacidogna et al (2011) and Carpinteri et al
(2011b).

As shown in figures 2-5, a correlation between EME signal amplitudes and stress drops does
not result for all specimens. This is probably due to the anisotropical distribution of the impulsive
EME fields around the specimens. Thus, the single Narda ELT-400 device adopted for EME
signals detection, placed 1.0m away from the specimens during the compression tests, is not
expected to capture all EME events generated by the source cracks. This problem could be
avoided by using a suitable array of EME probes placed around the test specimens. Interestingly,
even taking a single device, a proportionality relation between detected EME signals and related
stress drops is found considering all the signals detected on the tested specimens and the related
stress drop values.

Recently, the experimental set up for data acquisition has been optimized, by measuring the
magnetic flux passing through the surface of a conducting coil which rings the specimen. In
this way, all EME signals emitted by the specimen in the frequency range 160 kHz—5 MHz can
be detected in order to study systematically the correlation signal amplitude vs. stress drop. A
technical description of this device, realized at the National Research Institute of Metrology
-INRIM- in Torino, is reported in Lacidogna et al (2010).

Based on the authors’ experience gained in numerous laboratory tests, it is interesting to
note that, despite their different mechanical behaviour, all the specimens composed by brittle
or quasi-brittle materials, as rocks or concrete, generate EME only during sharp drops in stress
(Lacidogna et al 2011; Carpinteri et al 2011b; Fukui et al 2005). These sharp stress drops are
due to a rapid decay of the material mechanical properties, generated by the formation of new
micro-cracks during the loading process. Indeed, as has been shown by Carpinteri (1986, 1989,
1990, 1994), and by Hudson ez al (1972), the energy release modalities during compressive
tests depend on the intrinsic brittleness of the material of the test specimens, as well as on test
specimen dimensions and slenderness.

This evidence enables the investigation EM signals as collapse precursors in materials such
as rocks and concrete. Furthermore, the observed electromagnetic activity from laboratory
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experiments looks very promising for effective applications at the geophysical scale (O’Keefe &
Thiel 1995; Warwick et al 1982).

As a matter of fact, the 5 EME signals shown in figure 3 are spread over a 1400 s test dura-
tion. Reasonably, it can be assumed that the time intervals between consecutive EME events, or
waiting times, became longer if the duration of the experiment would be incresed (e.g. by reduc-
ing the piston velocity of the mechanical press). Since the elastic energy in the Earth’s crust is
stored over years or decades, we should observe EME seismic precursors some weeks or months
before an earthquake. An analogous phenomenon has been described for waiting-time distri-
butions in acoustic emission and earthquake time series. It has been shown that the structural
damage, monitored by AE technique, and the seismic events, occurred in the region during the
monitoring period, are described by a unique scaling law indicating self-similarity over a wide
range of magnitude scales (Niccolini ef al 2009, 2010, 2011).

Obviously, there exist evident differences between laboratory experiments and natural con-
ditions. For example, natural rocks contain water which increases the electrical conductivity,
while rock specimens have lost most of their water content. Furthermore, the uniaxial stresses
applied during laboratory tests does not correctly model the stress fields acting on rocks embed-
ded in the Earth’s crust. However, as already mentioned in the Introduction, it has been observed
AE in low- and high-frequency range, and EME during damage and failure of different kind
of rocks. This encourages the investigation of seismic precursors. In particular, the change in
the frequency spectra and the amplitudes of released signals during the different stages of dam-
age could provide information about the time occurrence, and even the magnitude, of possible
impending earthquakes. Moreover, by means of a network of monitoring stations, it could be
possible also to localize the hypocentre.

3. Neutron emission measurements

Classically during the process of nuclear fission, a neutron strikes a heavy nucleus that splits
into two lighter fragments. Each of the two fragments consists of a nucleus with roughly half
the neutrons and protons of the original nucleus. This fission process releases a large amount of
energy and gamma rays are emitted as well as two or more neutrons that are no longer bound by
the fission fragments.

Instead piezonuclear fission reactions consist in new nuclear reactions produced by new meth-
ods such as pressure, fracture or cavitation. Even small deviations from classical assumptions,
e.g., from the concept of average bond energy per nucleon, could explain these new phenom-
ena. It would suffice to assume a weak section within the nucleus, as it happens in very hard
and strong rocks, that nevertheless cleave under very low stresses. Moreover, the main and pecu-
liar characteristic of piezonuclear reactions is neutron production without gamma emission. This
physical phenomenon could be the signature of a new physics of nuclear interactions, as it is
theoretically and experimentally discussed in the literature (Carpinteri et al 2009a, b; Cardone
et al 2009).

Similar to the preliminary piezonuclear tests presented in Carpinteri ef al (2009a, b) and Car-
done et al (2009), the material used for the tests is non-radioactive Green Luserna stone. In these
new experiments, nine Green Luserna stone cylindrical specimens with different size and slen-
derness, denoted with P1, P2,..., P9 (figure 6, table 2), were used in order to assess neutron
emissions related to specimens with very brittle or catastrophic failure (Carpinteri 1989, 1990).
In particular, specimen P6 (indicated as C4 in the previous section) has been monitored by EM
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Figure 6. Luserna stone cylindrical specimens, by varying slenderness and size-scale.

and AE devices in order to analyse electromagnetic, acoustic and neutron emissions during the
same test (see figure 5).

Also, these compression tests were performed with a planned displacement rate ranging from
0.001 to 0.01 mm/s, by means of the same servo-hydraulic press described in the previous sec-
tion. The neutron detector used in the tests is a He® type with electronic of preamplification,
amplification and discrimination, directly connected to the detector tube, which is of the type
referred to as ‘long counter’. This detector was calibrated for the measurement of thermal neu-
trons; its sensitivity is 65 cps/niermal (£10% declared by the factory) i.e., the flux of thermal
neutrons was 1 thermal neutron/s cm?, corresponding to a count rate of 65 cps. The He® neu-
tron detector was switched on at least one hour before the beginning of each compression test,
in order to reach the thermal equilibrium of electronics, and to make sure that the behaviour of
the devices was stable with respect to intrinsic thermal effects. The detector was placed in front
of the test specimen at a distance of 20 cm and it was enclosed in a polystyrene case of 10 cm of
thickness in order to avoid ‘spurious’ signals coming from impact and vibration.

A relative measurement of natural neutron background was performed in order to assess the
average background affecting data acquisition in experimental room condition. The He? device

Table 2. Characteristics of compression tests under monotonic loading on Luserna stone specimens.

Granite Geometry of the specimen Displacement Peak load Time at the
Specimen D (mm) H (mm) A =H/D velocity (mm/s) (kN) peak load (s)
Pl 28 14 0.5 0.001 52.19 735.0
P2 28 28 1 0.001 33.46 1239.0
P3 28 56 2 0.001 41.28 1089.0
P4 53 25 0.5 0.001 129.00 960.0
P5 53 50 1 0.001 139.10 2460.0
P6 53 101 2 0.001 206.50 1180.0
P7 112 60 0.5 0.01 1099.30 231.3
P8 112 112 1 0.01 1077.10 263.5

P9 112 224 2 0.01 897.80 218.6
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Table 3. Compression tests under monotonic loading control. Neutron emis-
sions experimental data on Luserna stone specimens.

Granite D A =H/D Average Count rate
Specimen (mm) neutron at the neutron
background emission
(1072 cps) (1072 cps)
P1 28 0.5 3.17+£0.32 8.33 £3.73
P2 28 1 3.17£0.32 background
P3 28 2 3.17+0.32 background
P4 53 0.5 3.83 £0.37 background
P5 53 1 3.84 £0.37 11.67 + 4.08
P6 53 2 4.74 £ 0.46 25.00 + 6.01
P7 112 0.5 4.20 £ 0.80 background
P8 112 1 4.20 £ 0.80 30.00 £ 11.10
P9 112 2 4.20 £ 0.80 30.00 £ 10.00

was positioned in the same condition of the experimental set-up and the background measures
were performed fixing at 60 s the acquisition time, during a preliminary period of more than
three hours, for a total number of 200 counts. The average measured background level is ranging
from (3.17 £ 0.32)-10~2to (4.74 + 0.46)-102 cps (see tables 2 and 3).

Additional background measurements were repeated before each test, fixing an acquisition
time of 60s, up to the assessment of no significant variation in natural background. Neutron
measurements of specimens P2, P3, P4, P7 yielded values comparable with the ordinary natu-
ral background, even at the peak load, whereas for specimens Pl and P5, the experimental data
exceeded the background value by about four times. In the case of the specimens P6, P8 and
P9, the neutron emissions achieved values from five to ten times higher than the ordinary back-
ground. In figure 7, the load vs. time diagram and the neutron count rate evolution for specimens
P6, P8 and P9 are shown. In table 3, the experimental data concerning compression tests on the
nine Luserna stone specimens are summarized.

In the preliminary tests mentioned above, Luserna stone prisms, measuring 6 x 6 x 10 =
360cm® and characterized by very brittle failure, were tested in compression (Carpinteri
et al 2009a, b; Cardone et al 2009). The preliminary experimental results are confirmed by those
obtained from compression tests on the cylindrical specimens presented in this paper. Neutron
emissions related to specimens with very brittle or catastrophic failure result to be larger by
about one order of magnitude than the ordinary background (see figure 7).

It is also interesting to note that, in spite of specimen dimensions and slenderness, EME
have been detected in correspondence of sharp stress drops during all the compressive tests (see
section 2 and figures 2-5), while, neutron emissions are observed only for specimens with a vol-
ume greater than a certain threshold and therefore presenting a very brittle failure. In figure 7a,
the results obtained from the catastrophic failure of the Luserna stone test specimen P6, which
has a volume of about 233 cm?, are presented. As mentioned in the previous section, specimen P6
(named C4 in table 1 and figure 5) has been monitored not only using the He® neutron detector,
but also by means of the AE and EM emission devices. Very high EME amplitude (16 uT) and
neutron emission (of about five times the neutron background level) were observed concomitant
with the sharp stress drop at the time of failure (see figures 5 and 7a).

Moreover, once again the maximum neutron emissions were obtained from test specimens
with a volume larger than a threshold value of about 360 cm? (see figure 7b, c).
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Figure 7. Specimens P6, P8, P9: Load vs. time diagrams, and neutron emissions count rate.
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From the authors’ actual knowledge, the experimental results show that a volume approx-
imately exceeding 200cm?®, combined with the extreme brittleness of the tested material,
represents a critical threshold value for a neutron emission of about one order of magnitude
higher than the ordinary background. It appears that this correlation arises because larger spec-
imen volume implies higher probability of finding larger size flaws which when propagating
would result in larger stress drops.

As we have already mentioned in section 2, due to the difficulties in neutron measurements
in presence of an electromagnetic field, the electromagnetic emissions were also monitored dur-
ing further compression tests by using a measuring device specially designed at the National
Research Institute of Metrology -INRIM- in Torino, to analyse the working frequency range
from few Hz up to several MHz (Lacidogna et al 2010).

The experimental results show that the typical EME detected during the tests are included
in the frequency range from 160kHz to SMHz (Lacidogna et al 2010). The He® neu-
tron detector, is designed and manufactured under a quality system in compliance with the
standard requirements provided by the International Electrotechnical Commission for EMI
(Electro Magnetic Interference). In particular, this device is not sensitive to electromagnetic
noise in the frequency range from 150kHz to 230 MHz. Owing to the good immunity to
electromagnetic disturbances, it can be demonstrated that no spurious neutron counts were
detected.

Energy Dispersive X-ray Spectroscopy (EDS) was performed on different samples of exter-
nal or fracture surfaces belonging to granite specimens used in the piezonuclear tests (Carpinteri
et al 2009a, b; Cardone et al 2009). For each sample, different measurements of the same crys-
talline phases (phengite or biotite) were performed in order to get averaged information of its
chemical composition and to detect possible piezonuclear transmutations from iron to lighter
elements. Considering the results for phengite and biotite, and also their abundances in the
Luserna stone composition, a considerable reduction in the iron content (~25%) is observed.
This iron decrease is consistently counterbalanced by an increase in aluminum, silicon and mag-
nesium. In particular, the increase in aluminum content corresponds to 85% of the iron decrease
(Carpinteri et al 2011a). Therefore, the following piezonuclear fission reactions should have
occurred in granitic rocks during the piezonuclear tests (Carpinteri et al 2009a, b; Cardone et al
2009; Carpinteri & Manuello 2011):

Fe3? — 2 Al3] + 2 neutrons, (1

Fegg — Mgj; + Siﬁ + 4 neutrons. )

4. Electromagnetic and neutron emissions at the scale of the Earth’s crust

It has been recently reported that electromagnetic phenomena take place in a wide frequency
range prior to an earthquake, and these precursory seismo-electromagnetic effects are expected
to be useful for the mitigation of earthquake hazards (Parrot 1994; Fraser-Smith et al 1990). The
generation of electromagnetic emissions during earthquakes has been verified also in laboratory
experiments involving fracturing of quartz-bearing rocks (Gokhberg et al 1982; Warwick et al
1982; Nitsan 1977; Ogawa et al 1985; Yamada et al 1989; Enomoto & Hashimoto 1994).
Similar to the case of EME coming from fracture phenomena, the neutron emissions involved
in piezonuclear reactions have been detected not only in laboratory experiments but also at the
Earth’s crust scale. Recent neutron emission detections by Kuzhevskij et al (2003a, b) have led
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to consider also the Earth’s crust, in addition to cosmic rays, as being a relevant source of neu-
tron flux variations. Neutron emissions measured near the Earth’s surface exceeded the neutron
background by more than three orders of magnitude in correspondence to seismic activity and
rather appreciable earthquakes (Volodichev et al 2000). This relationship between the processes
in the Earth’s crust, EM emissions and neutron flux variations has allowed to develop new meth-
ods for short-term prediction and monitoring of earthquakes (Kuzhevskij et al 2003a, b; Parrot
1994; Fraser—Smith et al 1990).

Taking into account that granite is a common and widely occurring type of intrusive, sialic,
igneous rock, and that it is characterized by an extensive concentration in the rocks that make
up the Earth’s crust (~60% of the Earth’s crust), the piezonuclear fission reactions considered
above can be generalized from the laboratory to the Earth’s crust scale, where mechanical phe-
nomena of brittle fracture, due to fault collision and subduction, take place continuously in the
most seismic areas of the globe. This hypothesis seems to find surprising evidence and confirma-
tion from both the geomechanical and the geochemical points of view (Carpinteri & Manuello
2011).

The present natural abundances of aluminum (~8%), silicon (~28%) and magnesium
(~1.3%) and scarcity of iron (~4%) in the continental Earth’s crust (Favero & Jobstraibizer
1996; Taylor & McLennan 1996, 2005) are possibly due to the piezonuclear fission reactions
(1 and 2) expressed above (Carpinteri & Manuello 2011). In addition, considering the percent-
age mass concentrations of other chemical elements, such as Na (~2.9%), Ni (~0.01%), and
Co (~0.003%), in the continental crust (Anbar 2008; Fowler 2005; Doglioni 2007; Rudnick &
Fountain 1995), it is possible to conjecture additional piezonuclear fission reactions that could
have taken place in correspondence to plate collision and subduction (Carpinteri & Manuello
2011):

Coyy — AI2] + Si28 + 4 neutrons, 3
Nigg — ZSi%i + 3 neutrons, “)
Nigg — Na?d + C]ﬁ + 1 neutron. ®)

The large concentrations of granite minerals, such as quartz and feldspar (SiO;, Al,O3) in
the Earth’s crust, and to a lesser extent of magnesite, halite, and zeolite (MgO, Na,O, Cl,03),
and the low concentrations of magnetite, hematite, bunsenite and cobaltite minerals (composed
predominantly of Fe, Co, and Ni), could be ascribed to piezonuclear reactions (1,2,3,4 and 5)
due to tectonic and subduction phenomena (Carpinteri & Manuello 2011).

5. Heterogeneity in the composition of the Earth’s crust: Fe and Al reservoir localizations

The localization of Al and Fe mineral reservoirs seems to be closely connected to the geological
periods when different continental zones were formed (Favero & Jobstraibizer 1996; Taylor &
McLennan 1996, 2005; Anbar 2008; Fowler 2005; Doglioni 2007; Roy et al 2001; World Iron
2009; World Mineral 2009; Key Iron Dep. 2009). This fact would seem to suggest that our planet
has undergone a continuous evolution from the most ancient geological regions, which currently
reflect the continental cores that are rich in Fe reservoirs, to more recent or contemporary areas of
the Earth’s crust where the concentrations of Si and Al oxides present very high mass percentages
(Favero & Jobstraibizer 1996). The main iron reservoir locations (Magnetite & Hematite mines)
are reported in figure 8a. The main concentrations of Al-oxides and rocky andesitic formations
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(the Rocky Mountains and the Andes, with a strong concentration of AlO3 minerals) are shown
in figure 8b together with the most important subduction lines, plate tectonic trenches and rifts
(Favero & Jobstraibizer 1996; Lunine 1998). The geographical locations of main bauxite mines
show that the largest concentrations of Al reservoirs can be found in correspondence to the most
seismic areas of the Earth (figure 8b). The main iron mines are instead exclusively located in the
oldest and interior parts of continents (formed through the eruptive activity of the proto-Earth), in
geographic areas with a reduced seismic risk and always far from the main fault lines. From this
point of view, the close correlation between bauxite and andesitic reservoirs and the subduction
and most seismic areas of the Earth’s crust provides very impressive evidence of piezonuclear
effects at the planetary scale.

6. Geological evidence of piezonuclear reactions

Evidence of piezonuclear reactions can be also recognized considering the Earth’s composition
and its evolution throughout the geologic eras. In this way, plate tectonics and the connected
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Figure 8. (a) Locations of the largest iron mines in the world (Roy et a/ 2001; World Iron 2009; World
Mineral 2009; Key Iron Dep. 2009). Iron ore reservoirs (Magnetite and Hematite mines) are located in geo-
graphic areas with reduced seismic risks and always far from fault lines. (b) The largest aluminum (bauxite)
reservoirs are reported together with the main Andesitic formations and most important subduction lines
and plate tectonic trenches (Favero & Jobstraibizer 1996; Lunine 1998).
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plate collision and subduction phenomena are useful to understand not only the morphology of
our planet, but also its compositional evolution (Carpinteri & Manuello 2011).

From 4.0 to 2.0 Gyr ago, Fe could be considered one of the most common bio-essential
elements required for the metabolic action of all living organisms (Lunine 1998; Hazen et al
2008; Condie 1976; Canfield 1998; Holland 2006; Kholodov & Butuzova 2008; Foing 2005;
Sigman et al 2004; Galimov 2005; Yamaguchi 2005). Today, the deficiency of this nutrient
suggests it as a limiting factor for the development of marine phytoplankton and life on Earth
(Anbar 2008; Canfield 1998).

Elements such as Fe and Ni in the Earth’s protocrust had higher concentrations in the Hadean
(4.5-3.8 Gyr ago) and Archean (3.8-2.5 Gyr ago) periods compared to the present values (Favero
& Jobstraibizer 1996; Taylor & McLennan 2005; Canfield 1998; Holland 2006; Basile-Doelsch
et al 2005; Basile-Doelsch 2006; De la Rocha et al 2000; Ragueneau 2000). The Si and Al
concentrations instead were lower than they are today (Favero & Jobstraibizer 1996; Taylor &
McLennan 1996, 2005).

The estimated concentrations of Fe, Ni, Al, and Si in the Hadean and Archean Earth’s pro-
tocrust and in the Earth’s continental crust are reported in figure 9. The data for the Hadean
period (4.5-3.8 Gyr ago) are referred to the composition of Earth’s protocrust, considering the
assumptions made by Foing (2005) and by Taylor & McLennan (1996, 2005).

According to these authors, the Mars and Moon’s crusts are considered to be representative of
the composition of the early Earth’s protocrust (Hadean Eon) (Taylor & McLennan 1996, 2005;
Foing 2005).

In the same figure, for the Archean period (3.8-2.5 Gyr ago) the data are referred to com-
positional analysis of Archean sediments (Carpinteri & Manuello 2011; Taylor & McLennan
1996, 2005; Favero & Jobstraibizer 1996; Rudnick & Fountain 1995; Konhauser et al 2009;
Saito 2009; Egami 1975; National Academy of Science 1975; Yaroshevsky, 2006). For the last
period from 2.5 Gyr ago to today, the mass percentage concentrations of Fe, Ni, Al and Si are
referred to the present composition of Earth’s continental crust (Carpinteri & Manuello 2011;
Taylor & McLennan 1996, 2005; Favero & Jobstraibizer 1996; National Academy of Science
1975; Yaroshevsky 2006).

A clear transition from a more basaltic condition (high concentrations of Fe and Ni) to a Sialic
one (high concentrations of Al and Si) can be observed during the life time of our planet (Taylor
& McLennan 1996, 2005; Favero & Jobstraibizer 1996; Doglioni 2007; Rudnick & Fountain
1995; Konhauser et al 2009; Saito 2009; Egami 1975; National Academy of Science 1975;
Yaroshevsky 2006).

The most abrupt changes in element concentrations shown in figure 9 appear to be intimately
connected to the tectonic activity of the Earth. The vertical drops in the concentrations of Fe and
Ni, as well as the vertical jumps in the concentrations of Si and Al, 3.8 Gyr ago, coincide with
the time that many scientists have pointed out as the beginning of tectonic activity on the Earth.
The subsequent abrupt transitions 2.5 Gyr ago coincide with the period of the Earth’s largest and
most intense tectonic activity (Taylor & McLennan 1996, 2005).

As shown in figure 9, the decrease in the mass concentration of iron and nickel is balanced
by the increase in Al and Si and assuming an increase in Mg, according to reaction (2), equal
to that of Si over the Earth’s lifetime. In the same figure, a total decrease of ~7% in Fe and Ni
concentrations and a consistent increase of ~7% in the lighter chemical element concentrations
(Mg, Al and Si) between the Hadean period (Hadean Eon, 4.5-3.8 Gyr ago) and the Archean
period (Archean Eon, 3.8-2.5 Gyr ago) is shown. Similarly, a decrease of ~5% in the heavier
elements (Fe and Ni) and a related increase (~5%) in the concentrations of lighter ones (Mg, Al
and Si) can be considered between the Archean period (Archean Eon, 3.8-2.5 billion years ago)
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Figure 9. The estimated concentrations of Fe, Ni, Al, and Si in the Hadean and Archean Earth’s protocrust
and in the Earth’s continental crust are reported. The Archean Earth’s protocrust (3.8-2.5 Gyrs ago) had
a less basaltic composition (Fe ~8%, Ni ~0.8%, Al ~7%, Si ~26%) (Taylor & McLennan 1996, 2005;
Favero & Jobstraibizer 1996; Rudnick & Fountain 1995; Konhauser et al 2009; Saito 2009; Egami 1975;
National Academy of Science 1975; Yaroshevsky 2006) compared to the previous period (Hadean Era,
4.5-3.8 Gyrs ago) (Taylor & McLennan 2005; Hazen ef al 2008), and a less Sialic composition compared
to the concentrations in the Earth’s continental crust today: Fe ~4%, Ni ~0.01%, Al ~8%, Si ~28%.
(Taylor & McLennan 1996, 2005; Favero & Jobstraibizer 1996; Doglioni 2007; National Academy of
Science 1975). Considering piezonuclear reactions (1,2,4), the overall 12% decrease in the heavier elements
(Fe and Ni) is consistently balanced by the Al and Si increase and assuming an increase in Mg, according
to reaction (2), equal to that of Si over the last 4.5 billion years.

and more recent times (figure 9). The Earth’s protocrust in the Hadean era was strongly basaltic,
with a composition similar to that of the proto-planets (chondrites) (Taylor & McLennan 1996,
2005; Favero & Jobstraibizer 1996).
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In particular, piezonuclear reactions (1,2,4) seem to be the cause of the abrupt variations
shown in figure 9. Piezonuclear reaction (2) implies that not only the Si mass percentage should
increase overall by about 4% but also that of Mg. However, the latter increase, due to piezonu-
clear reaction (2), cannot be revealed from geological data of sediments in the Earth’s continental
crust. As a matter of fact, Mg is not only a resulting element, as shown by piezonuclear reaction
(2), but can also be considered as a starting element of another possible piezonuclear reaction
(Carpinteri & Manuello 2011):

Mgi5 — 2C¢°. (©6)

Reaction (6) could be very important for the evolution of both the Earth’s crust and the
Earth’s atmosphere, and considered as a valid explanation for the high level of CO, concentra-
tion (~15%) in the Archean Earth’s atmosphere (Liu 2004). In addition, the large amount of C
produced by Mg transformation (~3.5% of the Earth’s crust) has undergone a slow but contin-
uous diminishing in the CO, composition of the Earth’s atmosphere, as a result of the escape
which also involves other atmospheric gases like He and H (Catling & Zahnle 2009).

Piezonuclear reaction (6) can also be put into correlation with the increase in seismic activ-
ity that has occurred over the last century (Aki 1983). Very recent evidence has shown CO»
emissions in correspondence to seismic activity (Padron et al 2008): significant changes in the
emission of carbon dioxide were recorded in a geochemical station at El Hierro, in the Canary
Islands, before the occurrence of several seismic events during the year 2004. Appreciable pre-
cursory CO; emissions were observed to start before seismic events of relevant magnitude, and
to reach their maximum values some days before the earthquakes (Padron et al 2008).

7. Conclusions

By subjecting quasi-brittle materials such as granitic rocks to compression tests, it is observed
that EM emission during the failure process, which is highly suggestive of charge redistribution,
but also neutron bursts, necessarily involving nuclear reactions.

In this paper, we have analysed the mechanical behaviour of Luserna stone specimens loaded
in compression up to their failure by EME signals, and we observed that the EME generally takes
place only in correspondence to sharp stress drops in the load vs. time diagrams. These stress
drops or ‘snap-backs’ are due to a rapid decay in the material’s mechanical properties, generated
by the formation of new micro-cracks during the loading process.

We have analysed, by means of He? neutron detector, specimens of the same material (Luserna
stone) characterized by different size and slenderness. The experimental results show that a
volume approximately exceeding 200 cm?, combined with the extreme brittleness of the tested
material, represents a critical threshold value for a neutron emission of about one order of mag-
nitude higher than the ordinary background. In particular, in the case of specimen P6, with a
volume of about 233 cm?, a very high amplitude EME (16 uT) and a neutron emission of about
five times the neutron background level were observed concomitant with the sharp stress drop
at the time of failure. Moreover, as in the preliminary tests, the maximum neutron emissions
exceeding by about one order of magnitude the ordinary background were obtained from test
specimens with a volume larger than the threshold value of 360 cm?.

Our conjecture, also confirmed by the Energy Dispersive X-ray Spectroscopy (EDS) tests, is
that piezonuclear reactions involving fission of iron into aluminum, or into magnesium and sili-
con, should have occurred during compression on the tested specimens. This hypothesis seems
to find surprising evidence and confirmation at the Earth crust scale from both the geomechan-
ical and the geochemical points of view. In this way, plate tectonics and the connected plate
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collision and subduction phenomena are useful to understand not only the morphology of our
planet, but also its compositional evolution. Finally, through experimental and theoretical studies
of electromagnetic emissions, neutron emissions and piezonuclear fission reactions from brit-
tle fracture, it will also be possible to explore new and interesting application fields, such as
short-term prediction and monitoring of earthquakes using both electromagnetic and neutron
measurements.
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