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Motivation

Check of the model prediction of high potassium content in the Earth.
BSE 0.024%

              Hydridic Earth (1 – 4)%

What is the radioactivity input in Earth thermal flux?

There is only one detector that can test it – Borexino!
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Earth Thermal flux parts? According to BSE

Total heat flux is (BSE) 47 ± 2 TW. Radiogenic heat is less than a half (19-20 ТW)
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From the talk by Oleg Smirnov

Urey = 0.46



To get radiogenic part of Earth heat flux one needs to detect 
antineutrinos, produced by long lived isotopes of natural radioactivity

IBD reaction threshold 1.8 MeV

Using IBD reaction it is possible to 
detect only 238U/232Th neutrinos.

Antineutrinos by 40K are below than 
1.8 MeV IBD reaction threshold.
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Maximal antineutrino energy of 40K (1.3 MeV) lays below (1.8 MeV) IBD 
reaction threshold.

But reaction of antineutrino scattering on electron has threshold equals 
to the electron binding energy on electron shell (~eV).

Detector that can detect recoil electrons from 40K antineutrinos just 
exist. 

Borexino detector!
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Neutrino and antineutrino detector – 
Borexino in LNGS, Italy

• Overburden 4200 m.w.e.

• Liquid scintillator volume 315 m3 placed in thin 
(125 um) nylon film.

• Single events from neutrinos and antineutrinos 
are detected. Mainly from the Sun

• Due to radioactive containment of the film 
sensitive volume was decreased down to 73 t.
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Borexino measurement result in 2022.
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Figure 2: Energy dist ribut ion of Borexino events (black

points) and spect ral fit (magenta). CNO-⌫, 210Bi , and

pep-⌫are highlighted in solid red, dashed blue, and dot -

ted green, respect ively. All other components are in

grey. The yellow band represents the region with the

largest signal-to-background rat io for CNO-⌫.

t rons is a rather featureless cont inuous dist ribut ion

that extends up to 1517keV (see Fig. 2). In this

work, the three CNO neutrino components (Fig. 1)

were t reated as a single contribut ion by fixing the ra-

t io between them according to the SSM predict ion.

Several backgrounds contribute to the same energy

interval with a rate comparable to or larger than the

signal. An elaboratemult ivariatefit , needed to disen-

tangle all the contribut ions, follows a procedure sim-

ilar to that adopted in [6, 15, 20] and described in

Appendix.

The CNO analysis is a↵ected by two addit ional

complicat ions: the similarity between the CNO-⌫re-

coil elect ron and the 210Bi β− spect ra and the st rong

correlat ion of both with the pep-⌫recoil elect ron

spect rum. In addit ion, the data are polluted by cos-

mogenic 11C in the high energy part of the CNO

spect rum. The three-fold-coincidence (TFC) tagging

technique for 11C described in [15] isessent ial to make

the CNO detect ion possible.

As discussed at length in [21], the sensit ivity to

CNO neutrinos is low unless the 210Bi and pep-⌫rates

are const rained in the fit . The pep-⌫rate can be

const rained at the level of 1.4% using the solar lu-

minosity1, robust assumpt ions on the pp to pep neu-

trino rate rat io, exist ing solar neutrino data[22, 23],

and the most recent oscillat ion parameters[24]. The

other main background for the CNO-⌫measurement

comes from the β decays of 210Bi [21]. Bismuth-210

has a short half-life (5.013days) but its decay rate is

1The luminosity of the Sun depends very weakly on

CNO neut rinos, so the const raint is robust independent ly of

any reasonable assumpt ion on the role of CNO neut rinos in the

Sun.

supported by 210Pb through the sequence:

210Pb
β−

−−−−−−!
22.3 years

210Bi
β−

−−−!
5 days

210Po
↵

−−−−−−!
138.4 days

206Pb .

(1)

We note that the endpoint energy of the 210Pb β-

decay is 63.5keV, well below the analysis threshold

(320keV). Therefore, the determinat ion of the 210Bi

content must rely on measuring 210Po[25]. The ↵
part icles from 210Podecay, selected event -by-event by

means of pulse-shapediscriminat ion, are ideal t racers

of 210Bi , although the technique works only if secular

equilibrium in sequence (1) is achieved. It is hence

crucial to understand under what condit ions such an

equilibrium is established.

Since 2007, the data have shown that out -of-

equilibrium components of 210Powere present in the

fiducial volume. A dedicated e↵ort was implemented

to study and ult imately remove these components,

reaching sufficient equilibrium in one sub-volume of

the detector, which made the result reported in this

paper possible. We dist inguish between a scinti l la-

tor 210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in t ime and

in equilibrium with 210Bi, and a vessel component

(210PoV ).2 The origin of 210PoV for this dataset is

understood to be 210Pb deposited on the inner sur-

faces of the vessel. The daughter 210Po may detach

and move into thescint illator by di↵usion or following

slow convect ivecurrents. It is important to note that ,

as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because

the rate of 210Bi observed in the scint illator has not

significant ly changed over several years.

The di↵usion coefficient of radon in the scint illa-

tor is of the order of 2⇥10− 9 m2/ s[26]. Taking this

value to be similar for polonium, the average distance

travelled by a 210Po atom in one half-life is of the or-

der of 20cm, significant ly less than the minimum dis-

tance between the vessel and the FV (approximately

1m). We can conclude that the e↵ect of di↵usion is

negligible for both 210Po and 210Bi . However, Borex-

ino data show that slow convect ive currents caused

by temperature gradients and variat ions may indeed

carry the 210Po into the FV. Thesame e↵ect does not

occur for the short -lived 210Bi , which decays before

reaching the FV.

Prior to 2016, Borexino was neither equipped with

thermal insulat ion nor act ive temperature control.

Convect ive currents were substant ial, because of sea-

sonal temperaturevariat ionsand human act ivit iesaf-

2Another component of 210Po, well visible in the data after

the init ial filling of 2007 and the purificat ion campaigns of 2011,

has completely decayed away and is not relevant here.

3

RCNO = 6.7 events per d/100 т
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Our analysis of Borexino data

Reproducing the Borexino result as well

Single events spectrum in Borexino detector 
and its components are shown

HZ model 𝜒2 = 198

RCNO = 6.7 – 7.0 ev. per d/100 т
R40K = 0 ev. per d /100 т
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Borexino Collaboration doesn’t use in the analysis antineutrino fluxes 
accounting them too small and not affecting the result of solar 
neutrinos measurement. 

But, high potassium content in the Earth is predicted by the one of 
Earth models. The model is – the rich hydrogen Earth.
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We added in the analysis all antineutrino fluxes

40K 232Th, 238U Реакторные

~4.0x104 см-2 с-1~ 106 – 108 см-2 с-1 ~3.5x104 см-2 с-1

E, MeVE, MeVE, keV

RIBD = 0 RIBD = 4 y-1 RIBD = 10 y-1

Rrec = 0.06 – 2.0 d-1 Rrec = 0.001 – 0.01 d-1 Rrec = 0.001 – 0.01 d-1
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Accounting of antineutrino fluxes in the 
analysis

РККЛ-2024, ФИАН, Москва, 3 июля 2024 11

Nuclear reactor antineutrino flux appeared negligible comes to be zero, i.e. it is 
really small (< 0.01 cpd/100 t)

Geo-antineutrino flux from 238U/232Th as a result of minimization also comes to 
be zero. Again it is really small (< 0.1)

But 40K antineutrino flux in the analysis appear highly not zero, in spite of its 
predicted small value by BSE (< 0.1) 
So, it is not proved that 40K flux is small! 



Using of 40K events in the analysis

Single events spectrum in Borexino detector 
and its components are shown.

Adding of 40K spectrum meliorates 𝜒2 solar 
neutrino fluxes come to the common model 
(LZ). 

LZ model 𝜒2 = 169

RCNO = 5 cpd/100 т
R40K = 11 cpd/100 т
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Our analysis result

Borexino LZ HZ INR

солнечные
pep 2.7 ± 0.04 2.8 2.7 2.8 ± 0.3
7Be 48 ± 2 44 48 45.4 ± 1.6 

CNO 6.7 ± 1.6 3.5 5.0 2.6 ± 0.6
8B 0.15 0.12 0.18 0.12 ± 0.05

гео 40K 0 < 11. 

R, cpd / 100t

При введении геоантинейтринного и реакторного спектров поток борных нейтрино автоматически 
занимает свою нишу, в то время как без них он стремится занулиться. В силу их малости они 
действительно становятся очень маленькими. В то время, как спектр 40K, наоборот, стремится увеличится.
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The order of accounting 40K in the analysis
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7Be(862) pep 8B CNO 40K 

48.4 ± 1.2 2.74 0.16 7.6 ± 1.2 0 198.405

45.9 ± 1.3 2.74 0.16 4.4 ± 0.6 11 170.834

45.4 ± 1.6 2.8 ± 0.3 0.12 ± 0.05 5.2 ± 1.6 11 169.075

43.6 ± 1.5 2.9 ± 0.3 0.14 ± 0.05 2.6 ± 0.6 19.1 ± 2.5 161.102

14/19

3.1 ± 0.6  cpd/100 t     
О. Смирнов, ЭЧАЯ 2013, 10(7) 1225.
G. Bellini et al. (Borexino Collaboration) First Evidence of 𝑝𝑒𝑝 Solar Neutrinos by Direct Detection in Borexino,
Phys. Rev. Lett. 108, 051302 – Published 2 February 2012

 = 



Virtual experiment

Borexino single events spectra were played 
off at different sources counting rates, to 
understand if there is a possibility to get 
high 40K flux in its absence. 

pep, 7Be, CNO, 210Bi, 210Po,208Tl, 214Bi, 40K, 
11C, 85Kr

High Sun metallicity and 40K absence 
cannot reproduce high 40K counting 
rate, following from the analysis 11 
cpd/100 t.
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Change of 40K antineutrino caused recoil 
electron spectrum on 40K beta spectrum

Recoil electron spectrum from 40K is changed 
on 40K beta one.

Result of 2 minimization:

Beta spectrum - rejected!

Neutrino spectrum is found !
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Recently the Borexino article was published, supported their previous result on 
CNO neutrinos. In the article they account the direction to the Sun in registered 
recoil electrons.

“Combined directional and spectral analysis of solar neutrinos from Carbon-
Nitrogen-Oxygen fusion cycle with Borexino Experiment” Proceedings of Science, 
2023. The European Physical Society Conference on High Energy Physics (EPS-
HEP2023) 21-25 August 2023, Hamburg, Germany

6.7−0.8
+1.2 (stat. + syst.) cpd/100 t 

But, in the analysis anyway they fixed the рер flux, according to the HZ model. 

This means that the analysis is model dependent.
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Final results of Borexino on CNO solar 
neutrinos
D. Basilico, et al. (Borexino
collaboration) PHYSICAL REVIEW D 108, 
102005 (2023)
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Conclusion

• Potassium in the Earth exists in high abundance!

• The Sun is young!

• High potassium abundance in the Earth is found ~3.5%. 

• Accounting of 40K allows to approve all solar neutrino fluxes in one 
model (LZ).

• Thermal (heat) flux is not stable, it can change in time.

• Thermal (heat) flux ≠ heat production!
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Thank you for the attention!

РККЛ-2024, ФИАН, Москва, 3 июля 2024 20/19



Extra slides
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Что такое геонейтрино?

Земля содержит долгоживущие радиоактивные элементы в разной 
концентрации и, возможно, расположенные локально в разных областях 
планеты.

К таким элементам относятся уран (238,235U), торий (232Th) и калий (40K).
aU ≈ 2x10-8 г/г
aTh ≈ 8x10-8 г/г
aK ≈ 1.5-2x10-2 г/г, но содержание 40K в природной смеси 0.0117%
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Что мы наблюдаем на Земле  сейчас?

• Усиление дегазации → увеличение парникового эффекта за счёт 
водных паров, усиление вулканизма, повышение концентрации СО2, 
увеличение пожаров.

• Быстрый нагрев океана и атмосферы. 
• Увеличение частоты землетрясений, появление разломов в земной 

коре.

Всё это можно объяснить в рамках одной модели – 
Гидридной модели Земли.

Не исключено влияние изменение положения оси вращения Земли
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Тепловыделение от радиоактивных 
элементов

Элемент a, part M, kg H, TW part = M/M(U)

U 2 × 10−8 0.81 × 1017 7.6 1

Th 7.8 × 10−8 3.16 × 1017 8.5 3.9

K 2.28 × 10−4 0.49 × 1021 1.8 1.14 × 104 

Всего 18

Измерение 47

H = 9.5 M(U) + 2.7 M(Th) + 3.6 M(K)

Если aK = 0.01, H(K) = 205 ТВт                                ? 

BSE
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Аргументы в пользу малого потока
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Откуда взялось значение aK = 0.024% в BSE?

aK в коре (1.0 – 2.6) %

MЗ = 5,9726⋅1024 кг

Масса коры 0,473% общей массы Земли. Mкоры = 2,83⋅1022 кг, 
                                                                               Mкалия = 7,06⋅1020 кг

aK в Земле получается 0.012%, но, с учетом некоторого содержания в мантии, 
увеличивают эту величину вдвое и получают 0.024%.

РККЛ-2024, ФИАН, Москва, 3 июля 2024 26



Еще одна оценка содержания калия в 
Земле
Земная атмосфера состоит из:
N2 – 78.08 %
O2 – 20.95 %
Ar – 0.93 %.                       Изотоп 40Ar !
CO2 – 0.03 %
H2O – (0.1 – 1.5) %

Mатм = 5.15⋅1018 кг – значит Mарг = 4.79⋅1016 кг. Считается, что это все от распада 40K, 
так как этот изотоп тоже имеет массу 40. Этот калий распался за 4.5 млрд лет. 
Значит осталось еще калия N(t) = N0e-t/      .36⋅1019 кг 
   4.9⋅1020 кг согласно BSE, если считать, что вышла только 1/10 часть 
всего аргона из Земли
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Выделение направления на Солнце не сильно 
уменьшает долю потока антинейтрино из Земли

Солнце

Земля

Детектор
Солнце в зените
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Направление вылета электрона 
отдачи
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Выделение направления на Солнце не сильно 
уменьшает долю потока антинейтрино из Земли

Солнце

Земля

Детектор

Солнце в надире
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Направление вылета электрона 
отдачи
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Аргументы в пользу большого потока
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Энергия, накопленная в верхнем слое 
мирового океана (до 700 м)

W = ΔE/Δt,

ΔE = 1.1x1023 Дж
Δt = 13 лет

W = 268 ТВт
W = 202 ТВт
W = 226 ТВт
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Косвенные данные

• Измерение теплового потока на Луне американскими 
астронавтами

• Измерение температуры Луны внутри при помощи радиоволн
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