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Are geoneutrinos useful?
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The broad spectrum of 
neutrinos around us
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“Grand Unified Neutrino Spectrum” (GUNS) at Earth 

Vitagliano et al. 2019 arXiv:1910.11878



Neutrinos
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β− decay

electron antineutrino

Geoneutrinos
Electron antineutrinos and neutrinos emitted in β decays (β−, β+, EC) 

of naturally occurring radionuclides (mostly from 40K, 232Th, 238U).



Brief (geo)neutrino history
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2005: first reported measurement of 
geoneutrinos by KamLAND experiment

1930: Pauli proposes a new neutral particle to resolve 
energy conservation problem in β− decay

1956: Reines & Cowan reported the first electron 
antineutrino detection (reactor antineutrinos)

1984: Krauss, Glashow, Schramm:  
Antineutrino astronomy and geophysics

2010: measurement reported by Borexino 
experiment



Geoneutrinos
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Radionuclides in the Earth:

Energy per decay chain

Part carried away by geoneutrinos


Rest is converted to heat

Geoneutrinos:

Mostly electron antineutrinos
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Geoneutrino energy above IBD threshold

Measuring radiogenic 
power in the Earth



How are geoneutrinos detected?
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Inverse beta decay reaction

Energy threshold 1.8 MeV  

only highest energy antineutrinos 232Th and 238U

Small interaction cross section  

~10-44 cm2 for ~1 MeV

nucleus
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γ
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Liquid scintillator detectors:

Large ~1032 free protons or ~1 kiloton of scintillator


Underground to shield from muon background

Nuclear 
reactor

Geoneutrinos

Double-flash coincidence

1

2



Geoneutrino detectors
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1 kton

5.4 km.w.e.

expected  
online soon

0.3 kton

3.7 km.w.e.

running

KamLAND
1 kton

2.7 km.w.e.

running

20 kton
1.5 km.w.e.

under constr.

(2020)

4 kton

6.7 km.w.e.

R&D

Borexino

SNO+

Jinping

JUNO

Large (~1 kton) 
underground liquid 

scintillator 
detectors
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How much radiogenic power in this planet…

…to drive Earth’s dynamics?

Kamioka
Gran Sasso

Sudbury

Hawaii

Pyhasalmi

HomestakeBaksan

Mantle geoneutrino signal − thermochemical piles

8.0

8.5

9.0

9.5

10.0

10.5
TNU

Fuel gauge for the hybrid Earth’s engineGeoneutrino detection

?



Basic energy balance
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Surface heat flow Measured

Cooling of the interior

Heat sources

=

+

??

??

Radioactivity



Earth’s surface heat flow measurements
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mW/m2

measurement sites (~40000) heat flux

Davies & Davies 2010 doi:10.5194/se-1-5-2010

Pollack et al 1993 doi:10.1029/93RG01249

The Earth outputs 46±3 TW

…supplemented with oceanic lithosphere cooling models

and extrapolated in low-coverage regions:



Cooling of the interior (?)
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Inference of melting temperature of upper mantle rocks

Abbott et al. 1994 doi:10.1029/94JB00112

now early Earth

Large uncertainty on cooling rate

No information on deep Earth temperature evolution

Cooling rate

50±25 K/Gy



Radiogenic heat sources (?)
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Periodic Table of Elements 
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For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.
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Fig. 2. Comparison of the composition of the solar photosphere and that of C1 carbonaceous chondrites.Mass abundance data,A(El) [kg/kg], fromPalme and
Jones [9]; the number of atoms of an element, N(El) [kg�1], was derived for chondrites to be N(El) = 10 exp(A(El) � 1.55) and for the solar photosphere
to be N(El) = 10 exp(A(El) � 1.54). Both derived values are normalized, that is the number of silicon atoms is N(Si) = 106, consistent with all other
presentations of this data. Augmented data, when necessary, for the solar photosphere came from Lodders [8], which was given in the form N(El) and did
not have to be derived from A(El) data, while that for CI chondrites came from Asplund [10], whose derived equation was N(El) = 10 exp(A(El) � 1.51),
which was normalized to N(Si) = 106.

Fig. 3. A Urey–Craig diagram that separates chondritic meteorites according to the ratio of oxidized Fe to silicate (x-axis) relative to the ratio of reduced
iron (and that in sulfide) to total silicon. The Earth has a large metallic core and thus its bulk composition plots close to reduced end of the redox scale.

2.1.2. Element behavior: differentiation and redox potentials in the disk and planets
Importantly for the Earth, the redox state of iron controls the size of the core, which is 1/3 the mass of the planet.

Moreover, the differentiation of the Earth into the core, silicate Earth (mantle plus crust) and hydrosphere/atmosphere,
appears to have been a relative early Earth process (i.e., mostly completed in the first 50 million years or thereabouts).
Evidence for the timing of core formation comes from the short-lived 182Hf-182W isotope system (��, with t1/2 = 8.9
million years), with both chondrites and iron meteorites having distinctly lower 182W/184W isotopic compositions than the
silicate Earth, implying a young formation age (order ten or a few tens of million of years after the formation of the solar
system), which is based on the number and timing of separation steps of extracting W into the core and leaving Hf in the
silicate Earth [12,13]. Although the models differ on the exact timing and the number of multi-stage steps involved in its
evolution, there is increasing consensus that core formation effectively occurred as early as 11 million years after solar
system formation or as late as ⇠4.50 Ga, with the latter being constrained by the ages of the earlier minerals on Earth and
the time of Moon formation, which created a Moon having an identical isotopic composition as that of the Earth.

from Engel & McDonough 2016 (in: Geo-neutrinos)

Building Earth’s compositional model
Use meteorites to constrain ratios of some elements

Account for core formation

Use Earth rocks to fix absolute abundances

Iron meteorites 

Stony Iron 
meteorites 

Achondrites 
~9% 

Carbonaceous 
Chondrites 

~4% 
Enstatite 

Chondrites 
~2% 

Ordinary 
Chondrites 

80% 

Meteorite: Fall statistics 
(n=1101)  (back to ~980 AD) 

Most#studied#meteorites,
fell#to#the#Earth#≤0.1#Ma#ago#

 ** Bias ** 

• How much U, Th, K in the Earth ?

• … What is the Earth made of ?



Radiogenic heat sources (?)
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• How much U, Th, K in the Earth ?

• … What is the Earth made of ?

Depends on who you ask

• O, Fe, Si, Mg account for ~90% of Earth’s mass

• + Al, Ca, Ni, S … >98% of Earth’s mass

• Negligible K, Th, U in the metallic core

• 10–20–30 ppb of U in Silicate Earth

• Th/U ratio of ~4 

• K/U ratio of 7000–15000 

• 10–20–30 TW of radiogenic heating

Earth’s compositional models

Low-H

~10 TW

Middle-H

~20 TW

High-H

~30 TW

Bulk Silicate Earth 
(BSE) models:

A factor of 3 uncertainty 
in the amount of U, Th, K 

in the Earth…

Enstatite chondrite models

Collisional erosion models

Classical parameterized 
convection models

Chondritic + petrological 
constraints
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“Incompatible” elements U, Th, K 
concentrate in the crust

Forming Earth’s crust Reference models for crustal 
radiogenic heat production

Huang et al 2013 doi:10.1002/ggge.20129

thicker (~40 km)

more enriched

thinner (~7 km)

less enriched

Continental Crust

7.1 (+2.1/−1.6) TW

Oceanic Crust

0.22 ± 0.03 TW

Wipperfurth et al 2020 doi:10.1029/2019JB018433

Radiogenic heat production in the crust



Earth’s energy balance
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Low-H

~10 TW

Surface heat flow

(46±3) TW

Crust

(7±1) TW

Mantle

(13±4) TW

Mantle cooling

(10–23) TW

Core cooling

(4–15) TW

0.4 TW

Middle-H

~20 TW

High-H

~30 TW

7 TW*

7 TW*

7 TW*

3 TW

13 TW

23 TW

Bulk Silicate Earth 
(BSE) models:

BSE: (20±4) TW**

Cooling Heat sources

Silicate Earth … models vary by a factor of  3

     Mantle       … models vary by a factor of 20

*Wipperfurth et al. (2020)

**McDonough & Sun (1995)



(Less) Basic energy balance
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Measured

Cooling of the mantle

Mantle heat sources

=

+
??

??

RadioactivityGeoneutrinos

Crustal heat production
+

CMB heat flow
High of low?? 

Thermal conductivity in the core??

Model

Cooling of the core + Inner core growth

+

??

Age of inner 
core??

Surface heat flow

Measured



First geoneutrino measurement
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1 TNU (“Terrestrial Neutrino Unit”) = 1 event over a year-long IBD exposure of 1032 protons

16% uncertainty

KamLAND

2005 2011 2013 2016 2019

Borexino

2010 2013 2015 2019
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→ upper limit on the 
radiogenic power from 

238U and 232Th decay of 
60 TW



Current geoneutrino measurements
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1 TNU (“Terrestrial Neutrino Unit”) = 1 event over a year-long IBD exposure of 1032 protons

16% uncertainty

KamLAND

2005 2011 2013 2016 2019

Borexino

2010 2013 2015 2019

0

10

20

30

40

50

60

70

80

90

100

T
N

U

0

10

20

30

40

50

60

70

80

90

100

T
N

U



Predicting geoneutrino flux
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Antineutrino flux spectrum dΦ/dEν at position r from a given 
radionuclide distributed with abundance A in the Earth

Inputs from geoscience:

• chemical abundances A:

• density ρ


Inputs from nuclear/particle physics:

• decay rate D

• antineutrino intensity spectrum dn/dEν,

• antineutrino survival probability Pee

Core

Mantle

Crust



Geoneutrino emission model
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Depleted Mantle: Arevalo & McDonough 2010

 Sediments (layers 3–5)

 Upper Cont. Crust (layer 6): Rudnick & Gao 2014

 Middle Cont. Crust (layer 7): Rudnick & Gao 2014

 Oceanic Sediments (layers 3–5): Plank 2014

 Oceanic Crust (layers 6–8): White & Klein 2014

 Continental Lithospheric Mantle
              Huang et al. 2013

Enriched Mantle: Th, U abundance from mass balance

Continental Oceanic

 Lower Cont. Crust (layer 8): Rudnick & Gao 2014

Co
nt

in
en

ta
l C

ru
st

O
ce

an
ic

 C
ru

st

175 km depth

radius 3480 km

radius 4202 km

reference Earth radius 6371 km

upper sediments

middle sediments

lower sediments

upper crust

middle crust

lower crust

Core

Mantle

Crust

de
pt

h

1º lat × 1º lon crustal tiles Vertical structure of a crustal tile

Mass fractions of Th and U

• Model of crustal geometry and material density from a global crustal model (e.g., CRUST1.0 , LITHO1.0)

• Material density in the mantle from PREM model (Dziewonski & Anderson 1981)

• Assume negligible Th, U in the core

• Total amount of Th, U in Silicate Earth from geochemical estimates (e.g., Arevalo et al. 2009, 20±4 TW rad. power)

CRUST1.0

PREM



Geoneutrino flux prediction
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at Earth’s surface

It looks like a crustal thickness map.

Šrámek 2020 doi:10.1016/B978-0-08-102908-4.00161-2

KamLAND

Borexino
SNO+

JUNO

JNE

BLVST

ANDES

OBD
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Radiogenic power and antineutrino luminosity of the Earth
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Earth model:

• 20 ppb U

• Th/U = 4

• K/U = 14000

• Rb/U = 30

in BSE

100% 81% 19%

= +

IBD-detectable antineutrino 
luminosity = 6.2e23 per sec

BSE antineutrino luminosity  
= 4.3e25 per second

BSE decay 
power = 25.2 TW

BSE radiogenic 
heat = 20.4 TW

BSE neutrino 
power = 4.8 TW

heats the Earth lost to space

70%

5% 13%
12%

total energy released 
in decays
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Geoneutrino prediction from 
Šrámek et al. 2016 doi:10.1038/srep33034

Silicate Earth models:

High-H:      ~33 TW radiogenic power 
Medium-H: ~20 TW 

Low-H:       ~11 TW 

fully radiogenic Earth
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Geoneutrino prediction from Sramek et al. 2016 Sci.Rep. doi:10.1038/srep33034
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Interpreting geoneutrino signal  
in terms of radiogenic power

25Wipperfurth et al 2020 doi:10.1029/2019JB018433



“Measuring” the mantle (as of 2016)
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TW radiogenic
power in BSE
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8.8 ± 6.4 TNU

(72% uncertainty)
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“The 2019 Prague Geoneutrino Schism”
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Ilustrační foto: “X-Men: SCHISM” (http://www.comicartcommunity.com/gallery/details.php?image_id=57038)

http://www.comicartcommunity.com/gallery/details.php?image_id=57038


“The 2019 Prague Geoneutrino Schism”
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KamLAND 
Measured signal 32.1 ± 5.0 TNU

After subtracting crustal prediction:

Mantle signal 6.0+5.6−5.7 TNU

Corresponds to ~15 TW (±?) in the Earth

or ~8 TW in the mantle

giving mantle Urey ratio of ~0.21

Borexino 
Measured signal 47.0+8.6−8.1 TNU

After subtracting crustal prediction:

Mantle signal 21.0+9.6−9.0 TNU

Corresponds to 38.2+13.6−12.7 TW in the Earth

or 30.1+13.5−12.7 TW in the mantle

giving mantle Urey ratio of 0.78+0.41−0.28


Factor of 3.5 difference in mantle radiogenic power!!!

Possible explanations:

1. There is a problem with the geoneutrino measurments (nope)

2. Look at uncertainties and it is all consistent (hmm…)

3. There is a very different mantle below Japan and below Italy (unlikely)

4. There is something funky with at least one of the crustal models (bingo)
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Ongoing effort to understand the discrepancy.

Agostini et al 2020 doi:10.1103/PhysRevD.101.012009Watanabe 2019 at NGS Prague



Significance of nearby crust
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Need for crustal model accurate both at the global scale  
and at the local scale around detectors.

within 500 km

60% of signal

seismic models  
of the crust


VP, VS

seismic speed — rock 
type relationships


→ SiO2

rock type — chemistry 
relationships

→ Th, U

Wipperfurth et al 2020 doi:10.1029/2019JB018433

Laura Sammon (Univ Maryland) ongoing PhD work

local geology 

geochemical analyses of available rocks


gravity, heat flux, …+

~half of geoneutrino signal 
originates within  

~500 km around the detector



Why the difference between KL and BX?

• No sudden shift in the measured value of geoneutrino flux.


• Differences in global crustal model predictions are minimal.


• The Borexino team has radically changed their local crustal model.

30

KamLAND Borexino

13 km thick layer of “limestone” sediments 
surrounding the detector
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KamLAND
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Abstract

The regional contribution to the geo-neutrino signal at Gran Sasso National Laboratory (LNGS) was determined based on
a detailed geological, geochemical and geophysical study of the region. U and Th abundances of more than 50 samples rep-
resentative of the main lithotypes belonging to the Mesozoic and Cenozoic sedimentary cover were analyzed. Sedimentary
rocks were grouped into four main “reservoirs” based on similar depositional settings and mineralogy. The initial assumption
that similar chemico-physical depositional conditions would lead to comparable U and Th contents, was then confirmed by
chemical analyses. Basement rocks do not outcrop in the area. Thus U and Th in the upper and lower crust of Valsugana and
Ivrea–Verbano areas were analyzed. Irrespective of magmatic or metamorphic origin lithotypes were subdivided into a mafic
and an acid reservoir, with comparable U and Th abundances.

Based on geological and geophysical properties, relative abundances of the various reservoirs were calculated and used to obtain
the weighted U and Th abundances for each of the three geological layers (sedimentary cover, upper and lower crust). Using the
available seismic profile as well as the stratigraphic records from a number of exploration wells, a 3D modeling was developed over
an area of 2! ! 2! down to the Moho depth, for a total volume of about 1.2 ! 106 km3. This model allowed us to determine the
volume of the various geological layers and eventually integrate the Th and U contents of the whole crust beneath LNGS.

On this base the local contribution to the geo-neutrino flux (S) was calculated and added to the contribution given by the
rest of the world, yielding a refined reference model prediction for the geo-neutrino signal in the Borexino detector at LNGS:
S(U) = (28.7 ± 3.9) TNU and S(Th) = (7.5 ± 1.0) TNU. An excess over the total flux of about 4 TNU was previously
obtained by Mantovani et al. (2004) who calculated, based on general worldwide assumptions, a signal of 40.5 TNU. The
considerable thickness of the sedimentary rocks, almost predominantly represented by U- and Th-poor carbonatic rocks in
the area near LNGS, is responsible for this difference. Thus the need for detailed integrated geological study is underlined
by this work, if the usefulness of the geo-neutrino flux for characterizing the global U and Th distribution within the Earth’s
crust, mantle and core is to be realized.
" 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Geo-neutrinos—the antineutrinos from the decay of U,
Th and 40K in the Earth—can provide information on the

0016-7037/$ - see front matter " 2011 Elsevier Ltd. All rights reserved.
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EPcrust: a reference crustal model for the European Plate

Irene Molinari and Andrea Morelli
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S U M M A R Y
We present a new crustal model for the European Plate, derived from collection and critical
integration of information selected from the literature. The model covers the whole European
Plate from North Africa to the North Pole (20◦N–90◦N) and from the Mid-Atlantic Ridge
to the Urals (40◦W–70◦E). The chosen parametrization represents the crust in three layers
(sediments, upper crust and lower crust), and describes the 3-D geometry of the interfaces and
seismologically relevant parameters—isotropic P- and S-wave velocity, plus density—with a
resolution of 0.5◦ × 0.5◦ on a geographical latitude–longitude grid. We selected global and
local models, derived from geological assumptions, active seismic experiments, surface wave
studies, noise correlation, receiver functions. Model EPcrust presents significant advantages
with respect to previous models: it covers the whole European Plate; it is a complete and
internally-consistent model (with all the parameters provided, also for the sedimentary layer);
it is reproducible; it is easy to update in the future by adding new contributions; and it is
available in a convenient digital format. EPcrust could be used to account for crustal structure
in seismic wave propagation modelling at continental scale or to compute linearized crustal
corrections in continental scale seismic tomography, gravity studies, dynamic topography and
other applications that require a reliable crustal structure. Because of its resolution, our model
is not suited for local-scale studies, such as the computation of earthquake scenarios, where
more detailed knowledge of the structure is required. We plan to update the model as new data
will become available, and possibly improve its resolution for selected areas in the future.

Key words: Crustal structure; Europe.

1 I N T RO D U C T I O N

Knowledge of crustal structure is crucial for many applications,
such as upper-mantle tomographic studies (e.g. Bozdag & Tram-
pert 2008; Ritsema et al. 2009), gravity modelling (Yegorova &
Starostenko 2002), forward seismic wave propagation (e.g. Capdev-
ille & Marigo 2008), dynamic topography studies (e.g. Faccenna &
Becker 2010) and location of seismic events (e.g. Bisio et al. 2004).

Seismic waves are very sensitive to crustal structure, but, in the
frequency range and ray geometries mostly used in seismic to-
mography, they are not able to discriminate uniquely between the
structure of the crust and that of the mantle below. For instance, the
propagation of surface waves, both Rayleigh and Love, with period
T > 35 s—used, for instance, to calculate seismic moment ten-
sors (e.g. Pondrelli et al. 2007) and to image lithospheric structure
(e.g. Schivardi & Morelli 2009)—is heavily affected by the strong
heterogeneities in the Earth’s crust. However, their sensitivity to
shear wave speed is spread over both crust and mantle, generating
large trade-off between wave speed above and below the Moho. The
reduced sensitivity to the velocity jump at the Moho, and to the
depth of the discontinuity does not permit the inversion for these
parameters in conjunction with seismic wave speed in the mantle.

Focusing the attention on the European continent—where abun-
dant data are available, and the geological structure is quite
complex—it becomes clear that current crustal models are not fully
adequate for modelling regional data sets with enough detail. The
global model CRUST2.0 (Bassin et al. 2000) is frequently used for
crustal correction, but its resolution (2◦ × 2◦) is too low for con-
tinental scale studies (Molinari & Morelli 2009). Some European-
scale crustal models are available (Bassin et al. 2000; Ritzmann
et al. 2007; Tesauro et al. 2008), but none of them possesses all
the desired properties for a complete reference crustal model: either
because of a low resolution, a limited geographical extent, or lack
of description of some seismic parameter, such as vS .

Local studies can overcome these limitations. Receiver func-
tions provide point determinations of Moho depth and constraints
on the velocity structure in the European crust (e.g. Kumar et al.
2007; Geissler et al. 2008; Piana Agostinetti & Amato 2009), but
such determinations are not dense and extended enough to draw a
wide geographical surface. They can however be used to calibrate
and improve existing models. Seismic reflection/refraction exper-
iments (e.g. Guterch et al. 2003; Grad et al. 2003; Wilde-Piorko
et al. 2008) present the best capability to image crustal structure,
and resulting profiles have extensively been used to create local
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Good news: 

Many stations in Italy. 

Ongoing work by Weisen Shen and colleagues (Stony Brook University)

Slide by Weisen Shen from our online weekly geoneutrino meeting
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Reference Models for Lithospheric Geoneutrino Signal
S. A. Wipperfurth1 , O. Šrámek2 , and W. F. McDonough1,3

1Department of Geology, University of Maryland, College Park, MD, USA, 2Department of Geophysics, Faculty of
Mathematics and Physics, Charles University, Prague, Czech Republic, 3Department of Earth Sciences and Research
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Abstract Debate continues on the amount and distribution of radioactive heat producing elements
(i.e., U, Th, and K) in the Earth, with estimates for mantle heat production varying by an order of
magnitude. Constraints on the bulk-silicate Earth's (BSE) radiogenic power also places constraints on
overall BSE composition. Geoneutrino detection is a direct measure of the Earth's decay rate of Th and U.
The geoneutrino signal has contributions from the local (∼40%) and global (∼35%) continental lithosphere
and the underlying inaccessible mantle (∼25%). Geophysical models are combined with geochemical
data sets to predict the geoneutrino signal at current and future geoneutrino detectors. We propagated
uncertainties, both chemical and physical, through Monte Carlo methods. Estimated total signal
uncertainties are on the order of ∼20%, proportionally with geophysical and geochemical inputs
contributing ∼30% and ∼70%, respectively. We find that estimated signals, calculated using CRUST2.0,
CRUST1.0, and LITHO1.0, are within physical uncertainty of each other, suggesting that the choice of
underlying geophysical model will not change results significantly, but will shift the central value by up to
∼15%. Similarly, we see no significant difference between calculated layer abundances and bulk crustal
heat production when using these geophysical models. The bulk crustal heat production is calculated as
7 ± 2 TW, which includes an increase of 1 TW in uncertainty relative to previous studies. Combination of
our predicted lithospheric signal with measured signals yield an estimated BSE heat production of
21.5 ± 10.4 TW. Future improvements, including uncertainty attribution and near-field modeling, are
discussed.

1. Introduction
Estimated at 47 ± 2 terrawatts (TW) (Davies & Davies, 2010), Earth's heat flux is primarily composed of
two sources: primordial heat remaining from planetary assembly and core formation, and radiogenic heat
produced during nuclear decay of the heat-producing elements (HPE: uranium, U; thorium, Th; and potas-
sium, K). The radioactive isotopes of these elements—238U (99.3% g/g of U), 235U (0.7%), 232Th (100% g/g of
Th), 40K (0.012% g/g of K)—presently account for 99% of Earth's radiogenic heat due to their long half-lives
and high abundances relative to other radiogenic elements.

There are three categories of models which predict the abundance of the HPE's in the bulk-silicate Earth
(BSE; crust + mantle [∼0.5% and ∼67% of Earth by mass, respectively]) and therefore the radiogenic heat
production within the BSE. Models which predict low heat production (H) from radiogenic decay (≈10 TW)
are derived from observations of isotopic similarities between Earth and enstatite chondrite (Javoy, 1999;
Javoy et al., 2010) or from models of early Earth collisional erosion of an HPE-enriched crust (O'Neill &
Palme, 2008). Medium-H models (≈20 TW) are derived from combining observations from chondrites and
mantle melting trends of terrestrial samples (McDonough & Sun, 1995; Palme & O'Neill, 2014). Finally,
High-H models (≈30 TW) are derived from simple parameterized mantle convection models (Turcotte &
Schubert, 2014). There is inconclusive data to evaluate critically the veracity of each of these three BSE
models, therefore there is currently not a precise understanding of the composition and thermal evolution
of our planet. The Earth's stable isotopic composition is most similar to enstatite chondrites (low-H model),
and yet it falls outside of the chondritic defined endmembers in a Fe-Mg-Si plot, indicating Earth is not
composed of a single type of chondrite nor a two-component mixture (McDonough, 2017). Furthermore,
the use of terrestrial samples and observed conservation of chondritic ratios in terrestrial samples yields
a BSE composition (medium-H model) with refractory element abundances (including U and Th, but not
K) double that estimated from enstatite chondrites alone. Finally, neither the low-H nor medium-H BSE
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Table 4
Short‐lived radioactive decay systems in the Earth

Shape factor ðeh=AÞ [nW/kg‐elem]

Decay system Decay mode S(p,q) Q (MeV) Qh (MeV) t1/2
a at tzero (CAI) Mole fraction (%) parent nuclide Reference

41Ca →41K EC – 0.4217 0 9.94(15) ×104 0 (41Ca/40Ca)i=(4.6±1.0)×10
−9 Liu (2017)

99Tc →99Ru β− 0.54p2+q2 (M15) 0.2975 0.0957 2.111(12) ×105 46.71 (99Tc/100Ru)i=<3.9×10
−5 Wasserburg et al. (1994)

81Kr →81Br EC – 0.2809 0.0008 2.29(11) ×105 – not available –
126Sn →126Te β−, β− 1b, NuDatb 4.0502 2.8597 2.35(7) ×105 3.773×104 (126Sn/124Sn)i=<3×10

−6 Brennecka et al. (2017)
36Cl →36Ar β− (98.1%) M15 0.7095 0.3343 3.01(2) ×105 0.9557 (36Cl/35Cl)i=(1.9±0.3)×10

−8 Turner et al. (2013)
36Cl →36S ε (1.9%) NuDatb 1.1421EC 1.5×10−4 3.01(2) ×105 4.291×10−4 " "
79Se →79Br β− p2+q2 [th.] 0.1506 0.0559 3.26(28) ×105 – not available –
26Al →26Mg EC (18.3%) – 4.0044 0.3610 λEC/λ=0.1827 2057
26Al →26Mg β+ (81.7%) p4 þ 10

3
p2q2 þ q4 [th.] 2.9824 2.7593 λβþ=λ¼ 0:8173 1.572×104

26Al →26Mg Overall 3.1203 7.17(24)×105 1.777×104 (26Al/27Al)i = (5.25±0.02)×10−5 Larsen et al. (2011)
10Be →10B β− p4 þ 10

3
p2q2 þ q4 [th.] 0.5568 0.2527 1.387(12) ×106 2.270×104 (10Be/9Be)i=(5.3±0.5)×10

−4 Liu et al. (2010)

93Zr →93Nb β− p2+q2 [th.] 0.0903 0.0456 1.61(5) ×106 – not available –
150Gd →146Sm α – 2.8077 2.8077 1.79(8) ×106 – not available –
135Cs →135Ba β− 0.10p2+q2 (M15) 0.2688 0.0615 2.3(3) ×106 119.4 (135Cs/133Cs)i∼2.8 ×10−4 Bermingham et al. (2014)
60Fe →60Ni β−, β− 1b, NuDatb 3.0598 2.7077 2.62(4) ×106 0.3635 (60Fe/56Fe)i = (1.01±0.14)×10−8 Tang and Dauphas (2015)
154Dy →150Gd α – 2.9451 2.9451 3.0(15) ×106 – not available –
53Mn →53Cr EC – 0.5968 0 3.74(4) ×106 0 (53Mn/55Mn)i = (6.28±0.33)×10−6 Trinquier et al. (2008)
98Tc →98Ru β− 1b 1.794 1.5165 4.2(3) ×106 212.4 (98Tc/96Ru)i∼2×10

−5 Becker and Walker (2003)
97Tc →97Mo EC – 0.3247 0 4.21(16) ×106 0 (97Tc/98Ru)i=<4×10

−4 Dauphas et al. (2003)
107Pd →107Ag β− p2+q2 [th.] 0.0341 0.0133 6.5(3) ×106 0.2768 (107Pd/108Pd)i=(3.5±0.05)×10

−5 Matthes et al. (2018)
182Hf →182W β−, β− p2+q2 [th.], NuDatb 2.1958 1.8276 8.90(9) ×106 87.07 (182Hf/180Hf)i = (1.018±0.022)×10−4 Kruijer et al. (2014)
129I →129Xe β− p2+3.16q2 (M15) 0.1889 0.0853 1.57(4) ×107 12.71 (129I/127I)i∼1.4×10

−4 Gilmour and Crowther (2017)
205Pb →205Tl EC – 0.05067 0 1.73(7) ×107 0 (205Pb/204Pb)i=(1.0±0.2)×10

−3 Baker et al. (2010)
92Nb →92Zr EC – 2.0059 1.4956 3.47(24) ×107 16.71 (92Nb/93Nb)i=(1.7±0.3)×10

−5 Iizuka et al. (2016)
244Pu →232Th 3α, 2β− c NuDatb 17.0836 15.6264 8.11(3) ×107 1.363×104 (244Pu/238U)i ∼0.0079 Turner et al. (2007)
146Sm→142Nd α – 2.5288 2.5288 1.03(5) ×108 87.96 (146Sm/144Sm)i = (8.28±0.22)×10−3 (Marks et al., 2014; Meissner et al., 1987)

Note. Q is the energy of transition (Q value) not accounting for possible branching; Qh is the energy that remains in the Earth to provide radiogenic heating per decay, accounting for branching.
M15 = shape factor from Mougeot (2015). ECReports the Q value of EC branch.
aHalf‐lives are from NNDC (www.nndc.bnl.gov). Heating coefficients ðeh=AÞ (in nW kg‐elem−1), so that radiogenic power per unit mass of rock eh can be calculated from eh ¼ ðeh=AÞ × A, A being
the elemental mass fraction (kg‐element/kg‐rock), are obtained similarly to Equation 7. (Note that we report here ðeh=AÞ in nW (c.f., (7), which is given in μW) for these SLR.) bIn some cases, we
use shape factors equal to 1 or NuDat‐tabulated mean electron energies for forbidden transitions, due to lack of better inputs. c244 Pu also undergoes spontaneous fission to 130−136Xe isotopes
with a fission branching probability of 0.12%. The individual decay energies for the double β− steps are as follows: 126Sn→126Te: Q=0.3782+3.6720=4.0502MeV; 60Fe→60Ni:
Q=0.237+2.8228=3.0598MeV; 182Hf→182W: Q=0.3813+1.8145=2.1958MeV. The individual decay energies for 244Pu→232Th: Q=4.6655+0.3991+2.1901+5.2558+4.5731=17.0836MeV.
Uncertainties cited in the initial ratios of the short‐lived nuclides are 1 standard deviation.
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ABSTRACT: Although the effect of ionizing radiation on prebiotic chemistry is often overlooked,
primordial natural radioactivity might have been an important source of energy for various
chemical transformations. Estimates of the abundances of short-lived radionuclides on early Earth
suggest that the primordial intensity of endogenous terrestrial radioactivity was up to 4 × 103 times
higher than it is today. Therefore, we assume that chemical substances in contact with radioactive
rocks should therefore undergo radiolysis. The calculations are followed by research investigating
the influence of ionizing γ radiation on basic prebiotic substances, including formamide mixed with
various clays, which might have played the role of a catalyst and an agent that partially blocked
radiation that was potentially destructive for the products. Our explorations of this effect have
shown that the irradiation of formamide−clay mixtures at doses of ∼6 kGy produces significant
amounts of urea (up to the maximal concentration of approximately 250 mg L−1), which plays a
role in HCN-based prebiotic chemistry.

■ INTRODUCTION
The last 70 years have witnessed significant progress in
research on the evolution of the chemical complexity on early
Earth. In 1953, Stanley Miller and Harold Urey pioneered the
spark−discharge−powered synthesis of aspartic acid, glycine,
α- and β-alanine, and α-aminobutyric acid from a simple
mixture of reducing molecular gases (CH4, NH3, H2O, and
H2).

1 Since then, it has been demonstrated that various
mixtures of simple substances can produce organic or prebiotic
molecules including solutions2,3 that are subjected to electric
discharges under various conditions,4−8 illuminated by UV
radiation,9 heated in the presence of several catalysts,10−16 or
exposed to shock plasma and high pressures during asteroid or
cometary impacts.17−20 There have also been attempts to
model such reaction pathways by mathematical and kinetic
calculations.21

Recent investigations of plausible mechanisms involved in
prebiotic synthesis have highlighted two important one-carbon
parent molecules: formamide22−27 and HCN.28−30 The
chemistries of both are likely very closely interconnected.
One-carbon compounds were first predicted to be possible
precursors of biogenic molecules in 1938 by Oparin.31

Currently, it is known that molecules such as HCN, CO,
CO2, and CH4 result

32 in plasma to formamide, formaldehyde,
HCN, formic acid, glycolaldehyde, NH4CN, among other
molecules. Formamide is a particularly interesting one-carbon
compound. Its structure represents the simplest amide, which
contains all of the essential biogenic elements (CNOH, but
excluding sulfur and phosphorus). It is sufficiently reactive and
ubiquitous in the star-forming regions of dense interstellar
clouds,33 in young stellar objects34,35 or in comets.36,37 In
terrestrial environments, hydrolysis of HCN,38 together with

volcanic activity,23 radioactivity, and plasma reprocessing of
atmospheric mixtures (CH4, NH3, H2O, H2, CO, CO2, N2,
NH3, H2, H2O,

39 or HCHO and their various combina-
tions)7,40,41 have been identified as potential endogenous
sources of formamide in planetary chemistry. Formamide is
simultaneously a sufficiently stable compound, and therefore, it
has been postulated that accumulation in the planetary
environment is very likely.42

Ionizing radiation also represents a ubiquitous source of
energy for the prebiotic inventory in interplanetary (e.g., in the
form of a solar wind)10,43 and interstellar space (e.g., in the
form of heavy particles)44 as well as on early Earth (e.g., by
exposure to radioactive minerals).45 However, the role of an
enhanced radioactive background in mechanisms of terrestrial
prebiotic synthesis, the origin of life, and the first metabolic
processes is not yet completely understood. The effect might
not have been negligible, as it is described in Garzoń et al.,46

which is considered to be one of the first publications about
the influence of ionizing radiation on prebiotic chemistry.
Adam et al. recently published a study about the possible
production rate of formamide influenced by terrestrial
radioactivity derived from radioactive minerals on the prebiotic
Earth.45 Adam et al. estimated the production rate of
formamide up to 0.1−0.8 mol km−2 yr−1. In special cases of
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Roskovec et al., submitted to G3
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• Second Continent: Material of Upper Continental Crust entrained and subducted in oceanic plate 
subduction setting, accumulated at the base of the Transition Zone.


• Early Enriched Reservoir: Material of early formed crust, recycled into the mantle where it sank near the 
core–mantle boundary and remained since.
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July 9, 2019, on the research vessel “Chikyu”

In 2019, Members of JAMSTEC and Tohoku University 
established a joint working group for OBD 

JAMSTEC: Japan Agency for Marine-Earth 
Science and Technology 

Slide from Hiroko Watanabe and Kenta Ueki at Neutrino Geoscience 2019 Prague
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Goal of Our Program

Our Tool

Geoneutrino detector in the ocean 
(Ocean Bottom Detector)

mature science and technology

• Mapping hidden features in the 
mantle using breakthrough 
technology


• Interdisciplinary collaboration 
between physics, geoscience and 
engineering


• Revealing unknown unknowns

3

Create new & greater connectivity between independent fieldsProgram Goal

Neutrino 
Geoscience

Mantle Drilling

New Technology

Astrophysics

hot zones in mantle

Deep Biosphere

Linking the sciences through 
shared goals

Slide from Hiroko Watanabe (December 2020)
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Šrámek et al 2013 doi:10.1016/j.epsl.2012.11.001

Here is where we want to measure the mantle



Challenges of geoneutrino research

• Split measured value into two contributions


• Super difficult at continental sites 
– Currently measuring experiments (two) and being constructed (three more)


• Easy with an ocean bottom detector 
– “Ocean Bottom Kamland”…?


• The traditional wishlist: 
– directional measurement 
– measuring 40K neutrinos
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