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Abstract

We estimate terrestrial antineutrino and neutrino fluxes according to different models of Earth composition. We fi
variations, corresponding to uncertainties on the estimated U, Th and K abundances in the mantle. Information on th
composition can be derived from antineutrino flux measurements after subtracting the crust contribution. This require
description of the crust composition in the region of the detector site. Measurements of terrestrial antineutrinos will p
direct insight on the main sources of Earth’s heat flow.
 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Earth emits a tiny heat flux with an average va
ΦH = 80 mW m−2, definitely smaller than the radia
tion coming from the Sun,K� = 1.4 kW m−2, larger
however than the energy deposited by cosmic ra
Φc � 10−8 W m−2. When integrated over the Ear
surface, the tiny flux translates into a huge heat fl
H⊕ � 40 TW, the equivalent of ten thousand nucle
power plants [1].

We would like to recall to the particle physic
community that the sources of Earth energy flow
not understood quantitatively and that measurem
of (anti)neutrinos from the Earth in the next fe
years should be capable of determining the radiog
contribution.

E-mail address:ricci@fe.infn.it (B. Ricci).
0370-2693/03/$ – see front matter 2003 Elsevier Science B.V. All rig
doi:10.1016/S0370-2693(03)00193-X
A comparison between the Sun and Earth ene
inventories may be useful for illustrating the diffe
ences in the two cases. Clearly, a heat flowH can be
sustained for a timet provided that an energy sourc
of at leastU =Ht is available.

For the Sun,U = H� t� � 5 × 1043 J and clearly
neither gravitation (UG �GM2�/R� = 4×1041 J) nor
chemical reactions (Uch � (0.1 eV)N� = 2 × 1037 J,
whereN� is the number of nucleons) are enoug
and only nuclear energy (Unuc � (1 MeV)N� = 2 ×
1044 J) can sustain the solar luminosity over the so
age, as beautifully demonstrated gallium experime
in the last decade [2]. On the other hand for
Earth one hasUG � 4 × 1032 J, Uch � 6 × 1031 J
and Unuc � 6 × 1030 J (assuming some that som
10−8 of Earth mass consists of radioactive nuclei),
that each of the previous mechanisms in principle
account forU⊕ = 5 × 1030 J. In order to understan
the energetics of the Earth one has to clarify the ro
hts reserved.

http://www.elsevier.com/locate/npe


140 G. Fiorentini et al. / Physics Letters B 557 (2003) 139–146

nd
on

ized

is
or
h’s
nic
f
,

m

at
he

nic
ses

ith
s.

bly
on
rial
nic

te
irty
ent
der
ies
us
ot

th
ed
at
or

ed
ino
so-
.
te

rip

ues
sly
he
it
ith

by
by
and
ow
in

nic
h
TW

of
f
are

itic

per

and
see
ly

and

t

of the different energy sources, their locations a
when they have been at work. At the end of a review
the Earth energy sources Verhoogen [3] summar
the situation with the following words: “What emerges
from this morass of fragmentary and uncertain data
that radioactivity by itself could plausibly account f
at least 60 percent, if not 100 percent, of the Eart
heat output. If one adds the greater rate of radioge
heat production in the past,. . . possible release o
gravitational energy(original heat, separation of core
separation of inner core, tidal friction,. . . meteoritic
impact. . .), the total supply of energy may see
embarrassingly large.. . . Most, if not all of the figures
mentioned above are uncertain by a factor of
least 2, so that disentangling contributions from t
several sources is not an easy problem.”

In this respect a determination of the radioge
contribution is most important. Radiogenic heat ari
mainly1 from the decay (chains) of238U, 232Th and
40K. All these elements produce heat together w
antineutrinos, with well fixed ratios heat/neutrino
A measurement of the antineutrino flux, and possi
of the spectrum, would provide a direct informati
on the amount and composition of radioactive mate
inside Earth and thus would determine the radioge
contribution to the heat flow.

On the other hand, until recently the neutrino fa
could not be predicted reliably, as testified by the th
years old solar neutrino puzzle [4]. The disagreem
between theory and observation by factors of or
two suggested that (anti)neutrino survival probabilit
were essentially known within factors of two. Th
observation of terrestrial (anti)neutrinos could n
be useful for improving our knowledge of Ear
radioactivity. The situation has dramatically chang
since the SNO results [6], which clearly prove th
a fraction of electron neutrinos change their flav
during the trip form Sun to Earth. When combin
with the results of other solar and terrestrial neutr
experiments, the picture is converging towards the
called large mixing angle (LMA) oscillation solution
In other words, now we can predict reliably the fa
of terrestrial neutrinos and antineutrinos, in their t
from production site to detectors.

1 For simplicity we neglect235U and 87Rb which provide
smaller contributions.
Last but not least, the experimental techniq
for detection of MeV antineutrinos have enormou
improved in the last few years. As testified by t
development of KamLAND [7] and Borexino [8],
is now possible to build kiloton size detectors, w
extremely low background.

The argument of geo-neutrinos was introduced
Eder [9] in the sixties, it was reviewed extensively
Krauss, Glashow and Schramm [10] in the eighties
it has been considered more recently in [11,12]. N
it is the right time for neutrino physics to contribute
reconstructing the thermal history of the Earth.

2. Energy sources and neutrino luminosities

The heat production rates per unit mass ofnatural
U, Th and K are given by:2

ε(U)= 0.95× 10−4 W kg−1,

ε(Th)= 0.27× 10−4 W kg−1,

(1)ε(K)= 0.36× 10−8 W kg−1.

This is sufficient to determine the Earth radioge
heat production rateH in terms of the mass of eac
element. When heat production is expressed in
and masses in units of 1017 kg one has:

(2)

H = 9.5M(U)+ 2.7M(Th)+ (
3.6× 10−4)M(K).

It is convenient to write this equation in terms
the uranium massM(U) and of the mass ratios o
the other elements to U, as these latter quantities
more regularly distributed in terrestrial and meteor
samples:

(3)

H = 9.5M(U)
[
1+ 0.28 Th/U + (

3.8× 10−5)K/U]
.

The specific neutrino production rate (neutrinos
unit mass and time) of each elementεν , is immediately
derived from the isotopic abundance, decay time
the number of neutrinos emitted in each decay,
Table 1. (Anti)Neutrinos luminosities are immediate
derived in terms of the mass of each element

2 The marked difference ofε(K) corresponds to the fact tha
the natural abundance of40K is 1.2 × 10−4, i.e., ε(40K) = 0.3 ×
104 W kg−1.
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Table 1
Main radiogenic sources. We report theQ-values, the half lives (τ1/2), the maximal energies(Emax) and (anti)neutrino production rates(εν̄/ν)
per unit mass fornatural isotopic abundances. Neutrinos from electron capture are monochromatic

Decay Q [MeV] τ1/2 [109 yr] Emax [MeV] εν̄/ν [kg−1 s−1]
238U → 206Pb+ 8 4He+ 6e+ 6ν̄ 51.7 4.47 3.26 7.41× 107

232Th→ 208Pb+ 6 4He+ 4e+ 4ν̄ 42.8 14.0 2.25 1.63× 107

40K → 40Ca+ e+ ν̄ 1.321 1.28 1.31 2.69× 104

40K + e → 40Ar + ν 1.513 1.51 3.33× 103
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the appropriateεν̄/ν . MeasuringLν̄/ν in units of 1024

particles per second and masses in units of 1017 kg one
has:

Lν̄ = 7.4M(U)+ 1.6M(Th)

(4)+ (
2.7× 10−3)M(K),

(5)Lν = (
3.3× 10−4)M(K).

We have thus the basic equations for determin
radiogenic heat production and neutrino flows fro
models of the Earth composition.

2.1. A naive chondritic Earth

The simplest model assumes that the global c
position of the Earth is similar to that of the olde
meteorites, the carbonaceous chondrites (CI).

The typical values of CI [5] are Th/U = 3.8,
K/U = 7 × 104 and U/Si = 7.3 × 10−8 [1]. Silicon
represents about 15% of the Earth mass,M⊕ = 5.97×
1024 kg. If these elements have not been lost in
Earth formation process, one obtainsM(U)= 0.653×
1017 kg,M(Th)= 2.48×1017 kg andM(K)= 4.57×
1021 kg.

The contribution to heat flows and neutrino lum
nosities are reported in the first column of Table 2. R
diogenic production in the chondritic model easily a
counts for 75% of the observed heat flow, and it co
easily saturate it when uncertainties are included. U
nium and thorium provide comparable contributio
each a factor of two below that of potassium. Co
cerning antineutrinos, potassium dominates by an
der of magnitude at least, as a consequence of the m
favourable neutrino/energy ratio.

2.2. The bulk silicate Earth model

Uranium, thorium and potassium are lithophile e
ments, so they should accumulate in the Earth cr
Actually, upon averaging data over the huge diff
ences between continental and oceanic componen
is found that Earth crust contains some 3/4 of the ura-
nium predicted for the whole Earth by the chondri
model [1]. Within large variations, Th/U is consistent
with the chondritic prediction. On the other hand, t
crust looks depleted in potassium, the typical ratio
ing K/U = 10 000, a factor 7 below that of CI.

Observational data on the mantle, which are a
how limited to the upper part, suggest that uranium
potassium are globally more abundant than the CI
diction, Th/U is consistent with the chondritic valu
and the potassium depletion is confirmed. No obse
tional data are available on the core, which should c
sist of siderophile elements without significant amo
of U, Th or K.

Actually, when deriving Earth composition fro
meteoritic data, one has to take into account
volatilization of a significant fraction (some 17%) [1
of the total SiO2, so that a larger amount of meteori
material is needed for Earth formation.

The origin of potassium depletion, also observed
the Moon, Venus and Martian meteorites, is someh
uncertain. Elements of the atomic weight of potass
cannot be lost from the terrestrial planets, even a
evated temperatures, once these bodies have rea
their present size [16]. The most reasonable expla
tions seems that this element was depleted in the
cursor planetesimals from which the inner planets
cumulated.3

3 It has been suggested that potassium behaves as a me
high pressure, and thus it can be buried in the planetary cores.
hypothesis could work for Earth, and it provides a suitably pla
energy source for sustaining the terrestrial magnetic field, see
However it does not explain potassium depletion in Mars, wh
the central pressure, only 400 kbars, is insufficient for potassiu
enter a Martian core.



142 G. Fiorentini et al. / Physics Letters B 557 (2003) 139–146
Table 2
Masses, heat and neutrino production rates.M , H andL are in units of 1017 kg, 1012 W and 1024 s−1, respectively.HNR is defined as the
difference between total heat flowH⊕ and the radiogenic production

Model Chondritic BSE Fully radiogenic

M(U) 0.65 0.84 1.7
M(Th) 2.5 3.4 6.5
M(K) 4.6×104 0.84×104 1.7×104

H(U) 6.2 7.9 16.3
H(Th) 6.7 8.6 17.6
H(K) 16.4 3.0 6.1
HNR 10.7 20.5 0

Lν̄(U) 4.8 6.2 12.7
Lν̄(Th) 4.0 5.2 10.6
Lν̄(K) 123 22.5 46.0
Lν(K) 15.2 2.8 5.7
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All this brings us to the Bulk Silicate Earth (BSE
model, which provides a description of geological e
idence coherent with geochemical information. It d
scribes the primordial mantle, prior to crust separat
The estimated uranium mass is:

(6)M(U)= 0.8× 1017 kg,

within some 20% [17], the ratio Th/U is close to the
chondritic value and K/U = 10 000. The present cru
and mantle should contain respectively about one
of each element.

In this BSE model the (present) radiogenic p
duction, mainly from uranium and thorium, accoun
for about one half of the total heat flow. The an
neutrino luminosities from uranium and thorium a
rescaled by a factor 1.3 whereas potassium, altho
reduced by a factor of 5, is still the principal antine
trino source.

2.3. A fully radiogenic model

At the other extreme, one can conceive a mo
where heat production is fully radiogenic, with K/U
fixed at the terrestrial value and Th/U at the chondritic
value, which seems consistent with terrestrial obse
tions. All the abundances are rescaled so as to pro
the full 40 TW heat flow (last column of Table 2). A
particle production rates are correspondingly resca
by a factor of two with respect to the predictions of t
BSE model.

In summary, the discussion of these somehow
treme models shows that particle luminosities are
certain by a factor of order two, the relative contrib
tions to heat production are strongly model depend
whereas potassium is anyhow the principal neutr
and antineutrino source.

3. From luminosity to flux and signal

An (anti)neutrino detector near the Earth surfa
(R = R⊕) is sensitive to the flux impinging onto
from any direction:

(7)Φ = 1

4π

∫
d3r

A(
r)
| 
R − 
r|2 ,

where the integral is taken over the Earth volume
A is the number of particles produced per unit volu
and time.4 The flux depends on the geometric
distribution of the sources, and we can write:

(8)Φν̄/ν = GLν̄/ν

4πR2⊕
,

whereG is a geometrical factor of order unity. On
has:Φ/(106 cm−1 s−1)= 0.2GL/(1024 s−1).

In order to estimate fluxes, one needs to know
distribution of radioactive elements in the Earth
terior, and not only their total abundances. Conce
ing the crust, these elements are mainly concentr

4 This is different from the flux normal to the Earth surfac
which in the case of spherical symmetry is given byΦ⊥ =

1
4πR2

∫
d3r A(r).
⊕
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is

Table 3
Mass distribution and (anti)neutrino fluxes.M andΦ are in units of 1017 kg, and 106 cm−2 s−1, respectively. Uranium mass in the crust
fixed at the value estimated from Ref. [13].Φν̄ (reactor) corresponds to the flux from a nuclear reactor withPth = 2.8 GW at 100 km

Model Chondritic BSE Fully radiogenic

Uranium
M(crust) 0.42 0.42 0.42
M(mantle) 0.23 0.42 1.29

Φν̄ (crust) 2.1 2.1 2.1
Φν̄ (mantle) 0.5 1.0 3.0
Φν̄ (tot) 2.6 3.1 5.1

Φν̄ (reactor) (E � 3.26 MeV) 0.4

Thorium
M(crust) 1.6 1.6 1.6
M(mantle) 0.89 1.6 4.9

Φν̄ (crust) 1.8 1.8 1.8
Φν̄ (mantle) 0.4 0.8 2.5
Φν̄ (tot) 2.2 2.6 4.3

Φν̄ (reactor) (E � 2.25 MeV) 0.3

Potassium
M(crust)/104 0.42 0.42 0.42
M(mantle)/104 4.15 0.42 1.29

Φν̄ (crust) 7.7 7.7 7.7
Φν̄ (mantle) 34.9 3.5 10.9
Φν̄ (tot) 42.6 11.2 18.6

Φν (crust) 0.95 0.95 0.95
Φν (mantle) 4.33 0.44 1.04
Φν (tot) 5.28 1.39 1.99

Φν̄ (reactor) (E � 1.31 MeV) 0.2
ra-
rus
e
de
C

n-
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tal
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e

rm
a

in the continental part. Recent estimates of the u
nium average mass abundance in the continental c
(CC) are nearaCC(U)= 1.7 ppm [13]. The abundanc
in the oceanic crust (OC) is an order of magnitu
smaller,aOC � 0.1 ppm. If one also considers that O
is much thinner than CC (MCC = 2.3 × 1022 kg and
MOC = 0.6 × 1022 kg) one concludes that the co
tribution of the oceanic crust to neutrino producti
is definitely smaller. In this way we estimate the to
uranium mass in the crust:

(9)Mc(U)= 0.4× 1017 kg.

For the sake of a first estimate, we shall assu
that Mc(U) is uniformly distributed over the Eart
surface within a layer of thickness̄h = 30 km. We
associate to the mantle an uranium massMm(U) =
M(U) − Mc(U), whereM(U) was estimated in th
previous section for each model andMc(U) is given
t
from Eq. (9). Furthermore, we shall assume unifo
distribution within the mantle. We also assume
uniform distribution of Th/U and K/U. Within these
approximations the geometrical factorsG are easily
calculated.

For a spherical shell with radiir1 = x1R⊕ and
r2 = x2R⊕ and uniform distribution one has:

G= 3

2(x3
2 − x3

1)

{
1

2

(
1− x2

1

)
ln

1+ x1

1− x1
− x1

(10)− 1

2

(
1− x2

2

)
ln

1+ x2

1− x2
+ x2

}
.

For the crust (r2 = R⊕ andr2 − r1 = h̄ � 30 km)
and for the mantle (r2 �R⊕ andr1 �R⊕/2) one has:

(11)Gc � 1

2

[
1+ ln(2R⊕/h̄)

] = 3.5, Gm = 1.6.
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Table 4
Flux dependence on uranium abundance in the crust and distribution in the mantle. Fluxes are calculated forMcrust+mantle(U)= 0.84×1017 kg.
The total fluxΦ(tot) is the sum of the contribution from the crust, upper mantle and transition zone+ lower mantle. Same units as in Table 3

Uranium

High aCC Low aCC Depleted upper mantle

M(crust) 0.42 0.21 0.42
M(upper mantle) 0.06 0.09 0
M(transition+ lower mantle) 0.36 0.54 0.42

Φ(crust) 2.1 1.0 2.1
Φ(upper mantle) 0.21 0.32 0
Φ(transition+ lower mantle) 0.79 1.2 0.92
Φ(tot) 3.1 2.5 3.0
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This allows the calculation of the fluxes for ea
Earth model reported in Table 3.

One remarks that fluxes are of the order of m
nitude of the solar boron neutrino flux. Potassiu
(anti)neutrinos are the dominant component in a
model. The various models yield significantly diffe
ent predictions. Contributions from crust and man
look comparable.

Indeed in order to reach these results we u
several approximations, which is worth discussi
also in view of obtaining more precise estimates.

(i) Global effects. There are significant uncertai
ties on the value ofaCC(U). For the lowest value foun
in the literature,aCC(U)= 0.91 ppm [14], the uranium
mass in the crust is halved with respect to the re
ence value in Eq. (9). In addition, there are indicatio
that the upper part of the mantle is impoverished in
content of radioactive elements. The effect of these
certainties are shown in Table 4, whereΦν̄(U) is cal-
culated for a fixed (BSE) value of the crust+ mantle
uranium mass. A change of the U-abundance in
crust by a factor of two corresponds to a 15% cha
in the flux. If uranium is completely removed from th
upper mantle the flux is reduced by 3%. All these
fects are thus smaller with respect to the uncertaint
the total uranium mass, which is reflected in chan
of fluxes by factor two when going through the e
treme chondritic and fully radiogenic models. Simi
considerations hold for thorium and potassium.

(ii) Regional effects. The fluxes reported in Table
are averaged values and one has to remind that E
crust is significantly variable in thickness and comp
sition. Thus one has to expect significant variations
the actual fluxes, depending on the detector locatio
As a few significant examples, the Gran Sasso lab
tory sits on a thick continental crust, whereas Kamio
is on an island arc in between the Eurasian plate
the Pacific plate. Following the approach of Ref. [1
we have estimatedΦν̄/ν at the two sites, in a mode
which distinguishes between CC and OC and inclu
a variable crust thickness. The model is based ov
global crustal map at 5◦ × 5◦, and assumes uniform
distribution within the mantle. Uranium mass in t
crust and in total Earth are kept fixed at the values
Eqs. (6) and (9). Table 5 shows that fluxes at spec
sites can differ significantly from the average va
and thus a crust map is really needed for a precise
estimate at the detector size. On the other hand
difference between Gran Sasso and Kamioka is a
level of 15%.

(iii) Local effects. The flux from the crust within a
distanced from the detector is easily estimated usi
planar geometry(d �R⊕):

(12)

Φ(< d)= A

2

[
d arctan(h/d)+ (h/2) ln

(
1+ d2/h2)],

whereh is the local crust thickness andA is the local
activity. This has to be compared with the total fl
from the crust:

(13)Φc =GcĀh̄,

where Ā and h̄ are the mean crustal activity an
thickness.

A significant quantity is the relative contributio
R = Φ(< d)/Φc. By suitable expansions of Eq. (1
one immediately derives the contribution of the nea
rocks (sayd = h/3) and of the local area, i.e., up to
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e

Table 5
Flux dependence on the detector location. Fluxes in unit of 106 cm−1 s−2 are calculated forMcrust(U) = Mmantle(U) = 0.42 × 1017 kg,
Th/U = 3.8 and K/U = 104. The last column is the average flux for the same values ofMcrust(U) andMmantle(U) (BSE model)

Kamioka Gran Sasso Averag

Uranium 4.0 4.6 3.1
Thorium 3.4 3.9 2.6
Potassium(ν̄) 14 17 11
Potassium(ν) 1.8 2.1 1.4
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(14)Rnea= 0.07Ah/(Āh̄),

(15)Rloc = (1/7)
[
1+ ln(d/h)

]
Ah/(Āh̄).

If A = Ā and h = h̄ = 30 km one finds that th
rocks within 10 km contribute 7% with respect to t
total from the crust. Within 100 km one has abo
30% of the crust contribution and about 15% of t
total flow, from crust and below. A more detaile
geochemical information of this area is thus nee
if one aims at a few percent accuracy.

In summary, detection of terrestrial (anti)neutrin
is particularly important for determining the amount
radioactive material inside the mantle, where inform
tion on the chemical composition is most uncerta
the lower part being completely inaccessible to
servation. A suitable approach would thus consis
(i) measuring the (anti)neutrino flux; (ii) subtractin
the component originated in the crust, which has b
mapped with geological methods, so as to determ
the corresponding abundances in the mantle. The
vious calculations show that crust and mantle prov
comparable fluxes, so that the subtraction procedu
possible. The crust description however has to be m
detailed in the proximity of the detector.

A detailed discussion of the (anti)neutrino signa
beyond the aim of this Letter and we would like
remark just a few relevant points.

(i) Due to the different antineutrino energy en
points [9] (Emax= 3.26, 2.25 and 1.31 MeV for U, Th
and40K, respectively) it is possible at least in princip
to separate the contributions to Earth radioactivity.

(ii) Antineutrinos from U and Th can be detect
and separated by means of

(16)ν̄ + p → e+ + n− 1.804 MeV,
whereas different detection schemes are necessa
K antineutrinos, which are below the energy thresh
for (16). The monochromatic (E = 1.513 MeV) neu-
trinos from40K are essentially obscured by the dom
nant solar flux (Φ(pep)= 1.4× 108 cm−2 s−1 atE =
1.44 MeV andΦ(CNO)∼ 109 cm−2 s−1 MeV−1).

(iii) So far we did not consider the effect of ne
trino oscillations. If LMA is the correct solution, wit
!m2 � 5.5 × 10−5 eV2 and sin2 2θ � 0.83 [18], the
oscillation lengthL = 4πE/!m2 of 1 MeV antineu-
trino is around 45 km and the (distance averaged)
vival probability of electron antineutrinosPee = 1 −
1/2 sin2 2θ � 0.58. The present uncertainty on sin2 2θ
(about 20%) translates into a 15% uncertainty on
fluxes.

(iv) Events from U and Th antineutrinos in
organic scintillator detector have been estimated
the range (20–100) kton−1 yr−1 [11,12], so that a flux
measurement with a 10% accuracy should be feas
in a few years. The main background source [19
antineutrinos from nuclear power plants (see last
of Table 3), which depends on the detector location

4. Concluding remarks

We have estimated terrestrial antineutrino and n
trino fluxes according to different models of Ear
composition. We find large variations, correspond
to uncertainties on the estimated U, Th and K ab
dances in the mantle. Information on the mantle co
position can thus be derived from (anti)neutrino fl
measurements after subtracting the crust contribu
This requires a good description of the crust com
sition in the region of the detector site and in retu
it will provide direct insight on the main sources
Earth’s heat flow.

Just a few years after the celebrated slow neu
studies of the Rome group, Bruno Pontecorvo de
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oped the neutron well log [20], an instrument whi
is still used in geology for the search and analysis
hydrogen containing substances (water and hydro
bons). Possibly it is now the time for applying to d
ferent disciplines what we have learnt so far on n
trinos. In fact, there are several attempts in this dir
tion, see, e.g., [21] and references therein. The de
mination of the radiogenic component of the terrest
heat is an important and so far unanswered questio
looks to us as the first fruit which we can get from ne
trinos, and KamLAND will catch the firstlings ver
soon.

Addendum

After this Letter was submitted, the first resu
of KamLAND have become available [22]. From a
exposure of 1.39× 1031 protons year, 9 geo-neutrin
events are reported. For the best fit survival probab
P(ν̄e → ν̄e) = 0.55 [22], from the average fluxe
calculated in Table 3 one predicts 2.6, 3.1 and
events, respectively for the chondritic, BSE and ful
radiogenic models. Predictions from fluxes calcula
specifically for the Kamioka site are 3.5, 4.0 and
events, respectively. They are all consistent with
experimental value, within its statistical fluctuation
±5.7 events [23].
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