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TeraHertz pressure waves as the fundamental
reasons for geochemical evolution
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Abstract. TeraHertz vibrations and pressure waves are produced at the nano-scale in solids and fluids by fracture and cavitation,
respectively. They present a frequency that is close to the resonance frequency of the atomic lattices and an energy that is close to
that of thermal neutrons. Original experiments performed on non-radioactive rocks under mechanical compression loading have
shown repeatable neutron emissions in correspondence to micro- and macro-fracture. After these experiments, a considerable
reduction in the iron content of the crushed rocks appears to be consistently counterbalanced by an increase in Al, Si, and Mg
contents. At the same time, significant measurements of neutron emissions are observed at the Earth’s Crust scale before and
during seismic activity. In addition, several data coming from geochemistry and geomechanics have recently emphasized how
tectonic activity should have been strictly connected to the most important changes in the Earth’s Crust chemical composition
over the last 4.5 Billion years. On these bases, the hypothesis of a new kind of low energy nuclear reactions finds confirmation
and could be considered as a valid explanation for the geologic evolution of the Earth’s Crust, Ocean, and Atmosphere. The
same phenomenon appears to have occurred also in the chemical evolution of other planets of the Solar System like Mars, and
of the Sun itself.
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1. Fracture at different scales: From Hertz to TeraHertz pressure wave frequencies

When you cut a stretched rubber band, it remains subject to rapid fluctuations for a few moments. The
same phenomenon occurs in any solid body when it breaks in a brittle way, even if only partially. In
the case of the formation or propagation of microcracks, such dynamic phenomenon appears under the
form of longitudinal waves of expansion/contraction (tension/compression), in addition to transverse or
shear waves. These are generally called pressure waves and travel at a speed which is characteristic of the
medium, and, for most of the solids and fluids, presents an order of magnitude of 103 metre/second. On the
other hand, the wavelength of pressure waves emitted by forming or propagating cracks appears to be of
the same order of magnitude of crack size or crack advancement length. The wavelength can not therefore
exceed the maximum size of the body in which the crack is contained and may vary from the nanometre
scale (10−9 metres), for defects in crystal lattices such as vacancies and dislocations, up to the kilometre, in
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Fig. 1. Correlation between wavelength (forming crack) scale and frequency scale by assuming a constant pressure wave velocity.

the case of Earth’s Crust faults. Applying the well-known relationship: frequency = speed/wavelength, one
obtains the two extreme cases corresponding to the frequency of pressure waves: 1012 oscillations/second
(TeraHertz), in the case of the formation of nanocracks, as well as one oscillation/second (Hertz), in
the case of large-scale tectonic dynamics (Fig. 1) [1]. A correlation is herein considered between the
wavelength scale (which coincides with the crack length scale) and the frequency scale by assuming a
constant acoustic wave speed.

As fracture at the nanoscale (10−9 metres) emits pressure waves at the frequency scale of TeraHertz
(1012 Hertz), so fracture at the microscale (10−6 metres) emits pressure waves at the frequency scale
of GigaHertz (109 Hertz), at the scale of millimetre emits pressure waves at the scale of MegaHertz
(106 Hertz), at the scale of metre emits pressure waves at the scale of kiloHertz (103 Hertz), and eventually
faults at the kilometre scale emit pressure waves at the scale of the simple Hertz, which is the typical and
most likely frequency of seismic oscillations (Fig. 1) [1,2].

When the active cracks are still below the metre scale, pressure waves can generate Acoustic Emission
(AE) in the frequency range of ultrasounds (from kilo- to MegaHertz).

With frequencies between Mega- and GigaHertz, and therefore cracks between the micron and the
millimetre scale, pressure waves can generate Electromagnetic Emission (EME) of the same frequency.

When pressure waves show frequencies between Giga- and TeraHertz, and then with cracks below
the micron scale, we are witnessing a phenomenon partially unexpected: pressure waves resonate with
the crystal lattices and, through a complex cascade of events (acceleration of electrons, bremsstrahlung
gamma radiation, photo-fission, etc.), may produce nuclear fission reactions [3–15]. It can be shown
experimentally how such fission reactions emit neutrons (Neutron Emission NE), like in the well-known
case of uranium-235. Note that the Debye frequency, i.e., the fundamental frequency of free vibration of
crystal lattices, is around the TeraHertz, and this is not a coincidence but is simply due to the fact that
the inter-atomic distance is just around the nanometre, as indeed the minimum size of the lattice defects.
As the chain reactions are sustained by thermal neutrons in a nuclear power plant, so the low energy
fission reactions are triggered by pressure waves that have a frequency close to the resonance frequency of
the crystal lattice and an energy close to that of thermal neutrons (0.025 eV). As a matter of fact, thermal
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Fig. 2. The two granitic orthogneiss (Luserna stone) specimens before (left) and after (right) the fracture tests.

neutrons are characterized by a frequency of 6.05 THz (according to the well-known law that links energy
and frequency through the Planck’s constant), which is very close to the uranium atomic lattice resonance
frequency of 6.24 THz [2]. Therefore, as well as thermal neutrons can trigger fission reactions, so pressure
waves with very high frequency (THz) can induce low energy fission phenomena.

Debye resonant frequencies with an order of magnitude of THz are also typical for other mediumweight
elements, such as Fe (7.77 THz [2]) and Ca (4.79 THz [2]), that played a fundamental role in the chemical
evolution of our planet [1], as will be shown in the following.

The low energy fission reactions are often accompanied and revealed by the emission of neutrons and/or
alpha particles. However, gamma rays and radioactive wastes appear to be absent in the experiments.

Ultrasonic pressure waves may in turn be produced by the most common mechanical instabilities,
such as fracture in solids and turbulence in fluids. Both are hierarchical, multi-fractal, and dissipative
phenomena, where cracks and vortexes, respectively, are present at the different scales. The same
phenomenon appears to have occurred in several different situations and, in particular, in the chemical
evolution of Earth and solar System, trough seismicity (rocky planets) and turbulent flow instability
(gaseous planets and Sun) [1]. It can also explain puzzles related to the history of our planet, like the
ocean formation or the primordial carbon pollution [1].

In this paper the authors, on the bases of the original experimental results obtained from non-radioactive
rocks under mechanical compression loading, consider the hypothesis of low energy nuclear reactions as
a valid explanation for the geological evolution of the Earth’s crust, ocean, and atmosphere.

2. Neutron emission from rock specimens

After the early experiments conducted at the National Research Council of Italy (CNR) [16], soliciting
with ultrasounds aqueous solutions of iron salts, the research group of the Politecnico di Torino has
conducted fracture experiments on solid samples, using iron-rich rocks like granite, basalt, and magnetite,
as well as marble, mortar enriched with iron dioxide, and steel [1,17–24].

In the preliminary experiment, two specimens of Luserna stone were tested (Fig. 2). Both were of
the same size and shape, measuring 6 × 6 × 10 cm3. The neutron measurements obtained exceed the
background level by approximately one order of magnitude, when catastrophic failure occurred (Fig. 3).

In more recent experiments, cylindrical specimens with different size and slenderness were selected,
instead of prismatic specimens as in the preliminary tests. Different types of detectors have demonstrated
the presence of significant neutron emissions, in some cases by different orders of magnitude higher than
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Fig. 3. Load vs. time and cps curve for test specimen of granitic orthogneiss.

Table 1
Neutron emission level during fracture and cavitation of different materials

Material Neutron emissios

LIQUIDS (cavitation)
Iron chloride solution Up to 2.5 times the background level

SOLIDS (fracture)
Steel Up to 2.5 times the background level
Granite Up to 101 times the background level
Basalt Up to 102 times the background level
Magnetite Up to 103 times the background level
Marble Background level

the usual environmental background. The neutron flux was found to depend, besides on the iron content,
on the size of the specimen through the well-known brittleness size effect: larger sizes imply a higher
brittleness, i.e. a more relevant strain energy release, and therefore more neutrons.

The results obtained from iron chloride liquid solutions subjected to cavitation and from non-radioactive
rocks subjected to fracture, fatigue, and ultrasounds are summarized in Table 1 [1,16–24]. Liquids during
cavitation were characterized by neutron emissions up to 2.5 times the background level [16]. The same
neutron emission level was obtained in the case of steel specimens subjected to compression or tension up
to the final failure. For granitic rocks, presenting a small amount of iron content (Fe ∼ 1.5%), a neutron
emission up to one order of magnitude greater than the background level was detected during several
tests [1,17–24]. For basalt and magnetite, where the iron concentration is much higher (Fe ∼ 15% and
∼72.5%, respectively), neutron emissions respectively up to 102 times and 103 times the background level
were measured during fracture experiments [1]. As regards marble, no neutron emissions greater than the
background level were observed during fracture experiments [1].
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Fig. 4. Ductile, brittle, and catastrophic behaviour.

Fig. 5. Subsequent stages in the deformation history of a specimen in compression.

3. Ductile, brittle, and catastrophic behaviour of rocks in compression

Experimental data from rocks tested in compression generally indicate that this is a brittle material,
since it exhibits a rapid decrease in load carrying capacity when deformed beyond the peak load. When
the softening diagram is very steep, or even shows simultaneously decreasing strain and stress values, the
material is said to present a snap-back or catastrophic behaviour. This is in contrast with ductile materials
which retain considerable strength beyond the peak as shown in Fig. 4 [25–27].

Damage localisation strongly affects the behaviour of heterogeneous materials in compression, with
particular regard to the post-peak regime [28]. As a result, it is well-established that the classical stress
vs. strain constitutive laws, which assume a homogeneous response along the specimen axis, are strongly
affected by the size and the slenderness of the specimen.

A significant step toward the definition of a scale independent constitutive law for quasi-brittle materials
has been done by Carpinteri et al. [29], with the proposal of the Overlapping Crack Model (OCM). The
main assumption of the OCM is that the localisation process, whatever may be its origin, is modelled by
means of a fictitious interpenetration of the two parts of the specimen, that exhibit an elastic behaviour.

Let us consider the specimen subjected to uniaxial compression test shown in Fig. 5. The application
of the OCM permits the mechanical response to be represented by three subsequent phases.
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Fig. 6. Stress–displacement response of a specimen in compression.

Afirst stage where the behaviour is mainly characterised by the elastic modulus of the material: a simple
linear elastic stress–strain law can be assumed (see Fig. 5b). The displacement of the upper side of the
specimen is:𝛿 = 𝜀𝑙 = 𝜎𝐸 𝑙, for 𝜀 ≤ 𝜀𝑐.
By approaching the compressive strength, the microcracks interact forming macrocracks, and, eventually,
localising on a preferential surface.

A second stage where, after reaching the ultimate compressive strength, 𝜎c, the inelastic deformations
are localised in a crushing band. The behaviour of this zone is described by a softening law, whereas the
bulk material still behaves elastically (see Fig. 5c). The total shortening of the specimen can be computed
as the sum of the elastic deformation and the interpenetration displacement w. While the crushing zone
overlaps, the elastic zone expands at progressively decreasing stresses.

When 𝛿 ≥ wcr, in the third stage, the material in the crushing zone is completely damaged and is able
to transfer only a constant residual stress, 𝜎r (see Fig. 5d). As a result, the transition from softening to
snap-back instability in the load vs. displacement global response, experimentally obtained by increasing
the specimen slenderness and/or by varying the mechanical properties, can be correctly predicted. In
particular, the softening process is stable under displacement control only when the slope d𝛿/d𝜎 in the
post-peak regime is negative (Fig. 6a). On the contrary, the snap-back instability is obtained when the
slope d𝛿/d𝜎 of the softening branch becomes positive, Fig. 6c.

From the point of view of energy, the OCM has also been proved to be very effective in determining
the amount of released energy during the complete loading process [30]. In particular, more information
on the modalities of energy release and the development of cracking patterns can be obtained from the
monitoring of the fracto-emissions (AE, EME, and NE). The application of suitable devices on or close
to the surface of specimen permits to detect the energy emissions induced by the crack formation and
propagation.

The typical shape of the load vs. displacement curve, when the global unstable behavior is fully
captured, e.g. by controlling the compression test by means of the circumferential expansion instead of
the longitudinal deformation, is that shown in Fig. 7a. However, this very brittle mechanical response
can be observed also under tension and bending loading conditions, when brittle materials are tested in
large and/or slender specimens. The behavior shown in Fig. 7a is consequent to the fact that the energy
dissipated through material damage is less than all the elastic energy stored in the body. In this case, the
portion of energy that is not dissipated by material damage (area E in Fig. 7a) is abruptly emitted leading
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Fig. 7. Load–displacement curves representing: (a) a catastrophic failure (single snap-back); (b) a global softening behavior
perturbed by multiple local instabilities (snap-back).

to dynamic vibrations, with propagation of mechanical pressure waves that, depending on their frequency,
can trigger the emission of AE, EME, or NE [1].

Of course, this portion of energy will be dissipated also through material viscosity, kinetic energy of
fragments, heat, etc.

From the diagram in Fig. 7a, therefore, three different energy components can be distinguished: the
energy dissipated (D) by material damage (gray area), the emitted elastic energy (E) (pink area), and the
total released energy (R), which is the sum of the two previous areas (D + E = R).

Certainly, global snap-back instabilities take place only under specific conditions (large sizes and
slendernesses, and/or brittle materials), whereas in most of the cases a more stable response, represented
by a softening behavior, is obtained.

However, even in such cases, local discontinuities, which are an indication of snap-back or snap-through
instabilities, are usually noticed in heterogeneous materials such as aggregative and fiber-reinforced
materials. Such local phenomena, that are evident at a microscale level, are due to the fact that cracks
grow in a discontinuous manner, with sudden propagations and arrests due to the bridging action of the
secondary phases as well as by the rise and coalescence of microcracks in the process zone [31,32].
A load–displacement curve representative of a global softening behavior perturbed by multiple local
instabilities is shown in Fig. 7b. Each drop in the load carrying capacity occurring in the post-peak phase
is related to a sudden crack propagation due, for instance, to the rupture of a reinforcing fiber. Then, the
load carrying capacity is partially recovered following a path with a reduced stiffness. From the energetic
point of view, each local instability is due to the emission of a surplus of elastic energy, which is not
dissipated by the material damage (pink areas in Fig. 7b). This emitted energy can be detected by the AE,
EME, and NE sensors.

4. Chemical evolution of our planet and its reproduction in the fracture mechanics laboratory

The low energy fission reactions have also been able to give an answer to some puzzles related to the
history of our planet. It has been shown how these phenomena that would have occurred between 3.8
and 2.5 Billion years ago, during the period of formation and most intense activity of tectonic plates,
have resulted in the splitting of atoms of certain elements, which were so transformed into other lighter
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Table 2
Biotite: Fe, Al, Si, Mg, and K weight percentage mean values on external and fracture surfaces

External Fracture Increase/decrease Increase/decrease
surface mean surface mean with respect to with respect to
value (wt%) value (wt%) biotite the same element

Fe 21.2 18.2 −3% −14%
Al 8.1 9.6 +1.5% +18%
Si 18.4 19.6 +1.2% +6%
Mg 1.5 2.2 +0.7% +46%
K 6.9 7.1 No variations No variations

ones. Since the product-elements, i.e., the fragments of the fissions, appear to be stable isotopes, all the
excess neutrons are therefore emitted. Several of the most abundant chemical elements have been involved
in similar transformations, like a part of magnesium that transformed into carbon, forming the dense
atmospheres of the primordial terrestrial eras. In a similar way, calcium depletion contributed to the
formation of oceans as a result of fracture phenomena in limestone rocks.

These transformations, that have lasted for Billion years in the Earth’s Crust, have been reproduced in
the laboratory in a fraction of a second by crushing different rock samples [1,17–24, 33]. We were able to
confirm, through advancedmicro-chemical analyses, the most relevant compositional variations described
above at the geological and planetary scales: the transformation of iron into aluminum, or into magnesium
and silicon (in iron-rich natural rocks), as well as the transformation of calcium and magnesium into other
lighter elements including carbon (in the samples of marble). Such variations are shown to be not modest
at all.

In particular, Energy Dispersive X-ray Spectroscopy (EDS) analysis was performed on different
sample spots of external or fracture surfaces belonging to the granite specimens used in the fracture
experiments, in order to get averaged information about possible changes in their chemical composition.
The measurement precision is in the order of magnitude of 0.1%. The results for phengite and biotite
(minerals with an higher Fe concentration in granite) show that the relative reduction in the iron abundance
(∼25%) seems to be counterbalanced by the increment in lighter elements such as Al, Si, and Mg [20–
23]. Similar investigations were also performed on different samples of basalt and magnetite [1]. For the
former, a significant decrement in the iron content (−4%) is counterbalanced by the increment in lighter
elements such as Si and Mg [1]. On the other hand, the results for magnetite are even more evident.
The decrease in Fe concentration is nearly equal to 30%, while the appearance of Al and Mn, previously
absent, represents a very impressive result, as well as the increment in Si and O [1].

In Fig. 8a–d the results for Fe, Al, Si, and Mg concentrations of biotite crystalline phase are shown. In
this case, the iron decrease is about 3.0%, from 21.2% (external surface) to 18.2% (fracture surface)
(Fig. 8a). At the same time, Al content variations show an average increase of about 1.5% (Fig. 8b).
In Fig. 8c and 8d it is shown that, in the case of biotite, also Si and Mg contents present considerable
variations. The mass percentage of Si changes from a mean value of 18.4% (external surface) to a mean
value of 19.6% (fracture surface), with an increase of 1.2% (Fig. 8c). Similarly, the mean value of Mg
concentration changes from 1.5% (external surface) to 2.2% (fracture surface), with an increase of 0.7%
(Fig. 8d). Therefore, the iron decrease (−3.0%) in biotite is counterbalanced by an increase in aluminum
(+1.5%), silicon (+1.2%), and magnesium (+0.7%) [20–23] (Table 2).
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Fig. 8. EDS results of Fe (a), Al (b), Si (c) and Mg (d) concentrations in biotite analysed on samples coming from fractured
specimens of granite.

Similar results were obtained for Carrara Marble specimens [1]. In this case, X-ray Photoelectron
Spectroscopy (XPS) quantitative compositional analyses were carried out in order to detect any variation
in chemical composition after the brittle failure of cylinder specimens [1]. XPS survey scan (pass energy
of 187.85 eV) of Carrara Marble surfaces was performed. Thirty measurements on external surface, and
twenty on fracture surface were performed and analysed. In Table 3, the results for the O, Ca, Mg, and
C concentrations are shown. It can be observed that the distributions of O, Ca, and Mg concentrations
on the external surface show average values respectively equal to 45.8%, 13.4%, and 0.7%. In the same
diagrams, the distributions of O, Ca, and Mg concentrations on the fracture samples show significant
variations. The mean value of the measurements performed on fracture surfaces is respectively equal to
36.8%, 9.8%, and 0.3%, and they are considerably lower than the mean values on the external surface.
The Carbon mass percentage increase of 13.0% is approximately equal to the total decrease in O, Ca, and
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Table 3
Carrara Marble: Ca, Mg, O, and C weight percentage mean values on external and fracture surfaces

External Fracture Increase/decrease Increase/decrease
surface mean surface mean with respect to with respect to
value (wt%) value (wt%) marble the same element

Ca 13.4 9.8 −3.6% −26%
Mg 0.7 0.3 −0.4% −57%
O 45.8 36.8 −9.0% −19%
C 40.1 53.1 +13.0% +32%

Mg. The average value of C concentrations changes from 40.1% on the external surface to 53.1% on the
fracture surface.

4.1. Iron depletion versus carbon pollution

Over the last century, most recent scientific disciplines such as cosmology, astrophysics, and geology,
have tried to answer questions concerning the origin of the Earth and the Universe [34]. Such questions
have now given place to interrogatives concerning the substance that composes the Universe, the
heterogeneous distribution of the main elements on the Earth, and their evolution in time [34–38].

Significant evidences, such as relatively abrupt changes in element abundances [35–37], the Great
Oxidation Event (G.O.E.) between 2.7 and 2.4 Gyr ago [1], the strong iron and nickel depletions in Earth’s
crust and oceans [39], the transition from a mafic to a sialic condition in the Continental Crust [33,37,40],
the present level of CO2 and N2 concentrations in the Earth’s atmosphere [1], and the appreciable
precursory role of CO2 and neutron emissions before relevant earthquakes [41–48], are just some of the
major events pertaining to the dynamics and the evolution of chemical element abundances in Earth’s
crust, oceans, and atmosphere, that still remain unsolved. Recent investigations and new instruments for
data analysis led to study these unexplained phenomena more deeply.

Another question that still remains unanswered concerns the non-homogeneous composition of Oceanic
and Continental Crusts. The 85% of the Earth’s volcanic eruptions take place at the sea bottom in corre-
spondence to mid ocean-ridges [49]. These submarine volcanoes generate the solid underpinnings of all
the Earth’s oceans (Oceanic Crust) [35–37,50]. Comparing the data presented in the literature concerning
the composition of the two different types of terrestrial crust, it can be noted that the iron concentration
changes from ∼8%, in the Oceanic Crust, to ∼4% in the Continental one. Analogously, nickel changes
from ∼0.03% in the Oceanic Crust to ∼0.01% in the Continental one (about a threefold decrease). Vice
versa, Si, Al, and Na vary from ∼24%, ∼7%, and ∼1% in the Oceanic Crust, to ∼28%, ∼8%, and ∼2.9% in
the Continental Crust, respectively [35–37]. Considering that approximately 50% of the Continental Crust
has originated, over the last 3.8 Gyr, from the Oceanic Crust subduction [35,36,49,50], the considerable
variations in the composition of the Oceanic with respect to the Continental Crust would seem to remain
a mystery [49].

In this context, the location of Al and Fe mineral reservoirs seems to be inexplicably connected
to the geological periods when different continental zones were formed [35,51,52]. 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
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Fig. 9. The largest aluminum (bauxite) reservois.

mass percentages [35,51,52]. At the same time, the concentrations of Al-oxides and andesitic formations
(the Rocky Mountains and the Andes), are shown together with the most important subduction lines,
tectonic plate trenches and rifts (see Fig. 9) [35,51]. The bauxite mine locations show that the largest
concentrations of Al reservoirs can be found in correspondence to the most seismic areas (Fig. 9). 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.

Many other questions concern the fact that the Earth, in contrast to the other rocky planets of our Solar
System, has shown a strong compositional evolution over the last 4.57 Billion years. From 4.0 to 2.0 Gyr
ago, in fact, Fe could be considered as one of the most common bio-essential elements required for the
metabolic action of all living organisms [37–39]. Today, the deficiency of this nutrient suggests it as a
limiting factor for the development of marine phytoplankton and life on Earth [37,39]. Elements such as
Fe and Ni in the Earth’s protocrust had higher concentrations during the Hadean (4.5–3.8 Gyr ago) and
Archean (3.8–2.5 Gyr ago) periods compared to the present values [35–40]. The Si and Al concentrations
instead were lower than they are today [35–38,40]. The estimated concentrations of Fe, Ni, Al, and Si
in the Hadean and Archean Earth’s protocrust and in the present Earth’s Continental Crust are reported
in Fig. 10. 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 [53] and by Taylor and Mc Lennan [36]. The
most abrupt changes in element concentrations shown in Fig. 10 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, occurred 3.8 Gyr ago, coincide with the time that many scientists
have pointed out as the beginning of tectonic activity on our planet. The subsequent step-wise transitions
occurred 2.5 Gyr ago coincide with the period of the Earth’s most intense tectonic activity [35,36].

From the data reported in Fig. 10, a decrease of ∼7% in Fe and ∼0.2% in Ni concentrations can be
observed between the Hadean period (4.5–3.8 Gyr ago) and the Archean period (3.8–2.5 Gyr ago) [35–
38,40,54]. At the same time, Al and Si concentrations increase of ∼3% and ∼2.4% respectively. Similarly,
a global decrease of ∼4.8% in the concentrations of Fe (∼4%) and Ni (∼0.8%) and a global increase of
about 3.4% in the concentrations of Si (∼2.4%) andAl (∼1%) are shown between the Archean period (3.8–
2.5 Billion years ago) and more recent times. The balances between heavier (Fe and Ni) and lighter (Si and
Al) elements could be considered as perfectly satisfied, if we take into account a stepwise increase in Mg
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Fig. 10. The estimated concentrations of Fe, Ni, Al, and Si in the Hadean and Archean Earth’s protocrust and in the Earth’s
Continental Crust.

similar to that of Si over the Earth’s lifetime. This Mg increase cannot be deduced from the geological data
of ancient sediments but will be explained in the following considering not only the geochemical changes
that involve the Earth’s Crust but also other important traces that can be recognized in the evolution of
the Earth’s atmosphere.

On the bases of the experimental results and evidences reported in Figs 8, 9, 10, the low energy fission
reactions 1 and 2 reported in Table 4 should have occurred during fracture phenomena.

Considering the present natural abundances of the major elements such as Fe, Al, Si, Mg, Na, Ni in
the Continental Crust [35–38,40,54], it is possible to conjecture that the additional nuclear reactions 3–6
reported in Table 4 could have taken place in correspondence to plate collision and subduction.

The large concentrations of granite minerals, such as quartz and feldspar in the Earth’s Continental
Crust, and to a lesser extent of magnesite, halite, and zeolite (MgO, Na2O, Cl2O3), and the low
concentrations of magnetite, hematite, bunsenite and cobaltite minerals (composed predominantly of Fe,
Co, and Ni molecules), could be ascribed to the low energy fission reactions 1–6. The same transition,
between the basaltic composition of the Oceanic Crust to the sialic composition of the Continental Crust
may be explained by reactions 1–6.

In particular, reactions 1, 2, 5 seem to be the cause of the abrupt variations shown in Fig. 10. The
overall 12% decrease in the heavier elements (Fe and Ni) is perfectly balanced by the Al, Si and Mg
increase (∼12%) over the last 3.8 Billion years. At 3.8 Billion years ago, in fact, we can consider the
following balance: Fe (−7%) + Ni (−0.2%) = Al (+3%) + Si (+2.4%) + Mg (+1.8%). Analogously, at
2.5 Billion years ago we have: Fe (−4%) + Ni (−0.8%) = Al (+1%) + Si (+2.4%) + Mg (+1.4%). The
increments in Si and Mg are not exactly the same due to the fact that Si is involved at the same time in
reactions 2 and 5, and for the different atomic mass numbers of the two elements. However, as mentioned
before, the Mg increase, due to the low energy fission reaction 2, cannot be revealed from geological data.
The explanation is that Mg can be considered also as a starting element of further low energy fission
reactions as shown in the case of reaction 7. This reaction provides important explanations concerning
the composition of atmosphere in the past geological eras and the present natural carbon emissions [33].
The virtual increase of ∼3.2% in Mg, involved, at the same time, in reactions 2 and 7, could explain the
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Table 4
Low energy fission reactions obtained by direct evidence of EDS and XPS analyses of fractured specimens and emerging from

the evolution of the continental Earth’s Crust

Earth’s crust evolution

1 Fe56
26
→ 2Al27

13
+ 2 neutrons

2 Fe56

26
→Mg24

12
+ Si28

14
+ 4 neutrons

3 Fe56

26
→ Ca40

20
+ C12

6
+ 4 neutrons

4 Co59

27
→ Al27

13
+ Si28

14
+ 4 neutrons

5 Ni58

28
→ 2Si28

14
+ 2 neutrons

6 Ni58

28
→ Na23

11
+ Cl35

17

Atmosphere evolution, ocean formation and origin of life

7 Mg24
12
→ 2C12

6

8 Mg24
12
→ Na23

11
+ H1

1

9 Mg24
12
→ O16

8
+ 2H1

1
+ He4

2
+ 2 neutrons

10 Ca40

20
→ 3C12

6
+ He4

2

11 Ca40
20
→ K39

19
+ H1

1

12 Ca40
20
→ 2O16

8
+ 4H1

1
+ 4 neutrons

high level of carbon in the primordial atmosphere and, consequently, the higher pressure with respect to
the present one. Taking into account a density of 3.6 ×103 kg m−3 and a mean thickness of 60 km for the
Hadean and Archean Crusts, the mass of the protocrust involved in reaction 7 is equal to ∼3.4 × 1021 kg
and implies a pressure on the Earth’s surface of about 660 atm (considering the Earth’s surface equal to 5.1
× 1014 m2 like today). This pressure is very high if compared with that of the present Earth’s atmosphere
but can be considered a plausible value for the composition of the Earth’s primordial atmosphere between
3.8 and 2.5 Billion years ago. Several authors, in fact, describe a primordial Earth’s atmosphere saturated
in carbon, with a pressure of several hundred atmospheres. In particular Liu [55] suggests a value of ∼650
atm for the proto-atmosphere, composed principally by carbon gasses and H2O and similar to that of Mars
and Venus [54,56]. After the intense tectonic activity that involved our planet during Adean and Archean
periods, the high carbon concentration, principally due to reaction 7, started to decrease. This fact can be
explained considering the planetary air leak of elements, such as H, He, and carbon, that has affected the
atmosphere during the Earth’s lifetime [56].

Low energy fission reaction 7 can also be put into correlation to the increase in seismic activity that has
occurred over the last century [57]. Very recent evidence has shown CO2 emissions in correspondence
to seismic activity: 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 seismic events during the year
2004. Appreciable precursory CO2 emissions were observed to start before seismic events of relevant
magnitude and to reach their maximum values some days before the earthquakes [48]. From this point of
view, the evidence emerging from the XPS analyses, performed at the laboratory scale on marble, that
the percentage of oxygen, calcium and magnesium totally decreases (−13.0%) and that of C increases
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Fig. 11. The variations in mass percentage for Mg, Ca, Na, K, and O in the Hadean and Archean Earth’s protocrust and in the
Earth’s Continental Crust.

(+13.0%), emphasizes how reactions 7, and 10 may take place in calcareous rocks. In fact, no neutron
emission does not imply absence of nuclear transmutations.

4.2. Calcium depletion versus ocean formation

In addition to Fe, Ni, Si, Al, and Mg, it is possible to consider also the other most abundant elements
such as Ca, Na, K, and O, which are involved in the Earth’s Crust chemical evolution. The variations
in mass percentage for Mg, Ca, Na, K, and O in the Hadean and Archean Earth’s protocrust and in
the Earth’s Continental Crust are reported in Fig. 11, analogously to Fig. 10 [35,36,40]. The decrease
in the mass concentrations of Mg and Ca is balanced by an increase in Na, K, and O, during the Earth’s
lifetime. In particular, between the Hadean and the Archean eras, and between the latter and more recent
times, it is possible to observe an overall decrease of ∼4.7% for Mg and ∼4.0% for Ca. This decrease
in the two alkaline earth metals (Mg and Ca) seems to be nearly perfectly balanced by the increase in
the concentrations of the two alkaline metals, Na and K (which have increased by 2.7% each), and by a
total increase of ∼3.3% in O, which has varied from ∼44% to ∼47.3% (the latter being the present Oxygen
concentration in the Earth’s Crust (Fig. 11)). Also in this case, the greatest chemical changes in the Earth’s
Crust are strictly connected to the most intense tectonic activity in the planet.

Plate tectonics and the connected subduction phenomena seem to involve the Earth’s Crust composi-
tional evolution and the changes in the most abundant chemical elements. These phenomena have often
been ignored by orthodox views. At the same time, the macroscopical evidence emerging from Figs 9, 10,
and 11 cannot be explained only by the chemical element migrations or by the differentiation process that
should have taken place during the Earth’s formation [35,36].
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According to the traditional explanation, this differentiation caused the heavy metals (iron, nickel, and
other ferrous elements) to be concentrated in the core of the planet, whereas the light elements (oxygen,
silicon, aluminum, calcium, potassium, sodium, etc.) were enriched in the upper layers of the Earth: the
Mantle and, in particular, the Crust [35,36]. Not everything, however, occurs simply according to density.
In the authors’ vision, the traditional approach cannot explain how the oceanic crust, characterized by
a more basaltic composition, could generate the margins of the continents, which are composed by the
lighter sialic elements. In other words, if the mechanism were only that traditionally proposed, the oceanic
crust would be principally sialic as the continental one. Moreover, the traditional approach cannot explain
other contradictory evidences such as that regarding the Uranium and Thorium concentrations. These
two very heavy elements should be expected to be abundant in the core, but, on the contrary, they are
concentrated in the crust and the mantle of our planet.

At the same time, the temporal correlation between most important tectonic activities on Earth and
most evident chemical changes in the crust, together with the nearly perfect chemical concentration
balances, suggest that alternative interpretations of the Earth’s Crust evolution should be taken into
account. Plate tectonics and high-frequency pressure waves seem to imply the chemical evolution. This
last interpretation is even more convincing if we consider recent measurements, performed by Kuzhevskij
et al. [41,42], Antonova et al. [43], Volodichev et al. [44], Sigaeva et al. [45], and Carpinteri et al. [46,47],
in correspondence to seismic activity. The results presented in these papers lead to consider also the
Earth’s Crust, in addition to cosmic rays, as being a relevant source of neutron flux variations. Neutron
emissions exceeded the neutron background up to 1000 times in correspondence to earthquakes with a
Richter magnitude equal to the 4th degree [44]. These measurements could be considered connected to the
previous changes in the Earth’s Crust and to mechanical phenomena of fracture, crushing, fragmentation,
comminution, erosion, friction, occurring during seismic events.

Reaction 7, reported in Table 4, is not the only one that involves Mg as a starting element. From a
close examination of the data reported in Fig. 11, it is possible to conjecture a series of low energy
fission reactions, involving Mg, Ca, Na, K, O, C and H, that could represent the real origin of the
sharp fluctuations of these chemical elements in the evolution of the Earth’s Crust (see reactions 7–12
in Table 4). Considering reactions 8, 9, 11, and 12, an overall decrease in alkaline earth metals (Mg and
Ca) of about 8.7% is balanced by a nearby equal increase in Na, K, and O (see Fig. 11). At 3.8 Billion years
ago, we have the following balance (see Fig. 11 and Table 4): Ca (−2.5%) + Mg (−3.2%) = K (+1.4%) +
Na (+2.1%) + O (+2.2%). At 2.5 Billion years ago, on the other hand, we have: Ca (−1.5%) +Mg (−1.5%)
= K (+1.3%) + Na (+0.6%) + O (+1.1%). Also in this case, the mass percentage variations in the major
elements of the Earth’s Crust could be perfectly explained considering this new kind of nuclear fission
reactions (see Fig. 11).

In particular, the global decrease in Ca (∼4.0%) can be counterbalanced by an increase in K (∼2.7%),
reaction 11, and in H2O (∼1.3%), reaction 12. Considering the mass of the proto-crust equal to ∼1.08 ×
1023 kg, the decrease of about 1.3% in Ca concentration corresponds to ∼1.40 × 1021 kg. This value is
very close to the mass of water in the oceans ∼1.35 × 1021 kg (considering a global ocean surface of ∼3.60
× 1014 m2 and an average depth of 3950 m). In this way, reaction 12 could be considered as responsible
for the formation of oceans during the Earth’s life time. These last considerations seem to be even more
important taking into account the recent results from Europe’s Rosetta mission about the origin of water
on the planet Earth. The evidences coming from the exploration of the Comet 67P returned significant
difference comparing the water in comets with the water we have on our planet leading to exclude the
extraterrestrial origin of the ocean [58].
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5. Compositional evolution of Mars and the Sun triggered by fracture and turbulence

The surprising findings that have emerged from analysis under the electronmicroprobe have highlighted
how low energy fission reactions can be used to explain the geological evolution, the composition of the
proto-atmosphere, the decrease in Ni and Fe in the oceans, and many other phenomena during the life of
our planet.

Similar hypotheses can be formulated for the planet Mars, as the violent tectonic and volcanic activity
it experienced in the Noachian Period, and the sporadic tectonic events that still today take place, have
resulted in a surface marked by faults and signs of earthquakes [59,60]. In this connection, mention should
be made to the fact that Mars is commonly known as the “red planet” because of the characteristic red
colour of its surface. This colour results from the iron oxide, FeO, that covers much of the planet’s crust
and is the second most common compound in it [36]. This large quantity of Fe – around 15% by mass, as
compared with ∼7.8% in the Earth’s oceanic crust [36], which is richer in iron than the continental crust
(∼4.0%) – raises interesting questions about the planet’s evolution and the role that unexpected nuclear
reactions may have had in this process.

Evidence of the possible role of these reactions can be provided by the high correlation between the
areas showing extensive signs of tectonic activity and the concentration of Fe on the surface.

The exploratoryMars Odysseymission also analyzed the neutron emission data by the HENDHe3 High
Energy Neutron Detector carried on the spacecraft to measure epithermal neutrons in an energy range of
0.4 eV–100 keV[61–63]. In both cases, the correlations between neutron emissions, Fe concentrations
and fault locations on the planetary crust are surprisingly close.

Here, the underlying assumption which explains the high correlation between these data is that Fe is not
the starting element of a low energy fission reaction – as it is on Earth – but is the resultant of reactions
that involve elements with a higher atomic number as the starting elements (Ni, Sn, Cu). In the scientific
literature, moreover, several studies report an increase in the concentration of Fe on the Red Planet’s
surface over the last 4.57 Billion years [36,60,64,65]. At the same time, a number of authors report a
sizeable decrease in elements such as Cu, Ni, Co, Mo, In, Zn, and Sn [36,64].

In particular, the absolute increase in Fe can be evaluated from the approximately 14% concentration
in the Noachian crust to today’s ∼15%, a relative increase of around 1% corresponding to about 2.15
×1020 kg of Mars’ crust. Likewise, the data for Ni concentrations indicate a roughly equivalent decrease
in this element, passing from a concentration of around 1% in the Noachian Period to a negligible or
near-zero concentration in Mars’ present-day crust. This is thus an absolute decrease of about 100% and
a relative decrease of 1% [36].

As has been assumed for other elements in the case of Earth’s Crust, this evidence suggests that the
following reaction took place:

Ni58

28 → Fe56

26 + 2H1

1
.

This reaction could explain the anomalous increase in the Fe concentration and the corresponding decrease
in Ni by the same amount in terms of mass.

5.1. Kelvin–Helmholtz instability and its role in the compositional evolution of the Sun

Kelvin–Helmholtz instability is a type of turbulent flow instability that arises when different layers of
fluid are in motion relative to each other. It was discovered and investigated by Lord Kelvin [66] and by
Helmholtz [67], and later by Rayleigh. The simplest example that can be imagined in two dimensions is
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that of a perfect fluid present in two adjacent regions of space: in the first region, the fluid is at rest, while
in the second it moves at constant velocity. If a small disturbance is introduced at the boundary separating
the two regions, fluid particles that were at rest (i.e., with zero velocity) will be moved to the region at
finite velocity (and vice versa). This creates an instability: the amplitude of the disturbance continues to
increase, and the particles in the two regions will mix together, forming vortices and causing the original
configuration to be lost [66,67]. In this simple case, a configuration such as that which has just been
described is always unstable, however small the initial disturbance may be [66,67]. Less rare than might
be thought, this phenomenon is often found in nature and can be readily seen with the naked eye. An
example are the distinctive wave- like formations that clouds sometimes show if subjected to particular
air currents travelling at different speeds.

Kelvin–Helmholtz instability phenomena are thus very frequent on our planet, and studies of their
effects have led over the years to the development of models that can predict transitions from laminar to
turbulent flow [66,67].

Moreover, it has recently been observed that Kelvin–Helmholtz instability phenomena habitually take
place also on the Sun’s surface and in the so-called “solar corona”. As was indicated earlier, these
phenomena may be associated in some way with cavitation and hence with low energy fission reactions.

The Sun is a medium-small star consisting essentially of hydrogen and helium [68], as well as traces
of heavier elements such as C, O, Li and Be [68]. Recent studies of the composition of the Sun’s surface
have indicated that, contrary to what might be expected from considering these elements as the result of
nuclear fusion and from the standard models of a star’s evolution, elements such as Li [69] and Be [70]
are much less abundant than predicted. In evaluating the differences between the present composition of
the Sun and that of the proto-Sun, it can be seen that the concentrations of Li are 160 times lower than
they were 4.57 Billion years ago [69], which is not what the canonical models predict [69]. Likewise, the
concentrations of Be are also lower than predicted. The depletion of these elements is normally associated
with convective phenomena that transport them from the surface to hotter areas near the core, where they
are destroyed by high temperatures and pressures. However, these convective phenomena are not sufficient
to explain such low concentrations of Li and Be on the Sun’s surface [69]. It can thus be assumed that the
low Li and Be content of the Sun’s surface is associated with anomalous fission reactions that, through
Kelvin-Helmholtz instability, transform Li and Be into lighter elements as follows:

Be9

4 → 2He4

2
+ 1 neutron

Be9

4
→ Li63 + H1

1 + 2 neutrons

Li6
3
→ He4

2 + H1

1 + 1 neutron.
6. Conclusions

A series of fracture experiments on natural rocks has recently demonstrated that the TeraHertz pressure
waves, produced in solids and fluids by mechanical instabilities, are able to induce fission reactions on
medium weight elements with neutron and/or alpha particle emissions. The same phenomenon appears
to have occurred in several different situations and to explain puzzles related to the history of our planet,
like the ocean formation or the primordial carbon pollution.

Considering the entire life of our planet and all the most abundant chemical elements, it can be seen
how ferrous elements have dramatically decreased in the Earth’s Crust (−12%), as well as at the same
time aluminium, silicon, and carbon have increased (+12%). Similarly, alkaline-earth elements have
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strongly decreased (−8.7%), whereas alkaline elements (+5.4%) and oxygen (+3.3%) have increased.
The appearance of a 3.3% oxygen represents the well-known Great Oxidation Event, a phenomenon that
led to the formation of oceans on our planet.

Moreover, the temporal correlation betweenmost important tectonic activities on earth andmost evident
chemical changes in the crust, together with the nearly perfect chemical concentration balances, suggest
that an alternative interpretation of the Earth’s Crust evolution should be taken into account. Plate tectonics
and high-frequency pressure waves seem to imply the geochemical evolution. Similar evidence may be
observed in Mars crust and atmosphere and in Sun surface due to tectonic-volcanic activity in the former
case and turbulent flow instability (Kelvin–Helmholtz instability) in the latter.
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