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How much radiogenic 
power in this planet?

• How much radiogenic heating in the mantle to power thermal 
convection? 

• Earth’s mantle has uniform composition, or is layered, or has 
complex structure? 

• How much is the crust enriched in heat-producing elements relative 
to the mantle? Local crust around detector? 

• What is the composition of material from which Earth was built? 

• Rate of cooling of the Earth, at present and over time?
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Geoneutrinos – a new tool

Measuring radioactivity of the Earth

some of geo-ν’s now detectable ... and have been detected

v

v

v

v

v

Decay energy 
~20% carried away by neutrinos,

~80% heats the Earth’s interior,


powering Earth’s dynamics

Typical geoneutrino flux at Earth’s surface: 107 cm−2 s−1
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Geoneutrino detection
Inverse beta decay

4slide from Steve Dye



Antineutrino detection mechanism: Inverse beta decay

Energy threshold, only works for 232Th and 238U


Small interaction cross section (~10-44 cm2 = 10-20 barn)

Liquid scintillator detectors:


Large ~1032 free protons or ~1 kiloton of scintillator

Underground to shield from cosmic ray muon interactions 

in the atmosphere
nucleus
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Double-flash coincidenceReactor antineutrino background signal

McDonough et al. 2012
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Geoneutrino detection



KamLAND 
Kamioka, Japan  
1 kton

2005 
2011 
2013

Borexino 
Gran Sasso, Italy

0.3 kton

2010 
2013 
2015

SNO+ 
Sudbury, Canada

1 kton
online soon...

Future: 
JUNO (20kt, China)

Jinping (4kt, China)


RENO-50? (S.Korea)

LENA? (Europe)

Hanohano? (USA)

2005

Geoneutrino 
Detectors
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What does this tell us? ... relation to Earth?

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



Geoneutrino inverse problem
• Counting geoneutrinos, 

• emitted by Th, U in the Earth. 

• Goal is to constrain emitters’ abundance, spatial 
distribution. 

• Ok. Only have 2 data points. (Will have 5 in 15 years.) 

• Goals:  
Resolve mantle abundance.  
Study crust (Jinping!)
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To make sense of geoneutrino measurements.

To motivate new detectors (e.g., where to measure?)


⇒ Emission models: Calculate predictions for various compositional estimates 

& architectures of Earth’s interior.

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
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Forward model:  
predicting geoneutrino flux



Composition of Silicate Earth (BSE)

• “E-chondrite” estimate 
– Isotopic similarity between Earth rocks and E-chondrides 
– Build the Earth from E-chondrite material 
– Javoy et al. (2010) 
– also “collisional erosion” models (O’Neill & Palme 2008)

20±4

11±2

33±3
• “High” estimate 

– Based on a classical parameterized convection model 
– Requires a high mantle Urey ratio, i.e., high U, Th, K

TW radiogenic power

U Th K

• ”Standard” estimate 
– Ratios of RLE abundances constrained by C1 chondrites 
– Absolute abundances inferred from Earth rock samples 
– McDonough & Sun (1995), Allègre (1995), Hart & Zindler (1986), 
Palme & O’Neill (2003), Arevalo et al. (2009)

How much radiogenic heating in the Earth?

Estimates range from 9 to 36 TW radiogenic power
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Assumption: no K, Th, U in the core



Forming Earth’s crust
“Incompatible” elements U, Th, K concentrate in the crust

• Some ions do not fit well in the silicate rock crystal structure: 
• “LILE” … large-ion lithophile elements, e.g., K 
• “HFSE” … high field strength elements, e.g., Th, U 

• Upon melting when melt and solid in coexistence, they concentrate in the melt 
• Therefore, crust enriched in K, Th, U
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Radiogenic power in the mantle

• ”Standard” estimate 20±4

11±2

33±3

BSE
TW radiogenic power

Mantle

4±2

13±4

26±3

BSE = Mantle + Crust

Oceanic:  0.22 ± 0.03 TW

Continental:  6.8 (+1.4/–1.1) TW

Model of Huang et al. 2013 G3

• “E-chondrite” estimate

• “High” estimate

Estimates from 2 to 29 
TW radiogenic power 

in the mantle

How much radiogenic 
heating in the mantle 
to power convection?
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and geochemical contributions to the uncertainties of
our model. With respect to the previous estimates, we
increase the quality of the predicted geoneutrino sig-
nals, pointing out the asymmetrical distributions of
the uncertainties as a consequence of the non-
Gaussian distributions of HPE abundances in the
deep CC and CLM. Within 1-sigma uncertainties,
our results for U and Th geoneutrino signals from
the crust (Table 2) are comparable to those reported
by Mantovani et al. [2004] and Dye [2010], for
which symmetrical and homogeneous uncertainties
were adopted. For several locations in Table 2, we
report 1-sigma uncertainties of the geoneutrino signal:
different relative uncertainties are a consequence of
the detailed characterization of the crustal structure
and its radioactivity content. From the perspective
of deep-Earth exploration based on detection of
geoneutrinos from many detectors, our predictions
for the lithosphere provide constraints on the signal
from the mantle.

[72] The total crustal geoneutrino signal at
KamLAND, Borexino, and SNO+ are estimated
to be 20:6þ4:0

"3:5 TNU, 29:0þ6:0
"5:0 TNU, and 34:0þ6:3

"5:7
TNU, respectively, in the reference model. The
contributions to the quoted 1-sigma uncertainties
from geophysical and geochemical uncertainties
can be assessed. By holding the HPE abundances
in all crustal reservoirs constant at their central
values, the uncertainties associated with the geo-
physical model are #1.5 TNU, #2.7 TNU, and
#2.1 TNU, respectively. By fixing the crustal
thickness of all voxels as being constant, the geo-
chemical uncertainties contribute þ3:6

"3:2 TNU, þ5:0
"4:3

TNU, and þ5:9
"5:2 TNU, respectively. Thus, the geo-

chemical uncertainties clearly dominate the total
uncertainty of the crustal geoneutrino signals at all
of the three detectors.

[73] Geoneutrino experiments carried on at three
existing detectors allow estimation of the
geoneutrino flux from the mantle, which, in turn,
provides constraints on permissible BSE composi-
tional models [Dye, 2010; Fiorentini et al., 2012;
Šrámek et al., 2013]. In particular, by subtracting
the predicted crustal signal (Scrust) from the total
measured signal (Stot, meas) at the three detectors,
we can infer the mantle contributions (Smantle) for
each location [Fiorentini et al., 2012]. These three
independently determined mantle signals can be
combined to critically evaluate the radiogenic
power of the mantle. Furthermore, detailed models
of the crustal structure and composition in the
region close to the detector show that the uncer-
tainty of the signal from Local Crust (SLOC, which
is dominantly contributed by the 24 1$ % 1$ voxels
surrounding the detector) can be reduced when
compared to that of a global crustal signal [Coltorti
et al., 2011; Enomoto et al., 2007; Fiorentini et al.,
2005]. Since Scrust in this study is the sum of SLOC
and SFFC (the signal from Far Field Crust after
excluding local crust), we report in Table 2 the

Figure 10. Predicted geoneutrino signals from the man-
tle (DM+EM) and overlaying lithosphere (crust +CLM)
for 16 geographic locations.

Figure 9. Geoneutrino signal at Earth’s surface. The unit is Terrestrial Neutrino Unit (TNU) as discussed in section 5.

Geochemistry
Geophysics
Geosystems G3G3

HUANG ET AL.: EARTH MODEL HPE GEONEUTRINO 10.1002/ggge.20129

2025

Huang et al. 2013 G3 doi:10.1002/ggge.20129

Dominated by continental crust
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Geoneutrino flux prediction 
at Earth’s surface

http://dx.doi.org/10.1002/ggge.20129
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Geoneutrino measurements 
vs. predictions

McDonough & Šrámek 2014 EES doi:10.1007/s12665-014-3133-9, updated

http://dx.doi.org/10.1007/s12665-014-3133-9


Thermochemical piles in deep mantle?

Šrámek et al. 2013 EPSL doi:10.1016/j.epsl.2012.11.001

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

Mantle geoneutrino U+Th signal prediction (excluding crustal signal)

Can we detect such variation in mantle geonu flux?

What seismology sees 
LLSVPs

Assume these piles represent 
an enriched reservoir.  

δlnVs isocontours ⇒ shape

15
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Šrámek et al. 2013 EPSL doi:10.1016/j.epsl.2012.11.001
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Measure in the middle of the ocean…

http://dx.doi.org/10.1016/j.epsl.2012.11.001


• We do not have an ocean going antineutrino 
detector 

• How can we constrain the mantle? 

• We have Jinping 
Ok, counterintuitive: Jinping is  
snuggled up to the thickest  
crust on Earth (…?)

Uses CRUST1.0 model

17



• Website at hep.tsinghua.edu.cn/CJPLNE/ 
• “Letter of Intent” arXiv:1602.01733

Figure 7: (Color online) World map with all currently running and being constructed nuclear power
plants and SNO, Gran Sasso, Kamland and Jinping laboratory locations marked.

[7] Y. C. WU, Chinese Phys. C37, 086001 (2013).

[8] International Atomic Energy Agency, http://www.iaea.org/ (2015).
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JinPing Constructed Under Construction Total
China Others China Others

Rate/kton/1500day 11.7 8.2 19.2 1.1 40.2

Table 9: Reactor neutrino event rate at JinPing.
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Figure 28: Geoneutrino and reactor neutrino spectra at Jinping.

5.3 Sensitivity at Jinping

Jinping is far away from all currently running and being constructed reactors. Fig. 28 clearly shows
that reactor neutrino background becomes insignificant and a precise geoneutrino flux measurement
will be avaiable, especially for the component from the crust of the Earth. Jinping is an ideal site
to search geoneutrinos.
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dominant 
geonu signal!
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4 kton

far away from reactors
deepest lab in the world

Jinping Neutrino Experiment

http://hep.tsinghua.edu.cn/CJPLNE/
http://arxiv.org/abs/1602.01733
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Geoneutrino emission model
Global model, layered Earth, chemical reservoirs

Different color = 
different chemical 

composition

Crustal models: 
CRUST1.0 or LITHO1.0 give structure + rock density … 13% difference in CC mass 
PREM gives mantle density (Dziewonski & Anderson 1981 PEPI) 
Estimates of chemical composition + uncertainty: 
Rudnick & Gao 2014, Plank 2014, White & Klein 2014 (all 3 in Treatise on Geochemistry, 2nd ed.), Huang et al. 
2013 G3, Arevalo et al. 2009 EPSL, Arevalo & McDonough 2010 Chem.Geol.

CC = Continental Crust 
OC = Oceanic Crust  
CLM = Continental Lithospheric Mantle  
DM = Depleted Mantle  
EM = Enriched Mantle

DM … Arevalo & McDonough 2010

Layers 3–5 … sediments

Layer 6 … upper crust … R&G 2014 UCC
Layer 7 … middle crust … R&G 2014 MCC

Layers 3–5 … sediments … Plank 2014

Layer 6–8 … crust … White & Klein 2014

      CLM … Huang et al. 2013

EM … from mass balance

Continental Oceanic

Layer 8 … lower crust … R&G 2014 LCC

CC OC

175 km depth

radius 3480 km

radius 4202 km

reference Earth radius 6371 km

BSE … Arevalo et al. 2009

Šrámek, Roskovec, Wipperfurth, Xi Yufei, McDonough, in preparation
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Predicted geonu flux at Jinping
CRUST1.0 crustal thickness in color 

TNU and % contribution to total signal

Šrámek, Roskovec, Wipperfurth, Xi Yufei, McDonough, in preparation

TNU

Total 57.0 ± 7.5

Lithosphere 48.8 ± 7.4

Mantle 8.2 ± 1.4

“Near-field crust” 28.7

Uncertainties reflect uncertainty 
in chemical composition. 
Result using LITHO1.0 model of 
lithosphere yields flux higher by 
5 TNU … estimate of uncertainty 
in structure/density.

Results using CRUST1.0 model



28% 22% 19%

49%

44%
48%

Near field crust
Far field crust
Mantle

23%
33% 33%

44%

22% 14%

34%

50%

36%
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Update from McDonough & Šrámek 2014 EES  
Šrámek, Roskovec, Wipperfurth, Xi Yufei, McDonough, in preparation

Comparison of geoneutrino experiments

Strongest geonu signal
Highest proportion of crustal signal

Values from Huang et al. (2013), Strati et al. (2015)
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Resolving mantle from KamLAND + Borexino

TW radiogenic
power in BSE
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Resolving mantle: adding Jinping

TW radiogenic
power in BSE
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Adding Jinping with much higher 
crustal signal tightens constraints 
on mantle radiogenic power
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Geonu flux vs. distance from emitter

Šrámek, Roskovec, Wipperfurth, Xi Yufei, McDonough, in preparation

Total of KamLAND, JUNO, 

Borexino, SNO+

within 
500 km

~60% of signal
~all of it from crust



Way forward
• Global models of crust used in our emission model. 

• Need refined crustal model specific to Jinping 
area. 

• Given the geological prominence of this area, this 
can be done and requires involvement of Chinese 
geoscientist. 

• Think about how geoneutrino measurement can be 
used to study crust around Jinping.
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Geology of Jinping neighborhood
• Boundary between Tibetan Plateau and Sichuan Basin 
• Major tectonic faults, seismic activity, tectonic activity

Wang et al. 2014 Tectonics doi:10.1002/2013TC003337
26

http://dx.doi.org/10.1002/2013TC003337


Geology of Jinping neighborhood
• Tectonic activity seen in GPS measurements, complex velocity field with 

amplitudes >10 mm/yr 

• Strong lateral variation in crustal thickness, in seismic speeds in the crust 
and lithospheric mantle, pattern of anisotropy 

• Debate about tectonic deformation mechanisms: 

• Lateral eastward expansion of the southeastern Tibetan Plateau: 
Movement of rigid crustal blocks along large strike-slip faults? Spatially 
continuous deformation? Eastward flow of a channel of viscous crustal 
rocks? (Liu et al. 2014 Nature Geosci.) 

• Block rotation: Southward movement of the Chuandian fragment, 
counterclockwise rotation of Sichuan basin, clockwise rotation of 
Chuxiong basin? (Wang et al. 2014 Tectonics) 

• What are the implications of different tectonic models on geoneutrino 
emission from the local lithosphere around Jinping?

27

http://dx.doi.org/10.1038/NGEO2130
http://dx.doi.org/10.1002/2013TC003337


Call to geoscientists
• Jinping provides opportunity to constrain mantle 

geoneutrino emission, therefore radiogenic power. 

• Input is required from geology/geophysics to 
construct emission model from the local complex 
tectonic region. 

• Use geoneutrinos to study lithosphere around Jinping. 

• By working together, we can advance understanding 
of the deep and the shallow Earth.
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Thank you.
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Constrained slope w/out Jinping

Constrained slope w/ Jinping

Unconstrained slope w/out Jinping

Unconstrained slope w/ Jinping

b = 11.3 ± 7.2

b = 10.7 ± 5.2

b = −0.7 ± 50.0

b = 11.5 ± 15.4

a = 1.5 ± 2.1

a = 0.97 ± 0.42

y = x + b y = a∙x + b

64% uncertainty

49% uncertainty

using Huang et al. 
crustal predictions 

for KL & BX
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