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地球内部に含まれる放射性物質も、ベータ崩壊を
して反電子ニュートリノを放出する。

ウラン、トリウム、カリウムなどは崩壊によってエネルギーを生成し、反電子
ニュートリノも放出するので、反ニュートリノ流量から熱生成量がわかる。

カムランドは、ウラン、トリウムからの反電子ニュートリノに感度がある。

238U!206 Pb + 8� + 6e� + 6⇥̄e + 51.7 MeV
232Th!208 Pb + 6� + 4e� + 4⇥̄e + 42.7 MeV
40K!40 Ca + e� + �̄e + 1.311 MeV(89.28%)

2005年には、地球反ニュートリノを観測できることを実証
KamLAND collaboration, “Experimental investigation of geologically produced antineutrinos with KamLAND”
Nature  436, 03980 (2005)
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232Th

238U

β崩壊
地球内放射性物質の崩壊によって放出される反ニュートリノ

地球ニュートリノ
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エネルギー閾値 1.8 MeV

反ニュートリノ検出器 
(例: KamLAND)

*現在 U と Th起源の地球ニュートリノ
のみ観測可能 

*40K地球ニュートリノの観測には新技
術が必要

ThU

⌫̄e + p ! e+ + n
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逆β崩壊
238U series 
232Th series 
40K

地球ニュートリノ数 ThU∝ 量, 放射化熱量

‣地球ニュートリノとは 1/19



‣\‣ 地球ニュートリノ観測目的 2/19

マントル対流

プレート運動

地球活動の謎
*地球活動のエネルギー源、エネルギー量は？ 

*マントルはどのように対流しているのか？一層 or 複数対流? 

*地球磁場の生成・維持の起源は？
→ 地熱の理解は重要な課題

山脈形成 火山の噴火

地磁気地震



‣KamLAND Collaboration
August 2019 @Kyoto* Institutions :  

5 from Japan 
8 from US 
1 from Europe 

* ~50 collaborators
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Kashiwazaki 
159km

180km
Hamaoka 
200km

Wakasa 
146~192km

Shika 
88km φ13m balloon

φ18m stainless tank

(125µ thickness)

KamLAND
Kamioka Liquid Scintillator 

Anti-Neutrino Detector

Kamioka Mine
neutrino

1000m 
depth

cosmic ray

(operated since 2002)

: reactor

1,325 17inch + 554 20inch PMTs
* Photo coverage 34%

Water Cherenkov Outer Detector
* Muon veto

* Dodecane (80%) Pseudocumene (20%) PPO (1.36 g/l) 
* extremely low impurily (238U:3.5×10-18g/g, 232Th:5.2×10-17g/g)

1,000t Liquid Scintillator

 

‣Site & Detector 4/19



‣反ニュートリノ観測
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ニュートリノの
性質の理解
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- ニュートリノ振動の形跡の観測 
- 振動パラメターの精密測定

ニュートリノの応用ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO1205
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Figure 4 |Measured geoneutrino flux and models. a, Measured
geoneutrino flux at Kamioka and Gran Sasso, and expected fluxes at these
sites and Hawaii4. The solid and dashed red lines represent, respectively,
the fluxes for a fully radiogenic model assuming the homogeneous and
sunken-layer hypotheses. b, Measured geoneutrino flux after subtracting
the estimated crustal contribution. No modelling uncertainties are shown.
The right axis shows the corresponding radiogenic heat production
assuming a homogeneous mantle. The solid red line indicates the fully
radiogenic model where the contributions from the crust (7.0 TW) and the
other isotopes6,24 (4.3 TW) are subtracted from the total heat flow7

(44.2 TW). Error bars, see text.

on the mantle by making simple but appropriate assumptions to
constrain the model.

We take the Th:U ratio for each contributing layer to be fixed at
the standard BSEmodel value of 3.9 (ref. 5). The composition of the
crust is derived from a BSE model that incorporates the crust and a
detailed description of the local geology4. As a simplifying hypothe-
sis, U and Th are assumed to be uniformly distributed in themantle.
Figure 4a shows the measured geoneutrino fluxes at the Kamioka
and Gran Sasso experimental sites along with the predictions for
these locations and Hawaii, as an example of an oceanic site with a
significantly smaller crustal contribution. Combining the 238U and
232Th geoneutrino measurements of Borexino3 and KamLAND we
obtain 20.0+8.8

�8.6 TW. The result is in good agreement with the BSE
model prediction of 16 TW (ref. 5), as illustrated in Fig. 4b, where
the crust contribution is subtracted for clarity.

The fraction of the global heat production from radioactive
decay is called the ‘Urey ratio’. The mantle contribution alone is
referred to as the ‘convective Urey ratio’22. Most models, including
the BSEmodel used here, set the convective Urey ratio to about 0.3,
allowing for a substantial fraction of the heat to be of primordial
origin. Other models require convective Urey ratios up to⇠1.0 (see
discussion in ref. 23). Assuming extra mantle heat contributions
of 3.0 TW from other isotope decays6,24, the convective Urey ratio
deduced from the KamLAND and Borexino data is between 0.18
and 0.67 at the 68%CL, consistent with 0.3 from the BSEmodel.

A fully radiogenic model (Urey ratio of 1) is constructed by
introducing U and Th uniformly in the mantle (homogeneous
hypothesis) or, alternatively, by putting all of the U and Th at
the mantle–core interface (sunken-layer hypothesis). The latter
assumption is used in an attempt to test the compatibility of a
fully radiogenic model with the observed geoneutrino flux, by
distributing the source as far from the detectors as possible. The
fully radiogenic, homogeneous hypothesis is disfavoured at the
97.2% CL with the combination of KamLAND and Borexino data,
or at the 98.1% CL by KamLAND alone. Even within the sunken-
layer hypothesis, the fully radiogenic model is still disfavoured at
the 87%CL using KamLAND data alone.

The radiogenic heat estimation from the geoneutrino flux
depends on the modelling of the geology. We account for crustal
uncertainties by assuming 17% and 10% errors for the U and
Th content, including correlated errors as suggested in ref. 9. We
use the crustal model of ref. 25, assuming independent errors for
each layer (upper, middle and lower crust), and include extra

contributions from the error in the mass distribution and the
fractional uncertainty in the Th:U ratio9. The radiogenic heat
contribution from 238U and 232Th is estimated to be 19.9+9.2

�9.1 TW
by KamLAND and Borexino data, excluding the fully radiogenic
model at the 96.6% CL. If we use the more recently determined
heat-loss rate of 46±3 TW (ref. 26) the fully radiogenic exclusion
increases to 98.0% CL, slightly enhanced owing to the larger mean
value of the heat flow as compared with ref. 7, despite its larger
error. We conclude that these uncertainties have little impact on
the results at this stage.

It is expected that geoneutrino detectors operated at different
locations will significantly improve our knowledge of radiogenic
sources in the Earth. Larger detectors distant from commercial
reactors will reduce the uncertainties on the measured geoneutrino
flux. The geoneutrino flux strongly depends on the distance from
thick continental crusts, so the exposure to ⌫es at different locations
will provide better knowledge of the crustal contribution and
greater insight into the mantle. A detector in an oceanic location
with small crustal contribution would be very interesting in this
regard. The present detectors are all insensitive to 40K, and this will
remain an uncertainty unless new geoneutrino detectors with lower
threshold are developed.

Methods
The KamLAND inner detector consists of 1 kt of ultrapure LS contained
within a 13-m-diameter spherical balloon made of 135-µm-thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) composite film. The balloon is
suspended in a bath of purified non-scintillating mineral oil contained inside an
18-m-diameter stainless-steel sphere. The LS contains 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, as well as 1.36±0.03 g l�1

PPO (2,5-diphenyloxazole) as a fluorophore. The inner surface of the containment
sphere is covered by an array of 1,325 specially developed fast 20-inch-diameter
photomultiplier tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs. The PMTs provide 34% solid-angle coverage in total. The
containment sphere is surrounded by a 3.2 kt cylindrical water–Cherenkov outer
detector instrumented with 225 PMTs of 20 inch diameter. The outer detector acts
as a veto counter for muons and helps shield the inner detector from �-rays and
neutrons produced in the surrounding rock.

Radioactive sources are periodically deployed inside the detector to calibrate
its energy response and position-reconstruction accuracy. The reconstruction of
event location is important to establish the prompt–delayed event correlation
and to define the fiducial volume used in the measurement. After accounting for
systematic effects, we find that the deviation of reconstructed event locations from
the actual locations is less than 3 cm, from which we derive a 1.8% uncertainty
in the absolute size of the fiducial volume. Source calibration data for the entire
fiducial volume are available only for the data recorded before the start of the LS
purification campaign in 2007. For the remaining data we carried out calibrations
along the vertical axis only. These calibrations were augmented with a study of
muon-induced 12B/12N decays27, resulting in a larger uncertainly of 2.5% on the
absolute size of the fiducial volume for the post-purification data.

KamLAND was designed and sited primarily to study the phenomenon of
neutrino oscillations using reactor ⌫e s. Therefore, such ⌫e s represent the largest
background in the present measurement because their energy spectrum partially
overlaps that of geoneutrinos. Substantial discrimination between the two is
achieved not only by fitting their energy spectra but also by exploiting the fact
that the reactor ⌫e rate varies with the output of the power plants whereas the
geoneutrino rate can be taken as constant over the timescale of the experiment.

The ⌫e event-selection criteria are optimized as a function of energy to
maximize the sensitivity to geoneutrinos while rejecting the accidental background
from radioactive contaminants in the detector. The event selection is based on the
discriminant L= f⌫e/(f⌫e + facc), where f⌫e and facc are probability density functions
for ⌫e signals and accidental backgrounds, respectively. These probability density
functions are based on six parameters (Ep, Ed, 1R, 1T , Rp, Rd), which represent,
respectively, the prompt and delayed event energies, their relative separations
in space and time and their radial distances from the detector centre. Owing to
an observed variation of the background rate with time, the probability density
function for accidental backgrounds is a time-dependent function constructed by
dividing the data set into five time periods. For the discrimination of accidental
backgrounds, we determine a selection value, Lcut(Ep), to maximize the figure of
merit S/

p
S+Bacc for each prompt energy interval of 0.1MeV, where S denotes

the expected signal rate and Bacc corresponds to the accidental background rate.
The selection efficiency and its uncertainty are obtained by comparing Monte
Carlo simulations with 68Ge and 241Am9Be source calibration data. The selection
efficiencies for geoneutrino signals produced by U and Th decays with energies

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

- 放射化熱の寄与の直接測定



‣神岡における地球ニュートリノフラックス
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地殻 : 70%

マントル : 27%

Sediment etc. : 3%

核 : 0%

各パートからの寄与

検出器近傍の構造の理解が重要

- 50%: < 500km 
- 25%:  < 50km 
- 1~2%: 神岡

実際にどのあたりを見ているか 

半径ごとの積算フラックス 
こんなイメージ 

• 半分が半径 500 km から 
• 1/4 が半径 50 km から 
• 1~2% が神岡鉱山から 
 
• 1/4 がマントルから 

~500 km 

21 

~50km

各領域からの寄与
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~Apr. 15, 2018

2016 preliminary

March 2011 Earthquake

Period 1 Period 2 Period 3

all Japanese 
reactor-off period

2013 data-set : 2991 days 
4.90×1032 proton-year

PRD 88, 033001 (2013) Preliminary
2016 data-set : 3901 days 

6.39×1032 proton-year
2019 data-set : 4397 days 

7.20×1032 proton-year
Period 1 : 1485.62 days 
Period 2 : 1151.47 days 
Period 3 : 1759.85 daysPeriod 3 : 1259.8 days

Preliminary

‣Data-set & Reactor Neutrinos

low-reactor period

reactor neutrino

geo-neutrino

Reactor Neutrino Flux @Kamioka

+500 days of low-reactor 
phase from 2016 data-set

7/19

+500 days



‣Energy Spectrum (0.9-2.6 MeV)
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model prediction : Enomoto et al. EPSL 258, 147 (2007)

Livetime : 4397 days
Candidate : 1167 ev
Background Summary

Total 966.9 ± 41.8

9Li 4.4 ± 0.1
Accidental 121.9 ± 0.1

Fast neutron < 4.1
13C(α, n)16O 211.6 ± 23.3
Reactor νe 629.0 ± 34.4

2019 Preliminary Result

Preliminary
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‣Energy Spectrum (0.9-2.6 MeV), Low Reactor Phase

Preliminary
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‣Energy Spectrum, U and Th Geo-neutrino Contributions

‣ Background subtracted data

• backgrounds : all data best-fit

• weighted average by each period’s 

livetime

‣ U・Th contributions


• all data best-fit with Th/U fixed analysis

Preliminary

Good agreement
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‣Rate + Shape + Time Analysis (1)

0 100 200 300
0

50

100

150

UN

Th
N

(a) 68.3%

95.4%

99.7%

[event] [TNU] Flux [×105 cm-2s-1] 0 signal 
rejectionbest-fit model

U 123.3 +41.2/-39.1 23.3 +7.8/-7.4 17.9 +6.0/-5.7 22.0 3.51σ
Th 41.6 +24.6/-24.7 8.1 +4.8/-4.8 20.0 +11.9/-11.9 18.6 1.68σ

ratio free

0 50 100 150
0

5

10

15

ThN

2 χ
∆

σ1

σ2

σ3

(c)

0 100 200 300
0

5

10

15

UN

2 χ
∆

(b)

σ1

σ2

σ3

NU NTh

Ratio Fixed 
Ratio Free

NU  vs NTh

Preliminary

Preliminary Preliminary

earth model prediction 
EPSL 258, 147 (2007)

11/19



1− 0.5− 0 0.5 1
0

100

200

300

400

)Th + N
U

) / (NTh - N
U

(N

Th
 +

 N
U

N
68.3%

95.4%

99.7%

(a)

0 100 200 300 400
0

20

40

60

Th + NUN

2 χ
∆

σ2

σ4

σ6

σ8(d)

‣Rate + Shape + Time Analysis (2)

best-fit (NU, NTh) = (122, 42) 
NU+NTh = 164

[event] [TNU]
Flux [×106 cm-2s-1] 0 signal 

rejectionbest-fit model
U+Th 168.8 +26.3/-26.5 (15.6%) 32.1 +5.0/-5.0 3.6 +0.6/-0.6 4.1 8.14 σ

ratio fixed

earth model prediction 
EPSL 258, 147 (2007) Ratio Fixed 

Ratio Free

NU + NTh Preliminary Preliminaryb
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観測結果から得られる地球科学的知見
* Th/U比


*放射化熱量


*マントルの寄与



- 232Th is more abundant than 238U. 
- Molar ratio (Th/U) in bulk silicate Earth is expected to be 3.9 ± 0.1.

Chondritic analyses

地球ニュートリノ : 地球全体のTh/U比の独立した直接測定

‣Th/U 比 : Introduction 13/19



0 5 10 15 20
0

1

2

3

Th/U mass ratio

2 χ
∆

σ1

90%

chondrite data 
(1.06-6.42)

BSE models 
(3.58-4.2)

Th/U mass ratio =3.9
‣Th/U 比 : 観測結果

Th/U = 5.3 +6.0-3.6
Th/U < 18.5 (90% C.L.)

ref) 2016 preliminary 
     Th/U = 4.1 +5.5/-3.3, <17.0 (90% C.L.)

Best fit

Ordinary Chondrites : J. S. Goreva & D. S. Burnett, Meteoritics & Planetary Science 36, 63-74 (2001) 

Carbonaceous Chondrites : A. Rocholl & K. P. Jochum, EPSL 117, 265-278 (1993) 

Enstatite Chondrites : M. Javoy & E. Kaminski, EPSL 407, 1-8 (2014)

ref) chondrite data

KamLAND best-fit is consistent with 
chondrite data and BSE models.
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crust heat flux measurement & calculation

Rev. of Geophys. 31, 267-280 (1993)

Surface heat flow
46 ± 3 TW

after Jaupart et al 2008 Treatise of Geophysics

Mantle cooling
(18 TW)

Crust R*
(7 㼼 1 TW)
(Rudnick and Gao ’03

Huang et al ‘13)

Mantle R*
(13 㼼 4 TW)

Core
(~9 TW)

-

(4-15 TW)

Earth’s surface heat flow 46 㼼 3 TW

(0.4 TW) Tidal dissipation
Chemical differentiation

*R radiogenic heat
(after McDonough & Sun ’95)

total R*
20 㼼 4

example of Earth model

Radiogenic Heat

Primordial Heat

* Releases of gravitational energy through 
accretion or metallic core separation


* Latent heat from the growth of inner core

Primordial Heat

‣放射化熱量 : 地球の熱収支 15/19



Surface heat flow
46 ± 3 TW

???
Radiogenic 

Heat
Primordial 

Heat

Q : How much radiogenic heat 
contributes to Earth’s heat?

after Jaupart et al 2008 Treatise of Geophysics

Mantle cooling
(18 TW)

Crust R*
(7 㼼 1 TW)
(Rudnick and Gao ’03

Huang et al ‘13)

Mantle R*
(13 㼼 4 TW)

Core
(~9 TW)

-

(4-15 TW)

Earth’s surface heat flow 46 㼼 3 TW

(0.4 TW) Tidal dissipation
Chemical differentiation

*R radiogenic heat
(after McDonough & Sun ’95)

total R*
20 㼼 4

example of Earth model

Radiogenic Heat

Primordial Heat

* Releases of gravitational energy through 
accretion or metallic core separation


* Latent heat from the growth of inner core

Primordial Heat

15/19‣放射化熱量 : 地球の熱収支
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Cosmochemical
Geochemical
Geodynamical
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KamLAND 68.3% C.L.

2019 Preliminary Result

 Radiogenic Heat :   12.4 +4.9-4.9 TW

High Q

Low Q
Middle Q

(Mantle+Crust, U+Th)

[BSE models]

based on balancing mantle viscosity 
and heat dissipation

based on mantle samples compared 
with chondrites

based on isotope constraints and 
chondritic models

High Q

Low Q

Middle Q

ref) Crust (U+Th) ~7 TW Enomoto et al. EPSL 
258, 147 (2007) → Mantle (U+Th) ~5.4 TW 
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Preliminary

6.8 TW

Th/U = 3.9
K/U = 1.4 × 104

マントル???
合
計

大陸地殻

原始隕石の違い

一層対流を支持

全熱が放射性物質起源

‣放射化熱量 : 観測結果
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‣観測地球ニュートリノフラックスと予測モデルの比較

S. Enomoto, Earth Moon and Planets, 99(1), 131-146 (2006)

mantle
crust

Model
fully radiogenic

238U と 232Th の寄与を独立に観測 

観測結果は地殻の寄与の予測量よ
りも多い 

熱を放出する元素の現在のそれぞ
れの寄与を測ることで、地球のこ
れまでの放射化熱史を明らかにで
きる
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Preliminary

(assuming Middle Q)

High Q

Low Q
Middle Q
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‣マントルの寄与 : KamLANDとBorexinoの結果

model estimation by Borexino

(M. Agostini et al, arXiv:1909.02257, Table VI)

LOC (local crust) = 9.2 ± 1.2 TNU

FFL (Far-Feild Lithosphere) = 16.3 +4.8/-3.7 TNU

S(Mantle)  =  S(Observation) ー S(Crust, Model)
3.60+0.56-0.57
×106 cm-2s-1

2.93 +0.29-0.29

= 0.67 +0.63-0.64 ×106 cm-2s-1

→ 6.0 +5.6-5.7 TNU

(10%)

MANTLE GEOENUTRINO SIGNAL 

# Mantle events 

Li
ke

lih
oo

d 

Prompt charge [photoelectrons]: 1 MeV ~500 photoelectrons 

Mantle signal (median value) 

23.7−10.1
+10.7events

21.2−9.1
+9.6TNU

•  Fit performed with signal from lithosphere constrained to 
(28.8 ± 5,6) events with S(Th)/S(U) = 0.29 

•  Mantle PDF constructed with S(Th)/S(U) = 0.26,       
maintaining the global Th/U ratio as in CI chondrites 

•  Sensitivity study using log-likelihood ratio method: 
       null hypothesis rejected with 99.0% C.L.  

qobs= 5.4479 
p value = 9.796 x 10-3 

KamLAND 

×106 cm-2s-1

(~19% uncertainty)

S. Enomoto, Earth Moon and 
Planets, 99(1), 131-146 (2006)

mantle
crust

*

*Recent approach of geo-neutrino flux calculation model

- indicating there is significant systematic uncertainty (60-70 %)

- trying to understand sources of uncertainties

N. Takeuchi et al. (PEPI 6222, 2019)

Borexino M. Agostini et al, arXiv:
1909.02257>1σ  tention
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Preliminary

(assuming Middle Q)High Q

Low Q
Middle Q

High Q model is 
rejected with >2 σ

M. Agostini et al, arXiv:
1909.02257



Summary
‣地球ニュートリノ観測は地球内部を直接観測できるユニークなツール 

‣最新結果 (2019年10月) 
- 低原子炉運転期間 

- ~4.8 年 (全livetimeの40%) 
- 地球ニュートリノの明瞭なエネルギースペクトルの観測 → UとThのそれぞれの寄与をより良く理解 

- 地球ニュートリノ事象観測 : 15.6 % の不定性 
- 地球科学的知見 

- Th/U比 : 5.3 +6.0-3.6, 隕石分析結果・BSEモデルと無矛盾 
- 放射化熱 : 12.4 +4.9-4.9 TW (マントル+地殻, U+Th), Middle Q・Low Qモデルを好む結果 
- 238U・232Th地球ニュートリノの独立した寄与の観測 → これまでの放射化熱史を明らかにできる 
- マントルの寄与 : 0.67 +0.63-0.64 × 106 cm-2s-2 → * High Qモデルは2σ以上で排除 

                                                                                    * 地殻の寄与の計算モデルへの依存が大きい 

‣将来展望:  
- KamLANDは低原子炉バックグラウンドデータの観測を継続 
- 地殻モデルのより良い理解 → マントルの寄与の見積もりをより高信頼度化 
- 多地点観測の拡大 (KamLAND, (Borexino), SNO+, JUNO, Jinping) 
- Ocean Bottom Detector: マントル直接観測へのブレークスルー (ポスター: 酒井君)
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