
Abstract
We demonstrate that large neutrino detectors could be used in the near future to significantly 
improve our understanding of the Earth's inner chemical composition. Each composition 
model predicts a characteristic ratio of protons to neutrons or equivalently electrons to 
nucleons. Neutrinos, which are naturally produced in the atmosphere, traverse the Earth and 
undergo oscillations that depend on the Earth’s electron density. Contrarily seismic 
measurements are sensitive to the matter density. Hence, by combining observations from 
large neutrino detectors with seismic measurements the Earth's chemical composition can 
be constrained. We present a method that will allow us to distinguish between composition 
models of the outer core. We demonstrate that the understanding of the chemical 
composition of the deep Earth could be significantly improved using large neutrino detectors.
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Oscillograms

Comparison of oscillation probabilities for different core compositions:  
Model A – iron; Model B – an mixture of iron and 2 wt% hydrogen.
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Neutrino Oscillation Spectrometry

Schematic diagram of a neutrino’s path through the Earth and the corresponding 
zenith angles. Inner core boundary (ICB) at 169o and the core mantle boundary 
(CMB)  at 147o are shown.
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Introduction
Mass density structure of the Earth well know from seismic data 

Inner Earth elemental composition cannot be directly measured 

Light elements besides Iron and Nickel are required to match observed 
densities at outer core pressures 

The electron density is related to the mass density,ρ , via the factor  
Y = Z/A (the proton to nucleon ratio), weighted by the relative elemental 
abundances.

How to determine the Inner Earth Composition ?
primitive meteorites seismological velocity profiles

William F. McDonough “The Composition of the Earth”

high pressure experiments

Image UC Berkeley

Diamond anvil

Neutrino Oscillation Spectrometry Sensitivity
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We adopt a value of 
α=0.2 and ΔΘ=0.25 
as benchmarks

Sensitivities are 
evaluated for a 
generic detector

Analysis Method

Earth structural model

Neutrino (ν) Detection
C h e r e n k o v r a d i a t i o n f r o m 
secondary particles produced in a 
neutrino interaction in an optical 
transparent medium can be 
observed by sensor arrays. 
Examples for Super-Kamiokande 
and IceCube are shown on the 
right.
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Next generation detectors (Hyper-K, PINGU, ORCA,…)

Conclusions

• Neutrino oscillation tomography offers the potential to measure the Earth interior 
composition 

• Good sensitivity to hydrogen

• PINGU/ORCA/Hyper-K could test extreme Earth Core composition models within 
first few years of operations (given normal mass hierarchy)

• Next-generation,  large volume detectors are needed to distinguish specific core 
models

• Very large - high statistics sample

• Good energy resolution and angular resolutions

• More detailed studies are needed 

• Systematic uncertainties

• Complementarity: Oscillation Tomography with high-pressure experiments, ...

• Prospects of neutrino beams to be evaluated

PREM500 - Dziewonski, A. & Anderson, D. Preliminary reference 
Earth model. Physics of the Earth and Planetary Interiors 25, 297–356 (1981).
AK135 - Kennett, B., Engdahl, E. & Buland, R. Constraints on seismic velocities in the 
earth from travel times. Geophysical Journal International 122, 108–124 (1995).
PREM-A - Dziewonski, A., Hales, A. & Lapwood, E. Parametrically simple earth 
models consistent with geophysical data. Physics of the Earth and Planetary Interiors 
10, 12–48 (1975).

E a r t h s t r u c t u r e v e r y w e l l 
understood based on seismic 
measurements. 
Standard model is the Preliminary 
Reference Earth Model (PREM) 

C o m p o s i t i o n f a r l e s s w e l l 
understood 

T h e a v e r a g e c o m p o s i t i o n 
determines the electron density 
based on the mass density  

Mantle composition is assumed to 
be pyrolite (hypothetical mixture of 
distinct minerals, which accurately 
represent the constituents of the 
Earth’s mantle)

Inner detector:  
80,000 x 20-inch photo-sensors 

Outer detector: 
13,400 x 8-inch photo-sensors

Hyper-K

PINGU

Instrument a volume of 
about 5MT with 20-26 

strings

ORCA

Instrument a volume of 
about 4MT with 115 strings

Muon(µ)-track (simulation)

PRELIMINARY

Electromagnetic shower - 
νe cascade (simulation)

Super-Kamiokande (Super-K) is  located at 
1000m (2700 mwe) underground in the 
Mozumi mine 
• Cherenkov ring imaging detector 
• 50 kiloton pure water (22.5 kt fiducial)  
• 2m outside detector for muon veto 
• Data taking since 1996 in four stages 
• 11000 20” PMTs (40% photo coverage)

The IceCube Neutrino Telescope is located 
at the geographic South Pole 
• Ice-Cherenkov detector 
• One Gigaton of pure Antarctic ice 
• 60 x 10” PMTs per string 
• 86 strings at 1.5-2.5 km depth

Atmospheric Neutrinos

DI43A-2668

Cosmic rays interact in 
the upper atmosphere 
and produce neutrino 
in particle showers

p + A → π± (K±) + 
other hadrons  …

 π+→μ+νμ→e+νeνμνμ 

IceCube νe              

IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2

Atmospheric neutrinos give a natural well 
understood source of high energy neutrinos

Muon Cherenkov ring Electron Cherenkov ring


