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Geoneutrinos: antineutrinos from the decays  
of 238U, 232Th, and 40K in the Earth 
 

•  Collaboration between neutrino physicists and geoscientists is a must 
•  NEUTRINO GEOSCIENCE IS TRULY INTERDISCIPLINRY 

Abundance of 
radioactive 

elements 

Radiogenic  
heat 

(Main goal) 

Distribution of radioactive elements 
(models) 

Geoneutrino flux To predict: From geoneutrino 
measurement: 
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The Earth’s interior 

Dynamical picture 

Where are the heat producing 
elements (HPE)?
HPE are refractory and 
lithophile, distributed according 
to their chemical afinities 
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Seismology 

Discontinuities in the waves propagation 
and the density profile,
but no info about the chemical composition 
of the Earth

P – primary, longitudinal waves
S – secondary, transverse/shear waves

PREM model 
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Xenolite 

Geochemistry 

2)   Geochemical models: 
rock samples + meteorites +  Sun 

Bulk Silicate Earth (BSE) models 
medium composition 

of the “re-mixed” crust + mantle, 
i.e., primordial mantle before the crust   
differentiation and after the Fe-Ni core 

separation 

Peridotities 

  1) Direct rock samples 
     * surface and bore-holes (max. 12 km); 

* mantle rocks brought up by tectonics 
BUT:  POSSIBLE ALTERATION DURING 
THE TRANSPORT  

 
Compositional 
(relative to Si) 
correlation  
Sun vs Chondrites 

Xenolite 
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Surface heat flux 
Bore-hole measurements

47 + 2 TW   
(Davies & Davies 2010) 

Radiogenic heat:
The crustal contribution 
is relatively well known: 
6.8 +1.4

-1.1 TW (Huang et al.)
Mantle contribution is the main 
unknown = BSE models predictions – crust: 
~3 to 25 TW! 
Possibly answered by geoneutrinos!!!

Other heat sources:
1)  Residual heat from the accretion
2)  40K in the core?
3)  Nuclear reactor in the core?
4)  Other (phase transitions, tidal etc..)

What are the sources of this heat flux?
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Geoneutrinos detection 
++→+ enpν

“prompt signal”: e+ 
energy loss Te+ +  
annihilation (2 x 0.511 MeV) 
Eprompt = Egeonu – 0.784 MeV 

“delayed signal”: neutron 
neutron thermalisation & capture on 
protons, emission of  2.2 MeV γ
τ ∼ 250 µs

Inverse Beta Decay 
Energy threshold = 1.8 MeV
Cross section @ few MeV for electron flavour only: ~10-42 cm2 (~100 x more than scattering)
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Geoneutrinos energy spectrum 

IBD cross 
section 

1.8 MeV kinematic threshold of IBD 
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Expected geoneutrino signal 
•  LOC: Local crust: about 50% of the expected geoneutrino signal comes from the crust 

within 500-800 km around the detector, thus local geology has to be known;
•  ROC: Rest of the crust: further crust is divided in 3D voxels, volumes for upper, middle, 

lower crust and sediments are estimated and a mean chemical composition is attributed to 
these volumes (Huang et al. 2013);

•  Mantle = BSE – (LOC + ROC): this is the real unknown, different BSE models are 
considered and the respective U + Th mass is distributed either homogeneously (maximal 
signal) or it is concentrated near to the core-mantle boundary (minimal signal);

Author's personal copy

G. Bellini et al. / Progress in Particle and Nuclear Physics 73 (2013) 1–34 13

Table 3

Geo-neutrino expected signals in TNU from U and Th in the crust according
to three different geophysical and geochemical models. All calculations are
normalized to a survival probability hPeei = 0.55. The uncertainties ofMantovani
et al. [91] correspond to the full range of the crustal models, while for Dye [88]
and Huang et al. [28] the 1� errors are reported.

Site Mantovani et al. [91] Dye [88] Huang et al. [28]

Kamioka 24.7+4.3
�10.3 23.1 ± 5.5 20.6+4.0

�3.5

Gran Sasso 29.6+5.1
�12.4 28.9 ± 6.9 29.0+6.0

�5.0

Sudbury 38.5+6.7
�16.1 34.9 ± 8.4 34.0+6.3

�5.7

Hawaii 3.3+0.6
�1.4 3.2 ± 0.6 2.6+0.5

�0.5

Sudbury Neutrino Observatory (SNO) and is in construction phase. The site of Hawaii is considered, due to its low geo-
neutrino crustal signal.

In Mantovani et al., 2004 [91], the radioactivity content of each layer of a 2� ⇥ 2� global crustal model was calculated by
averaging the abundances of U andTh values available in theGERMdatabase (2003). The reported spread is obtained byusing
the maximal and minimal abundances of the compilations. The geo-neutrino signal from the crust reported in [88] differs
from that of [91] for the composition of the crystalline crust. In this latter model the authors assign to each identifiable layer
(upper, middle and lower crust) the U and Th abundances presented in the comprehensive review published by Rudnick
and Gao [27]. The uncertainty of the geo-neutrino signal for this model is the sum of the uncertainties due to 1� error of U
and Th abundances assigned to the crustal layers.

In Ref. [28] the uncertainties of the expected geo-neutrino flux are calculated for the first time, taking into account the
Th and U content of the crust and considering the geochemical and geophysical uncertainties associated with the input
data. Observing a log-normal distributions of U and Th concentrations in crustal rocks, the median values are evaluated
as the most representative number of the probability functions. The asymmetrical uncertainties are propagated from the
non-Gaussian distributions of the abundances in the deep continental crust using a Monte Carlo simulation. The estimated
signals from U and Th in the crust as calculated from this study are reported in Table 3, with all values overlapping within
the quoted uncertainties.

Due to the inverse-squared distance-dependence of the neutrino flux, the local and global reservoirs can provide
comparable contributions to the geo-neutrino signal, at least for detectors sited in the continental crust. The boundaries
of the local crust are a matter of convention. Following the Ref. [28], the crustal U and Th content in the 24 closest 1� ⇥ 1�

crustal voxels surrounding KamLAND, Borexino and SNO+ contribute 65%, 53% and 56% of the total signal, respectively.
Refined geochemical and geophysical models, that describe the Earth, have been developed for identifying with greater
precision and accuracy the local contribution (circa 500 km radius) surrounding each detector.

3.2. Local geological model near the Kamioka site

The Japan island arc sits on a continental shelf situated close to the eastern margin of the Eurasian plate, one of the most
seismically active areas of our planet. The Philippine tectonic plate ismoving towards the Eurasia plate at about 40 mm/year
and ultimately, the Philippine plate is subducting beneath the southern part of Japan. The Pacific Plate is moving roughly in
the same direction at about 80 mm/year and is subducting beneath the northern half of Japan. Both subducting plates form
deep submarine trenches and uplift areas parallel to the trench, and generate igneous activity, particularly the production of
the volcanic island chain. The Sea of Japan is a typical marginal sea, which is incompletely bordered by islands and expanded
basins on the back arc side (back arc basin), and is situated between the Japan island arc and the Asian continent. The
geochemical and geophysical features of the Japanese crust, the effects of the subducting slab, and the intricate back-arc
opening tectonics have been studied by Fiorentini et al. [93] and Enomoto et al. [89], with the aim of estimating their effects
on geo-neutrino signal.

The six 2� ⇥ 2� tiles around KamLAND produce S(U + Th) = 13.3 TNU [28]. A refined local model of the crust identifies
two layers: an upper crust extending down to the Conrad discontinuity, and a lower part down to the Moho discontinuity.
In [93], the map of Conrad and Moho depths beneath the Japan Islands is derived by Zhao et al. [94], with an estimated
standard error of ±1 km over most of Japan territory, see Fig. 8. A detailed grid based on 0.25� ⇥ 0.25� cells provided a
sampling density for the study of the upper crust in the region near Kamioka that is equivalent to about one specimen per
400 km2. Also, the vertical distribution of Th and U abundances in the crust provides even greater challenges because of the
limited information on the chemical composition at scales smaller than the Conrad depth, which is generally about 20 km
deep. The chemical composition of the upper-crust of Japan was estimated by Togashi et al., 2002 [95] and was based on
166 representative specimens, which can be associated with 37 geological groups, based on ages, lithologies, and provinces.
In Fiorentini et al. 2005 [93], a map of uranium abundance in the upper crust was built under the assumption that the
composition of the whole upper crust is the same as that inferred in [95] from the study of the exposed portion.

The composition of the Japanese lower crust was assumed to be homogeneous and taken to be ALC (U) = (0.85±0.23)⇥
10�6 kg/kg and ALC (Th) = (5.19 ± 2.08) ⇥ 10�6 kg/kg, based on the model of the lower continental crust reported in an

1 TNU = 1 event / 1032 target protons / year 
Cca 1 event / 1 kton / 1 year with 100% detection  efficiency 

KamLAND

Borexino

SNO+

Hanohano
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•  only 2 experiments have measured geoneutrinos;
•  liquid scintilllator  detectors;
• (Anti-)neutrinos have low interaction rates, therefore:
ü  Large volume detectors needed;
ü  High radiopurity of construction materials;
ü  Underground labs to shield cosmic radiations;

KamLand in Kamioka, Japan 
Border bewteen 
OCEANIC AND CONTINENTAL CRUST 
 

•  build to detect reactor anti-ν; 
•  1000  tons; 
• S(reactors)/S(geo) ~ 6.7 (2010) 
• After the Fukushima disaster (March 2011) 
many reactors OFF! 
•  data since 2002; 
• 2700 m water equivalent shielding; 

 Borexino in Gran Sasso, Italy 
CONTINENTAL CRUST 
 
 
 

•  originally build to measure neutrinos from 
the Sun – extreme radiopurity needed and 
achieved; 
•  280  tons; 
• S(reactors)/S(geo) ~ 0.3 !!! (2010)  
•  DAQ started in 2007;           
•  3600 m.w.e. shielding; 

Detecting geoneutrinos 
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KamLAND  Borexino 
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Geoneutrino experimental results 
KamLAND (Japan) 

 

•  The first investigation in 2005 
    CL < 2σ
    Nature 436 (2005) 499 

•  Update in 2008   
    73 + 27 geonu’s 
     PRL 100 (2008) 221803 

•  99.997 CL observation in 2011  
     106 +29 

– 28 geonu’s 
     (March 2002 – April 2009) 
     3.49 x 1032 target-proton year 
     Nature Geoscience 4 (2011) 647 
 

•  Latest result in 2013 
    116 +28 

– 27 geonu’s 
     (March 2002 – November 2012) 
     4.9 x 1032 target-proton year 
     0-hypothesis @ 2 x 10-6 

     PRD 88 (2013) 033001 
 

 Borexino (Italy) 
 

•  99.997 CL observation in 2010  
     9.9 +4.1 

– 3.4 geonu’s 
     small exposure but low background level  
     (December 2007 – December 2009) 
    1.5 x 1031 target-proton year 
    PLB 687 (2010) 299 

•  Update in 2013 
    14.3 + 4.4 geonu’s 
     (December 2007 – August 2012) 
     3.69 x 1031 target-proton year 
     0-hypothesis @ 6 x 10-6 

     PLB 722 (2013) 295–300 

•  Latest result: June 2015: 5.9σ CL 

     23.7 +6.5 (stat) +0.9 (sys) geonu’s 
    (December 2007 – March 2015) 
     5.5 x 1031 target-proton year 
     0-hypothesis @ 3.6 x 10-9 

     PRD 92 (2015) 031101 (R)  
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Expected crustal signal at LNGS 
Expected crustal signal 
local LOC + Rest-Of-the Crust
23.4 + 2.8 TNU 
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Expected reactor antineutrino signal at LNGS 

Prompt energy (MeV) 

235U 
239Pu 
238U 
241Pu 
Sum with oscil. 
Sum NO oscil. 

Energy spectrum of prompt events with ideal detector 
 

Expected reactor signal 
87 (1 + 0.05) TNU 

 
 
 

 
 
 
 
 
 

Nuclear and neutrino physics, reactor spectra: 
Ei : energy release per fission of isotope i 
Φi: antineutrino flux per fission of isotope i  
Pee: neutrino oscillation survival probability; 
Detector related: 
Tm: live time during the month m; 
Lr: reactor r – detector distance;  
Data from nuclear agencies (IAEA): 
Prm: thermal power of reactor r in month m 
fri: power fraction of isotope i in reactor r 
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Borexino non-antineutrino background sources 

Limestone rock

μμ
μ μ

n
n

n
n, 
9Li,8He 

1) Cosmogenic-muon induced: 
•  9Li and 8He decaying β + neutron;
•  neutrons of high energies;
    neutrons scatters proton = prompt;
    neutron is captured = delayed;
• Non-identified muons; 

2) Accidental coincidences;

3) Due to the internal radioactivity:  
(α,n) and (γ,n) reactions
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Latest Borexino results (2015)   PRD 92 (2015) 031101 (R)

Non antineutrino background  
is almost invisible! 

5.9σ evidence
23.7 +6.5 (stat) +0.9 (sys) geonu’s 

GEONU
Reactor antinu

~1 MeV ~7 MeV

(77 candidates)
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Borexino spectral fit of Eprompt(photoelectrons) 
Unbinned maximal likelihood fit:
Geoneutrinos free 

•  theoretical spectra -> MC (detector response) -> Eprompt (pe) spectrum
•  U/Th ratio

o  fixed to chondritic value
o  Left free

Reactor antineutrinos free
Calculated spectra -> MC (detector response) -> Eprompt 
(pe) spectrum

Other backgrounds constrained
•  9Li-8He spectra based on MC
•  Measured accidental background spectrum from off-time coincidences
•  MC-based (α, n) background shape

Two types of fits:
1)  Th/U mass ratio fixed
          to chondritic value of 3.9
Ngeo = 23.7 +6.5

-5.7(stat)+0.9
-0.6(sys) events

Sgeo = 43.5 +11.8
-10.4(stat)+2.7

-2.4(sys) TNU

2)  U and Th free fit paramters

Contour plots in case of 
free U and Th components

Chondritic ratio
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Geological implications of the new Borexino results 

Radiogenic heat 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Radiogenic heat (U+Th): 23-36 TW for the 
best fit and 11-52 TW for 1σ range 

•  Considering chondritic mass ratio Th/U=3.9 
and K/U = 104 : Radiogenic heat 

        (U + Th + K) = 33+28
-20TW 

      to be compared with 47 + 2 TW  of the total 
Earth surface heat flux (including all sources) 

Mantle signal 
 

•  SMantle = Smeasured – SCrust 
•  Crustal signal at LNGS “known” 
      SCrust = (23.4 + 2.8) TNU 
•  Non-0 mantle signal at 98% CL 
      Smantle = 20.9+15.1

-10.3 TNU 
11 52 23 36 
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Latest KamLAND results (2013) PRD 88 (2013) 033001 

•  After Fukushima, Japanese reactors off
•  New update expected soon!

116 +28 
– 27 geonu’s 

     (March 2002 – November 2012) 
     4.9 x 1032 target-proton year 

     0-hypothesis @ 2 x 10-6 
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JUNO potential to measure geoneutrinos 
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Figure 8-2: Result of a single toy Monte Carlo for 1-year measurement with fixed chondritic Th/U
mass ratio; the bottom plot is in logarithmic scale to show background shapes. The data points
show the energy spectrum of prompt candidates of events passing IBD selection cuts. The di↵erent
spectral components are shown as they result from the fit; black line shows the total sum for the
best fit. The geoneutrino signal with Th/U fixed to chondritic ratio is shown in red. The following
colour code applies to the backgrounds: orange (reactor antineutrinos), green (9Li - 8He), blue
(accidental), small magenta (↵, n). The flat contribution visible in the lower plot is due to fast
neutron background.

14

Reactors 
Geoneutrinos 
U+Th with fixed chondritic ration 

•  1 toy MC;
•  Full 1 year after cuts;
•  FV 18.35 kton 
      (17.2 m radial cut)
•  80% detection 

efficiency;
•  3% @ 1 MeV energy 

resolution

9Li – 8He 

Accidentals 

Big advantage:
ü  Big volume and thus high statistics 

(400 geonu / year)!
Main limitations:
ü  Huge reactor neutrino background;
ü  Relatively shallow depth – 

cosmogenic background;
Critical:
ü  Keep other backgrounds  (210Po 

contamination!) at low level and under 
control;

JUNO can provide another geoneutrino measurement with a comparable or even a better precision 
than existing results at another location in a completely different geological environment; 

•  20 kton liquid scintillator detector in 
Jiangmen in China

•  DAQ will start in 2020
•  53 km from 36 GWthermal reactors
•  Main goal: neutrino mass hierarchy
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Hanohano in Hawaii 
Hawaii Antineutrino Observatory (HANOHANO = "magnificent” in Hawaiian  

Project for a 10 kton liquid scintillator detector, 
movable and placed on a deep ocean floor 
 
 
 
Since Hawai placed on the U-Th depleted 
oceanic crust    
70% of the signal directly from the mantle! 
Would lead to very interesting results! 
(Fiorentini et al.) 
 
BSE: 60-100 events/per year  
 
 
 
  

J. G. Learned et al., XII International Workshop 
on Neutrino Telescopes, Venice, 2007.
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Geoneutrino future 
•  Borexino will switch to SOX (search for sterile neutrino by placing 144Ce/144Pr antineutrino 

source below the detector in late 2017/early 2018) –
      closure of geoneutrino dataset;
•  KamLAND: possible next update with low reactor-background data soon;
•  SNO+ (Canada): 780 ton & DAQ will start in a near future ;
      detector should be able to provide geoneutrino results;
•  JUNO (China): 20 kton & DAQ start in 2020; If non antineutrino background low and under 

control, JUNO will soon exceed the precision of existing measurements;
•  HanoHano (Hawaii): 10 kton underwater detector with ~80% mantle contribution: 
      “THE” GEONU DETECTOR: MISSING FUNDING!

•  New interdisciplinary field established: NEUTRINO GEOSCIENCE 
conference every two years  

•  Power of combined analysis and importance of multi-site measurements at 
geologically different environments 
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Thank you!


