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Abstract

Geophysical observations indicate that the upper mantle contains a small amount
of melt, which is distributed unevenly. Overall, the oceanic mantle contains
significantly more melt than the continental mantle, and the asthenosphere con-
tains the most melt, whether beneath oceans or continents. Current theories of
melt formation cannot explain this uneven distribution of melt within the man-
tle. Here, based on the latest research findings regarding neutrino oscillation-
induced radioactive decay and mantle melt formation, we further investigate
the influence of Earth’s material density on atmospheric neutrino oscillations.
We analyze the necessary conditions for atmospheric neutrinos to generate Mi-
kheyev-Smirnov-Wolfenstein (MSW) resonance within the Earth’s interior, and
discuss the heat generation from MSW resonance-induced radioactive decay,
as well as the formation and distribution of the melt. The results indicate that the
necessary conditions for atmospheric neutrinos to generate MSW resonance
within the Earth are: a constant material density and a width (or thickness)
exceeding a certain threshold. The composition of the crust is complex, with sig-
nificant fluctuations in density; there are no material layers with a width ex-
ceeding the threshold and a constant density, making it difficult to form MSW
resonance. In contrast, mantle material is relatively homogeneous and pos-
sesses a certain degree of plasticity, allowing for creep. Its density varies uni-
formly, and within relatively thin layers, the density remains essentially con-
stant, satisfying the conditions required for the formation of MSW resonance.
Therefore, MSW resonance can occur in the mantle, inducing radioactive de-
cay and heat generation, and producing melt. At the same time, we demon-
strate that due to tectonic stresses at the Earth’s surface, mantle melt migrating
upward converges beneath low-stress arched structures (mountain ranges),
thereby forming a laterally inhomogeneous distribution.
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Melt Formation, Arched Structure, Distribution of Mantle Melt

1. Introduction

The presence of small amounts of melt in the mantle and asthenosphere has been
confirmed by geophysical observations and is widely accepted (Zohoori & Spetz-
ler, 1970; Mierdel et al., 2007; Chantel et al., 2016; Debayle et al., 2020; Liu & Yang,
2024). Experiments have shown that shear wave velocity (Vs) is closely related to
temperature, composition, and melt content, whereas shear wave attenuation (Qs)
is largely unaffected by chemical composition but is strongly influenced by tem-
perature, varying in an exponential relationship with temperature. Therefore, by
comparing observations of Vs and Qs, it is possible to estimate the melt content
in the mantle and asthenosphere (Selway & O’Donnell, 2019). Debayle et al. (2020)
based on extensive Rayleigh surface wave data recorded at relevant stations, uti-
lized seismic surface wave tomography methods. By establishing global models of
shear wave velocity (DR2020s) and shear wave attenuation (QsASDR17) at differ-
ent depths in the upper mantle, and combining these with experimental results
and corresponding simulations of how Vs and Qs vary with temperature, pressure,
and melt content, they calculated the melt content at various depths within the up-
per mantle. The results indicate that melt is generally present in the Low-Velocity
Zone (LVZ) at depths of 150 - 200 km within the oceanic asthenosphere, with a melt
fraction below 0.3%. However, beneath mid-ocean ridges, major hotspots, and post-
arc regions near the Pacific Ocean at depths of 100 - 200 km, the melt fraction ex-
ceeds 0.3% and can reach 0.7%; Small amounts of melt are present at a depth of
300 km beneath tectonically active regions on continents, such as the East African
Rift Valley, the Qinghai-Xizang Plateau, Balleny Island in Antarctica, and the west-
ern United States; virtually no melt was detected at a depth of 350 km in the global
mantle (Figure 1). These results indicate that the distribution of mantle melt is
characterized by heterogeneity. Overall, melt is concentrated in the upper mantle,
with the highest concentrations found in the asthenosphere. Melt is more abun-
dant beneath mountain ranges (including mid-ocean ridges) than in other regions,
and the upper mantle and asthenosphere of the oceans are more enriched in melt
than those of the continents.

For mantle rocks to melt, the temperature must exceed their solidus. There are
two ways to achieve this: first, by heating the rocks to a temperature above their
solidus; second, by lowering the solidus temperature of the rocks at a constant
temperature (e.g., by introducing volatiles or reducing pressure). To date, the pri-
mary sources of energy input into the mantle are radioactive materials (The
KamLAND Collaboration, 2011) and mantle plumes (Choi, 2013; Koppers et al.,
2021). However, radioactive materials are distributed relatively uniformly, which
cannot explain the heterogeneity of mantle melts, while mantle plumes occur only

at a few hotspots and cannot provide energy for the formation of asthenospheric
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Figure 1. Melt contents at different depths in the upper mantle. The images are from
Debayle et al. (2020).

melts far from these hotspots. Therefore, it is generally believed that the primary
cause of mantle melt formation is the decompression of ascending mantle mate-
rial, or the incorporation of water, which lowers the melting point of the rock,
leading to the melting of a portion of the material (Lambert & Wyllie, 1970; Gu et
al., 2001; Mierdel et al., 2007; Xia et al., 2022; Niu, 2023). The mantle is generally
dry, and water is typically introduced only through plate subduction (Xia et al.,
2022). However, subduction and mantle upwelling occur only in localized regions,
which contradicts the global distribution of the melt-rich asthenosphere. There-
fore, subduction-induced water injection and mantle upwelling cannot fully ex-
plain the formation of mantle and asthenospheric melts. Based on estimates of the
geothermal gradient, the temperature of the asthenosphere is insufficient to cause
the rocks in that region to melt. Therefore, without the addition of volatiles or
external energy, the heat provided solely by the geothermal gradient is insufficient
to cause partial melting of the material in this region. Consequently, the mecha-
nism responsible for the partial melting of the mantle and asthenosphere remains
a subject of debate (Zhang, 1999; Gu et al., 2001; Du, 2005; Mierdel et al., 2007;
Chen, 2013; Debayle et al., 2020). Furthermore, research indicates (Smye & Kele-
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men, 2025) that the formation of stable cratonic crust requires an ultra-high-tem-
perature environment to transport radioactive elements such as U and Th into the
upper crust. Since mantle upwelling alone cannot generate such ultra-high tem-
peratures, what mechanisms could produce these ultra-high temperatures in the
mantle and lower crust? This question requires further investigation.

Recently, Zhang & Zhang (2024a) proposed that heat generated by neutrino-
induced radioactive decay provides the energy for the formation of mantle and
asthenosphere melts. Using this energy as a driving force, they explained the for-
mation of a series of tectonic features, including the asthenosphere, the lithosphere-
asthenosphere boundary (LAB), paired metamorphic belts, new oceanic crust and
a strip-shaped magnetic anomaly on the mid-ocean ridges (Zhang & Zhang, 2024b,
2025a, 2025b). However, they did not provide a detailed explanation for issues
such as the non-uniform lateral distribution of melts in the upper mantle and as-
thenosphere.

In this work, we extend the research of Zhang & Zhang (2024b, 2025a) to discuss
the necessary conditions for atmospheric neutrino oscillations to generate Mikheyev-
Smirnov-Wolfenstein (MSW) resonance (Wolfenstein, 1978; Mikheyev & Smirnov,
1986, 1989) resonance within the Earth’s interior, analyzed the stratigraphic layers
and regions in the Earth’s interior that satisfy the requirements for MSW reso-
nance, and provided a satisfactory explanation for issues such as the non-uniform

distribution of mantle melt.

2. Method

Based on the MSW resonance theory of neutrino oscillations established by Wolf-
enstein (1978) and Mikheyev & Smirnov (1986, 1989), and incorporating the latest
research findings by Zhang & Zhang (2024a, 2024b) on neutrino oscillation-induced
radioactive decay and magma formation, this study analyzes the formation of MSW
resonance and the generation of melt by atmospheric neutrinos within the Earth’s
interior. By comparing these findings with geophysical observation results, this
study proposes the necessary conditions for the formation of MSW resonance and
the generation of melt. Additionally, based on the surface arching effect (Zhang &
Zhang, 2024c), we discuss the dynamics and global distribution of mantle melt
migration. The Earth density data used in this paper are derived from the PREM
(Preliminary Reference Earth Model) (Dziewonski & Anderson, 1981), while the
energy spectrum data for atmospheric neutrinos are taken from Honda & Kajita
(1995) and Gaisser & Honda (2002).

2.1. MSW Resonance of Atmospheric Neutrinos in the Earth’s
Interior

Wolfenstein (1978) was the first to establish the evolution equations for neutrinos
in a medium and studied the matter effects of neutrino oscillations. Building on
Wolfenstein’s evolution equations for neutrinos in a medium, Mikheyev & Smirnov

(1986, 1989) further derived the existence of resonance phenomena in neutrinos
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propagating through matter, known as the MSW mechanism. For simplicity, we
will use the two-flavor neutrino oscillation v, <>V, as an example to provide a
brief explanation. Neutrino conversion can be described using the instantaneous
eigenstates v,, and v,, ofthe Hamiltonian in matter. If an arbitrary neutrino
state is represented as |v> =V |V1m > + W, |V2m> , then the evolution equation for
neutrinos propagating in matter can be written in terms of (v, V,,) (de Hol-
anda et al., 2004):

_Ami . de,
4E d
ii(“’lm]: X (Wlmj (1)
dt\ vop, . do,, AmZ - [\ Wan
dy 4E

In the above equation, 6, is referred to as the matter effect mixing angle, and

m

Amé is the difference in effective mass squared; their relationships with the other

parameters are as follows:

Am; =\/(Am200529—ACC )2 +(Am25in 26))2 (2)

do,

m

_ 1 sin26,, dA

dy 2 AmZ dy

3)

In Equations (2) and (3) above, £'is the energy of the neutrino, 0 is the mixing
angle in vacuum, Am’ = |m§ -m? | is the difference in the squares of the masses
of the two mass eigenstates, and A, =2EV,. = 2\/§EGF N, (%) (where G is
the Fermi constant, N, () is the electron number density in the medium, and
V¢ is the effective potential).

If the medium density is constant, solving the neutrino evolution equation

yields the conversion probability after the neutrino has traveled a distance L:

i o[ AmAL
P L =Sin 20,,sin [ AE (4)

VeV,

Neutrinos enter resonance when the following condition is satisfied:

Am? cos 26
N o0 ey
(1) 2\J2G.E

At resonance, the mixing of the two neutrino flavors reaches a maximum, and

)

neutrino oscillations are enhanced. This is the MSW mechanism.

2.2. Atmospheric Neutrino Oscillation-Induced Radioactive Decay
and Mantle Melt Formation

As is well known, resonance is a form of forced vibration triggered by external
energy, which can have a highly destructive effect on fragile systems. After study-
ing the MSW mechanism, Zhang & Zhang (2024a) further pointed out that this
mechanism is, in fact, a typical physical resonance formed between neutrinos and
the medium. While it strongly influences neutrino oscillation behavior (increas-

ing flavor mixing), it also exerts a certain influence on the nucleons in the me-
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dium, exciting them into excited states. This leads to further destabilization of
unstable radioactive nucleons, thereby increasing their probability of decay (Fig-
ure 2) (Zhang & Zhang, 2024b). Since radioactive decay involves quantum tun-
neling effects (Gurney & Condon, 1991) and quantum transitions (Fermi, 1934),
it is extremely sensitive to energy; even minute energy perturbations can cause

decay rates to change exponentially.

( B -decay )

+ @ + €
g Ve

Vi (x=e, 1, T) \K\;?";

<

Daughter nucleus

NN\ P &\g@/

state parent nucleus

+ ® ( Q- decay )
a
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3) m@? + Y ( Energy rat;liatinn)
& Qe
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Figure 2. Neutrino oscillations perturb radioactive nuclei to decay in an excited state. This
image is quoted from Zhang & Zhang (2026).

Atmospheric neutrinos, produced by the decay of mesons generated through
the interaction of cosmic rays with atmospheric matter, are constantly passing
through our planet (Honda & Kajita, 1995; Kajita, 2010). The Earth contains abun-
dant radioactive elements, with a density ranging from 1 to 13 g/cm’ from the
oceans to the Earth’s core (Dziewonski & Anderson, 1981). The energies of at-
mospheric neutrinos are concentrated in the range of 0.1 - 10* GeV (Honda &
Kajita, 1995; Gaisser & Honda, 2002; Kajita, 2010). Based on the conditions for MSW
resonance, atmospheric neutrinos match the density of Earth’s matter over a wide
range, enabling them to form MSW resonance with Earth’s matter in various lay-
ers. During resonance, the energy of atmospheric neutrinos can be expressed as
(Upadhyay et al., 2023):

_ Am’cos20 _ AmZ [eV2 ] €05 20,

res — ~ € (6)
2J2G N,  7.6x10p[g/cm |

In the above equation, the relationship between N, and the material density
pis N, =Y,p/my ,where Y, isthe electron-to-nucleon ratio (i.e., the number of
electrons per nucleon), and m, is the nucleon mass number. The values of the
other relevant parameters are as follows: AmZ, =2.49x107 eV,
sin®20,, = 0.0875 .

The average density of the upper mantle is 3.5 g/cm’. When MSW resonance

occurs in the upper mantle, the neutrino energy is:

3.5 g/cm® Am2

E™ = 4.41GeV o/ B lcos20,, )
p 2.4x107° eV
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The average densities of the continental crust and the Earth’s core are 2.7 g/cm’
and 10.7 g/cm’, respectively. By the same reasoning, the energies of atmospheric
neutrinos when MSW resonance occurs in the continental crust and the Earth’s
core can be calculated to be approximately 11.67 GeV and 2.94 GeV, respectively.
These energies all fall within the energy spectrum of atmospheric neutrinos.

Calculations by Zhang & Zhang (2024b) indicate that in the upper mantle, the
decay of just 3.02% of major radioactive isotopes such as uranium, thorium, and
potassium is sufficient to cause melting of the upper mantle material. However,
in the lower mantle, due to the scarcity of radioactive materials, the heat generated
by MSW-induced radioactive decay is insufficient to cause melting. Therefore,
Zhang & Zhang (2024b, 2025a) propose that the melt is primarily generated in the
upper mantle, formed when atmospheric neutrinos induce radioactive decay in
this region, generating heat and causing partial melting of the material. This con-
clusion not only agrees very well with geophysical observations (Debayle et al.,
2020), but also explains the formation of tectonic and dynamic phenomena such
as the asthenosphere, metamorphic belts, and earthquakes (Zhang & Zhang, 2024b,
2025a, 2025b, 2025¢).

It is worth noting that, compared to mechanisms involving mantle upwelling
and the injection of volatiles to form melt, the temperature of melt generated by
radioactive heat produced through neutrino oscillations is primarily related to the
degree of radioactive element enrichment and the intensity of neutrino oscillation
perturbations. This temperature can be significantly higher than that of the sur-
rounding environment. Such ultra-high-temperature melt can more easily extract
elements such as U and Th, leading to depletion of the mantle and even the lower

crust.

3. Results and Discussion

Based on the MSW resonance theory (Wolfenstein, 1978; Mikheyev & Smirnov,
1986, 1989), the mechanism of radioactive decay induced by neutrino oscillations,
and the new theory of magma formation (Zhang & Zhang, 2024a, 2024b), atmos-
pheric neutrinos should be capable of generating MSW resonance as they propa-
gate through the crust, mantle, and core. Furthermore, since both the crust and
the upper mantle are rich in radioactive materials, they should both be capable of
generating melt. However, geophysical observations indicate that melt is virtually
absent in the crust, and melt in the upper mantle is not widely distributed; there
is more melt in the upper mantle beneath the oceans and less beneath the conti-
nents (Figure 1) (Debayle et al., 2020). Regarding the absence of melt in the crust,
which is enriched in radioactive elements, Zhang & Zhang (2024b) previously ex-
plained that, since MSW resonance in the crust had not yet fully initiated, radio-
active decay was not disturbed, and no melt was generated in the crust.

However, this explanation raises several issues: First, if atmospheric neutrinos
only trigger MSW resonance upon traversing the crust to reach the mantle, does

the significant difference in thickness between continental and oceanic crust im-
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ply that the onset of neutrino oscillation occurs at different times in these two
crustal types? Second, since the oceanic mantle contains significantly more melt
than the continental mantle, does this imply that the MSW resonance generated
by neutrino oscillations also differs between the oceanic and continental mantles?

These questions require further analysis and a clear explanation.

3.1. Necessary Conditions for MSW Resonance and Melt
Formation

In the previous section, we discussed that when neutrinos propagate through mat-
ter, resonance can occur when the electron number density of the matter matches
the neutrino energy. If the vacuum mixing angle is small, then for a neutrino en-
tering a medium from vacuum to form resonance (i.e., for mixing to reach a max-
imum), in addition to the neutrino energy and material density satisfying Equa-
tion (5), there is also a lower limit on the amount of matter (or width) required to
complete the transition between the eigenstates vi;2 and v,m and maximize mix-
ing. The amount of matter is characterized by the electron column density along

the neutrino trajectory (Lunardini & Smirnov, 2000; Smirnov, 2005):

d =[N, (x)dx (8)

0

The essence of neutrino oscillation resides in the coherent scattering that takes
place between neutrinos and the medium they traverse. Since the medium con-
tains electrons (e) but no muons (), the scattering amplitudes for v, and v,

differ. After passing through a medium with a certain line density x, v, and v,

e
develop a phase difference of 2n and start to oscillate. Therefore, the degree to
which the matter effect influences neutrino oscillations depends on both the den-
sity p and the width x of the medium. Equation (5) merely specifies the density
condition required for resonance and does not account for the medium’s width.
In fact, if the material thickness (or width) is too small (i.e., the material is insuf-
ficient), resonance is unlikely to form even if the density satisfies Equation (5).
This is because the mixing angle formed in the material during resonance differs
significantly from that in a vacaum—namely, 0 # 0,.. This indicates that a transi-
tion has occurred between the mass eigenstates v, and v, in the material,
thereby leading to a change in the mixing angle. Since oscillation (or transition)
is affected by matter (electron number density) and requires traversing a certain
width of matter (line width) to complete, neutrinos also need a specific line width
of matter to achieve mixing angle conversion and reach resonance (i.e., form max-
imum mixing). Given that neutrinos propagate at speeds close to the speed of
light, even if the conversion of the neutrino mixing angle can be completed in 10~
seconds, the width traversed by the neutrinos can still reach the kilometer scale.
Thus, we derive the necessary conditions for the formation of MSW resonance:
the neutrino energy and matter density must satisfy Equation (5), and the thick-
ness of the matter layer must be no less than d,. Once initiated, resonance can

perturb the decay of radioactive nucleons; consequently, d, also represents the
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minimum width required for resonance to perturb radioactive nucleon decay.
Furthermore, the formation of a melt is subject to specific conditions. In addi-
tion to the MSW resonance between neutrinos and matter, there must be an ac-
cumulation of radioactive material within the resonance region. If radioactive ma-
terial is scarce, even if MSW resonance exists and perturbs radioactive decay, the
total heat generated will be insufficient to produce a melt. Therefore, the necessary
conditions for melt formation are: the accumulation of radioactive elements within

the region and the presence of MSW resonance.

3.2. Formation of the Oceanic and Continental Mantle Melt and
the Reasons for Their Differences

Melt is virtually absent in the crust (even the small amount of melt or magma in
magma chambers originates from the upper mantle). This is because the density
characteristics of the crust do not satisfy the conditions for MSW resonance for-
mation; that is, there are no rock layers with a width greater than d, that have a
constant density or a smoothly varying density. The current estimates of Earth’s
density are based on statistical analyses of empirical relationships between seismic
waves and rock density. In reality, the density distribution in the Earth’s interior
is significantly influenced by temperature and material composition. However,
since it is impossible to directly measure temperature and material composition
within the Earth, these parameters can only be inferred from geothermal gradients
and pressure; therefore, the actual density of the Earth may differ from the widely
used density values (such as those in the PREM model) (Fang & Xu, 1999; Chu et
al., 2021). This is particularly true of the Earth’s crust, which not only exhibits
temperature variations due to uneven radioactive distribution but also features a
complex composition comprising rocks of varying densities, such as granite (den-
sity between 2.63 and 2.75 g/cm?), basalt (density between 2.8 and 3.3 g/cm?), and
sedimentary rock (between 2.69 and 2.7 g/cm’). Furthermore, these rocks are in-
terspersed with water, petroleum, and various gases. Consequently, it is difficult
to find a rock layer within the actual crust that is thousands of meters thick and
has a constant density. At least, no such rock layer exists in the continental crust.
Consequently, atmospheric neutrinos generally struggle to generate MSW reso-
nance within the crust, and thus no melt is produced there. Compared to the crust,
the mantle consists of relatively simple minerals and exhibits plasticity, allowing
it to creep slowly. The density of the mantle varies gradually throughout, and
within relatively thin layers (such as within a 10-kilometer range), the density of
the material remains essentially constant (Dziewonski & Anderson, 1981), satis-
fying the conditions for MSW resonance. Consequently, melt can form in regions
of the mantle where radioactive materials are concentrated.

Furthermore, like the oceanic mantle, the continental mantle exhibits plasticity
and shows minimal variation in overall density. Within relatively thin layers, there
exist rock layers with essentially constant density and a width greater than d,,,

capable of generating MSW resonance and driving radiogenic heat production;
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however, the amount of melt in the continental mantle is significantly less than in
the oceanic mantle. This is because as one descends deeper into the Earth, the
pressure on the material increases, raising the melting point and requiring more
heat to melt the same amount of material. Therefore, even if MSW resonance per-
turbs radioactive decay to produce the same amount of heat in both the oceanic
and continental mantles, the continental mantle generates far less melt than the

oceanic mantle due to its higher melting point.

3.3. The Origin of the Asthenosphere and LAB

The asthenosphere is a global zone of low velocity in the upper mantle. In oceanic
and continental regions, the upper boundary of the asthenosphere lies at depths
of approximately 40 - 60 km and 80 - 120 km, respectively, and can reach 150 -
250 km in some ancient cratons (Sleep, 2005; Fischer et al., 2010). The origin of
the asthenosphere has long been a subject of debate. These debates center on two
key issues: first, whether the low-velocity zones result from partial melting or min-
eral hydration; and second, how the melting occurs, or where the injected water
originates (Karato, 2012; Hua et al., 2023). It is currently widely accepted that par-
tial melting is the primary factor in the formation of the asthenosphere (Chantel
et al., 2016; Debayle et al., 2020; Hua et al., 2023). However, the formation mech-
anism of the asthenosphere melt remains controversial (Zhang, 1999; Du, 2005;
Chen, 2013). The primary reason for this controversy is that no single mechanism
can fully explain the global distribution of the asthenosphere melt or the depth
variations between continental and oceanic regions. Clearly, based on the melt
formation mechanism proposed in this paper, the melts in the asthenosphere also
originate from the heat generated by radioactive decay induced by atmospheric
neutrino oscillation perturbations. Why, then, is the melt content in the astheno-
sphere significantly higher than in other regions of the mantle? Zhang & Zhang
(2024b) propose that the generation of melt by neutrino oscillations is a stochastic
process that follows a normal distribution in space, with the asthenosphere being
the region where melt distribution is most concentrated. However, this explana-
tion lacks theoretical derivation and remains highly ambiguous. In fact, we can
demonstrate this through direct calculations. Studies show that if 3.02% of the
major radioactive isotopes in a given region of the upper mantle undergo rapid
decay, it can lead to complete melting of that region (Zhang & Zhang, 2024b).
Since mantle material is typically partially molten, the proportion of rapidly de-
caying radioactive isotopes should be less than 3.02%. Now, let us assume that
neutrino oscillations disturb 1 g of mantle material at different depths, causing
2.00% of the radioactive material to decay and generate heat. According to the
calculations in Zhang & Zhang (2024b), the heat generated by the complete decay
of radioactive material in 1000 kg of upper mantle material can reach 1.69 x 10"
J. From this, we can estimate that the heat generated by the decay of 2.00% of the
radioactive material in 1 g of mantle material is approximately 338 J. Since pres-

sure and temperature are essentially constant in a small region, the heat Q con-
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sumed by the melting of the rock can be calculated using the following formula:
Q=C,M(T-T;)+Lm )

In the above equation, C is the specific heat capacity, M/ is the mass of rock

p
as the temperature rises from T, to the melting point 7] L is the latent heat of
fusion, and m is the mass of rock that transitions from a solid to a liquid state at
the melting point 7.

At the top of the upper mantle (33 km below the surface, where the temperature
is approximately 1000°C and the specific heat capacity is 1000 J/kg-K), it takes
approximately 300 J of heat to raise 1 g of rock from 1000°C to its melting point
of 1300°C; the remaining 38 J can be used to melt the rock. Assuming the latent
heat of fusion is 210 kJ/kg, the amount of rock melted is 0.18 g; At a depth of 100
km (i.e., the asthenosphere), since the geothermal temperature is already close to
the liquidus temperature, the heat required to raise the rock to its melting point is
negligible. Almost all of the injected heat is used to melt the rock. Assuming a
latent heat of fusion of 600 kJ/kg, 338 ] of heat can cause 0.56 g of rock to melt; At
a depth of 300 km, the geothermal temperature is also close to the liquidus tem-
perature. Assuming a latent heat of fusion of 800 kJ/kg, 338 ] of heat can cause
0.42 g of rock to melt. These calculations clearly show that injecting the same amount
of heat produces the most melt in the asthenosphere. This is because as depth
increases, pressure rises, the liquidus temperature of minerals increases, and the
latent heat of fusion increases; therefore, when the same amount of heat is injected
at different depths, the amount of melt produced decreases with increasing depth;
Conversely, as depth increases, temperature rises, and the gap between the rock’s
temperature and its liquidus temperature narrows. Therefore, when heating man-
tle material at different depths to induce melting, less heat is required at greater
depths. In other words, as depth increases, injecting the same amount of heat pro-
duces more melt. The superposition of these two opposing trends inevitably re-
sults in a region where melt production is maximized—this region is the asthen-
osphere.

Apart from the asthenosphere, sporadic melt pockets are randomly distributed
throughout the upper mantle; however, the amount of melt in other regions is so
small that it is difficult to detect.

Melt initially forms in tiny regions where radioactive elements are relatively
enriched, existing as melt pocket (Liu, 2020). As the heat generated by radioactive
elements increases due to neutrino oscillation perturbations and temperatures
rise, these melt pockets gradually grow and coalesce, forming larger, mobile melt
bodies. These melt bodies are high in temperature and low in density, generating
buoyancy. Driven by this buoyancy, the melt continuously permeates, rises, and
coalesces through the interstitial spaces between mineral grains. As the ascent
height increases, the temperature of the melt gradually decreases, and its viscosity
increases accordingly. At the same time, the creep rate of the mantle continuously
decreases. When the melt reaches the lithosphere, it is blocked by the permeability
barrier at the lower boundary of the lithosphere, preventing it from continuing to
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ascend through permeation. Consequently, it can only ascend and migrate along
faults or fractures. Consequently, large volumes of melt become trapped at the
lithosphere-asthenosphere boundary (LAB), leading to a significant increase in
melt content in this region and the formation of a sharp discontinuity in seismic
waves (Schmerr, 2012; Zhang & Zhang, 2024b).

Since most of the melt in the asthenosphere is locally melted, its composition
retains its original characteristics, being more silicon-poor and iron-rich. In con-
trast, the vast majority of the melt in the LAB has migrated upward from the deep
mantle (Schmerr, 2012). During this migration, due to heat loss, some ultramafic
minerals in the melt crystallize out, resulting in the LAB melt being relatively sil-

icon-rich and iron-poor (Zhang et al., 2024).

3.4. The Influence of Surface Arch Structures on the Distribution
of Mantle Melt

The distribution map of upper mantle melt (Figure 1) compiled by Debayle et al.
(2020) based on geophysical survey results shows that melt tends to accumulate
beneath mid-ocean ridges, major hotspots, and back-arc regions near the Pacific
Ocean, whereas very little melt is present beneath ocean basins and continents.
This distribution of melt is the result of its migration under stress following its
generation. In addition to buoyancy, mantle melt is also subject to tectonic stresses.
Near the Earth’s surface, tectonic stresses primarily originate from the arch-like
structural effects formed by variations in surface topography.

In their study of the coupled evolution of basins and mountains, Zhang & Zhang
(2024c) established a tectonic dynamic model of basin-mountain coupling. They
proposed that the basin-mountain-basin system forms an arch-like structure, re-
sulting in distinct stress distributions within the system. The mountain range acts
as the arch, while the basins (or plains) on either side serve as the arch feet (Figure
3). The arch (mountain range) converts its immense gravitational force into lat-
eral compressive stress (i.e., circumferential stress) transmitted to the basins on
both sides, causing the pressure on the mountain margins and basins to be far greater
than that in the interior of the mountain range. The stress difference generated by
this arch-like tectonic effect provides the driving mechanism for basin subsidence
and mountain uplift. The stress characteristics of an arch-like structure are as fol-
lows: under the vertical load q acting on the arch-like structure, the support points
generate not only a vertical reaction force V but also a horizontal thrust H (Figure
4). It can be demonstrated that the lateral stress in an arch structure exceeds its
vertical gravitational force (Mao et al., 2020; Zhang & Zhang, 2024c). For moun-
tain ranges, this means that the stress on the rocks beneath the foothills (at the
base of the arch) is far greater than that on the rocks in the interior of the range
(directly beneath the arch). So a low stress zone was created in the belly of the
mountain range.

Stresses generated by arch tectonic effects can be transmitted downward through
the lithosphere into the mantle. Consequently, a low-stress zone forms in
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Mountain

Plain or Basin Plain or Basin

Figure 3. Schematic diagram of the basin-mountain-basin arch structure and the force and
migration direction of the melt below the mountain. The arrow indicates the direction of
mantle melt migration.

Figure 4. Stress condition of arch structure. Image quoted from Zhang &
Zhang (2024c).

the mountain arc, extending from the crust to the upper mantle, while the moun-
tain margins and the basins on either side become high-stress zones. This results
in the generation of a lateral stress beneath the mountains and basins, directed
from the basins and foothills toward the mountain range (Zhang & Zhang, 2024c,
2025a). Consequently, the melt generated in the mantle and asthenosphere is sub-
jected to two primary forces: one is the lateral stress (Fy) directed from the basins
and foothills toward the mountain core, resulting from the arch tectonic effect;
the other is the vertical upward buoyancy (F). Under the combined action of
these two forces (F = F; + F;), the melt ascends from the mantle and astheno-
sphere at a certain angle and converges beneath the interior of the mountain range
(as shown in Figure 3).

Consequently, significant amounts of melt accumulate in the mantle regions

beneath mid-ocean ridges, island arcs, and continental orogenic belts, which ex-
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hibit arched tectonic features. At mid-ocean ridges, because the oceanic crust is
relatively thin, once magma accumulates beneath the ridge to form a magma cham-
ber, it can easily penetrate the oceanic crust and erupt. In continental orogenic
belts, because the continental crust is thicker, once magma enters the crust along
faults or fractures, its temperature drops significantly. Some mafic minerals crys-
tallize and precipitate in the lower crust, leaving behind low-temperature, high-
viscosity acidic magma that continues to rise, intruding into the overlying rock
layers, leading to the uplift of rock strata and the growth of mountain ranges.
Previous studies have proposed various models for magma extraction and con-
vergence beneath mid-ocean ridges and continental orogenic belts, such as ridge
suction (Sim et al., 2020), lower crustal flow (Clark & Royden, 2000), and mantle
winds (Cao et al., 2026). However, these models not only fail to clarify the origin
of magma but also generally suffer from unclear dynamic mechanisms. For in-
stance, the Yellowstone Caldera has experienced repeated eruptions. New geophys-
ical investigations indicate that the magma from these eruptions originates from
the asthenosphere, with the initial magma source covering a vast area—spanning
thousands of kilometers in width (Farrell et al., 2014)—and potentially extending
to the asthenosphere beneath the Eastern Plains (Cao et al., 2026). The driving
mechanisms underlying this oblique, cross-lithospheric magma migration have
long remained unclear. Cao et al. (2026) suggest that magma migration in the Yel-
lowstone volcano is primarily controlled by lithospheric tectonics, attributing this
tectonic control to the interaction between an eastward-directed mantle wind and
westward tensional forces within the lithosphere. However, the existence of both
the mantle wind and westward tensional stresses within the lithosphere requires
further investigation. In fact, the Cordilleran mountain system, where Yellow-
stone National Park is located, together with the Pacific Ocean to the west and the
Great Plains to the east, forms a typical arch-shaped structure. Yellowstone Na-
tional Park is situated in the “belly” of this arch, a low-stress zone. Magma from
the oceanic mantle to the west and the continental mantle of the Great Plains to
the east converges upward into the low-stress Yellowstone area; the mechanical
mechanism is very clear and requires no additional driving forces. In their geo-
physical investigations of the crust and mantle beneath the Arxan volcanic group,
Han et al. (2018) discovered that magma migrates from the mantle to the crust
along an “arch-bridge pattern.” The two low points at the base of the arch are lo-
cated in the Songliao Basin and the Hailar Basin, respectively, while the arch itself
is formed by the Greater Khingan Range volcanic group. This “arch-bridge” path-
way for magma represents the projection of magma migration under the influence

of forces.

3.5. Existing Issues

Currently, the new theory regarding neutrino oscillation-induced radioactive de-
cay and magma formation remains a theoretical hypothesis proposed by only a

few scholars and has not yet been reliably verified experimentally. Consequently,
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the methodology presented in this paper still involves uncertainties, and the con-
clusions drawn require further experimental validation. Furthermore, since the
time scale of neutrino oscillation (flavor conversion) cannot be determined, the
precise value of the minimum resonance width defined in this paper cannot be
derived theoretically. Consequently, the arguments presented here are limited to

qualitative descriptions and lack quantitative calculations.

4. Conclusion

MSW resonance can excite unstable radionuclides in a medium, accelerating their
decay. The molten material inside the Earth is produced by the heat generated
from the decay of radionuclides, which is caused by MSW resonance disturbances
resulting from atmospheric neutrino oscillations, leading to the melting of some
of the material.

The necessary conditions for atmospheric neutrinos to generate MSW reso-
nance within the Earth are: a constant density of the rock layers and a thickness
exceeding a certain threshold (d,). The density of the Earth’s crust varies com-
plexly and does not meet the conditions for MSW resonance. In contrast, the man-
tle is plastic; within relatively thin layers of material, its density remains essentially
constant, allowing for the formation of MSW resonance. Therefore, radioactive
materials in the crust are not disturbed by MSW resonance and do not produce
melt, whereas radioactive materials in the mantle can undergo accelerated decay
and generate heat under the disturbance of MSW resonance, thereby producing
melt. Since the continental mantle is deeper, the pressure is higher, and the melt-
ing point of materials is higher, the same amount of heat melts a smaller volume
of continental mantle material compared to the oceanic mantle. Consequently, the
amount of melt formed in the continental mantle is far less than that in the oceanic
mantle.

Melt generated in the upper mantle is subject not only to upward buoyancy but
also to lateral stress directed from basins toward mountain ranges, resulting from
the arched tectonic structure of surface mountain ranges. This causes the melt
beneath basins to typically converge beneath mountain ranges (including mid-
ocean ridges, island arcs, and orogenic belts), leading to higher concentrations of
melt beneath mountain ranges than beneath basins (or plains).

The conclusions of this paper are based on a theoretical hypothesis and are sub-
ject to a degree of uncertainty; therefore, they require further experimental verifi-

cation.
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