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Dipartimento di Fisica, Università di Ferrara, I-44100, Ferrara, Italy

Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara, I-44100, Ferrara, Italy

(Received 1 March 2006; Accepted 19 July 2006)

Abstract. Earth shines in antineutrinos produced from long-lived radioactive elements: detection of this

signal can provide a direct test of the Bulk Silicate Earth (BSE) model and fix the radiogenic contribution

to the terrestrial heat flow. In this paper we present a systematic approach to geo-neutrino production

based on global mass balance, supplemented by a detailed geochemical and geophysical study of the region

near the detector, in order to build theoretical constraints on the expected signal. We show that the

prediction is weakly dependent on mantle modeling while it requires a good description of the crust

composition in the region of the detector site. In 2005 the KamLAND experiment proved that the

technique for exploiting geo-neutrinos in the investigation of the Earth�s interior is now available. After

performing an analysis of KamLAND data which includes recent high precision measurements of the
13C(a, n)16O cross section, we discuss the potential of future experiments for assessing the amount of

uranium and thorium in different reservoirs (crust, mantle and core) of the Earth.

1. Introduction

The KamLAND collaboration has recently published (Araki et al., 2005) new
experimental results, claiming some 28 geo-neutrino events from uranium and
thorium decay chains in a two-year exposure. This important step shows that
the technique for exploiting geo-neutrinos in the investigation of the Earth�s
interior is now available. In order to understand where to go with geo-
neutrinos, we have to know where we stand in the light of the available data.
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The most interesting feature of geo-neutrinos is that they bring to Earth�s
surface information coming from the entire planet concerning the amount of
long-lived radioactive elements. Their detection, allowing for a quantitative
determination of global elemental abundances, can provide a direct obser-
vational test of a classical geochemical paradigm, the Bulk Silicate Earth
(BSE) model. Furthermore, geo-neutrinos can reveal the radiogenic contri-
bution to terrestrial heat flow, providing thus an important contribution to
the understanding of Earth�s energetics.

In this review, mainly based on the results of our group (Fiorentini et al.,
2005b; Mantovani et al., 2004; Fiorentini et al., 2005a; Fiorentini et al.,
2003b; Fiorentini et al., 2003d), we shall address the following questions:

– What do we know about U, Th and 40K in the Earth?
– What are the predictions and their uncertainties of a reference model for

geo-neutrino production, i.e. of a model based on the current geo-
chemical and geo-physical information?

– What is the contribution of the region near the detector? A close look at
the nearby region is relevant in order to subtract from the geo-neutrino
signal the local contribution, with the aim of determining the global
component.

– How do we relate the geo-neutrino signal with the total mass of long-
lived radioactive elements in the Earth?

– What are the implications of the KamLAND result?

Finally, we discuss the potential of future experiments for assessing the
amounts of U and Th in different reservoirs (crust, mantle and core) of the
Earth.

2. U, Th and K in the Earth: How much and where?

Earth�s global composition is generally estimated from that of chondritic
meteorites by using geochemical arguments which account for losses and
fractionation during planet formation. Along these lines the Bulk Silicate
Earth (BSE) model is built, which describes the ‘‘primitive mantle’’, i.e., the
outer portion of the Earth after core separation and before the differentiation
between crust and mantle. The model is believed to describe the present crust
plus mantle system. Since lithophile elements should be absent in the core1,

1 One needs to be careful, since the definition of an element�s behaviour, i.e., lithophile or not,
depends on the surrounding system; there exist models of the Earth�s core suggesting it is a

repository for radioactive elements.
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the BSE provides the total amounts of U, Th and K in the Earth, estimates
from different authors being concordant within 10–15% (McDonough,
2003). From the estimated masses, the present radiogenic heat production
rate HR and anti-neutrino luminosity Lm can be immediately calculated, see
Table I and, e.g., (Fiorentini et al., 2005a).

The BSE is a fundamental geochemical paradigm. It is consistent with
most observations, which regard mostly the crust and an undetermined
portion of the mantle. The measurement of quantities – such as the geo-
neutrino signals – which are directly related to the global amounts of
radioactive elements in the Earth will provide a direct test of this model of
the composition and origin of our planet.

Indeed, heat released from radiogenic elements is a major source of the
terrestrial heat flow, however its role is not understood at a quantitative level.
The masses estimated within the BSE account for a present radiogenic pro-
duction of 19 TW, which is about one half of the estimated heat flow from
Earth (McDonough, 2003, Hofmeister and Criss, 2005). Anderson refers
(Anderson, 2005) to this difference as the missing heat source mystery and
summarizes the situation with the following words: ‘‘Global heat flow esti-
mates range from 30 to 44 TW ... Estimates of the radiogenic contribution ...
based on cosmochemical considerations, vary from 19 to 31 TW. Thus, there
is either a good balance between current input and output ... or there is a
serious missing heat source problem, up to a deficit of 25 TW ...’’ If one can
determine the amounts of radioactive elements by means of geo-neutrinos, an
important ingredient of Earth�s energetics will be fixed.

Concerning the distribution of radiogenic elements, estimates for uranium
in the continental crust based on observational data are in the range:

mC Uð Þ ¼ 0:3� 0:4ð Þ � 1017 kg (1)

The extreme values have been obtained in (Fiorentini et al., 2003b) by taking
the lowest (highest) concentration reported in the literature for each layer of
the Earth�s crust, see Table II of (Mantovani et al., 2004), and integrating
over a 2� · 2� crust map. The main uncertainty comes from the uranium mass
abundance aLC in the lower crust, with estimates in the range (0.2–1.1) ppm.
Estimates for the abundance in the upper crust, aUC, are more concordant,

TABLE I
U, Th and K according to BSE, from (Fiorentini et al., 2003b)

m [1017 kg] HR [1012 W] Lm [10
24 s)1]

U 0.8 7.6 5.9

Th 3.1 8.5 5.0
40K 0.8 3.3 21.6

GEO-NEUTRINOS



ranging from 2.2 to 2.8 ppm. The crust – really a tiny envelope – should thus
contain about one half of the BSE prediction of uranium in the Earth.

About the mantle, observational data are scarce and restricted to the
uppermost part, so the best estimate for its uranium content mM is obtained
by subtracting the crust contribution from the BSE estimate:

mM ¼ mBSE �mC (2)

A commonly held view is that there is a vertical gradient in the abundances of
incompatible elements in the mantle, with the top being most depleted. A
minimum gradient model has a fully mixed and globally homogeneous
mantle; the other extreme is a model where all the uranium is at the bottom
of the mantle.

Geochemical arguments are against the presence of radioactive elements
in the completely unexplored core, as discussed by McDonough in a recent
review of compositional models of the Earth (McDonough, 2003).

Similar considerations hold for thorium and potassium, the relative mass
abundance with respect to uranium being globally estimated as:

aðThÞ : aðUÞ : aðKÞ � 4 : 1 : 10; 000 (3)

We remark that the well-fixed ratios2 in Eq. (3) imply that detection of geo-
neutrinos from uranium will also bring important information on the amount
of thorium and potassium in the whole Earth.

TABLE II
Average uranium abundance in the continental crust, from (Fiorentini et al., 2003b)

Reference ÆaCCæ [ppm]

Taylor and McLennan, 1985 0.91

Weaver and Tarney, 1984 1.3

Rudnick and Fountain (1995) 1.42

Wedepohl (1995) 1.7

Shaw et al. (1986) 1.8

This work, minimal 1.3

This work, reference 1.54

This work, maximal 1.8

2 We shall always refer to element abundances in mass and we remind the reader that the

natural isotopic composition is 238U/U = 0.993, 232Th/Th = 1 and 40K/K = 1.2 · 10)4.
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3. A reference model and its uncertainties

3.1. URANIUM, THORIUM AND POTASSIUM DISTRIBUTION

Our aim is to build a reference model (labeled as ‘‘ref.’’), which incorporates
the best available knowledge of U, Th and K distributions inside Earth.
Concerning Earth�s crust, we distinguish oceans and seawater, the conti-
nental crust, subdivided into three sublayers (upper, middle, and lower),
sediments and oceanic crust. These seven layers have been mapped in (Bassin
et al., 2000), which provides values of density and depth over the globe on a
grid with 2� steps. We distinguish then the upper mantle (extending down to
about 600 km), the lower mantle (down to about 2900 km), and the core: we
use the preliminary reference earth model (PREM) (Dziewonski and
Anderson, 1981) for the values of the densities of the mantle, assuming
spherical symmetry.

For each component, one has to adopt a value for the abundances a(U),
a(Th), and a(K). In the literature of the last twenty years one can find many
estimates of abundances for the various components of the crust (OC, upper
CC, lower CC,…), generally without an error value (see Tables II–IV of
Mantovani et al., 2004), two classical reviews being in Refs. (Taylor and
McLennan, 1985; Wedepohl, 1995) and a most useful source being provided
by the GERM Reservoir Database (GERM, 2003).

For the upper mantle we are aware of several estimates by Jochum et al.
(1986), White (1993), O�Nions and McKenzie (1993), Hofmann (1988), and
Zartman and Haines (1988). In this respect data obtained from material
emerged from unknown depths are assumed to be representative of the
average composition down to about 600 km.

For each (sub)layer of the crust and for the upper mantle, we adopt as
reference value for the uranium abundance aref(U) the average of the values
reported in Tables II, III, and IV of (Mantovani et al., 2004). Concerning Th
and K, we observe that the abundance ratios with respect to uranium are
much more consistent among different authors than the corresponding
absolute abundances. We shall thus take the average of ratios and from these
construct the reference abundances for thorium and potassium:

aref Thð Þ ¼ Th=Uh iaref Uð Þ and aref Kð Þ ¼ K=Uh iaref Uð Þ (4)

For the lower mantle, where no observational data are available, we resort
to the BSE model, which – we recall – describes the present crust-plus-mantle
system based on geochemical arguments.

The mass of each element (X = U, Th, K) in the lower mantle mLM(X) is
thus obtained by subtracting from the BSE estimate the mass calculated for
the crust and upper mantle:

GEO-NEUTRINOS



mLM Xð Þ ¼ mBSE Xð Þ �mCC Xð Þ �mOC Xð Þ �mUM Xð Þ (5)

Reference abundances for the lower mantle are then obtained by dividing
these values by its mass mLM = 2.9 · 1024 kg. According to geochemical
arguments, negligible amounts of U, Th and K should be present in the core.
The resulting choice of input values for the reference model is collected in
Tables II–IV of (Mantovani et al., 2004).

3.2. THE UNCERTAINTIES OF THE REFERENCE MODEL

Since the abundance ratios look relatively well determined, we concentrate
on the uncertainties of the uranium abundances in the different layers and

TABLE III
Total yields. Nno is the total number of geoevents (U + Th) in the absence of oscillations

predicted from the reference model for 1032 proton yr (or in TNU) and DNno is the ‘‘1r’’ error

Location Nno DNno Nno
low Nno

high

Baksan 91 13 51 131

Hawaii 22 6 10 49

Homestake 91 13 51 130

Kamioka 61 10 33 96

Gran Sasso 71 11 39 106

Pyhasalmi 92 13 51 131

Sudbury 87 13 48 125

Curacao 57 10 30 92

Nno
low (Nno

high) is the minimal (maximal) prediction. For dm2>4 · 10)5eV2 the geoevent yield
is N ¼ Nno 1� 0:5 sin2 2hð Þ

� �
, from (Mantovani et al., 2004).

TABLE IV
Errors from the regional geophysical and geochemical uncertainties at Kamioka, from
(Fiorentini et al., 2005b)

Source DS[TNU] Remarks

Composition of upper-crust samples 0.96 3r error

Upper-crust discretization 1.68

Lower-crust composition 0.82 Full range

Crustal depths 0.72 3r error

Subducting slab 2.10 Full range

Japan Sea 0.31 Full range

Total 3.07 Full range
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propagate them to the other elements. For the reference model, we have
mCC(U) = 0.345 · 1017 kg, mOC(U) = 0.005 · 1017 kg, the total mass of
CC being mCC = 2.234 · 1022 kg. According to our model, the average
uranium abundance in the CC is thus aCC(U) = 1.54 · 10)6.

We determine a range of acceptable values of aCC(U) by taking the lowest
(highest) concentration reported in the literature for each layer, see Table II
of (Mantovani et al., 2004). The main source of uncertainty is from the
abundance in the lower crust, estimated at 0.20 ppm in (Rudnick and
Fountain, 1995) and at 1.1 ppm in (Shaw et al., 1986). Estimates for the
abundance in the upper crust are more concordant, ranging from 2.2 ppm
(Condie, 1993) to 2.8 ppm (Taylor and McLennan, 1985). We remark that,
within this approach, the resulting average crustal U abundance ÆaCCæ is in
the range 1.3–1.8 ppm, which encompasses all estimates reported in the lit-
erature (Rudnick and Fountain, 1995; Shaw et al., 1986; Wedepohl, 1995;
Weaver and Tarney, 1984) except for that of (Taylor and McLennan, 1985),
ÆaCCæ = 0.91 ppm, see Table II.3

low : aCC Uð Þ ¼ 1:3� 10�6; aCC Thð Þ ¼ 5:2� 10�6; aCC Kð Þ ¼ 1:3� 10�2

high : aCC Uð Þ ¼ 1:8� 10�6; aCC Thð Þ ¼ 7:6� 10�6; aCC Kð Þ ¼ 1:97� 10�2

For the upper mantle, we take as extrema the two values known to us
(Jochum et al., 1986; Zartman and Haines, 1988) for uranium and we deduce
thorium and potassium by rescaling

low : aUM Uð Þ ¼ 5� 10�9; aUM Thð Þ ¼ 13� 10�9; aUM Kð Þ ¼ 6� 10�5

high : aUM Uð Þ ¼ 8� 10�9; aUM Thð Þ ¼ 21� 10�9; aUM Kð Þ ¼ 9:6� 10�5

Concerning the lower mantle, we fix the mass of radiogenic elements by
requiring that the BSE constraint (3.2) is satisfied and we assume uniform
abundance.

3.3. PREDICTED YIELDS

The no oscillation yields, calculated with the fluxes of the reference model,
are shown in Table XII of (Mantovani et al., 2004). In the same table we also
present the estimated 1r errors. The geo-neutrino signal is expressed in

3 Note that this paper quotes ranges of mass and fluxes tighter than in (Mantovani et al.,
2004), which used the value ÆaCCæ = 0.91 ppm from (Taylor and McLennan, 1985) as lower

limit.
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Terrestrial Neutrino Units, one TNU corresponding to 10)32 geo-neutrino
captures per target proton per year.

For the Kamioka site the prediction of the reference model is Nno = 61
TNU in good agreement with the ‘‘best model’’ of (Fiorentini et al., 2003a;
Fiorentini et al., 2003c), Nno = 67 TNU, in between the values of (Roths-
child et al., 1998), Nno = 43 TNU, and of model 1b of (Raghavan et al.,
1998), Nno = 75 TNU.

4. A closer look for Kamioka

The geo-neutrino signal depends on the total uranium mass of radioactive
elements in the Earth and on the geochemical and geophysical properties of
the region around the detector (Fiorentini et al., 2003a). For KamLAND, we
estimated (Mantovani et al., 2004) that about one half of the signal originates
within 200 km from the detector. This region, although containing a globally
negligible amount of uranium and thorium, produces a large contribution to
the signal as a consequence of its proximity to the detector. This contribution
has to be determined on the grounds of a detailed geochemical and geo-
physical study of the region, if one wants to extract from the total signal the
remaining part which carries the relevant information. The study of the re-
gion around Kamioka, including the possible effects of the subducting plates
below the Japan Arc and a discussion of the contribution from of the Japan
Sea, is in (Fiorentini et al., 2005b).

Starting from the 2� · 2� world crustal map, we isolated six ‘‘tiles’’,
around Kamioka and we performed a detailed study of their uranium con-
tent, see Figure 1. The seismic velocity structure of the crust beneath the
Japan Islands has been determined in (Zhao et al., 1992) from the study of
some 13,000 arrival times of 562 local shallow earthquakes. By applying an
inversion method, the depth distribution of the Conrad and Moho discon-
tinuities beneath the whole of the Japan Islands are derived, with an esti-
mated standard error of ±1 km over most of Japan territory. This allows
distinguishing two layers in the crust: an upper crust extending down to the
Conrad and a lower part down to the Moho discontinuity.

The upper-crust chemical composition of Japan Islands has been studied in
(Togashi et al., 2000), based on 166 representative specimens, which can be
associated with 37 geological groups based on age, lithology and province. By
combining the base geologicalmapofFigure 2 of (Togashi et al., 2000) –which
distinguishes 10 geological classes – with the abundances reported in Table I of
the same paper, one can build a map of uranium abundance in the upper crust,
under the important assumption that the composition of the whole upper crust
is the same as that inferred in (Togashi et al., 2000) from the study of the
exposed portion.

GIOVANNI FIORENTINI ET AL.



We are not aware of a specific study of the lower part of the Japan
crust, however, it is well known that there are similarities between the
composition of the Japanese crust and that of the Sino-Korean block. In
an extensive compositional study of East China crust (Gao et al., 1998),
the estimated uranium abundance in the lower part is between 0.63 and

Figure 2. The predicted signal from uranium geo-neutrinos at KamLAND (Fiorentini et al.,

2005b).

Figure 1. Uranium abundance in the upper crust of Japan (Fiorentini et al., 2005b).
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1.08 ppm. On these grounds we shall take for the abundance in the lower
crust of Japan:

aLC ¼ 0:85� 0:23 ppm

For the this discussion, we use the asymptotic value of the survival proba-
bility and the best fit value of the mixing angle, i.e. ÆPeeæ = 0.59.4

The contributions to the produced flux and to the signal from the six tiles
near Kamioka are:

U6 ¼ 1:59� 106 cm�2 s�1

S6 ¼ 12:74 TNU

With respect to our previous estimate from the whole globe (Mantovani
et al., 2004), giving U = 3.676 · 106 cm)2s)1 and S = 28.6 TNU, we find
that the six tiles contribute 43% of the flux and 45% of the signal: this
justifies the close scrutiny of the region within the six tiles. Some 3/4 of the
contribution arises from the upper crust.

In more detail, the tile hosting Kamioka generates 29% and 30% of the
total produced flux and signal, respectively. The host cell, i.e., the cell where
Kamioka is located, contributes 9% to the total produced flux.

The uranium mass contained in the six tiles is about m6 = 3.3 · 1013 kg,
really negligible (less then 0.05%) with respect to that estimated for the whole
Earth. We have considered several sources of the uncertainties affecting this
estimate of the local contribution, see Table IV.

5. The geo-neutrino signal as a function of uranium mass in the Earth

The arguments presented in the previous sections permit a test of the BSE
model, which fixes the total amount of long-lived radiogenic elements in the
Earth. One can go further, and ask for a general relationship between the
geo-neutrino signal and the total mass of uranium (and other radiogenic
elements) in the Earth.

The main ingredient is what we call ‘‘the proximity argument’’, i.e. the fact
that for a fixed mass the maximal (minimal) signal is obtained by placing the
sources as close to (as far from) the detector as possible. We already isolated
the contribution from the region near the detector and thus we concentrate
on the contribution from different reservoirs in the rest of the world (RW), by

4 For more details of the dependence of the survival probability on the distance with dm2 (see
Mantovani et al., 2004); the discussion of the errors on the oscillation parameters can be

found at the end of section 5.4.
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supplementing the proximity argument with the constraint that the distri-
bution of radiogenic elements are consistent with geochemical and geo-
physical information on the globe.

5.1. THE CRUSTS CONTRIBUTION

For the Earth�s crust, we use again the 2� · 2� map of (Bassin et al., 2000)
distinguishing several crustal layers which are known to contain different
amounts of radioactive elements. For each layer minimal and maximal
estimates of uranium abundances found in the literature are adopted, so as to
obtain a range of acceptable fluxes, see Table V.

Depending on the adopted values, the uranium mass5 in the crust mC(U) is
in the range (0.3–0.4) in units – here and in the following – of 1017 kg. Clearly
a larger mass means a bigger signal, the extreme values being:

S
ðminÞ
C Uð Þ ¼ 6:448 TNU for mCðUÞ ¼ 0:3 and

S
ðmaxÞ
C Uð Þ ¼ 8:652 TNU for mCðUÞ ¼ 0:4

5.2. THE CONTRIBUTION FROM THE MANTLE

Concerning uranium in the mantle, we assume spherical symmetry and that
the uranium mass abundance is a non-decreasing function of depth. It fol-
lows that, for a fixed uranium mass in the mantle mM(U), the extreme pre-
dictions for the signal are obtained by:

(i) placing uranium in a thin layer at the bottom and
(ii) distributing it with uniform abundance in the mantle.

TABLE V
Minimal and maximal estimated uranium abundances for the continental crust in ppm, from
(Fiorentini et al., 2005b)

Min Max

Upper crust 2.2 2.8

Lower crust 0.2 1.1

5 We are discussing uranium, however similar considerations hold for thorium.
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These two cases give, respectively:

S
ðminÞ
M Uð Þ ¼12:15�mM Uð Þ TNU and

S
ðmaxÞ
M Uð Þ ¼17:37�mM Uð Þ TNU

5.3. CRUST AND MANTLE

By using again the proximity argument, we can combine the contributions
from crust and mantle so as to obtain extreme predictions: for a fixed
total m(U) = mC(U) + mM(U), the highest signal is obtained by assigning
to the crust as much material as consistent with observational data
(mC(U) = 0.4) and putting the rest, m(U)) mC(U), in the mantle with a
uniform distribution. Similarly, the minimal flux/signal is obtained for the
minimal mass in the crust (mC(U) = 0.3) and the rest in a thin layer at
the bottom of the mantle. In conclusion, the contribution from the rest of
the world is within the range:

S
ðminÞ
RW ¼ 6:448þ 12:15 m� 0:3ð Þ½ � TNU and

S
ðmaxÞ
RW ¼ 8:652þ 17:37 m� 0:4ð Þ½ � TNU

5.4. GEO-NEUTRINO SIGNAL AND URANIUM MASS

By combining the regional contribution, we get the uranium geo-neutrino
signal as a function of uranium mass in the Earth:

S Uð Þ ¼ S0 Uð Þ � D Uð Þ

where

S0 Uð Þ ¼ 17:66þ 14:76�m Uð Þ

and

D2 Uð Þ ¼ 3:07ð Þ2 þ 2:61�m Uð Þ � 0:55½ �2 (6)

This error is obtained by combining in quadrature all geochemical and
geophysical uncertainties discussed in the preceding paragraphs. All of them
have been estimated so as to cover ±3r intervals of experimental measure-
ments and total ranges of theoretical predictions.

However, this error does not account for present uncertainties on neu-
trino oscillation parameters and on the cross section of the scattering
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antineutrino-proton. For the sake of discussing the potential of geo-neutrinos,
we shall ignore for the moment these error sources.

The expected signal from uranium geo-neutrinos at KamLAND is pre-
sented as a function of the total uranium mass m(U) in Figure 2. The upper
horizontal scale indicates the corresponding radiogenic heat production rate
from uranium (HR = 9.5 · m).

The predicted signal as a function of m(U) is between the two lines de-
noted as Shigh and Slow, which correspond, respectively, to S0±D.

Since the minimal amount of uranium in the Earth is 0.3 · 1017 kg (cor-
responding to the minimal estimate for the crust and the assumption of
negligible amount in the mantle), we expect a signal of at least 19 TNU. On
the other hand, the maximal amount of uranium tolerated by Earth�s ener-
getics6, 1.8 · 1017 kg, implies a signal not exceeding 49 TNU.

For the central value of the BSE model, m(U) = 0.8 · 1017 kg, we predict
S(U) = 29.5±3.4 TNU, i.e., with an accuracy of 12% at ‘‘3r’’. We remark
that estimates by different authors for the uraniummass within the BSE are all
between (0.7–0.9) · 1017 kg. This implies that the uranium signal has to be in
the interval (24.7–34.5) TNU. The measurement of geo-neutrinos can thus
provide a direct test of an important geochemical paradigm.

The effect of uncertainties about the oscillation parameters is presented in
Table VI. In this respect the mixing angle is most important. Figure 4 (b) of
(Araki et al., 2005) shows a 3r range 0.26< tan2h<0.67 (central value
0.40): the corresponding range for the average survival probability is
0.52<Pee<0.67 (central value 0.59), with a 3r relative error on the signal
DS/S � 13%, which is comparable to the geological uncertainty in Eq. (5.1).
The mixing angle should be determined more precisely for fully exploiting the
geo-neutrino signal.

TABLE VI
Effect of the oscillation parameters on the signal. The relative/absolute variation is computed
with respect to the prediction for the best fit values (dm2 = 7.9 · 10)5 eV2 and tan2 h ¼ 0:40),
from (Fiorentini et al., 2005b)

Parameter Signal variation

tan2 h ¼ 0:26 +13.5%

tan2 h ¼ 0:67 ) 12.2%

dm2 = 6.9 · 10)5 eV2 +0.11 TNU

dm2 = 9.3 · 10)5 eV2 ) 0.10 TNU

6 For an uranium mass m = 1.8 · 1017 kg and relative abundances as in Eq. (3), the present
radiogenic heat production rate from U, Th and K decays equals the maximal estimate for the

present heat flow from Earth, HE
max = 44 TW (Pollack et al., 1993).
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5.5. EXTENSION TO THORIUM

The same analysis was extended to thorium in (Mantovani et al., 2004)
assuming global chondritic uranium-to-thorium mass ratio, m(Th)/
m(U) = 3.9±0.1, so that we can now connect the combined signal at Ka-
mioka due to geo-neutrinos from uranium and thorium progenies, S(U+Th),
with the radiogenic heat production rate from these elements, H(U+Th), see
Figure 3.

The allowed band in Figure 3 is estimated by considering rather extreme
models for the distributions of radioactive elements, chosen so as to maxi-
mize or minimize the signal for a given heat production rate, see (Fiorentini
et al., 2005b).

We also remark that, in comparison with the present experimental error,
the width of the band is so narrow that we can limit the discussion to the
median line of the allowed band in Figure 3, which represents our best
estimate for the relationship between signal and radiogenic power.

By using the Bulk Silicate Earth (BSE) model, giving H(U + Th) = 16
TW, our prediction for Kamioka is centered at 37 TNU.

By assuming that uranium and potassium in the Earth are in the ratio 1/
10,000 and that there is no potassium in the core, the total radiogenic power
is H(U + Th + K) = 1.18 H(U + Th). With these assumptions, a maxi-
mal and fully radiogenic heat production rate, H(U + Th + K) = 44 TW,
corresponds to H(U + Th) = 37 TW, which gives signal S(U + Th) �
56 TNU.

6. Discussion of the KamLAND results

The KamLAND collaboration has reported (Araki et al., 2005) data from an
exposure of Np = (0.346±0.017) · 1032 free protons over time T = 749
days with detection efficiency e = 69%: the effective exposure is thus
Eeff = Np · T · e = (0.487±0.025) 1032 protonsÆ year. In the energy re-
gion where geo-neutrinos are expected, there are C = 152 counts, implying
statistical fluctuation of ±12.5. Of these counts, number R = 80.4±7.2
are attributed to reactor events, based on an independent analysis of higher
energy data. Fake geo-neutrino events, originating from 13C(a, n)16O reac-
tions following the alpha decay of contaminant 210Po, are estimated to be
F = 42±11, where the error is due to 20% uncertainty on the 13C(a, n)16O
cross section and 14% uncertainty on the number of 210Po decays in the
detector. Other minor backgrounds account for B = 4.6±0.2 events.
The number of geo-neutrino events is estimated by subtraction,
N(U+Th ) = C)R)F)B, with an uncertainty obtained by combining the
independent errors: N(U+Th) = 25)18

+19. The geo-neutrino signal is thus
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S(U+Th) = N(U+Th )/Eeff = 51)36
+39 TNU. From the median line in Fig-

ure 3 one finds

H Uþ Thð Þ ¼ 31þ43�31TW (rate only)

This ‘‘rate only’’ study has been improved in (Araki et al., 2005) by
exploiting the shape of the spectrum. A likelihood analysis of the unbinned

Figure 4. Cross section of 13C(a, n)16O. The solid line corresponds to the JENDL compila-
tion, dots are the experimental points from (Harissopulos et al., 2005).

Figure 3. Predictions on the combined signal S(U+Th) from uranium and thorium geo-

neutrinos at Kamioka as a function of the radiogenic heat production rate H(U+Th). The
shaded area denotes the region allowed by geochemical and geophysical constraints. The
dashed median line represents our best estimate for the relationship between signal and

radiogenic power (Fiorentini et al., 2005a).
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spectrum yields N(U+Th) = 28)15
+16, see Figure 4b of (Araki et al., 2005).

This implies S(U+Th) = 57)31
+33 TNU and

H Uþ Thð Þ ¼ 38þ35�33TW (rate + spectrum)

The best fit value is close to the maximal and fully radiogenic model, however
the BSE is within 1r.

By using the median line in Figure 3, the 99% confidence limit on the
signal (145 TNU) corresponds to 133 TW. If we include the uncertainty band
of the theoretical models, we find an upper bound of 162 TW, see point in
Figure 3. This point corresponds to a model with total uranium mass
m(U) = 80 · 1016 kg, an uranium poor crust, mc(U) = 3 · 1016 kg, the rest
of the uranium being placed at the bottom of the mantle, and global chon-
dritic thorium-to-uranium ratio.

This 162 TW upper bound is much higher than the 60 TW upper bound
claimed in (Araki et al., 2005), which was obtained by using a family of
geological models which are too narrow and are also incompatible with well-
known geochemical and geophysical data, see (Fiorentini et al., 2005a).

We remark that the boundH(U+Th)<162 TW which we have extracted
from KamLAND data does not add any significant information on
Earth�s interior, since anything exceeding H(U+Th) = 37 TW [i.e.
H(U+Th+K) = 44 TW] is unrealistic. The upper limit simply reflects the
large uncertainty in this pioneering experiment.

On the other hand, what is important for deciding the potential of future
experiments is the relationship between geo-neutrino signal and heat pro-
duction in the physically interesting region, H(U+Th) £ 37 TW. The basic
parameter is the slope, dS/dH, which expresses how the experimental error
translates into an uncertainty on the deduced heat production. For our
models we find from Figure 3 dS/dH ~ 1 TNU/TW. This slope is the same at
any location. Discrimination between BSE and fully radiogenic models,
which demands precision DH ~ 7 TW, requires thus an experiment with an
accuracy DS ~ 7 TNU.

7. The geo-neutrino signal and the
13
C(a, n)16O cross section

As already remarked, a major uncertainty for extracting the geo-neutrino
signal originates from the 13C(a, n)16O cross section. The values used in
(Araki et al., 2005) are taken from the JENDL (2005) compilation, which
provides an R-matrix fit of relatively old data. A 20% overall uncertainty has
been adopted in (Araki et al., 2005), corresponding to the accuracy claimed
in the original experimental papers, see e.g. (Bair and Haas, 1973).

Recently, a series of high precision measurements for this cross section has
been performed (Harissopulos et al., 2005). In the relevant energy range
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ð1:0� 5:3ÞMeV, the absolute normalization has been determined within 4%
accuracy. The measured values are generally in very good agreement with
those recommended in JENDL, see Figure 4; however, we find that the
neutron yield per alpha particle is 5% smaller. It follows that the number of
fake neutrinos is lower, F = 40±5.8, and geo-neutrino events obviously
increase.

The ‘‘rate only’’ analysis gives now 27)15
+16 geo-neutrino events, corre-

sponding to S(U+Th) = 55)31
+33 TNU. From the median line of Figure 3, the

radiogenic power is now:

H Uþ Thð Þ ¼ 36þ35�33TW ðrate spectrum+new13Cða;nÞ16OÞ

We also performed an analysis of the binned spectrum reported in Figure 3
of (Araki et al., 2005). This analysis gives N(U+Th) = 31)13

+14 counts, cor-
responding to S(U+Th ) = 63)25

+28 TNU and thus:

H Uþ Thð Þ ¼ 44þ31�27TW ðrate spectrum+new13Cða;nÞ16OÞ

8. Future prospects

The present situation can be summarized in the following points:

– KamLAND has shown that the technique for exploiting geo-neutrinos
in the investigation of the Earth�s interior is now available.

– New data on 13C(a, n)16O corroborate the evidence for geo-neutrinos in
KamLAND data, which becomes close to 2.5r.

– On the other hand, the determination of radiogenic heat power from
geo-neutrino measurements is still affected by a 70% uncertainty. The
best fit of H(U+Th) is close to the prediction of maximal and fully
radiogenic model, however the BSE prediction is within 1r.

– The universal slope dS/dH ~ 1 TNU/TWmeans that for determining the
radiogenic heat within±7 TW the experimental error has to be ±7
TNU, i.e. factor four improvement with respect to present.

It looks to us that the following questions are relevant for the future:

– How shall we have definite (at least 3r) evidence of geo-neutrinos?
– How much uranium and thorium are in the Earth�s crust?
– How much in the mantle?
– What about the core?
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A preliminary point for establishing suitable detector locations is the reactor
background. Figure 5 shows the ratio of reactor events (in the geo-neutrino
energy region) to the expected geo-neutrino events all over the globe. The
location of KamLAND is obviously one of the worst for the study of geo-
neutrinos.

The potential of different locations is summarized in Table VII, where we
present the separate contributions to the geo-neutrino signal from crust
and mantle according to our reference model, as well as the merit figure
r = geo-neutrino events/reactor events.

With more statistics KamLAND should be capable of providing three
sigma evidence of geo-neutrinos, but discrimination between BSE and fully
radiogenic models definitely requires new detectors, with class and size

TABLE VII
The signal (U+Th) expected from the crust SC, from the mantle SM and the total signal STOT

in Terrestrial Neutrino Units [TNU]

Location SC(U+Th) SM(U+Th) STOT(U+Th) r

Baksan 43.3 9.3 52.6 5.0

Hawaii 3.6 9.3 12.9 10.0

Homestake 43.8 9.3 53.1 5.0

Kamioka 26.4 9.3 35.7 0.1

Gran Sasso 32.8 9.3 42.1 1.1

Pyhasalmi 44.0 9.3 53.3 2.0

Sudbury 43.3 9.3 52.6 0.9

Curacao 24.3 9.3 33.6 10.0

The r factor is the ratio between the geo-neutrino events and reactor events. For this dis-
cussion, we use the asymptotic value of the survival probability ÆPeeæ = 0.59.

Figure 5. The ratio of reactor anti-neutrino events (in the geo-neutrino energy region) to the
expected geo-neutrino events all over the globe.
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similar to that of KamLAND, far away from nuclear power plants. Borexino
should reach the 3r evidence, but cannot go much further due to its relatively
small size.

SNO+ with liquid scintillator will have excellent opportunities to deter-
mine the uranium mass in the crust, which accounts for about 80% of the
geo-neutrino signal at Sudbury. This will provide an important test of models
for the Earth�s crust.

A detector at Hawaii, very far from the continental crust and reactors, will
be mainly sensitive to the mantle composition. We note that the amount of
radioactive materials in this reservoir is the main uncertainty of geological
models of the Earth. The expected signal, however, is rather small and this
demands a several kilotons size.

For the very long term future, one can speculate about completely
new detectors, capable of providing (moderately) directional information.
These should allow identification of different geo-neutrino sources (crust,
mantle and possibly core) in the Earth; in summary, ‘‘se son rose fi-
oriranno’’.
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