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Pale Blue Dot
a photograph of Earth 

taken on 14 Feb 1990, by 
Voyager 1 from a 

distance of about 6 billion 
kilometers



The Blue Marble 
a photograph of the 

Earth, taken on 
7 Dec 1972 from 

Apollo 17 at 
a distance of 

~45,000 kilometers



Geophysics
=

?
Structure 

Composition 
Processes 

Origin 
Evolution

What questions?



How would you study this apple?



Scientific drilling
Kola Superdeep Borehole

12.262 km deep

compare with Earth radius 
~6371 km



Challenges of studying Earth’s interior

• We cannot examine the interior in-situ 

• Indirect evidence 

• Size ⇒ Extreme temperatures (7000 K) and pressures (360 GPa) 

• Broad range of time scales 

• Only one snapshot in time 

• Combination of approaches from many different scientific 
disciplines



Study of (deep) Earth

Measurement and analysis of 
gravity field

Observations and sample 
collections possible at surface

Numerical modeling of dynamic 
flow in the interior

Experiments in minerals at high 
pressure and temperature

Fluid mechanics experiments in 
laboratory

First principles (“ab initio”) 
calculations of material properties

Study of earthquakes and 
propagation of seismic waves

Geochemical analyses of Earth and 
meteorite samples

Detection of geoneutrinos,  
“particle geoscience“



• First order compositional 
layering:  

• core 

• mantle 

• crust 

• Layering according to 
mechanical properties: 

• inner core 

• outer core 

• sublithospheric mantle 

• lithosphere



Solid Inner Core

Liquid Outer Core

Mantle

Crust

solid metal

molten metal

denser silicate rock
~67% Earth mass

lighter silicate rock
~0.5% Earth mass

2900 km
depth



Earth loses heat from its interior 
Surface heat flow

It is at the surface so we can actually measure it...
~38000 measurement sites

Davies & Davies 2010

|Q| = k
dT

dz



Plate tectonics: oceanic spreading centers
Oceanic heat flux



Theory of plate tectonics

• Tectonic plates 
• Plate boundaries … divergent | convergent | transform faults 
• Mid-oceanic ridges 
• Subduction zones 
• Island arcs 
• Hot spots 

late 1960’s and 1970’s



From BBC documentary film “Earth: The Power Of The Planet” (youtu.be/ryrXAGY1dmE)

Mantle convection, plate tectonics

http://youtu.be/ryrXAGY1dmE


• explains oceanic heat flow variation with age 
• explains ocean depth variation with age

[from Sandwell 2001]

[Stein & Stein 1992]
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heat flux

mW/m2
Davies & Davies 2010

• Pollack et al. (1993): 44 TW


• Jaupart et al. (2007): 46 ± 3 TW 

• Davies & Davies (2010): 47 ± 1(stat) TW

Surface heat flow
• Young oceans:  128 mW/m2


• Rest of oceans:  66 mW/m2


• Continents:         73 mW/m2



Surface heat flow (46±3 TW)

=

Cooling of the interior

+

Heat sources

Basic energy balance:

How come Earth loses heat?



“Primordial” heat

Planetary formation

Release of gravitational potential energy: 
Earth started hot



Gravitational binding energy (= �grav. pot. energy)
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Gravitational binding energy
Equivalent temperature increase (E ~ m C ΔT) to:

Form a uniform planet Form a dense core

75% rock + 25% metal, densities 3200/7000 kg/m3, specific heat 1000 J/kg/K



• Long-lived radioactivity … ?? TW 

• Continued crust mantle differentiation … ~0.3 TW 

• Tidal heating … ~0.1 TW 

• In the core, related to inner core growth: 

• latent heat 

• compositional energy 

• ohmic dissipation in convecting outer core 

• together with cooling of the core, CMB heat flow 10±5 TW

Heat sources in Earth’s interior

Remember: surface heat flow = 46±3 TW



How much radiogenic heating in the Earth?



Planetary formation

What is the Earth made of?

Clue: 
Meteorites

How to determine composition 
of a planet without having 
access for direct sampling?



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 ** 

[slide stolen from Bill McDonough]

Chondrites: primitive undifferentiated 
Carbonaceous chondrite: oxidized



Composition of C1 chondrites matches solar photospheric abundances

from Bill McDonough

G. Bellini et al. / Progress in Particle and Nuclear Physics 73 (2013) 1–34 5

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.

C1 chondrites: 
Best representative  

of primordial nebular material



Composition of the Earth

Constraints
• Mass of the Earth, moment of inertia, gravity analysis 

• Seismic imaging (layering, seismic wave speeds) 

• Available rock samples 

• Constraints from petrology, esp. behavior of elements upon melting

• How does Earth composition relate to C1 chondrites? 

• Volatility of elements – refractory (high condensation temperature) vs. 
volatile (low Tcond) 

• Geochemical behavior of elements 

• How are available elements distributed inside the Earth? 

• Core 

• Bulk Silicate Earth = mantle + crust



Core 

Mantle 

Siderophile 
elements 

Lithophile 
elements 

Ca, Al, REE, K, Th & U 

Fe, Ni,  
P, Os 

Atmophile 
elements 

Goldschmidt’s Classification of Elements

[slide stolen from Bill McDonough]
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Figure 4: The abundances of elements in the silicate Earth (i.e., the primitive mantle,
which was then di↵erentiated to the present-day crust and mantle) divide by their relative
abundances in C1 carbonaceous chondrite and plotted against the half-mass condensation
temperatures for a gas density in the solar system’s nebular disk at approximately 1AU.
See [17] for details.

various meteorites, was established within two million years of the start of the solar system [14, 15, 16].
Thus, the Earth’s building blocks were likely volatile depleted and so much so that we do not have an
analogous example among the chondritic meteorites.

In addition to considering the behavior of elements (i.e., refractory versus volatile) in the nebu-
lar disk, geologists classify elements according to their geochemical a�nities during geological pro-
cesses, with elemental a�nities cast according to partition functions with metal (siderophile), silicate
(lithophile), sulfides (chalcophile), and water and gases (atmophile). Hence, inventories of siderophile
elements are stored in the Earth’s core, with minor amounts in the mantle, while the chalcophile el-
ements were divided between the core and mantle[17]. Core formation was likely protracted over one
to a few million year time scale and it occurred over a range of conditions, but, on average, appears
to have been established at mid-mantle pressure and temperature and a dominantly reduced oxygen
fugacity [18, 19, 20]. This scenario of core formation is derived from combining data on the absolute
and relative abundances of elements in the silicate Earth and in chondrites, with experimental observa-
tions that establish the thermodynamic behavior of elements in analog material at controlled pressure,
temperature and gas fugacity conditions in the laboratory. The depletion of siderophile and chalcophile
elements in silicate Earth is accounted for by their sequestering into the core. To di↵erent degrees the
siderophile and chalcophile elements have dissimilar geochemical a�nities, as can be observed (Fig. 4)
from the distinctive depletions of the two refractory elements Mo and W and the highly siderophile
noble metals.

8

Composition of BSE relative to C1 chondrites



• O, Fe, Si, Mg account for 93% of Earth’s mass 

• + Al, Ca, Ni … 98% of Earth’s mass 

• minor and trace elements 

• 20 ppm of U in Bulk Silicate Earth 

• Th/U ratio of ~4  

• K/U ratio of 14000  

• 20 TW of radiogenic heating

UThK

Composition of the Earth

40K

232Th

238U

long-lived 
radioactivity



Isotopic similarity between Earth rocks and enstatite chondrides


Similarity in oxidation state


Hypothesis: Earth formed from E-chondrite material


Javoy et al. EPSL 2010 ... 12 ppb U in BSE (Th/U and K/U ratios not so much different)


~11 TW radiogenic power in BSE

Also “collisional erosion” model  (O’Neill & Palme 2008)

Earth formed with ~20 ppb U in BSE


Differentiated early crust (enriched in U, Th, K)


This crust was lost during a giant impact collision → 10 ppb U in BSE

Alternative compositional estimate



Based on energetics of mantle convection


Parameterized convection models:


heat loss = radiogenic heating + secular cooling


Classical scaling between Qs (Nusselt number)  
and vigor of convection (Rayleigh number)


Need a large proportion of radiogenic heating to account for 
mantle heat flow, otherwise “thermal catastrophe” in the Archean


Requires  mantle Urey ≥ 0.6  (geochemical = 0.3, cosmochemical = 0.1)


Therefore needs higher abundance of U, Th, K


Radiogenic heating ≥ 30 TW in BSE  

Qs(t) = Hrad(t)� C
dT (t)

dt

Nu / Ra(T )1/3

Caution – oversimplified model

Yet another estimate of K, Th, U



• “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

BSE

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

TW radiogenic power
Composition of Silicate Earth  (BSE)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)



Estimates range from 9 to 36 TW radiogenic power

How much radiogenic heating in the Earth?
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“Incompatible” elements U, Th, K concentrate in the crust

Forming Earth’s 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



New reference model by Yu Huang et al. (G3 2013)

Inputs for crustal thickness:  CRUST2.0 + CUB2.0 + GEMMA

Inputs for composition:  updated and new compositional databases

Continental Crust 
6.8 (+1.4/−1.1) TW

Oceanic Crust 
0.22 ± 0.03 TW

Crustal heat production



20±4

11±2

33±3

BSE
TW radiogenic power

Mantle

4±2

13±4

26±3

Composition of Silicate Earth  (BSE)U Th K

BSE = Mantle + Crust

Oceanic:     0.22 ± 0.03 TW

Continental:  6.8 (+1.4/–1.1) TW

• ”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)

• “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)

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



Crustal
heat production

8 TW
(7–9 TW)

Mantle
heat production

12 TW
(8–16 TW)

Mantle cooling
17 TW

(10–23 TW)

Core heat loss
10 TW

(5–15 TW)

Total heat loss 47±2 TW

How much radiogenic heating in the mantle to 
power convection?

Earth’s energy budget

?

radiogenic + primordial heat + core processes

Total heat loss 46±3 TW

Estimates from 2 to 29 TW radiogenic 
power in the mantle



• thermal boundary layers 

• upwellings, downwellings 

• convection cells

no internal heating

no basal heating

mixed heating ... Earth mantle

How much internal heating in the mantle?



Layering, chemical reservoirs in the mantle?

Chemical reservoir enriched 
in heat-producing 

elements? 
Architecture  

of the Earth’s mantle...



?



Včetně kolegů z UČJF, členů Daya Bay Collaboration!



What are neutrinos?

Standard Model  
of elementary particles

β− decay

electron antineutrino



Electron anti-neutrinos emitted in β− decays  
of naturally occurring radionuclides

238
92U �!206

82 Pb + 8↵+ 6e� + 6⌫̄e + 51.698MeV
232
90Th �!208

82 Pb + 6↵+ 4e� + 4⌫̄e + 42.652MeV

40
19K

89.3%�! 40
20Ca + e� + ⌫̄e + 1.311MeV

Decay energy

~20% carried away by antineutrinos


~80% heats the Earth’s interior

Neutrinos only interact through weak interaction.

Typical geoneutrino flux: 107 cm−2 s−1 at Earth surface,


or ~1010 flying through each of you every second.

Integrated information about radioactivity inside the Earth.

Geoneutrino flux

Measuring radioactivity of the Earth!

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

Geoneutrinos?
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Nucl
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Brief (geo)ν history

2005: first reported measurement of geoneutrinos at 
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



Detection of geoneutrinos

Antineutrino detection mechanism: Inverse beta decay

Energy threshold, only works for 232Th and 238U


Liquid scintillator detectors:

Large ~1032 free protons or ~1 kiloton of scintillator


Underground to shield from cosmic ray muon interactions 
in the atmosphere

nucleus

n

e+

μs

ns

γ

γ

γ

p
νe

_

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

Double-flash coincidence

Reactor antineutrino background signal

McDonough et al. 2012



(a) Antineutrino intensity energy spectra (b) Cross sections

(c) Antineutrino interaction energy spectra

intensity spectrum (a)
×

cross section (b)
=

interaction spectrum (c)

Dye 2012



KamLAND 
Kamioka, Japan
2005 
2011 
2013

Borexino 
Gran Sasso, Italy
2010 
2013 
2015

SNO+ 
Sudbury, Canada
online soon...

Future: 
JUNO (China)

CJPLNE (China)

LENA (Europe)

RENO-50 (S.Korea)

Hanohano (USA)

2005

Geoneutrino 
Detectors



Cho 2010 Science 10.1126/science.330.6006.904

Geoneutrino-detecting underground physics laboratories

http://dx.doi.org/10.1126/science.330.6006.904


SNOLAB, Sudbury, Ontario, Canada





Geoneutrino measurements
• Radiogenic heat production for U and Th from present best-fit result is restricted to the range 23-36 TW.

Table 2: Evolution of geoneutrino measurements. Recalculated in TNU (where not reported).
Study Reported result in TNU events/year
Araki et al. (2005) 28± 15 events with Th/U=3.9 57± 31 14
Gando et al. (2011) 106+29

�28 events with Th/U=3.9 38± 10
Gando et al. (2013) 3.4± 0.8 cm�2 µs�1 with Th/U=3.9 30± 7 14
Bellini et al. (2010) 9.9+4.1

�3.4 events + Th/U=3.9 65+27
�22 6.7

Bellini et al. (2013) with Th/U=3.9 38.8± 12.0 3.9
Agostini et al. (2015) 23.7+6.5

�5.7(stat)
+0.9
�0.6(sys) 43.5+11.8

�10.4(stat)
+2.7
�2.4(sys) 4.2

Table 3: Geoneutrino measurements. Recalculated in TNU (where not reported). All reported data assume Th/u=3.9.
Study Live time Exposure Geonu Geonu �Th �U events/yr

proton yr events TNU cm�2 µs�1 cm�2 µs�1

Araki et al. (2005)
Gando et al. (2011)
Gando et al. (2013)
Bellini et al. (2010)
Bellini et al. (2013)
Agostini et al. (2015) 2055.9 days (5.5± 0.3)⇥ 1031 23.7+6.5

�5.7(stat)
+0.9
�0.6(sys) 43.5+11.8

�10.4(stat)
+2.7
�2.4(sys) 2.3± 0.6 2.7± 0.7 ⇠ 4.2

Mark Chen on neutrino oscillations (via Bill McDonough, email of 10/19/2012)

Both of your questions are excellent.

(1) There are many puzzles/paradoxes that neutrino oscillations appear to introduce. I tend to resolve them all by thinking of Schrodinger’s cat. Neutrinos oscillate
because when they are produced in the reaction, we don’t know whether ⌫1 or ⌫2 or ⌫3 mass eigenstate was emitted. All three can be emitted by the reaction with
di↵erent probability but unless we look very carefully at the reaction kinematics, we don’t know which it was. Then, it is the case that ⌫1 and ⌫2 and ⌫3 are all
propagating at the same time because we don’t know which one it is – the cat is simultaneously dead and alive – then, the neutrino flavor oscillates because of this
until we complete the detection of the neutrino, which collapses it into a weak flavor eigenstate.

Aside: one could imagine building an experiment that did measure the emitted neutrino kinematics so precisely that you knew the mass eigenstate (i.e. you knew it
was ⌫2 that was emitted one time, and then ⌫1 the next time). Then, you would know if the cat was dead or alive before it propagates. If you did, neutrino flavor
would not oscillate downstream. Heisenberg uncertainty principle explains this too. If you succeed to measure the neutrino kinematics (aka momentum) so precisely,
you increase the uncertainty in the position. So then, what you see downstream is a neutrino that doesn’t oscillate because you didn’t know where it came from in
the first place (position so uncertain) and then you are getting the averaged behavior over the production region (this is equivalent to smearing out the oscillation
peaks and valleys).

If an electron or muon (charged lepton) is emitted in some reaction, we know the mass (easily measured). You are definitely in the right ballpark with your answer
that it depends (a bit) on the mass. Neutrinos are more ”mysterious” because of their light mass, which makes them more easily ”uncertain”. Once an electron is
emitted, you know it is an electron and thus no oscillation. No quantum uncertainty, no quantum interference.
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Geoneutrino measurements

What does this tell us? ... relation to Earth?
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Predicting geoneutrino flux
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 Φ at position r from a given radionuclide distributed with abundance A in domain Ω 

�(r) =
n⌫�hP i

4⇡

Z

⌦

A(r0)⇢(r0)

|r� r0|2 dr0

inputs from geoscience: 
• chemical abundances A – several estimates

• density ρ


inputs from nuclear/particle physics: 
• nν, λ, ⟨P⟩


• negligible uncertainty



Critical: Accurate crustal geoneutrino emission model

Cont. crust is enriched in U, Th, K


Geoneutrino flux scales with 1/R2


Detectors are located in cont. crust

total flux at KamLAND

from cont. crust

Enomoto et al. 2007

Need global model  
+ 

local refinement 
within few 100 km of 

the detector



Critical: Accurate crustal geoneutrino emission model

Yu Huang et al.  
arXiv: 1301.0365

from Yu Huang Enomoto et al. 2007 Coltorti et al. 2011



How is radioactivity distributed in the mantle?

?
Hypothesis → Geoneutrino flux prediction → Testing 

with geoneutrino measurement
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Geoneutrino measurements vs. predictions

Assumes uniform mantle composition
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4.1 ± 1.2Salters & Stracke (2004)

Workman & Hart (2005) 2.8 ± 0.4 

7.5 ± 1.5

MORB-source mantle abundance estimates

Arevalo & McDonough (2010)

TW if occupying 
entire mantle

Shallow mantle composition

Require enriched material in the mantle

“Standard”

“E-chondrite”
Bulk mantle (=BSE−Crust)

“High”

4.3 ± 2.0
13 ± 4
26 ± 3

TW

?Mid-Oceanic Ridge Basalt 
composition 

→ 
source rock abundances  

in shallow mantle



Bull et al. EPSL 2009

Seismic shear wave speed anomaly 
Tomographic model S20RTS (Ritsema et al.)

Seismic tomography image of present-day mantle

Candidate for a distinct 
chemical reservoir

“LLSVPs” or “piles” or “superplumes”

Two large scale seismic speed anomalies 
– below Africa and below central Pacific


Anti-correlation of shear and sound 
wavespeeds + sharp velocity gradients 
suggest a compositional component



Thermochemical piles in deep mantle?

O.Š., McDonough, Kite, Lekić, Dye, Zhong, EPSL 2013

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

Can we detect such variation in mantle geonu flux?

LLSVPs

Assume these piles represent an enriched reservoir.  
δlnVs isocontours ⇒ shape



Crust + Mantle geoneutrino emission

Longitude = 161 W
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Continental locations: not more than ~25% of 
geonu signal coming from mantle

O.Š., McDonough, Kite, Lekić, Dye, Zhong, EPSL 2013

To constrain mantle Th, U, we need 
to measure in the ocean.

Hanohano (proposed)



Crust + Mantle geoneutrino emission
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CJPLNE
or 

China JinPing underground Laboratory Neutrino Experiment
• Website at http://hep.tsinghua.edu.cn/CJPLNE/  
• “Neuntrino opportunities at Jinping” document

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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Neutrino geoscience – using neutrinos to measure Earth’s properties: 
• measuring radioactive nuclei density using geo-neutrinos 
• measuring matter density using neutrino absorption 
• measuring matter density using neutrino oscillations  
• measuring electron density using neutrino oscillations

Rott, Taketa, Bose 2015 doi:10.1038/srep15225 (arXiv:1502.04930)
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Figure 1: (a) Schematic diagram of a neutrino’s path through the Earth and the corresponding

zenith angles. The inner core boundary (ICB) at ⇥ = 169� and the core mantle boundary (CMB)

at ⇥ = 147� are indicated by dashed red and blue lines, respectively. (b) ⌫e appearance probability

(green) and ⌫µ survival probability (red) as functions of path length in the Earth. The neutrino

direction is ⇥ = 180�, as shown in (a). The solid/dashed line corresponds to the case in which the

composition of the outer core is pure iron/an alloy of iron and 2 wt% hydrogen. (c) ⇥ = 180�-⌫µ

survival probabilities as a function of neutrino energy for different outer core compositions. The

solid (red), long dashed (green), short dashed (blue), and dotted (gray) lines represent iron, an alloy

of iron and 1 wt% hydrogen, an alloy of iron and 2 wt% hydrogen, and an alloy of iron and 5 wt%

hydrogen, respectively.
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Summary

• Geophysics – diverse research across disciplines 

• Still some fundamental unanswered questions 

• Emerging field of “particle geophysics” including 
“neutrino geoscience” 

• Geoneutrinos have begun to constrain Earth 
compositional models



geoneutrinos.org

http://geoneutrinos.org


geo.mff.cuni.cz

http://geo.mff.cuni.cz


Výpočet elektronové hustoty podél paprsků neutrinových experimentů

Návrh bakalářské práce v oboru “částicová geofyzika”  
na Katedře geofyziky ve spolupráci s Ústavem 
částicové a jaderné fyziky

Mezi vědecké cíle nových neutrinových paprskových 
experimentů NuMI Off-Axis νe Appearance experiment 
(NOνA) a Deep Underground Neutrino Experiment (DUNE) 
patří zodpovězení žhavých otázek neutrinové fyziky, 
souvisejících s oscilací neutrin. Jeden z parametrů 
potřebných pro analýzu oscilací je elektronová hustota v 
prostředí, kterým neutrinový paprek prochází. Cílem práce 
bude výpočet elektronové hustoty podle paprsku. Tedy, 
analýza geometrie experimentů, využití existujících modelů 
struktury zemské kůry, materialové hustoty v kůře a 
chemického složení hornin kůry, a výpočet elektronové 
hustoty – počtu elektronů na jednotku objemu – jako funkce 
dráhy paprsku. Úkol bude řešen na Katedře geofyziky ve 
spolupráci s Ústavem částicové a jaderné fyziky MFF UK.

Kontakt: Ondřej Šrámek 
ondrej.sramek@mff.cuni.cz  
geo.mff.cuni.cz/~sramek 

mailto:ondrej.sramek@mff.cuni.cz?subject=
http://geo.mff.cuni.cz/~sramek



