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The detection of electron antineutrinos produced by natural radioactivity in the Earth could yield important geophysical
information. The Kamioka liquid scintillator antineutrino detector (KamLAND) has the sensitivity to detect electron
antineutrinos produced by the decay of 238U and 232Th within the Earth. Earth composition models suggest that the
radiogenic power from these isotope decays is 16 TW, approximately half of the total measured heat dissipation rate
from the Earth. Here we present results from a search for geoneutrinos with KamLAND. Assuming a Th/U mass
concentration ratio of 3.9, the 90 per cent confidence interval for the total number of geoneutrinos detected is 4.5 to
54.2. This result is consistent with the central value of 19 predicted by geophysical models. Although our present data
have limited statistical power, they nevertheless provide by direct means an upper limit (60TW) for the radiogenic
power of U and Th in the Earth, a quantity that is currently poorly constrained.

The Kamioka liquid scintillator antineutrino detector (KamLAND)
has demonstrated neutrino oscillation using electron antineutrinos
(nes) with energies of a few MeV from nuclear reactors1,2. Addition-
ally, KamLAND is the first detector sensitive enough to measure nes
produced in the Earth from the 238U and 232Th decay chains. Using
nes to study processes inside the Earth was first suggested by Eder3

and Marx4, and has been reviewed a number of times5–10. As nes
produced from the 238U and 232Th decay chains have exceedingly
small interaction cross-sections, they propagate undisturbed in the
Earth’s interior, and their measurement near the Earth’s surface can
be used to gain information on their sources. Although the detection
of nes from

40K decay would also be of great interest in geophysics,
with possible applications in the interpretation of geo-magnetism,
their energies are too low to be detected with KamLAND. The
antineutrino flux above our detection threshold from other long-
lived isotopes is expected to be negligible.

The radiogenic Earth

The total power dissipated from the Earth (heat flow) has been
measured with thermal techniques11 to be 44.2 ^ 1.0 TW. Despite

this small quoted error, a more recent evaluation12 of the same data
(assuming much lower hydrothermal heat flow near mid-ocean
ridges) has led to a lower figure of 31 ^ 1 TW. On the basis of
studies of chondritic meteorites13 the calculated radiogenic power is
thought to be 19 TW, 84% of which is produced by 238U and 232Th
decay. Some models of mantle convection suggest that radiogenic
power is a larger fraction of the total power14,15.

238U and 232Th decay via a series of well-established a and b2

processes16 terminating in the stable isotopes 206Pb and 208Pb,
respectively. Each b2 decay produces a daughter nucleus, an electron
and a ne. The ne energy distribution is well established

17, and includes
a correction for the electromagnetic interaction between the electron
and the charge distribution of the daughter nucleus. Figure 1 shows
the expected ne distribution, dn(E n)/dE n, as a function of ne energy,
E n, for the

238U and 232Th decay chains.
Ignoring the negligible neutrino absorption, the expected ne flux at

a position r for each isotope is given by:
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whereA is the decay rate per unitmass, the integral is over the volume
of the Earth, aðr 0

Þ is the isotope mass per unit rock mass, rðr 0
Þ is the

rock density, and PðEn; jr2 r
0
jÞ is the ne ‘survival’ probability after

travelling a distance jr2 r 0
j. This probability derives from the now

accepted phenomenon of neutrino oscillation, and can be written,
for two neutrino flavours as18

PðEn;LÞø 12 sin2 2v12 sin
2 1:27Dm2

12½eV
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� �
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where L¼ jr2 r
0
j: The neutrino oscillation parameters Dm2

12 ¼
7:9þ0:6

20:5 £ 1025 eV2 and sin2 2v12 ¼ 0:82^ 0:07 are also determined
with KamLAND2 using reactor nes with energies above those of
geoneutrinos, combined with solar neutrino experiments19. Correc-
tions from three flavour neutrino oscillation (,5%) and “matter
effects”20 (,1%) are ignored. For typical geoneutrino energies, the
approximation PðEn; jLjÞ ¼ 12 0:5 sin22v12 only affects the accuracy
of the integral in equation (1) at 1% owing to the distributed ne
production points. This approximation, used in this paper, neglects
energy spectrum distortions.

Geoneutrino detection

KamLAND is located in the Kamioka mine, 1,000m below the
summit of Mt Ikenoyama, Gifu prefecture, Japan (368 25 0 36 00 N,
1378 18

0
43

00
E). It detects electron antineutrinos in,1 kton of liquid

scintillator via neutron inverse b-decay,

ne þ p! eþ þ n ð3Þ

which has a well-established cross-section21 as a function of E n.
Scintillation light from the eþ , ‘prompt event’, gives an estimate of
the incident ne energy, En < Eeþ þ 0:8MeV (neglecting the small
neutron recoil), where Eeþ is the kinetic energy of the positron
plus the electron–positron annihilation energy. With a mean time
of ,200 ms, the neutron is captured by a proton, producing a
deuteron and a 2.2MeV g-ray. The detection of scintillation light
from this 2.2MeV g-ray is referred to as the ‘delayed event’. The
spatial and temporal coincidences between the prompt and
delayed events provide a powerful tool for reducing backgrounds,
which generally limit the sensitivity in low energy neutrino
studies.
A reference model22 is constructed using seismic data to divide

the Earth into continental crust, oceanic crust, mantle, core and
sediment. Some of these regions are further sub-divided, with each
sub-region having different U and Th concentrations. This model
assumes that U and Th are absent from the core. The expected
geoneutrino flux at KamLAND, including a suppression factor of
0.59 due to neutrino oscillations, is 2.34 £ 106 cm2 2 s2 1 and

1.98 £ 106 cm22 s21 from the 238U and 232Th decay chains, respect-
ively. Including the detection cross-section, the number of geoneu-
trinos expected at KamLAND from 238U and 232Th decay is
3.85 £ 10231 ne per target proton per year, 79% of which is due to
238U. Figure 2 shows that a large fraction of the expected geoneutrino
flux originates in the area surrounding KamLAND. The effect of local
geology was studied extensively in the context of the reference
model22 and was found to produce less than a 10% error on the
total expected flux.
The data presented here are based on a total detector live-time of

749.1 ^ 0.5 d after basic cuts to ensure the reliability of the data. The
number of target protons is estimated at (3.46 ^ 0.17) £ 1031 on the
basis of target proton density and a spherical fiducial scintillator
volume with 5 m radius, resulting in a total exposure of
(7.09 ^ 0.35) £ 1031 target proton years. The overall efficiency for
detecting geoneutrino candidates with energies between 1.7 and
3.4MeV in the fiducial volume is estimated to be 0.687 ^ 0.007.
The energy range reaches below the inverse b-decay threshold owing
to the detector energy resolution.
Backgrounds for geoneutrino candidates are dominated by nes

from nuclear reactors in the vicinity of the detector, and bya-particle
induced neutron backgrounds due to radioactive contamination
within the detector. Reactor nes reach substantially higher energies,
as shown in Fig. 3. Therefore, the oscillation parameters in ref. 2 were
determined by analysing nes with energies greater than 3.4MeV,
where there is no signal from the geoneutrinos. Using these param-
eters, the number of nuclear reactor ne background events used by the
‘rate only’ analysis discussed below is determined to be 80.4 ^ 7.2.
The a-particle-induced neutron background is due to the

13C(a,n)16O reaction where the a-particle is produced in 210Po
decay with a kinetic energy of 5.3MeV. The 210Po is produced by
the decay of 210Pb, which has a half-life of 22 yr. The 210Pb resulted
from the decay of 222Rn contamination, and is distributed through-
out the detector. The neutrons in the 13C(a,n)16O reaction are
produced with kinetic energy up to 7.3MeV. Owing to scintillation
light quenching for high ionization density, only about one-third of
this energy is converted into ‘visible’ energy as the neutrons therma-
lize. The thermal neutrons are captured by protons with a mean
capture time of,200 ms, producing a delayed signal identical to that
from neutron inverse b-decay. The number of 13C nuclei in the
fiducial volume is determined from themeasured 13C/12C ratio in the
KamLAND scintillator. On the basis of the 13C(a,n)16O reaction
cross-section23, the a-particle energy loss in the scintillator24, and the
number of 210Po decays, the total number of neutrons produced is
expected to be 93 ^ 22. This error is dominated by estimated 20%
and 14%uncertainties in the total 13C(a,n)16O reaction cross-section

Figure 1 | The expected 238U, 232Th and 40K decay chain electron
antineutrino energy distributions. KamLAND can only detect electron
antineutrinos to the right of the vertical dotted black line; hence it is
insensitive to 40K electron antineutrinos.

Figure 2 |The expected total 238U and 232Th geoneutrino fluxwithin a given
distance from KamLAND22. Approximately 25% and 50% of the total flux
originates within 50 km and 500 km of KamLAND, respectively. The line
representing the crust includes both the continental and the almost
negligible oceanic contribution.
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and the number of 210Po decays, respectively. The neutron energy
distribution is calculated using the measured neutron angular
distributions in the centre of mass frame25,26. Including the efficiency
for passing the ne candidate cuts, the number of (a,n) background
events is estimated to be 42 ^ 11.
There is a small contribution to the background from random

coincidences, nes from the b2 decay of long lived nuclear reactor
fission products, and radioactive isotopes produced by cosmic rays.
Using an out-of-time coincidence cut from 10ms to 20 s, the random
coincidence background is estimated to be 2.38 ^ 0.01 events. Using
the expected ne energy spectrum27 for long lived nuclear reactor
fission products, the corresponding background is estimated to be
1.9 ^ 0.2 events. Themost significant background due to radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li! 2aþ nþ e2 þ ne, which has a neutron in the final state. On
the basis of events correlated with cosmic rays, the estimated number
of background events caused by radioactive 9Li is 0.30 ^ 0.05. Other
backgrounds considered and found to be negligible include spon-
taneous fission, neutron emitters and correlated decays in the
radioactive background decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne induced break-up of
2H. The total background is estimated to be 127 ^ 13 events (1j
error).
The total number of observed ne candidates is 152, with their

energy distribution shown in Fig. 3. Including the geoneutrino
detection systematic errors, parts of which are correlated with
the background estimation errors, a ‘rate only’ analysis gives 25þ19

218

geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection efficiency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1þ3:9

23:6 £ 10231 ne per target proton per year.
We also perform an un-binned maximum likelihood analysis of

the ne energy spectrum between 1.7 and 3.4MeV, using the known
shape of the signal and background spectra. As the neutrino oscil-
lation parameters do not significantly affect the expected shape of the
geoneutrino signal, the un-oscillated shape is assumed. However, the

oscillation parameters are included in the reactor background shape.
Figure 4a shows the confidence intervals for the number of observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U mass ratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration. Assuming a Th/U mass ratio of 3.9, we estimate the
90% confidence interval for the total number of 238U and 232Th
geoneutrino candidates to be 4.5 to 54.2, as shown in Fig. 4b. The
central value of 28.0 is consistent with the ‘rate only’ analysis. At this
point, the value of the fit parameters are Dm2

12 ¼ 7:8£ 1025 eV2;
sin22v12 ¼ 0:82, pa ¼ 1:0, and qa ¼ 1:0, where these last two param-
eters are defined in the Methods section. The 99% confidence upper
limit obtained on the total detected 238U and 232Th geoneutrino rate
is 1.45 £ 10230 ne per target proton per year, corresponding to a flux
at KamLAND of 1.62 £ 107 cm22 s21. On the basis of our reference
model, this corresponds to an upper limit on the radiogenic power
from 238U and 232Th decay of 60 TW.
As a cross-check, an independent analysis29 has been performed

using a partial data set, including detection efficiency, of 2.6 £ 1031

target proton years. In this analysis, the 13C(a,n)16O background was

Figure 3 | ne energy spectra in KamLAND. Main panel, experimental points
together with the total expectation (thin dotted black line). Also shown are
the total expected spectrum excluding the geoneutrino signal (thick solid
black line), the expected signals from 238U (dot-dashed red line) and 232Th
(dotted green line) geoneutrinos, and the backgrounds due to reactor ne
(dashed light blue line), 13C(a,n)16O reactions (dotted brown line), and
random coincidences (dashed purple line). Inset, expected spectra extended
to higher energy. The geoneutrino spectra are calculated from our reference
model, which assumes 16TW radiogenic power from 238U and 232Th. The
error bars represent ^ 1 standard deviation intervals.

Figure 4 | Confidence intervals for the number of geoneutrinos
detected. Panel a shows the 68.3% confidence level (CL; red), 95.4% CL
(green) and 99.7% CL (blue) contours for detected 238U and 232Th
geoneutrinos. The small shaded area represents the prediction from the
geophysical model. The vertical dashed line represents the value of
(NU 2 NTh)/(NU þ NTh) assuming the mass ratio, Th/U ¼ 3.9, derived
from chondritic meteorites, and accounting for the 238U and 232Th decay
rates and the ne detection efficiencies in KamLAND. The dot represents our
best fit point, favouring 3 238U geoneutrinos and 18 232Th geoneutrinos.
Panel b shows Dx2 as a function of the total number of 238U and 232Th
geoneutrino candidates, fixing the normalized difference to the chondritic
meteorites constraint. The grey band gives the value ofNU þ NTh predicted
by the geophysical model.
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verified using the minute differences in the time structures of
scintillation light from different particle species. Scintillation light
in the prompt part of ne events is caused by positrons, whereas
scintillation light in the prompt part of 13C(a,n)16O background
events is caused by neutron thermalization. This alternative analysis
produced a slightly larger geoneutrino signal, which is consistent
with the results presented here.

Discussion and future prospects

In conclusion, we have performed the first experimental study of
antineutrinos from the Earth’s interior using KamLAND. The present
measurement is consistent with current geophysical models, and
constrains the ne emission fromU and Th in the planet to be less than
1.45 £ 10230 ne per target proton per year at 99% confidence limits,
corresponding to a flux of 1.62 £ 107 cm22 s21. There is currently a
programme underway to reduce the 210Pb content of the detector.
This should help to reduce the substantial systematic error due to the
13C(a,n)16O background. Further background reductionwill require
a new detector location, far away from nuclear reactors. The reported
investigation of geoneutrinos should pave the way to future andmore
accurate measurements, which may provide a new window for the
exploration of the Earth.

METHODS
As shown in Fig. 5, KamLAND1 consists of 1 kton of ultrapure liquid scintillator
contained in a transparent nylon/EVOH (ethylene vinyl alcohol copolymer)
composite film balloon suspended in non-scintillating oil. Charged particles
deposit their kinetic energy in the scintillator; some of this energy is converted
into scintillation light. The scintillation light is then detected by an array of 1,325
17-inch-diameter photomultiplier tubes (PMTs) and 554 20-inch-diameter
PMTs mounted on the inner surface of an 18-m-diameter spherical stainless-
steel containment vessel. A 3.2-kton water-Cherenkov detector with 225 20-inch-
diameter PMTs surrounds the containment sphere. This outer detector tags
cosmic-ray muons and absorbs g-rays and neutrons from the surrounding rock.

The arrival times of photons at the PMTs allow us to determine the location of
particle interactions inside the detector, and the amount of detected light after
correcting for spatial variation of the detector response allows us to determine
the particle’s energy. The event location and energy determination is calibrated
with g-ray sources deployed vertically down the centre of the detector. To be
classified as a ne candidate, the time coincidence between the prompt and delayed
events (DT) is required to satisfy 0.5 ms , DT , 500ms. The position of the
prompt (rp) and delayed (rd) events with respect to the centre of the detector are
required to satisfy jrpj, 5m; jrdj, 5m and jrp 2 rdj, 1:0m: The energy of

the electron antineutrino is required to satisfy 1.7MeV , En , 3.4MeVand the
energy of the delayed event (Ed) is required to satisfy 1.8MeV , Ed , 2.6MeV.

Given NU and NTh geoneutrinos detected from the 238U and 232Th decay
chains, the expected energy distribution of the candidates is

dNðEnÞ

dEn
¼NU

dPUðEnÞ

dEn
þNTh
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dEn
þ
dNr En;Dm

2
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þ
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where dPU(En)/dEn and dPTh(En)/dEn are the normalized expected geoneutrino
spectra from 238U and 232Th decay chains. The third term on the right hand
side of equation (4) is the energy spectrum of the expected ne reactor back-
ground, which is a function of the neutrino oscillation parameters Dm2

12 and
sin22v12. dNa(En/qa)/dEn is the energy spectrum of the expected 13C(a,n)16O
backgroundwith energy and rate scaling factors qa and pa, respectively. The sum
is over the other known backgrounds where dNk(En)/dEn is the expected energy
spectrum of the background. All expected spectra include energy smearing due
to the detector energy resolution. Integrating equation (4) between 1.7 and
3.4MeV gives the total number of expected candidates, N .

The number of geoneutrinos from the 238U and 232Th decay chains is
determined from an unbinned maximum likelihood fit. The log likelihood is
defined by

logL¼2
ðN2NÞ2

2 N þ j2
N
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XN
i¼1

log
1

N
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� �
2
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whereN is the total number of observed candidates and jN is the error onN. Ei is
the energy of the ith ne candidate. jp ¼ 0:24 and jq ¼ 0:1 are the fractional errors
on pa and qa, respectively. The term x2(Dm2,sin22v) provides a constraint on the
neutrino oscillation parameters from the KamLAND reactor measurements and
the solar neutrino results30. logL is maximized at different values ofNU andNTh

by varying Dm2
12; sin

22v12, pa and qa. The best fit point for NU and NTh

corresponds to the maximum logL. A Dx2 is defined by

Dx2 ¼ 2ðlogLmax 2 logLÞ ð6Þ

where logLmax is the logL at the best fit point. The confidence intervals are
calculated from this Dx2.
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