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Geoneutrinos
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Energy per decay chain 
~20% carried by geoneutrinos 

~80% heat the Earth

Measuring composition of the Earth using particle physics

How much radiogenic power in the mantle? 
Independent test of crustal models? 

What is Earth's Th/U ratio?
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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

cm−2 s−1

Predicted U and Th geoneutrino flux

Large (~1 kton) 
underground 

liquid scintillator 
detectors

Usman et al. 2015



JUNO: 20 kiloton detector
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Expected geoneutrino annual count rate

4.2 14 20

100

0.3 kton 4 kton 20 kton1 kton

1. Detector size 
2. Strength of crustal emissionEffect of:



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

Antineutrinos from 282U and 232Th decay chains detected



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



Geoneutrino emission model – structure, density
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upper sediments

middle sediments
lower sediments

upper crust

middle crust

lower crust

Core

Mantle
Crust

de
pt

h

1º lat × 1º lon 
crustal tiles

• Model of crustal geometry and material density from CRUST1.0 model (Laske et al.) 
• Material density in the mantle from PREM model (Dziewonski & Anderson 1981)

CRUST1.0

PREM

Density g/cm3

6371 km

3480 km

Ra
di

us
 k

m

Each tile is a 
layered sandwich



Geoneutrino emission model – Th, U concentrations
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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
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175 km depth

radius 3480 km

radius 4202 km

reference Earth radius 6371 km

• Assumes negligible Th, U in the core 
• Estimate Silicate Earth composition … 20 TW Earth?  10 TW?  30 TW? 
• Estimates of lithospheric composition – layers of crust, lithospheric mantle below 

continents … 7–8 TW 
• Remaining T, U in the mantle … "Silicate Earth = Lithosphere + Mantle"  

… How much radiogenic power in the convecting mantle?



Deep crust Th, U concentrations
Use global compositional estimate (what I did) 

Employ VP to rock type to composition relationships

9Huang et al. 2013 doi:10.1002/ggge.20129

mafic
felsic



Earth’s energy balance
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LowQ 
~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

MiddleQ 
~20 TW

HighQ 
~30 TW

6.8 TW*

6.8 TW*

6.8 TW*

3.2 TW

13.2 TW

23.2 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

*Huang et al. (2013) 
**McDonough & Sun (1995)



Geoneutrinos measurements vs. prediction
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Geoneutrino prediction from 

Šrámek et al. 2016 doi:10.1038/srep33034

Silicate Earth models:
High-Q:    ~33 TW radiogenic power 
Middle-Q: ~20 TW  
Low-Q:     ~11 TW 

fully radiogenic Earth

KamLAND

2005 2011 2013 2016
preliminary

Borexino

2010 2013 2015

Crust: closest 500 km

Crust: rest of the world
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High−Q

Mid−Q

Low−Q

Geoneutrino prediction from Sramek et al. 2016 Sci.Rep. doi:10.1038/srep33034
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TW radiogenic
power in BSE
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Measuring the mantle now
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Total flux 
(measured)

Crustal flux 
(predicted)

Crustal flux 
(predicted)

Mantle flux 
(measured − predicted)

Comparison with LowQ/MiddleQ/High! models

Geophysical prediction: Crustal geo-ν in TNU
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KamLAND

KamLAND* and Borexino** combined
  *Watanabe 2016 talk at Tohoku Univ 
  **Agostini et al 2015 doi:10.1103/PhysRevD.92.031101

8.8 ± 6.4 TNU
(72% uncertainty)

21 ± 10 TW
in the Earth



Looking ahead
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predicted geoneutrino flux at 5 detectors

Šrámek et al 2016 doi:10.1038/srep33034



Measuring the mantle: future prospect
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Toward year ≳2026

TW radiogenic
power in BSE
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Geophysical prediction: Crustal geo-ν in TNU
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• Combination of measurements 
from all detectors expected to 
tighten limits on mantle heat 
production 

• Challenge for geoscience:  
Increase precision of crustal 
prediction to better resolve the 
mantle.



Abundances of Th, U in emission model
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232Th

detectable

estimates the energy escaping the Earth on average each time
a parent nuclide decays. The average energy of 40K requires a
small correction, accounting for the emission of the neutrino
from electron capture. Subtracting the average escape energy
from the decay energy computes the radiogenic heat absor-
bed by the Earth on average per decay (Qh = Q ! Qn). The
calculated rate of heating per unit mass of the parent nuclide,
or the isotopic heat generation, is

h ¼ NAl
m

Qh ð6Þ

with NA Avogadro’s number, l the decay constant, and m the
molar mass. Table 1 presents the quantities used to calculate
the radiogenic power of 238U, 235U, 232Th, and 40K. These
quantities also allow calculation of the isotopic antineutrino
luminosity

l ¼ NAl
m

nne : ð7Þ

Element specific heat generation and antineutrino luminosity
follow from summing the isotopic values weighted by natural
abundance. Table 2 presents values for uranium, thorium and

potassium. These concur with values from similar recent
calculations [Enomoto et al., 2007; Fiorentini et al., 2007].
Previous calculations of heat production tend to underesti-
mate the contributions from uranium and thorium and over-
estimate the contribution from potassium at about the 4%
level or less [Hamza and Beck, 1972; Rybach, 1988].

3. GEONEUTRINO DETECTION

[13] Geoneutrino detection presently exploits a coinci-
dence of signals from quasi-elastic scattering on a free pro-
ton (hydrogen nucleus) in organic scintillating liquid. This
follows the traditional method for real-time measurement of
reactor antineutrinos, which was developed decades ago
[Reines and Cowan, 1953]. In this neutron inverse beta
decay reaction, an electron antineutrino becomes a positron
by collecting the electric charge from a proton, which
becomes a neutron [Vogel and Beacom, 1999].

ne þ p→eþ þ n ð8Þ

Both reaction products produce signals, correlated in posi-
tion and time. The positron retains most of the available
energy, which is approximately the electron antineutrino
energy (Ene ) minus the difference between the rest mass
energy of the neutron and proton (D = Mn ! Mp). It rapidly
(<1 ns) loses kinetic energy through ionization, producing a
prompt signal proportional to the energy of the electron
antineutrino.

Te ¼ Ene !D! me ð9Þ

The positron soon annihilates with an electron, releasing
gamma rays with total energy equal to twice the electron
mass. If the gamma rays interact within the detector, typically
by Compton scattering, this increases the energy and spatial
spread of the prompt signal. Prior to annihilation, the positron
has a significant probability (&50% in scintillating liquid) of
briefly forming a bound state with an electron (positronium),
delaying the annihilation signal by several nanoseconds
[Franco et al., 2011]. Although this delay degrades the
positron position resolution, it provides a method for reject-
ing background.
[14] The momentum of the electron antineutrino transfers

principally to the neutron, initially moving forward and losing
energy through collisions with hydrogen nuclei. Some of the
recoiling protons contribute relatively small amounts of ioni-
zation energy to the prompt signal. After coming to thermal
equilibrium, the neutron diffuses through the medium, typi-
cally for many microseconds before getting absorbed by an

Figure 1. These curves show the antineutrino intensity
energy spectra per decay of 238U, 232Th, 235U, and 40K,
which are the main nuclides contributing to terrestrial radio-
genic heating and the surface geoneutrino flux.

TABLE 1. Parent Nuclide Quantities for Radiogenic Heating and Geoneutrino Flux

Nuclide Percent n.a. m (g/mol) l (10!18 s!1) nne Q (pJ) Qn (pJ) Qh (pJ) h (mW/kg) l (kg!1ms!1)

238U 99.2796 238 4.916 6 8.282 0.634 7.648 95.13 74.6
235U 0.7204 235 31.210 4 7.434 0.325 7.108 568.47 319.9
232Th 100.0000 232 1.563 4 6.833 0.358 6.475 26.28 16.2
40K 0.0117 40 17.200 0.893 0.213 0.103 0.110 28.47 231.2

DYE: GEONEUTRINOS RG3007RG3007

4 of 19

Th [wt ppm] U [wt ppm] Th/U
 Bulk Silicate Earth1 0.08 0.02 4.0
 Upper CC + sediments2 10.5 2.7 3.9
 Middle CC2 6.5 1.3 5.0
 Lower CC2 1.2 0.2 6.0
 Oceanic sediments3 8.1 1.7 4.8
 Oceanic crust4 0.21 0.07 3.0
 CLM5 0.15 0.033 4.5
 Depleted Mantle6 0.022 0.008 2.7

+ uncertainties

More Th than U More detectable 
geoneutrinos from U

Geoneutrino spectra

20 TW Earth

  1 Arevalo et al. 2009 
  2 Rudnick & Gao 2014 
  3 Plank 2014 
  4 White & Klein 2014 
  5 Huang et al. 2013 
  6 Arevalo & McDonough 2010



Geoneutrino prediction at JUNO
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Th U Th+U

 Upper CC + sed. 4.01±0.40 15.4±3.2 19.4±3.6

 Middle CC 1.84±0.15 5.5±1.7 7.4±1.9

 Lower CC 0.30±0.09 0.75±0.23 1.05±0.32

 OC – sediments 0038±0.003 0.123±0.006 0.160±0.009

 OC – crust 0.014±0.004 0.073±0.0022 0.088±0.026

 CC + OC 6.2±0.4 21.9±3.7 28.1±4.1

 CLM 0.40 +0.57−0.25 1.4 +1.7−0.8 1.8 +2.3−1.1

 CC + OC + CLM 6.7 +0.8−0.6 23.9 +4.2−4.0 30.6 +4.9−4.5

 DM 0.68 +0.15−0.17 3.7 +0.8−0.9 4.4 +1.0−1.1

 EM 0.87 +0.44−0.34 2.6 +2.2−1.6 3.5 +2.6−2.0

 DM + EM 1.6 +0.4−0.5 6.6 +2.1−2.2 8.2 +2.5−2.7

 TOTAL 8.4 +0.8−0.6 30.5 +4.0−3.9 38.9 +4.8−4.5

22.12ºN, 112.52ºE, 700 m depth

Geoneutrino signal in TNU from 20 TW Earth

Total TNU

21% from Mantle

72% from Crust

79% from Crust + CLM

50% from Upper 
Continental Crust



Prediction at JUNO – lithosphere
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km crustal 
thickness 
(CRUST1.0)

0.1
0.2%

TNU flux from lithosphere

% of global lithosphere

How to read the tiles:

28% of signal 
from two tiles 
(< 100 km)

55% of signal from  
“near-field”

longitude

1º lat × 1º lon tiles of crustal model
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Can we build a geological model of crust around JUNO?
detector

~500 km

crust

Geo model for JUNO/Jinping/China
• Refined discretized model of lithosphere 
• Material density, Vp and Vs seismic 

speeds, surface heat flux, chemical 
composition, …

Studies of near-field crust
around SNO+ (Huang 
et al. 2014, Strati et al.)

around Borexino  
(Coltorti et al. 2011)

around KamLAND 
(Enomoto et al. 2007)

within 500 km

50% of signal

Importance of local model



Crustal model matters!

19

KamLAND measurement

Crustal prediction TNU

Signal from the mantle…?



Toward local prediction at JUNO
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Huang H-Q et al 2013 doi:10.1016/j.jseaes.2012.09.009

Current model for 
geoneutrino emission

Tectonic units, 
distribution of granites
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Challenges of emission models

• Precision of neutrino physics measurement is expected to increase. 
Inference of mantle signal will be limited by precision of crustal prediction.  

• Global emission model are too coarse to well describe nearby crustal 
contribution (~50% of signal). Can we do better? 

• Crustal model = physical + chemical description 
… integrate various measurements and methods 

• Which global crustal model? 
… CRUST2.0, CRUST1.0, LITHO1.0 yield difference crustal mass, using 
same compositional model yield 7.1 TW (C1) or 7.9 TW (L1) in the crust 

• Quantification of uncertainty of geo* models. 
… How well do we understand the crust?

21



Study lithosphere with geoneutrinos?
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1 detector
• We measure total geoneutrino flux. 
• We predict the lithospheric flux and resolve the mantle. (or vice versa) 

>1 detectors combined
• Assuming they “see” the same mantle, we can test the lithospheric model.

3100 km

2900 km

1300 km

KamLAND

JUNO

Jinping

R=1600 km

R=3200 km

~3000 km

~3000 km

Core

Mantle
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KamLAND

Borexino
SNO+

JUNO

Jinping

8.0

8.5

9.0

9.5

10.0

10.5

TNU

Geoneutrino flux from mantle with enriched “piles”

Šrámek et al. 2013
Almost identical mantle signal 

(7.7 vs 7.8 vs 8.0 in TNU)

Seismically slow “red” regions in the deep mantle 

3-D structure of enriched mantle?

Bull et al 2009, after Ritsema et al 1999 

Kamioka
Gran Sasso

Sudbury

Hawaii

Crust + Mantle
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TNU

Total geoneutrino flux 
mantle + lithosphere



24

• Measurement 
• Mantle: unknown, same for all 
• Far lithosphere: fixed model 
• Regional lith.: Fit to geo-ν data

KamLAND

JUNO

Jinping

KamLAND JUNO Jinping

TN
U Tuning  

the model

G1,tot = Gmantle + G3,litho-far + G1,litho-reg 
G2,tot = Gmantle + G3,litho-far + G2,litho-reg 
G3,tot = Gmantle + G3,litho-far + G3,litho-reg

v

fixed modelsame 
for all 3

v

3 measurements
4 unknowns
1 constraint … minimization of misfit 
between a priori and tuned regional 
model

Testing regional 
lithosphere



Crust + Mantle geoneutrino emission
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Longitude = 161 W
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Mantle, cosmochemical
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Šrámek et al 2013 doi:10.1016/j.epsl.2012.11.001

R&D
10–50 kt
~5 kmwe 
movable

Here is where we would 
love to measure mantle



“Seeing” enriched piles using Ocean Bottom Detector
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Conclusions

Particle physics can measure aspects of Earth's 
composition. 

Combination of future measurements, including JUNO 
and Jinping, expected to resolve the amount of 
radiogenic power in the mantle. 

Geoneutrino measurements can test models of 
lithosphere.  

Synergy (= interaction and cooperation) between 
neutrino physics and geoscientific disciplines required.
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