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Abstract 

The origin of uranium-series imbalance and radiogenic lead excess has long been a subject of debate. 
Here, based on a novel theory of neutrino oscillation-induced radioactive decay and magma 
formation, a unified mechanism is proposed to explain uranium-series imbalance, radiogenic lead 
excess, and excess argon formation. This mechanism indicates that magma originates from the upper 
mantle, formed by the melting of its constituent materials due to accelerated radioactive decay 
induced by atmospheric neutrino oscillations. During magma formation, radioactive decay rates 
typically increase due to Mikheyev-Smirnov-Wolfenstein (MSW) resonance perturbations from 
neutrino oscillations. This effect causes radioactive isotopes to decay over a shorter period than their 
normal half-lives would suggest, resulting in overestimated ages based on decay laws. Consequently, 
radioactive daughter isotopes and radiogenic isotopes become enriched relative to their parent 
isotopes. The accelerated melting of radioactive materials due to increased decay rates means that 
both the excess of radioactive daughter isotopes and radiogenic isotopes accompany the magma 
formation process. When using radiometric dating, careful consideration of the mineral's formation 
environment is essential. Generally, minerals formed in the crust or at the Earth's surface exhibit 
relatively normal radiometric ages, whereas minerals formed in the mantle or glassy materials 
solidified from magma tend to show radiometric ages that are older to varying degrees. 

Keywords: radioactive isotope excess; Neutrino oscillation-induced radioactive decay; magma 
formation; radiometric dating 
 

1. Introduction 

In certain igneous rocks, anomalous abundances of Earth’s major radioactive isotopes and their 
decay products are frequently observed. These anomalies mainly manifest as disequilibrium within 
uranium isotope series [1], excesses of radiogenic lead isotopes [2,3] and the presence of excess argon 
[4,5], among other characteristic signatures. 

1.1. Uranium Series Imbalance 

The uranium radiochemical series comprises a sequence of short-lived radioactive daughter 
nuclides. For example, part of the ²³⁸U decay chain is illustrated as follows: 

U⬚238    α  ሱ⎯ሮ Th⬚234    β  ሱ⎯ሮ Pa
  β  ሱ⎯ሮ⬚234

U⬚234   α  ሱ⎯ሮ Th⬚230   α  ሱ⎯ሮ Ra⬚226   α  ሱ⎯ሮ Rn
  α  ሱ⎯ሮ ...

  α、β  ሱ⎯⎯⎯⎯ሮ Pb⬚206⬚222
       （1） 

Among the progenitors in the decay chain listed above, ²³⁰Th has a relatively long half-life of 
75.3 ka, while ²²⁶Ra has a shorter half-life of 1602 a. The half-life of ²²²Rn is even shorter, at only 3.82 
d. Uranium series equilibrium (herein referring to the ²³⁸U decay chain) denotes a state where ²³⁸U 
and its various daughter products in Equation (1) exhibit equal radioactive intensity per unit time, 
i.e., equivalent radioactive activity. Mathematically, this equilibrium is expressed as: 

Npλp=ND1λD1=ND2λD2=...=NDiλDi                           （2） 
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In this equation, P and D denote the parent and daughter radioactive isotopes, respectively; N 
represents the number of atoms of the radioactive element; and λ is the decay constant. When 
Equation (2) holds true, the parent and daughter isotopes are in a state of radioactive equilibrium. 
Conversely, when the radioactive activities of the parent and daughter isotopes differ (i.e., their 
activity ratio is not equal to 1), the system is in a state of uranium series disequilibrium. 

Studies have shown[1,6] that newly formed basaltic rocks from mid-ocean ridges exhibit varying 
degrees of uranium series disequilibrium, primarily characterized by relative excesses of daughter 
nuclides: (²³⁰Th/²³⁸U) > 1 and (²²⁶Ra/²³⁰Th) > 1 (ratios in parentheses represent alpha decay activity 
ratios). Furthermore, the relative excess of ²²⁶Ra is significantly greater than that of ²³⁰Th. The ²³⁰Th 
excess typically ranges from 1% to 40% [7–9], whereas the ²²⁶Ra excess can exceed 200%[10]. In 
contrast to young basalts, which exhibit uranium series disequilibrium, older basalts flanking mid-
ocean ridges are in uranium series equilibrium. Specifically, within the analytical error margin, both 
the (²³⁰Th/²³⁸U) and (²²⁶Ra/²³⁰Th) ratios in these older basalts are approximately 1. This indicates that 
the disequilibrium originates from the magmatic processes of basalt formation rather than post-
formation physicochemical alterations [11]. Beyond newly formed mid-ocean ridge basalts, varying 
degrees of uranium series disequilibrium have also been observed in other young volcanic 
rocks[1,6,12]. Compared to mid-ocean ridge basalts, oceanic island basalts generally exhibit higher 
(²³⁰Th/²³⁸U) ratios and lower (²²⁶Ra/²³⁰Th) ratios[6]. Regarding the origin of uranium series 
disequilibrium in young volcanic rocks, scholars have proposed various explanations; however, all 
these interpretations lack full self-consistency and remain highly debated [6,13–15]. It is generally 
assumed that the uranium series daughter elements in mantle source materials are in or near 
radioactive equilibrium, and that the excesses of 226Ra and 230Th arise from the differential partitioning 
of U, Th, and Ra between the melt and residual mantle phases. Under this premise, partial melting 
experiments that produce uranium series disequilibrium often require extreme physicochemical 
conditions in the magmatic source region, such as extremely low degrees of partial melting and the 
influence of garnet-bearing deep-source regions. Nevertheless, these conditions are inconsistent with 
conventional experimental results and observational data on basalt formation[1,6]. For instance, on a 
global mid-ocean ridge scale, (²³⁰Th/²³⁸U) ratios exhibit positive correlations with both the degree of 
partial melting and initial melting depth, increasing as the degree of partial melting rises. This 
contradicts the interpretation that partial melting drives elemental fractionation, given that smaller 
degrees of partial melting are generally expected to result in more significant fractionation[6]. With 
respect to ²²⁶Ra excess, experiments measuring the distribution coefficients of Ba and Th—which, due 
to Ba's chemical similarity to Ra, can approximate the Ra-Th distribution relationship—can partially 
explain Ra excess in melts from the source region. However, this explanation is not applicable to 
newly formed mid-ocean ridge basalts. It is generally accepted that the ascent rate of basalt is 
comparable to the spreading rate of the mid-ocean ridge, ranging from 2 to 10 cm/year. The 
substantial ²²⁶Ra excess generated by partial melting of the mantle below 10 km would take far longer 
than 8 ka (five times the half-life of ²²⁶Ra) to ascend to the surface, meaning this excess ²²⁶Ra cannot 
be preserved until magma eruption[1]. Furthermore, while most cases of uranium series 
disequilibrium involve excesses of radioactive daughter nuclides, exceptions exist: some volcanic 
lavas exhibit excesses of radioactive parent nuclides, characterized by (²³⁰Th/²³⁸U) < 1[16,17]. To date, 
no unified explanation has been proposed for this phenomenon of parent nuclide excess. 

1.2. The Lead Paradox 

In nature, lead (Pb) occurs as four stable isotopes: ²⁰⁴Pb, ²⁰⁶Pb, ²⁰⁷Pb, and ²⁰⁸Pb. Among these, 
²⁰⁴Pb is primordial (non-radiogenic) with an extremely long half-life of 1.4×1017 years—far exceeding 
the Earth’s age (~4.54 billion years)—rendering it effectively stable in geological contexts. The latter 
three are radiogenic isotopes, derived from the radioactive decay chains of ²³⁸U, ²³⁵U, and ²³²Th, 
respectively. Over geological time, the abundances of these radiogenic Pb isotopes have increased 
progressively as their parent nuclides decay. Based on the radioactive decay law, N=N0e−λt, where 
N₀ denotes the initial amount of the parent isotope (²³⁸U, ²³⁵U, or ²³²Th) at the time of mineral 
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formation, N is the remaining amount of the parent isotope after time t, and λ is the decay constant 
of the parent isotope. Using this formula, the quantities of radiogenic daughter products (206Pb, 207Pb, 
and 208Pb) generated by parent nuclide decay within a mineral can be quantified. If the mineral has 
maintained a closed isotopic system (i.e., no isotopic fractionation or loss/gain of parent/daughter 
nuclides) since its crystallization, the mineral’s formation age can be calculated using the half-lives 
of the respective parent isotopes. 

It is widely accepted that the vast majority of meteorites have undergone negligible U-Pb 
differentiation since their formation. Consequently, the formation age of a meteorite can be calculated 
by determining its Pb isotopic composition. According to current planetary formation hypotheses, 
meteorites share the same formation age as planets (including Earth). Thus, inferring the age of 
meteorites allows for the derivation of planetary and Earth ages. Patterson[18] first employed this 
method to determine the Geochron age of 4.55 billion years via meteorite Pb isotope composition 
(Figure 1.), which closely matches the currently measured Earth age of 4.57 billion years[19]. Earth is 
widely recognized to have experienced magmatic differentiation early in its history. As a result, its 
distinct layers (core, mantle, and crust) and diverse rock types display unique U/Pb and Th/Pb ratios, 
as well as characteristic ranges of Pb isotopic compositions. By the law of mass conservation, the Pb 
isotopic compositions of Earth’s various reservoirs and rock types should generally lie along the 
ʺGeochronʺ. However, extensive geochemical datasets reveal that mid-ocean ridge basalts (MORBs) 
and oceanic island basalts (OIBs) exhibit significantly higher 206Pb/204Pb and 207Pb/204Pb ratios than the 
Bulk Silicate Earth (BSE), predominantly plotting to the right of the zero-age Geochron (Figure 2)[20]. 
This phenomenon, known as the lead paradox [3], has long puzzled geochemists. 

 

Figure 1. Geochron. This image is quoted from reference Patterson[18]. 

It is widely believed that the lead paradox indicates the existence of a reservoir within Earth's 
interior containing lead isotopes of high non-radioactive origin. As the upper mantle constitutes the 
largest rock reservoir, mid-ocean ridge basalts (MORBs) represent the most voluminous magmatic 
rocks on Earth. The wide variation in Pb isotopic composition observed in MORBs (Figure 2.) reflects 
the complexity of their U-Th-Pb isotopic system. Therefore, studying the Th/U values of MORB 
mantle sources will aid in understanding the evolution of its Pb isotopes. The 232Th/238U value (k value) 
of MORB can be calculated using two methods: its decay daughter 208Pb/206Pb ratio and the 
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unbalanced uranium series daughter isotope 230Th. However, results from these two methods differ 
markedly: the 232Th/238U value (kPb) calculated from Pb isotope composition yields approximately 3.7, 
whereas the 232Th/238U value (kTh) derived from 230Th  isotopes yields only 2.5. This indicates that Pb 
isotopes in the upper mantle did not evolve within a closed system[21]. To resolve these puzzles, 
researchers have proposed various models or hypotheses, such as the core Pb accretion model[22], 
the low-radioactive-origin Pb reservoir model in the lower crust[23–25], the subduction zone Pb 
enrichment model[20,26], the low-μ mantle reservoir model[27], and mantle metasomatic 
enrichment[28]. However, none of these models or hypotheses has been supported by existing 
observational data[2,3]. 

 
Figure 2. Lead isotope compositions of oceanic basalts and mantle peridotites. This image is quoted from 
reference Zhang et al.[20]. 

1.3. Excess Argon 

In low-temperature minerals, ⁴⁰Ar produced by the electron capture decay of ⁴⁰K typically 
occupies the lattice site originally occupied by its parent nuclide ⁴⁰K. Consequently, radiogenic 40Ar 
is generally trapped within the mineral lattice and cannot escape. Thus, the crystallization age of the 
mineral can be calculated based on the half-life of ⁴⁰K and the concentration of radiogenic ⁴⁰Ar. The 
K-Ar (or ⁴⁰Ar/³⁹Ar) dating method is established on this fundamental principle. Aldrich and Nier [4] 
first reported the occurrence of excess argon in minerals, a phenomenon where the total 40Ar content 
in mineral samples exceeds the total ʺradiogenically produced argonʺ calculated from the ⁴⁰K content 
and its decay kinetics. This excess ⁴⁰Ar is attributed to discrepancies between the isotopic composition 
or age derived from radioactive decay laws and the actual values of the mineral. The closure 
temperature for K-Ar dating in potassium feldspar is only approximately 150℃, whereas that for U-
Pb dating in zircon exceeds 800℃. Under normal magmatic cooling conditions, zircon—being heat-
resistant—crystallizes (and achieves isotopic closure) first, followed by the low-melting-point 
potassium feldspar (which also undergoes isotopic closure subsequently). Hence, zircon should 
theoretically yield an older age than potassium feldspar. However, field observations have revealed 
that the dating age of later-crystallized potassium feldspar can be older than that of earlier-formed 
zircon. For instance, Ke et al.[29] conducted high-precision SHRIMP U-Pb zircon dating on multiple 
minerals from the eastern Tashkurgan alkaline gneiss within the Pamir tectonic complex, yielding an 
age of 11 Ma, which is consistent with field geological evidence. In contrast, ⁴⁰Ar/³⁹Ar dating of 
potassium feldspar from the same gneiss body yielded an age of 23 Ma. This significant age 
discrepancy can only be explained by the presence of excess argon in the potassium feldspar. 

To date, excess argon has been detected in numerous mineral species, with a particular 
prevalence in young volcanic rocks[5,30]. For example, Li et al.[31] combined ⁴⁰Ar/³⁹Ar, Sm-Nd, and 
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U-Pb dating methods to determine the age of quartz-bearing pyroxene gneiss from Qinglongshan, 
northern Jiangsu. The results showed that the ⁴⁰Ar/³⁹Ar dating yielded an age of approximately 900 
Ma, which is significantly higher than the 226 Ma obtained from Sm-Nd and U-Pb dating. Li et al.[5] 
investigated the ⁴⁰Ar/³⁹Ar ages of biotite and amphibole from the Kangding Complex, concluding 
that these minerals yielded ⁴⁰Ar/³⁹Ar ages of 880–920 Ma, whereas their U-Pb ages ranged from 770 
to 780 Ma. Calculations indicated that excess argon accounted for approximately 16% of the total 
argon in the samples. 

It is generally accepted that excess argon may derive from two sources: first, ʺresidualʺ ⁴⁰Ar—
initially present in the sample but not fully expelled during preparation or analysis; second, 
extraneous ⁴⁰Ar—distinct from that produced by in situ ⁴⁰K decay—which can infiltrate the sample 
via various geologic processes (e.g., hydrothermal activity, fluid migration)[32]. However, Scaillet[33] 
employed laser microprobe ⁴⁰Ar/³⁹Ar spot-fusion dating of plagioclase feldspar from the Dora-Maira 
gneiss and documented a concentric radial pattern of decreasing ages from grain core to rim on 
millimeter-scale individual feldspar crystals. The oldest age (321.6 Ma) was recorded at the core, 
while the youngest (285.0 Ma) occurred at the rim. This observation implies that excess argon was 
trapped during early mineral crystallization and subsequently mobilized via volume diffusion 
during greenschist-facies thermal events. Scaillet’s subsequent investigations further demonstrated 
that this excess argon was sourced from the garnet peridotite itself, rather than external reservoirs 
[33]. 

In summary, the origins of uranium-series disequilibria, the lead paradox, and excess argon 
remain controversial, with no consensus explanation yet established. To address these unresolved 
issues, this study analyzes variations in radioactive decay rates during magma genesis and migration, 
as well as their impacts on radioactive decay series, based on emerging theories of neutrino 
oscillation-induced radioactive decay and magma formation[34–36]. We propose a unified 
framework to explain the origins of uranium-series disequilibria, the lead paradox, and excess argon. 

2. Neutrino Oscillation and Magma Formation 

2.1. Neutrino Oscillation-Induced Radioactive Decay 

Wolfenstein[37], Mikheyev and Smirnov[38] successively investigated the material effects of 
neutrino oscillation, establishing the evolution equation for neutrinos propagating through matter. 
By solving this equation, they derived the flavor conversion probability of neutrinos. Taking two-
flavor neutrinos (e.g.,νe ↔ νμ) as an example, the flavor conversion probability in constant-density 
matter can be expressed as: 

 P஝౛→஝ಔ = sinଶ2θ୫ sinଶ(∆୫మౣ ୐ସ୉ )                              （1） 

Here, E is the neutrino energy, L is the oscillation baseline length, θ୫ is the mixing angle due 
to the material effect, and ∆m୫ଶ  is the effective mass square difference. The corresponding values are 
given by the following formulas: 

 tan2θ୫ = ∆୫మୱ୧୬ଶ஘∆୫మୡ୭ୱଶ஘ି୅ిి                                  （2） ∆m୫ଶ = ඥ(∆mଶcos2θ − Aେେ)ଶ + (∆mଶsin2θ)ଶ                    （3） 
In equations (2) and (3), θ is the mixing angle in vacuum, ∆mଶ = |mଶଶ − mଵଶ| is the mass square 

difference between the two eigenstates, and Aେେ ≡ 2EVେେ = 2√2EG୊Nୣ is the charge-carrying 
material potential (where G୊  is the Fermi constant and Nୣ  is the electron number density in the 
material). 

Resonance between neutrinos and medium atoms occurs when the following condition is 
satisfied: 

 V(Nୣ) = Vେେ = √2G୊Nୣ = ∆୫మୡ୭ୱଶ஘ଶ୉                             （4） 
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Since this resonance mechanism was jointly discovered by Mikheyev, Smirnov and Wolfenstein, 
it is named the Mikheyev-Smirnov-Wolfenstein (MSW) mechanism. During resonance, the neutrino 
flavor conversion probability reaches its maximum value. Zhang and Zhang[34–36] studied the MSW 
mechanism and pointed out that it actually represents physical resonance between neutrinos and 
medium atoms, involving energy excitation. This resonance strongly influences neutrino oscillation 
behavior, increasing neutrino flavor conversion probabilities while also affecting medium atoms. It 
excites unstable radioactive nucleons in the medium into excited states, increasing their decay 
rates[34,35] (Figure 3.). Since radioactive decay in matter is a tunneling effect[39] and quantum 
transition phenomenon[40], it is highly energy-sensitive. Even negligible energy excitation can cause 
decay rates to increase exponentially. 

 
Figure 3. Neutrino oscillations perturb radioactive nuclei to decay in an excited state. This image has been 
modified according to reference [35]. 

The Earth's interior contains abundant radioactive materials. If neutrinos traversing the planet 
can resonate with terrestrial matter through MSW resonance, this resonance would undoubtedly 
excite the Earth's radioactive substances, increasing their decay probability and the heat generated 
during decay. Based on resonance conditions, it is readily apparent that atmospheric neutrinos 
traversing the Earth can form MSW resonance within the planet's interior (Note: According to 
resonance conditions, solar neutrinos possess lower energy and cannot form MSW resonance within 
the Earth). From equation (4), the energy of atmospheric neutrinos during resonance is obtained as 
[35,41]: E୰ୣୱ = ∆୫మୡ୭ୱଶ஘ଶ√ଶୋూ୒౛ ≈ ∆୫యభమ ሾୣ୚మሿୡ୭ୱଶ஘భయ଻.଺×ଵ଴షభర஡ሾ୥/ୡ୫యሿ eV                          （5） 

In the above equation, the relationship between Ne and material density ρ is Nୣ = Yୣρ/m୒ 
where Yୣ is the electron number (i.e., the number of electrons per nucleon) and m୒ is the nucleon 
mass number. When the atmospheric neutrino energy Eres and material density ρ satisfy equation 
(5), MSW resonance can be formed. 

2.2. Formation and Migration of Magma 

The four primary radioactive isotopes within the Earth—²³⁸U, ²³⁵U, ²³²Th, and ⁴⁰K—undergo the 
following decay reactions under neutrino oscillation perturbations[42]: 

U  
    →    Pb+8α+6e−⬚206⬚238

+6νതe +51.7MeV                        （6） 

U 
    →   Pb+7α+4e−⬚207⬚235

+4vതe+46.4MeV                          （7） 
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Th  
    →    Pb+6α+4e−⬚208⬚232

+4νതe+42.7MeV                        （8） 

K  
   →    Ca+e−⬚40⬚40

+νതe +1.31MeV (89.28%)                        （9） 

K  + eି    →    Ar+⬚40⬚40  νe+1.51MeV (10.72%)                      （10） 
Research indicates that the atmospheric neutrino energy spectrum is extremely broad, spanning 

approximately 0.1 GeV to 104 GeV, with the upper limit extending to the TeV scale[43,44]. The density 
of terrestrial materials ranges from 1 to 13 g/cm³[45]. Based on Equation (5), all materials within the 
Earth can undergo Mikheyev–Smirnov–Wolfenstein (MSW) resonance with atmospheric neutrinos. 
This suggests that radioactive materials distributed across all layers of the Earth’s interior may be 
subject to accelerated decay and enhanced heat production via excitation through MSW resonance. 
However, owing to the low abundance of radioactive materials in the lower mantle and core, the heat 
released by neutrino oscillation-induced radioactive decay is insufficient to trigger material melting. 
As a result, substantial molten reservoirs cannot form, nor can thermally significant effects be 
generated. While the crust is enriched in radioactive species, MSW resonance between neutrinos and 
matter involves a distinct initiation phase. Upon penetrating the crust, neutrinos generally remain in 
this pre-resonance state, with full MSW resonance established only when they reach the upper mantle. 
For this reason, crustal radioactive materials do not undergo resonant excitation and thus do not 
contribute to melt formation. Calculations reported in [35] demonstrate that if MSW resonance were 
to stimulate decay in a mere 3.02% of the primary radioactive materials in the upper mantle, the 
resultant heat would be adequate to induce melting of upper mantle materials. On the basis of this 
finding, Zhang and Zhang [35,36] postulate that the majority of Earth’s internal melt (or magma) is 
derived from the upper mantle and asthenosphere. 

The melting effect of neutrino oscillation perturbations first occurs in minute regions enriched 
with radioactive substances, forming melt pockets of various shapes[35,46]. These tiny melt pockets 
are typically randomly distributed throughout the upper mantle, disconnected from one another, and 
represent the embryonic stages of magma. As MSW resonant perturbations persist, radioactive 
heating intensifies, gradually enlarging the molten zones. These melt pockets progressively 
transform into massive droplets, coalescing with surrounding melt pockets and droplets to form 
mobile melts or magmas. Driven by buoyancy, these melts or magmas ascend. Upon reaching the 
lithosphere, magma migration is further influenced by tectonic stresses. The upper mantle exhibits 
plastic behavior, allowing magma to ascend primarily through permeation[35,36]. Upon reaching the 
rigid crust, mineral crystals resist creep, preventing further permeation. Magma then migrates along 
fractures toward regions of lower stress, thereby driving various tectonic movements on Earth 
[35,36,47,48]. 

3. Discussion 

3.1. Formation of Uranium-Series Imbalance and the Lead Paradox 

The excess of certain elements derived from age and decay equilibrium requires two 
prerequisites: first, that radioactive decay is constant, and second, that the environment remains 
undisturbed for a sufficiently long period. The theory of neutrino oscillation-induced radioactive 
decay and new magma formation reveals that under the disturbance of the MSW mechanism—where 
atmospheric neutrino oscillations occur—the decay rate of radioactive elements increases, leading to 
the melting of materials into magma. This is how melts form within the mantle [35,36]. In other words, 
under specific mantle conditions, radioactive decay rates are not invariant but can be enhanced, 
providing a straightforward explanation for the observed excess of certain radiogenic isotopes. For 
the uranium decay series, when the decay constant λ remains stable, the equilibrium condition 
Npλp=ND1λD1=ND2λD2=...=NDiλDi is satisfied if the system remains undisturbed for millions of years. 
However, if λ suddenly increases in a localized region, all radioactive isotopes (both parent and 
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daughter nuclides) undergo simultaneous accelerated decay. While the uranium series could re-
establish equilibrium over time if the elevated λ were sustained, neutrino oscillations are probabilistic 
events, and MSW resonance is confined to specific mantle domains [35,36]. Consequently, the 
enhancement of λ is transient, occurring over relatively short time intervals. For instance, when the 
entire uranium series resides within an MSW resonance zone, all constituent isotopes experience 
accelerated decay. As the radioactive isotopes are rapidly transported upward with the magma and 
exit the resonance zone, their decay constant λ reverts to its baseline value. This transient 
perturbation inevitably induces uranium series disequilibrium: the elevated λ causes parent uranium 
isotopes to undergo ʺcompressed decay,ʺ wherein the quantity of uranium that would normally 
decay over an extended period is dissipated in a short timeframe, thereby generating a surplus of 
daughter isotopes. Over geological timescales, this accelerated decay thus leads to an excess of 
daughter nuclides in the uranium series. Notably, the uranium decay chain comprises numerous 
daughter isotopes with distinct decay rates, and the sequential transformation of parent uranium into 
these daughter nuclides is a time-dependent process. This process may cause later-stage daughter 
nuclides to be “overdrawn” during λ's increase, temporarily deprived of replenishment from 
preceding daughter nuclides' decay. Consequently, these later-stage daughter nuclides experience a 
relative deficit compared to the parent nuclide, resulting in a parent nuclide surplus. For example, in 
the 238U decay series, the first two daughter nuclides, 234Th and 234Pa, have very short half-lives of 24.1 
years and 6.7 hours, respectively. After an increase in the decay rate λ followed by its return to normal, 
equilibrium can be reached relatively quickly. The subsequent daughter nuclides, 234U and 230Th, 
possess much longer half-lives of 2.47×106 years and 7.52×10⁴ years, respectively. After disturbance, 
they may require millions and hundreds of thousands of years, respectively, to return to equilibrium. 
In other words, when λ increases, accelerating radioactive decay and generating magma, if this 
magma ascends to the surface within hundreds of thousands of years and is sampled for analysis, it 
will exhibit a deficit relative to its parent 238U. Therefore, lava showing an excess of radioactive parent 
material is typically fresh lava that rapidly ascended to the surface after mantle melting. Slow melt 
ascent or prolonged residence in the mantle or near the surface prevents radioactive parent excess. 
For example, the Kick'em Jenny (KEJ) submarine volcanic lava, proven to exhibit high 238U excess, is 
fresh lava erupted in the last century[17]. 

The formation of radiogenic Pb excess stems from two mechanisms: First, 206Pb、207Pb、208Pb 
are terminal decay products of 238U, 235U, and 232Th, respectively. An increase in λ followed by its 
return to normal values leads to excess accumulation of these daughter isotopes. Second, non-
radioactively produced 204Pb is not a stable isotope, possessing a half-life of 1.4×1017 years. Although 
this half-life is negligible, when 204Pb is resonantly perturbed by neutrino oscillations (MSW), its λ 
correspondingly increases, accelerating its decay and depletion. This explains the absence of non-
radioactive 204Pb. 

3.2. Causes of Excess Argon and ⁴⁰K Deficiency 

Potassium has three isotopes: 39K、⁴⁰K, and 41K. Of these, 39K and 41K are stable, while ⁴⁰K is a 
radioactive nuclide that decays to ⁴⁰Ca and ⁴⁰Ar. The K-Ar (or 40Arr/39Ar) dating method calculates 
geological ages based on the decay of ⁴⁰K to ⁴⁰Ar. When measured ages exceed the true geological 
ages, researchers typically attribute this discrepancy to excess argon—often assumed to be residual 
or extraneous[31,32]. However, few studies have explored whether this excess argon could originate 
from accelerated ⁴⁰K decay. For example, Dalrymple and Moore[49] applied K-Ar dating to pillow 
basalts and whole-rock cores from lava flows at depths of 500~5000 m on the northeast ridge of 
Hawaii’s Kilauea Volcano, yielding an age of approximately 43 Ma. Yet multiple lines of geological 
evidence confirm these lava flows formed during the Quaternary period. This significant age 
overestimation led the authors to conclude that the pillow basalts contain excess trapped argon. 
Alternatively, this discrepancy could be interpreted as a depletion of the radioactive parent nuclide 
⁴⁰K. If all excess ⁴⁰Ar could be demonstrated to derive exclusively from the decay of its parent ⁴⁰K, 
there would be no basis for invoking the concept of ʺexcess ⁴⁰Ar.ʺ Notably, Wang et al.[50] recently 
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published a study investigating potassium isotopes in various minerals. While the isotopic 
abundance ratios of potassium’s three nuclides are generally constant in terrestrial minerals, their 
findings revealed distinct potassium isotopic anomalies in certain samples—all exhibiting varying 
degrees of ⁴⁰K depletion. However, as the authors’ primary objective was to demonstrate the 
occurrence of extraterrestrial meteorite impacts during Earth’s early history, they interpreted this 40K 
depletion as a potential signature of these ancient events. The samples analyzed by Wang et al. [50] 
were derived from rock powders of the oldest terrains in Greenland and Canada, alongside modern 
volcanic lavas from Hawaii. These samples exhibited a widespread deficiency of ⁴⁰K, with an average 
loss of approximately 65 parts per million. Using decay equations, the decay age corresponding to 
this deficiency can be readily calculated. Let the initial ⁴⁰K content be N0. After time t, the ⁴⁰K content 
becomes N. Assuming the missing 65 ppm of ⁴⁰K decayed over time t, and considering that electron 
capture decay accounts for only 10.72% of ⁴⁰K decay, we have: ே0ିேே0

= 65
106 × 10.72%. Solving yields: 

1− ேேబ ≈ ଻ଵ଴ల  , since: N = N0eିλt  (or ேேబ = eିλt ) , thus 1−eିλt = ଺ହଵ଴ల . In the above equations, λ ≈ 

4.962×10⁻¹⁰ a⁻¹ is the electron capture decay constant for ⁴⁰K. From this, we can calculatet=1.4×104a. 
For modern lava (100 a), if the missing 65 parts per million of ⁴⁰K decayed into ⁴⁰Ar, it would result 
in a 140-fold excess of ⁴⁰Ar. For Hadean rocks (4 Ga), the relative excess of ⁴⁰Ar would only be 3.5 
parts per million. Typically, minerals exist in open environments where material exchange occurs 
with the surroundings. Over time, excess radiogenic isotopes are continuously diluted and mixed, 
causing the excess amount to diminish. Therefore, generally speaking, younger volcanic rocks exhibit 
greater excess radiogenic isotopes, resulting in calculated ages that appear older[51]. Of course, due 
to significant differences in the physicochemical properties of K and Ar, their interaction with 
environmental materials varies markedly. Consequently, within the same mineral, ⁴⁰K and ⁴⁰Ar do 
not strictly decrease or increase in the same proportion. Thus, even if all ⁴⁰Ar in a mineral originates 
from the decay of ⁴⁰K within that mineral, the amount of excess ⁴⁰Ar does not necessarily match the 
amount of missing ⁴⁰K. Consequently, this leads to potential discrepancies in the ages calculated from 
different elements, including both radioactive isotopes and radiogenic isotopes. 

Excess argon is frequently encountered in olivine phenocrysts, plagioclase, amphibole, and 
various mica minerals[6,32]. Notably, micas derive from both magmatic crystallization within the 
mantle and metamorphic processes in the crust. Previous studies have indicated that MSW resonance 
typically modulates radioactive decay rates exclusively in the mantle, with no discernible effect on 
crustal radioactive materials[35,36]. Conversely, if micas were formed entirely through the 
metamorphism of crustal protoliths, excess argon would be absent—only mantle-derived magmatic 
micas could potentially retain such excess argon. 

Wang[52] determined K-Ar ages of muscovite from selected garnet gneisses and, through 
comparative analyses, identified excess argon contents in excess of 50% within these muscovite grains. 
Scaillet [33] further investigated polysilicate muscovite in garnet gneisses, revealing that excess argon 
was trapped during early-stage mineral crystallization and subsequently reactivated during post-
formation thermal events. This finding supports the notion that excess argon may originate from 
deep mantle magmas. 

Furthermore, Chen et al.[53] conducted studies on high-pressure gneisses formed entirely from 
country rocks—specifically in orthogneisses of the Kunlun Orogenic Belt (western China) and 
gneisses of the Su-Lu region. Their dating of muscovite derived solely from these country rocks 
yielded ages that closely align with regional tectonic chronologies. This observation conclusively 
demonstrates that crustally derived muscovite does not exhibit excess argon. 

3.3. On the Issue of Radiometric Dating 

The fundamental principle of commonly used radiometric dating methods is that radioactive 
elements decay at a constant rate. However, if we propose that under specific conditions, the 
radioactive decay rate can undergo significant modifications, would this render conventional 
radiometric dating methods invalid? In fact, it would not. This is because the MSW resonance 
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associated with neutrino oscillations is generally not induced in the Earth’s crust and occurs 
exclusively in the mantle [35]. Consequently, radioactive nuclides in the crust and at the Earth’s 
surface are generally unaffected by MSW resonance, and their radioactive decay rates remain 
essentially constant. Thus, radiometric dating remains valid for minerals formed at the Earth’s 
surface and within the crust. 

Given that magma originates from the upper mantle[35,36]—a region affected by MSW resonant 
oscillations—radioactive decay rates in this region undergo varying degrees of modification. 
Minerals derived from mantle magma therefore require special consideration. Magma comprises not 
only molten material but also crystallized minerals. If minerals within magma form in the mantle, 
they are likely to exhibit an excess of radiogenic isotopes, resulting in radiometric ages that appear 
older than their true ages. Conversely, if minerals within magma form after the magma ascends into 
the crust, they contain little to no excess radiogenic isotopes, producing normal radiometric ages. 

Notably, even when formed in the crust, the radioactive age of a material may appear older 
under two circumstances: First, if the melt cools rapidly to form glassy material, radiogenic elements 
become trapped before sufficient diffusion can occur. Consequently, such glassy material—even 
when formed during crustal cooling—may retain earlier radiogenic products from the magma, 
resulting in an artificially older radioactive age[54]. Second, the K-Ar ages of minerals are typically 
older than ages obtained via other radiometric dating methods[50–52]. This is because magma 
conduits also function as degassing pathways for the Earth, enabling radioactive argon of deep origin 
to mix with the magma and be expelled through these channels. When magma crystallizes and 
solidifies in the crust, the argon present in the magma may become trapped in inclusions and crystal 
lattice defects, leading to the incorporation of excess argon in the minerals. Therefore, excess argon 
may be generated by the accelerated decay of the mineral's own ⁴⁰K, or it may be captured from the 
outside world. 

4. Conclusions 

Drawing on the latest research on neutrino oscillation-induced radioactive decay and magma 
formation, this paper puts forward the formation mechanisms underlying uranium-series 
disequilibrium, excess radiogenic lead, and excess argon. Its key arguments are as follows: 
1）Magma originates from the upper mantle, resulting from the melting of its constituent materials 
driven by accelerated radioactive decay induced by perturbations from atmospheric neutrino 
oscillations. 2）During magma formation, radioactive decay rates generally increase due to MSW 
resonance perturbations from neutrino oscillations, thereby giving rise to an excess of radioactive 
daughter isotopes compared to their parent isotopes. 3）When applying radioactive dating, careful 
consideration of the mineral formation environment is crucial. In general, minerals formed in the 
crust or at the Earth’s surface exhibit normal radioactive ages, whereas those formed in the mantle or 
vitreous materials produced by magma solidification display abnormally old radioactive ages to 
varying extents. 

Given that neutrino oscillation-induced radioactive decay has not yet been experimentally 
verified, the mechanisms proposed in this paper remain hypothetical and require further research 
and validation.  
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