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the antineutrinos produced by natural radioactivity in the Earth

What are Geoneutrinos?

Radioactive decay of
U, Th, 40K

accounts for >99% of Earth’s 
radiogenic heat (and a large fraction 
of the total heat flow)

Decaying heat producing 
elements emit antineutrinos in 
direct proportion to their heating 
power

0th-order goal: assay the entire Earth by 
looking at its “neutrino glow”

How much of Earth’s heat is primordial (residual)?
How much heat is radiogenic?

Nν̄e
→ TW
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note: 40K also has 10.72% EC branch
thus also emits neutrinos as well as antineutrinos; 
but the  are mostly inconsequential because 
they have much lower energy, 44 keV (EC to 
an excited state of 40Ar, 10.67%) or very small 
branching ratio (0.05% to the ground state)

νe

Uranium, Thorium and Potassium Decay

0.0117% isotopic abundance

table from G. Fiorentini et al.
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Important Questions in Geosciences
! what is the radiogenic contribution (U, Th, 40K) to heat flow and energetics in the deep 

Earth? →otherwise inaccessible, estimates between 9-36 TW
" how much is mantle convection driven by radiogenic heat? →1-28 TW
" geoneutrinos can say something about this (U and Th)

! are the fundamental ideas about Earth’s chemical composition and origin correct? 
→bulk Earth chemical composition based on chondrites correct?

! are the basic models of the composition of the crust correct?
" geoneutrinos can test which models are consistent; →Th/U ratio (and K) important

! distribution of reservoirs in the mantle?
" homogeneous or layered?
" lateral variability

! nature of the core-mantle boundary?
! radiogenic elements in the core?

" in particular potassium
! what is the planetary K/U ratio? if only we could detect 40K geoneutrinos

related to geoneutrinos

}neutrinos might probe
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breakdown of what we think gives rise to the
measured heat flow, from Bulk Silicate Earth models figure from Bill McDonough

 

47 ± 3 TW
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Expected Rates of Geoneutrinos

Šrámek, McDonough, Learned (2012)

example of a model
calculation 

1 Terrestrial Neutrino Unit (TNU) = 1 event per 1032 proton targets per year
(assuming 100% efficient detection) roughly 1 per kilotonne CH2 per year 6

Primary driver of differences is continental crust thickness



Mantle Composition 
Heterogeneity

example of a model
calculation 

Šrámek, McDonough, Learned (2012) “thermochemical piles” model responsible
for lateral variation in the flux (motivated by
Large Low Shear Velocity Provinces at the 
base of the mantle) 7



Volatility 

Th & U

slide from Bill McDonough 8

Bulk Earth Chemical Composition



Motivation boils down to this…
! geologists want to know more about the composition and energetics 

of the mantle (and core)
• quantify energetics for geophysical models of mantle convection, Earth’s 

formation thermal history, geodynamo
• seismology reveals density; still need geochemical composition info

Objective: geoneutrino measurements aim to tell us about mantle U 
and Th content (can be related to other elements) and the Th/U ratio

! what about the crust?
• even if rocks from the upper continental crust sample its composition, basic 

ideas about how the continents formed (enriched in certain elements, like U 
and Th) can be tested by geoneutrino continental measurements

• just like the mantle, the full depth profile of the continental crust is not 
directly accessible
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Detecting Geoneutrinos in Liquid Scintillator
! inverse beta decay:

figure from Borexino 2019 paper

p n 
u d 
u u 
d d 

νe e+ 

W ν̄e + p → e+ + n
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Geoneutrino Flux Prediction @ Gran Sasso
     (two-layered mantle, “geochemical” model)
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FIG. 15. (a) Geoneutrino energy spectra from the decays of 40K and of the 238U, 235U, and 232Th chains. All spectra are normalized
to one decay of the head element of the chain. The integral from zero to the end point of the total spectrum is 6 for 238U, 4 for
235U and 232Th, and 0.89 for 40K. Data are from [89]. (b) Geoneutrino fluxes from di↵erent isotopes and their sum at LNGS as
a function of geoneutrino energies calculated adopting geophysical and geochemical inputs from [35] for the far-field lithosphere
and from [65] for the local crust. The flux from the mantle is calculated assuming a two-layer distribution and adopting HPEs’
abundances in BSE according to the GC model. The vertical dashed lines in both plots represent the kinematic threshold of the
IBD interaction.

Table VI, while the mantle signals, using in inputs
di↵erent BSE models (Table II), in Table VII.

Local crust contribution

The S LOC(U+Th) is estimated adopting the local
refined model based on specific geophysical and
geochemical data described in [65]. The 492 km ⇥
444 km region of continental crust surrounding the
LNGS is divided in a Central Tile (CT) and the Rest of
the Region (RR) (Fig. 14c). For the CT, which includes
the crustal portion within ⇠100 km from the Borexino
detector, a 3D model with a typical resolution of (2.0
km ⇥ 2.0 km ⇥ 0.5 km) is built. The crustal structure
of the CT is based on a simplified tectonic model that
includes the main crustal thrusts and near vertical
reflection seismic profiles of the CROP project [91].
The ⇠35 km thick crust has a layered structure typical
of Central Apennines, characterized by thick
sedimentary cover (⇠13 km) which is not reported in
any global crustal model. It is constituted by three
Permo-Mesozoic carbonatic successions and a unit of
the Cenozoic terrigenous sediments. Since the local
seismic sections do not highlight any evidence of
middle crust, the crystalline basement is subdivided
into upper crust (⇠13 km) and lower crust (⇠9 km).
The U and Th mass abundances are obtained by
ICP-MS and gamma spectroscopy measurements of the

rock samples collected within 200 km from the LNGS
and from representative outcrops of upper and lower
crust of the south Alpine basement. It’s relevant to note
that ⇠75% of the sedimentary cover volume of CT is
constituted by Mesozoic carbonates particularly poor
of U and Th. It implies that the overall U and Th
abundances of sediments are a(U) = (0.8 ± 0.2) µg/g
and a(Th) = (2.0 ± 0.5) µg/g to compare with a(U) =
(1.73 ± 0.09) µg/g and a(Th) = (8.10 ± 0.59) µg/g [92]
used for the global crustal estimations. A geophysical
model with a lower spatial resolution (0.25� ⇥ 0.25�) is
built for the RR, which treats the sedimentary cover as
a single and homogeneous layer with the same U and
Th abundances of CT sediments. The geoneutrino
signal of the LOC is S LOC(U+Th) = (9.2 ± 1.2) TNU13

(Table VI) where 77% of the signal originates from U
and Th distributed in the CT. The maximal and minimal
excursions of various input values and uncertainties
reported in [65] are taken as the ±3� error range. The
U and Th signal errors are conservatively considered
fully positively correlated. Note that the reduction of
⇠6 TNU with respect to the estimations of the global
reference model [35] is due to presence of thick

13The di↵erence of ⇠0.8 TNU with respect to the value reported
in [65] is the result of the neutrino survival probability function cal-
culated from each cell using the updated oscillation parameters. The
oscillation amplifies the reduction of the signal due to the presence of
surrounding carbonatic rocks poor in Th and U.

23

below IBD threshold



Present Status: KamLAND and Borexino
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Two liquid scintillator (LS) experiments have measured geoneutrinos.

KamLAND (Japan, 2002~) Borexino (Italy, 2007~)

*LS : 1000 t

*Depth : 2700 m.w.e.

*expected event ratio

    reactor/geo ~6.7 (up to 2010)

                        ~0.4 (2011~)

*LS : 278 t

*Depth : 3800 m.w.e.

*expected event ratio

    reactor/geo ~0.3 (2007~)

w/o Japanese reactors

4/15
#talks_react_geo_nus

KamLAND & Borexino
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Latest Results
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Preliminary

KamLAND Borexino

Livetime 4397 days (Mar 9, 2002 - Apr 15, 2018)

Exposure 7.20×1032 proton-year

3263 days (Dec 9, 2007 - Apr 28, 2019)

1.29×1032 proton-year

Candidates 1167 events 154 events

Geo-neutrino 168.8 +26.3/-26.5 events 52.6  +9.4/-8.6(stat) +2.7/-2.1(syst) events

+15.6/-15.7 % +18.3/-17.2 %Uncertainty

(Th/U=3.9) (Th/U=3.9)

Spectral fit with Th/U mass ratio = 3.9
Spectral fit with Th/U free

Phys. Rev. D 101, 012009 (2020)

Measurement uncertainty gets close to uncertainty of Earth model prediction (~20%).

Energy 
Spectrum

from H. Watanabe 
talk @ Neutrino 2020



KamLAND radiogenic heat interpretation
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from H. Watanabe 
talk @ Neutrino 2020
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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)

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

Preliminary

Radiogenic Heat

excluded
whole mantle convection model

High Q

Middle Q

Low Q
Different types of 
primordial meteorite

rejected with >2 σ

can be selected by geo-ν measurement

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

[BSE models]

8/15
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Borexino radiogenic heat interpretation
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from L. Ludhova 
Geo-neutrino SignalsMANTLE 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 

Mantle geo-neutrinos Slide from L. Ludhova

MANTLE GEOENUTRINO SIGNAL 

# Mantle events 
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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 

TNU: anti-neutrino events seen 
by a kiloton detector in a year 

Low Q

Middle Q

High Q

Fully Radiogenic

Mantle only
Mantle Radiogenic Heat

Poster #274 (session 2) : The measurement of the geo-neutrino flux with 
Borexino detector and its geophysical implications (M. Gromv & S. Kumaran)

(Mantle, U+Th) 24.6 +11.1/-10.4 TW

9/15Phys. Rev. D 101, 012009 (2020)

#talks_react_geo_nus



Comparison: Depends on Crustal Model
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KamLAND & Borexino Results
TNU: anti-neutrino events seen 
by a kiloton detector in a year 

Geo-neutrino : measure “Mantle + Crust” contributions 

2019 results have >1σ tension in mantle contribution 

• affected by local crust estimation

KamLAND

2005 2011 2013 2016 2019

Borexino

2010 2013 2015 2019

Crust: closest 500 km

Crust: rest of the world

Mantle

Mid!H

Geoneutrino prediction from Wipperfurth et al. 2020 JGR doi:10.1029/2019JB018433
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Future Combined “Global” Analysis
                                                  with more experiments
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www.nature.com/scientificreports/
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crust of the Himalayas to the west and the normal ~40 km crust of eastern China. While currently unable to 
measure geoneutrino directionality, predictions of azimuthal signal intensity provide insight into the geology of 
the local crust and inform mapping and sampling e!orts for regional geologic models.

����������
"e predicted geoneutrino signal for the proposed Jinping Neutrino Experiment is . ! .+ .58 5 7 2

7 4 TNU, of which 
. ! .
+ .50 4 7 6

7 8 TNU is from the Crust +  Continental Lithospheric Mantle and . ! .+ .8 1 2 7
2 5 TNU is from the 

Depleted +  Enriched Mantle. "e Jinping measurement, combined with geoneutrino measurements at other con-
tinental sites, is currently our best chance at resolving the mantle signal. Dedicated geophysical e!ort toward an 
accurate local lithospheric model is required. "is is a realistic goal, given the wealth of geophysical data in this 
well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.

Re#nement to model predictions of the lithospheric $ux are crucial to reducing the uncertainty estimates of 
the mantle $ux. "e strategy mapped out here reveals that geoneutrino data will constrain the amount of radio-
genic heat production in the mantle by combining all measurements from continental detection sites to reduce 
the uncertainty. Reference model predicts that constraining the mantle’s radiogenic heat production to 12 ±  4 TW 
is achievable within 8 years. Such a strategy will successfully discriminate between models of the Earth’s compo-
sition, i.e., the previously described low-Q, medium-Q, and high-Q models predicting anywhere from 2 TW to > 

TW radiogenic
power in BSE
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Figure 4. Top: Most recent measurement of total geoneutrino $ux at KamLAND (KL)31 and Borexino (BX)33 
(vertical axis) vs. lithospheric $ux prediction (this study). Best #t of slope 1 line shown as red dashed line, 
including ± 1! uncertainty (red band). "e y-intercept reveals signal from the convecting mantle (DM +  EM), 
which scales with radiogenic power in BSE (purple). Bottom: Simulated measurements in year 2025 (vertical 
axis) vs. lithospheric predictions at geoneutrino detectors KL, JUNO, BX, SNO+ , and Jinping (JP). Assumes 
that detectors measure the nominal value predicted by the emission model, and measurement uncertainty is 
assumed to be 11% (KL)52, 6% (JUNO)53, 13% (BX), 9% (SNO+ ), and 4% (JP)28, respectively. We show results 
for two BSE compositional estimates, previously termed medium-Q and low-Q models21,58. "e solution of 
mantle $ux for the medium-Q model translates into 12 ±  4 TW of radiogenic power in the mantle.

from O. Šrámek et al. 
Scientific Reports (2016)

An experiment 
in the ocean  
would measure  
predominantly 
the mantle 
component…see OBD next talk by Hiroko

- each experiment needs 
local crust geology 
characterized 
- combined analysis  
yields the common  
mantle component 

or 

- reveals hidden 
reservoirs = mantle 
lateral inhomogeneity

         Geo-ν
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Perceiving the Crust in 3-D: A Model Integrating Geological,
Geochemical, and Geophysical Data
Virginia Strati1,2 , Scott A. Wipperfurth3 , Marica Baldoncini2,4 , William F. McDonough3,5, and
Fabio Mantovani2,4

1INFN, Legnaro National Laboratories, Padua, Italy, 2Department of Physics and Earth Sciences, University of Ferrara,
Ferrara, Italy, 3Department of Geology, University of Maryland, College Park, MD, USA, 4INFN, Ferrara Section, Ferrara, Italy,
5Department of Earth and Planetary Materials Science and Research Center for Neutrino Science, Graduate School of
Science, Tohoku University, Sendai, Miyagi, Japan

Abstract Regional characterization of the continental crust has classically been performed through
either geologic mapping, geochemical sampling, or geophysical surveys. Rarely are these techniques fully
integrated, due to limits of data coverage, quality, and/or incompatible data sets. We combine geologic
observations, geochemical sampling, and geophysical surveys to create a coherent 3-D geologic model of a
50 3 50 km upper crustal region surrounding the SNOLAB underground physics laboratory in Canada,
which includes the Southern Province, the Superior Province, the Sudbury Structure, and the Grenville Front
Tectonic Zone. Nine representative aggregate units of exposed lithologies are geologically characterized,
geophysically constrained, and probed with 109 rock samples supported by compiled geochemical
databases. A detailed study of the lognormal distributions of U and Th abundances and of their correlation
permits a bivariate analysis for a robust treatment of the uncertainties. A downloadable 3-D numerical
model of U and Th distribution defines an average heat production of 1:511:4

20:7 mW/m3, and predicts a
contribution of 7:717:7

23:0 TNU (a Terrestrial Neutrino Unit is one geoneutrino event per 1032 target protons per
year) out of a crustal geoneutrino signal of 31:118:0

24:5 TNU. The relatively high local crust geoneutrino signal
together with its large variability strongly restrict the SNO1 capability of experimentally discriminating
among BSE compositional models of the mantle. Future work to constrain the crustal heat production and
the geoneutrino signal at SNO1 will be inefficient without more detailed geophysical characterization of
the 3-D structure of the heterogeneous Huronian Supergroup, which contributes the largest uncertainty to
the calculation.

1. Introduction

Geoscientists map out and define the surface geology and from that predict 3-D cross sections of regional
terrains. Geological mapping in 3-D is a fundamental task for understanding the potential for economic
resources and the geological evolution of a region. Infrequently are data sets from these surface campaigns
fully integrated into a coherent depth projection using data from shallow geophysical surveys. Although
geological data of various sorts have been collected almost everywhere on Earth, crustal data in most
regions have vastly different resolution and data types that present challenges to integrate into a coherent
3-D picture that projects 101 km into the crust. With the advent of advanced techniques of statistical analy-
sis and extensive data collection with comparable uncertainties, it is now possible to integrate many
different types of information into a single coherent model. The resultant models are useful in geophysical
modeling (e.g., structural analysis, geodynamic simulations, seismic wave corrections, and heat flux), geo-
logic interpretation (e.g., orogenic history, past environments, and crustal processes), and particle physics
(e.g., geoneutrinos flux and muon tomography).

We report here a method of integrating available geological, geochemical, and geophysical data into a
coherent 3-D model of the upper crust of the Sudbury region of Canada (see supporting information Data
set S1). Our efforts build on a previous study (Huang et al., 2014), hereafter H14, that developed a 3-D model
of the thick LOcal Crust belonging to the 683 48 (!440 km 3 460 km total area) region centered near
Sudbury (hereafter defined as LOC) (Figure 1). H14 found that the Huronian Supergroup of the Southern
Province was chemically and lithologically heterogeneous and revealed marked variations in its K, Th, and

Key Points:
" 3-dimensional crustal model around

Sudbury Neutrino Observatory
(Canada)
" Prediction of geoneutrino signal and

crustal heat production in Sudbury
region
" Bivariate analysis of U and Th

distribution in sampled geologic
units

Supporting Information:
" Supporting Information S1
" Table S1
" Table S2
" Table S3
" Table S4
" Data Set S1
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the largely inaccessible Earth, it is crucial to understand the specific attributes of the local crustal contribu-
tion to the signal. Importantly, global geoneutrino models provide flux maps for the Earth (Usman et al.,
2015) which will be a reference for discriminating among distinct compositional paradigms of the bulk sili-
cate Earth (Dye, 2010; Fiorentini et al., 2007; !Sr"amek et al., 2016).

3. Geological Setting

The Close Upper Crust (CUC), i.e., the 50 3 50 km region centered at SNOLAB, is the target area of the 3-D
crustal model constructed for estimating the geoneutrino signal at SNO1. The study area is comprised
mostly of the Southern Province and Sudbury Structure, and lesser areas of the Superior Province and the
Grenville Front Tectonic Zone (GFTZ).

The Southern Province, covering much of the southwestern part of the study area, is primarily composed of
Huronian Supergroup (HS), a well-exposed Paleoproterozoic succession deposited between 2.4 and 2.2 Ga
as the result of a partial Wilson cycle with the rifting and development of a southward-facing passive mar-
gin (Young et al., 2001). The HS can reach up to 12 km of thickness and it is composed of (from bottom to
top) the Elliot Lake, Hough Lake, Quirke Lake, and Cobalt groups. A generalized stratigraphic column of the
formations of HS is reported in Figure 5 of Young (2013). The different groups include variable lithologies,
such as sandstones, mudstones, carbonates, conglomerates, and minor volcanic rocks (Long, 2004, 2009). In
the study area, the HS is represented primarily by the Elliot Lake Group, a thick package of volcanic rocks
and deep-water sediments, and the Hough Lake group, a basal diamictite that fines upward from mudstone
to sandstone. The upper formation of the Hough Lake Group, the Mississage Fm., representing 18% of the
total studied area, is made up of medium to coarse grained, arkosic to subarkosic sandstones. In the south-
west area, carbonate rocks of the Quirke Lake group outcrop in a relative small portion of the study area,
while the Cobalt Group is almost absent. The supracrustal rocks of the HS are intruded by the mafic dikes
and sills of the Nipssing Gabbro, which are less than 100 m thick, and by felsic intrusions, mainly the granitic
rocks of the Creighton and Murray plutons (Riller, 2009).

Figure 2. Location of the 112 rock samples. Rocks samples are collected in the CUC (inner box) and projected onto the
Bedrock Geology of Ontario (Ontario Geological Survey, 2011) (HS 5 Huronian Supergroup, WG 5 Whitewater Group,
SIC 5 Sudbury Igneous Complex, CGB 5 Central Gneiss Belt). (Cartographic reference system NAD1927 UTM Zone 17N).

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007067
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Following the HS deposition, a meteorite impact (1.85 Ga) (Therriault et al., 2002) caused the formation of
the Sudbury Igneous Complex (SIC) that intrudes the HS and that, together with the Whitewater group, con-
stitutes the Sudbury Structure. The SIC is geographically divided into North, East, and South ranges and the
main mass is composed of norite, quartz-gabbro, and granophyre. The basin of the impact crater was later
filled by the Whitewater Group sediments, a 2900 m thick assemblage of breccias, hypabyssal intrusions,
carbonaceous sediments, and turbidity sequences (Rousell & Card, 2009).

In the northwestern part of the studied region are the Archean crystalline rocks of the Superior Province,
the Levack Gneiss Complex. These high-grade rocks (tonalite-granodiorite orthogneiss) form a collar, 0.5–
5 km wide, around the North and East margin of the SIC. The complex is intruded by the felsic plutonic
rocks of the Cartier Batholith (Rousell & Card, 2009).

In the southeast corner of the studied area are Grenville Province rocks in a crustal scale shear zone (GFTZ)
that marks the northwest edge of the Grenville Orogeny. It is interpreted as a metamorphic transition com-
prising gneissic and migmatitic rocks originating from HS sedimentary rocks and Nipissing Gabbro that
underwent deep metamorphic and granitization processes (Davidson, 1997; Easton, 2016).

4. Sampling Survey

Locations of the 112 collected rock samples are reported in Figure 2 (see supporting information Table S4)
and are projected on the published 1:250,000 scale Bedrock Geology of Ontario (Ontario Geological Survey,
2011) used as a guide for the survey. Sample GPS location and geological information (e.g., geological for-
mation, lithology granulometry, recognized minerals) were recorded. Every sample was collected from fresh
outcrops, representative of the geological formation, and placed in a polyethylene bag (Figure 3a). Later
each sample was crushed, sealed in a polycarbonate container (Figure 3b) and left undisturbed for at least 5
weeks with the objective of establishing radioactive equilibrium between 226Ra and 222Rn (see Figure 2 of
Xhixha et al., 2016).

Provided the accessibility of the outcrops, the number of the samples collected for each cartographic unit
was planned on the basis of the exposure area and the estimated volume, taking into account also the
proximity to the detector. For each of the 22 cartographic units, identified by a Geocode, we report extent
area, number of samples collected, and average U and Th abundances, with the average ratio between
extent area and number of samples being !15 km2/sample (Table 1).

In the CUC area are also homogeneously distributed olivine diabase dikes emplaced along faults cutting
across the Sudbury Structure having negligible volumes (Tschirhart & Morris, 2012). Although the reference

geological map does not report the presence of the dike swarm
according to its spatial resolution, we chose to collect three samples
in order to characterize these rocks. After checking that the U and Th
abundances of these three samples (Table 1) are compatible with the
average abundances of the CUC, we decided to exclude them for the
geochemical modeling (see section 6.3) performed with the remaining
109 samples out of the collected 112.

5. Analytical Method

The radioactive content of the collected samples was measured at the
Department of Physics and Earth Sciences of the University of Ferrara,
with a High Pure Germanium detector (HPGe) called MCA_Rad. Ana-
lytical details are given in Xhixha et al. (2013, 2016). The overall rela-
tive uncertainties on the K, eU, and eTh (i.e., U and Th assumed in
secular equilibrium) are of the order of 10%. In the analyzed data set
less than 4% of the samples have eU and eTh abundances below the
Minimum Detectable Activity (MDA) defined in Xhixha et al., (2013)
and corresponding to about 0.2 and 0.7 mg/g, respectively (see sup-
porting information Table S4).

Figure 3. Rock sample of lapilli tuff (Geocode 28c, Onaping Fm.). (a) Each sam-
ple was collected from fresh outcrop and (b) then crushed and sealed in poly-
carbonate box of 180 cm3 of volume.

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007067

STRATI ET AL. A 3D GEOCHEMICAL AND GEOPHYSICAL MODEL 4

resolution of the available information about crustal structure. The upper crust is subdivided into nine units
(Figure 4) on the basis of lithology, metamorphism, tectonic events, and evolutional history:

1. Chelmsford Fm., Whitewater Group (CM);
2. Onwatin Fm., Whitewater Group (OW);
3. Onaping Fm., Whitewater Group (OP);
4. Granophyre, Sudbury Igneous Complex (GN);
5. Norite-gabbro, Sudbury Igneous Complex (NG);
6. Cartier Granite (CT);
7. Huronian Supergroup and minor felsic and mafic Intrusions (HI);
8. Grenville Front Tectonic Zone rocks (GF); and
9. Gneissic Tonalite suite (GT).
The CM, OW, and OP are, respectively, the metagraywackes, the pelagic metasedimentary rocks and the
breccias of the Whitewater Group that fill the Sudbury Basin while the main mass of the SIC is constituted
by granophyre (GN) and norite-gabbro (NG). The HI, formally composed by the HS, includes also minor
mafic (Nipissing mafic sills) and felsic intrusions (Creighton and Murray granite). The Gneissic Tonalite suite
(GT), that is assumed to be representative of the rest of the upper crust, is an assemblage of high-grade
gneissic rocks intruded on the Northwest area by the massive granitic rocks of the Cartier Batholith (CT). In
the south-eastern portion of the CUC, the GF unit is characterized by the presence of migmatitic rocks,
gneisses and felsic intrusions of the GFTZ. The Geocodes associated to each unit are detailed in Table 1.

6.1. Geophysical Modeling
The crustal structures of the nine units were defined by combination of multiple geological and geophysical
inputs: (i) the contacts of the simplified geological map (Figure 4), (ii) a published digital elevation model
(Jarvis et al., 2008), (iii) the map of depth of the top of the middle crust reported in H14, (iv) the 2.5-D geo-
logical models along six profiles used for constructing the 3-D model reported in Olaniyan et al. (2015), and
(v) five virtual cross sections derived from the model developed in H14.

The surface topography for the CUC region uses the digital elevation model produced by the Shuttle Radar
Topographic Mission (SRTM) (Jarvis et al., 2008).

Figure 4. Geophysical inputs used for the construction of the 3-D model. The six cross sections derived from Olaniyan
et al. (2015) (AA’, BB’, CC’, DD’, EE’, FF’) and the five cross sections extracted from the H14 model (MM’, M’N’, NN’, MN, OO’)
are projected on the simplified geological map. The inner box represents the CUC. (Cartographic reference system
NAD1927 UTM Zone 17N).
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The bottom of the 3-D model has a 1 3 1 km resolution and is the surface of the top of the middle crust
(Figure 1) determined in H14. The depth map of the top of the middle crust was obtained alongside the
error estimation map by applying a geostatistical estimator (Ordinary Kriging) to 343 depth-controlling
points. These points are derived from refraction surveys performed in the region surrounding Sudbury. The
P wave velocity of 6.6 km/s is adopted as a contour to identify the top of the middle crust in 18 refraction
lines, two of which (XY and AB reported in Winardhi and Mereu, 1997) are within the CUC area. The top of
the middle crust is a 2-D input for the construction of the 3-D model. The depth of the CUC varies between
16.4 and 20.4 km, with a mean of 18.4 km. The normalized estimation error of the map has an average value
of 4.7%.

In Olaniyan et al. (2015), the 3-D model was obtained by integrating a compilation of surface and subsurface
geologic data with high-resolution airborne magnetic and gravity data. The authors evaluated qualitatively
high-resolution Bouguer gravity data with the computed field along with subsurface geologic data and cre-
ated their cross section profiles. They observed a broad correlation between the measured and computed
gravity field and found areas of misfit. The 2.5-D geological models reported in six profiles (AA’, BB’, CC’, CC’,
EE’, and FF’ in Figure 4), are used as inputs for the modeling of the Sudbury Structure. Orientation data and
boundary surfaces of the units of the Whitewater group (CM, OP, and OW units) and of the main mass of
the SIC (GN and NG units) are modeled by extracting the depth-controlling points of the boundary surfaces
from each profile.

For the remaining area of the CUC, the 3-D geometries of the units were developed in H14 on the basis of
surface contacts between units and 16 interpreted crustal cross sections of the area, with the main inputs
from Easton (2000) and Adam et al. (2000). In this perspective, five virtual cross sections (MM’, NN’, MN,
M’N’, and OO’ in Figure 4) are extracted from H14 and used as input for inferring the structure of units not
constrained by inputs from Olaniyan et al. (2015).

Figure 5. Views of the 3-D model in GeoModeller. The 3-D model takes into account contacts, structural data, and orienta-
tion data and follows the order of the stratigraphic succession of geologic units. Color of units is the same as in Figure 4.
(Cartographic reference system NAD1927 UTM Zone 17N).
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Given the U, Th, and K abundances and lithologic densities, one can calculate the corresponding heat pro-
duction per unit volume, H:

H lWm23! "
5 q3 0:0985 U! "10:0263 Th! "10:0333 K! "# $

where concentrations of [U] and [Th] are in mg/g, and [K] is in %, and q is density in g/cm3. Adopting the ele-
ment specific heat generation in mW/g from Dye (2012), the geochemical abundances in Table 1 and the
densities in Table 3, we calculated the H values for each Geocode of the geological reference map in the
CUC (Figure 2).

A heat flux map does not discriminate heat production contributions of U and Th (HU1Th) from K (HK) and
such maps have an inherent problem with accurately predicting a geoneutrino signal. In typical crustal
rocks, contributions to surface heat flux from K heat production can represent up to 30% of the total signal.
Uncertainty estimates from HK/H can vary significantly among different lithologies. The Mississage Fm. of
the Huronian Supergroup and the Onaping Formation of the Whitewater Group, which together cover
more than 30% of the CUC area (Table 1), have HK/H % 10%, whereas the GT unit, which occupies 63.7% by
volume of the CUC, has a HK/H % 22%. Mafic and ultramafic intrusive rocks of HS and sandstones of Serpent
Fm. have HK/H % 4% and HK/H % 29%, respectively.

Our distribution of H values (Figure 8) is comparable with that reported in Figure 4 of Phaneuf and Mares-
chal (2014). Even though the study area in Phaneuf and Mareschal (2014) is wider than the CUC, the histo-
grams of spatial frequency of H show comparable lognormal distributions (Figure 8) with central values that
are compatible at the 1r level.

Figure 8. Spatial distribution of H values in the CUC is reported in the bottom left plot. In the table (top right panel) are reported the parameters (m and r) of the
fit considering a lognormal or a normal distribution of the spatial frequencies obtained in this study (top left plot) and in (Phaneuf & Mareschal, 2014) (bottom
right plot) (P14) together with the results in term of H and its uncertainties.
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ANTINEUTRINOS – GEO AND REACTOR

In 6 months, a SNO+ 
measurement of Δm2 from 
reactor antineutrinos
achieves statistical 
uncertainty ±0.7e-5 eV2

Geo Neutrinos in SNO+

±0.7×10!" eV2 precision possible with 6-months
of SNO+ data

780 tons liquid scintillator 
- LS filling resumed in late Oct 2020 

after being paused for >6 month due  
to pandemic lockdown restrictions 
- soon to completed! 
- even when Te loaded for DBD, IBD 

signal allows geoneutrino measurements 
to continue 

~25-30 events/year 
geo:reactor signal is 1:1 
well-studied local geology



JUNO
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20 ktons liquid scintillator 
- physics program starts 2022  

~400 geo ev/yr and 16000 reactor ev/yr 
geo:reactor is 1:8 (geo energy range) 

5% measurement precision in 10 yrs 
±30% Th/U ratio

The JUNO Experiment

The JUNO Experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a multipurpose neutrino experiment located
at a strategic distance of 53 km from two nuclear power plants in the southeast of China, Yangjiang and
Taishan. A schematic of the main detector is shown on the left panel of Fig. 1. The central detector consists
of a 35.4 m diameter acrylic sphere containing 20 ktons of undoped liquid scintillator (LS). This sphere
is immersed in an ultrapure water volume containing around 18,000 20-inch and 25,600 3-inch inward-
facing photomultiplier tubes (PMTs) that provide ⇠75% photocathode coverage. A 35 kton ultrapure water
volume, optically decoupled from the central detector and instrumented with about 2,400 20-inch PMTs,
serves as a water Cherenkov detector to tag cosmic ray muons, as well as a buffer against natural radioactivity
and neutrons from cosmic rays. A top-tracker consisting of 3 layers of plastic scintillator panels provide
additional coverage and precision tracking information. More information about the design of the JUNO
experiment can be found in Refs. [1, 2].

Figure 1: Left: schematic of the JUNO experiment, as described in the text. Right: oscillated and unoscil-
lated spectrum at JUNO with infinite statistics and energy resolution, for the normal ordering (NO) and the
inverted ordering (IO).

JUNO’s primary detection channel will be the inverse beta-decay reaction, ⌫̄e + p ! e+ + n. The
experiment is designed to achieve an energy resolution of 3% at 1 MeV and an energy scale uncertainty
of 1%, enabled through an aggressive calibration program. Construction is ongoing, and data taking is
expected to begin in 2022.

Physics with JUNO

A detailed list of JUNO’s physics prospects can be found in Ref. [2]. These are some of the main highlights:

Oscillation Physics with Reactor Antineutrinos: a schematic showing the oscillated spectrum expected at
JUNO is shown on the right panel of Fig. 1, illustrating the small effect that the choice of mass ordering has
on the subdominant “fast” oscillations (modulated by sin2 2✓13) running on top of the “slow” oscillations
(modulated by sin2 2✓12). With an energy resolution of 3% at 1 MeV, JUNO will be able to discriminate
between these two scenarios to 3� or higher with 6 years of data. The precise measurement of the oscillated
neutrino spectrum will also allow to determine sin2 2✓12, �m2

21, and |�m2
32| to significantly better than 1%.

These measurements are largely complementary to the worldwide neutrino program and can be expected to

2
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Figure 8-8: Result of a single toy Monte Carlo for 10-year measurement with Th and U components
left free and independent. The data points show the energy spectrum of prompt candidates of events
passing IBD selection cuts. The di!erent spectral components are shown as they result from the
fit; black line shows the total sum for the best fit. The U and Th signal are shown in red and
black areas, respectively. The following colour code applies to the backgrounds: orange (reactor
antineutrinos), green (9Li - 8He), blue (accidental), small magenta (!, n).
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JUNO will get the largest geoneutrino sample in <1 year
• We have so far ~164 events from KamLAND and ~53 events 

from BOREXINO 
Challenge for JUNO is however huge reactor neutrino background 
•  At what precision can JUNO extract the geoneutrino signal?

Geoneutrinos at JUNO
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Ref. [13], and the energy released per fission of the i-th
component is from Ref. [14].

The reactor antineutrinos are detected by the inverse
beta decay (IBD) reaction. The expected number of re-
actor antineutrino events in the detector is predicted as:

N!̄e = !!Np!"!
Nrea
!

r=1

1

4#Lr
2

"

dE!̄e$(E!̄e )Pee(E!̄e ,Lr)!(E!̄e), (6)

where ! is the detector e"ciency corresponding to a IBD
selection criteria, Np is the number of free protons and
" is the data-taking time. The index r runs over the
number of reactors, Lr is the baseline from the detector
to the reactor. The $(E!̄e) is the cross section of the
IBD reaction, Pee(E!̄e ,Lr) is the electron antineutrino
survival probability and !(E!̄e) is the expected reactor
antineutrino spectrum from Eq. (5).

To estimate the event number of reactor antineutri-
nos at JUNO, we first consider the contribution from all
the reactor cores in the world in operation in 2013. The
contribution of the reactor cores in operation in 2013 is
taken from Ref. [15], which gives 95.3+2.6

!2.4 TNU.
The contribution of Taishan and Yangjiang nuclear

power plants are estimated using Eq. (6). The IBD de-
tection e"ciency is assumed to be 80% and the fiducial
volume is 18.35 kton with a 17.2 m radial cut, which
yields 1.285!1033 free protons. The thermal power Wth

and baseline Lr for each reactor core in Taishan and
Yangjiang are taken from Ref. [16] and the IBD cross
section $(E!̄e) is taken from Ref. [17]. The oscillation
parameters in the survival probability Pee(E!̄e ,Lr) are
taken from Ref. [18].

Eq. (6) can also be used to estimate the uncertain-
ties of the reactor IBD background. The correlated un-
certainties between reactors include those from the en-
ergy per fission (0.2%) and the IBD reaction rate (2.7%).
The uncorrelated uncertainties between reactors include
the thermal power (0.5%), the fission fraction (0.6%),
non-equilibrium e#ects (0.3%) and the contribution from
spent nuclear fuel (0.3%). The uncertainty from oscilla-
tion parameters is mainly from %12, which is estimated
to be negligible, considering a sub-percent level can be
obtained with the JUNO detector itself. As a result, the
total uncertainty is 2.8%.

In summary, the expected reactor antineutrino events
from all nuclear cores in the world operating in 2013 is
980+27

!25 events per year and the contribution from Tais-
han and Yangjiang nuclear power plants is 15120± 423
events per year.

3.2 Non-antineutrino backgrounds

In addition to the reactor antineutrino background,
there are other non-antineutrino backgrounds relevant
for geo-neutrino detection.

The &-n decays from 9Li and 8He isotopes produced
by cosmic muons crossing the detector can mimic IBD
reactions. The total rate of &-n decays is 84/day in
the whole central detector. However, this &-n back-
ground can be e#ectively reduced using muon veto crite-
ria, which employ both the time and space distribution
of isotope products with respect to their tagged mother
muons (See Ref. [6] for details). This background can be
reduced to 1.8± 0.36 events per day after applying the
muon veto and IBD selection cuts. Fast neutrons pro-
duced by cosmic muons passing through the detector can
reach the liquid scintillator without triggering the muon
veto. The recoiling proton and the neutron capture can
mimic the IBD signal. The fast neutron background is
expected to be 0.01±0.01, which is negligible.

The alpha particles emitted in decay chains of ra-
dioactive contaminants, 238U, 232Th and 210Po, can in-
duce 13C(',n)16O reactions in the LS. The prompt sig-
nal produced by protons scattered o# neutrons or the
de-excitation of 16O and neutron capture can mimic IBD
reactions. For the LS of the JUNO central detector, an
initial purity level of of 10!15 g/g U/Th, 10!16 g/g K and
1.4!10!22 g/g 210Pb is estimated to be achievable with-
out distillation [6]. Therefore, the 13C(',n)16O back-
ground rate is 0.05± 0.025 per day based on the above
assumption. Considering all the detector construction
materials, the event rate of accidental coincidences of
the non-correlated signals is estimated to be 1.1±0.011
in the fiducial volume [6].

The event rates for those backgrounds are summa-
rized in Tab. 2. In addition, we show in Fig. 2 the spec-
tra of reactor antineutrinos, other non-antineutrino back-
grounds, and geo-neutrinos with the Th/U ratio fixed at
the chondritic value.

backgrounds event rate/day
9Li!8He 1.8

Fast neutrons 0.01
13C(!,n)16O 0.05

Accidental events 1.1

Table 1. The non-antineutrino background event
rate per day.
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Fig. 2. The energy spectra of geo-neutrinos, re-
actor antineutrinos, and other non-antineutrino
backgrounds at JUNO for one year of data-taking.
The blue solid line is the total spectrum the red
dashed line is the reactor antineutrinos. The red
solid area and pink area with parallel lines are
antineutrinos from Th and U in the Earth, re-
spectively. All the non-antineutrino backgrounds
are also shown, which can be directly read from
the legend.

3.3 The signal to background ratio

We can learn from Fig. 2 that the main background
in the geo-neutrino energy range is the reactor antineu-
trinos from the Yangjiang and Taishan nuclear power
plants. The signal to background ratio (S/B) at di!er-
ent levels of the Yangjiang and Taishan thermal power
is estimated. From Fig. 3, one can see that the signal to
background ratio is 46% when the Yangjiang and Tais-
han nuclear power plants are totally switched o!, but
falls to 8% when they are running at full power. Without
the reactor antineutrinos from Yangjiang and Taishan,
the main backgrounds are the non-neutrino backgrounds
and other commercial reactor contributions.
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Fig. 3. Signal to background ratio (S/B) at dif-
ferent levels of Yangjiang (YJ) and Taishan (TS)
running power.

4 Sensitivity study

In order to extract the geo-neutrino signal from the
high reactor antineutrino background, we employ the
standard least-squares method to quantitatively assess
the potential of geo-neutrino measurements at JUNO.
The predicted total antineutrino spectrum (including
both the signal and backgrounds) has been described in
the previous section. A summary of the event numbers
and corresponding rate and shape systematic uncertain-
ties for the signal and backgrounds is presented in Ta-
ble 2.

source events/year rate uncer-
tainty (%)

shape uncer-
tainty (%)

Geo-!s 408 (406) NA NA

Reactor 16100 (3653) 2.8 1
9Li!8He 657 (105) 20 10

Fast ns 36.5 (7.66) 100 20
13C(",n)16O 18.2 (12.16) 50 50

Accidental 401 (348) 1 negl.

Table 2. Event numbers and corresponding rate
and shape systematic uncertainties of the signal
and backgrounds used in the simulation. In the
second column, the first event numbers are for
the energy range of [1.8, 9.0] MeV. The second
event number in the parentheses are for the en-
ergy range of [1.8, 3.3] MeV, where most of the
geo-neutrino events are located.

The !2 function in the least-squares method is de-
fined as follow:

!2 =min

!

100
"

i=1

(N obs
i !Npred

i )2

"2
i,stat+"2

i,sys

+
#2rea
"2
rea

+
4
"

ibg=1

#2ibg
"2
ibg

#

, (7)

where the index i (1 " i " 100) stands for the energy
bin ranging from 1.8 MeV to 10 MeV. N obs

i is the total
observed event number of the geo-neutrino signal, the
reactor antineutrinos and other non-antineutrino back-
grounds:

N obs
i =N obs

i,geo+N obs
i,rea+

4
"

ibg=1

N obs
i,ibg , (8)

where N obs
i,geo, N obs

i,rea and N obs
i,ibg are calculated from the

rates in Table 2, and spectra in Fig. 2 (i.e., Asimov data
sets). The statistical uncertainty in the i-th bin is de-
fined as "2

i,stat =N obs
i . The uncorrelated systematic un-

certainty in the i-th bin is calculated as

"2
i,sys =(N obs

i,rea ·"
shape
rea )2+

4
"

ibg=1

(N obs
i,ibg ·"

shape
ibg )2 , (9)

where "shape
rea and "shape

ibg are the relative shape uncertain-
ties in Table 2. On the other hand, the rate uncertain-
ties in Table 2 are included in Eq. (7) by using the pull
method, where the prediction in Eq. (7) is defined as

Npred
i =N obs

i,rea(1+#rea)+
4
"

ibg=1

N obs
i,ibg(1+#ibg)+Npred

i,geo , (10)

where Npred
i,geo will be specified in the following for di!erent

fitting scenarios.

4.1 Scenario with a fixed Th/U ratio

We first start with a fixed Th/U ratio at the chon-
dritic proportion, in which we have

Npred
i,geo = [N obs

i,geo(U)+N obs
i,geo(Th)]#$ , (11)
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and Sampietro 2015). The reference model incorporates
the relative proportional thickness of the crustal layers
along with density and elastic properties (compressional
and shear wave velocity) reported in CRUST 2.0. The
same information is adopted for the Sed layer using the
global sediment map of Laske and Masters (1997). In
Figure 2, the thicknesses of the continental crust layers
in the 24 cells constituting the LOC for JUNO are
reported. Their total crustal thickness ranges between
26.3 and 32.3 km with an uncertainty for each cell of
approximately 7%.
The HPE abundances in the Sed, OC, and UC layers are

assumed to be relatively homogenous and correspond to
the values reported in Table three of Huang et al. (2013).
The ratio between the felsic and mafic components in the
deep CC (MC and LC) is inferred from seismic velocity
data, and these data are in turn used to estimate the U
and Th content of each cell of the reference crustal model.
Focusing on the LOC, the central values of U abundance
in MC and LC vary in the range 0.8 to 1.2 !g/g and 0.3 to
0.1 !g/g, respectively. The Th/U ratio in the deep CC of
the LOC is typically approximately 5 as compared to a

bulk silicate Earth ratio of 3.9 or a bulk CC ratio just
greater than 4.0; the higher Th/U ratio in the deep CC
is likely due to the greater upward mobility of U during
dehydration reactions that accompany granulite facies
metamorphism of the deep CC.
In the reference model of Huang et al. (2013), the LM

corresponds to the portion of the Earth between the
Moho discontinuity and an assumed standard depth of
175 km beneath the surface. The thickness of this unit
in the LOC ranges between 143 and 149 km, and its
composition is modeled from the database reported in
McDonough (1990) and the update in Huang et al. (2013).
In our calculation, we adopt for the LM the U and Th
abundances of 0:03!0:05

!0:02 and 0:15!0:28
!0:10 !g/g, respectively

(Huang et al. 2013).
The sublithospheric mantle extends down from the

base of the lithosphere to the core-mantle boundary
and is divided in two spherically symmetric domains,
the DM and the EM, whose density profiles are derived
from the Preliminary Reference Earth Model (PREM)
(Dziewonski and Anderson 1981). Adopting a mass ratio
MDM/MEM = 4.56 (Huang et al. 2013), we calculate the

Figure 1 Map of LOC surrounding JUNO. JUNO (yellow star) located in Kaiping, Jiangmen, Guangdong Province (South China) and the planned
(orange square) and operational (green circle) nuclear power plants. The six 2°! 2° tiles (dark red lines) define the LOC.

Strati et al. Progress in Earth and Planetary Science  (2015) 2:5 Page 3 of 7
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as mentioned in the Snowmass LOIs and elsewhere

• OBD – Ocean Bottom Detector (see next talk)
• THEIA – 50 kton WbLS
• 6Li doped liquid scintillator – good for IBD directionality
• coherent neutrino-nucleus scattering

• CEνNS LOI (for geoneutrinos, see paper by G. Gelmini et al.)
• CYGNUS LOI – gaseous detector for recoil direction

• LiquidO – low Ethres CC reaction based on single e+ signal ID

• electron scattering 
• TPC – M. Leyton, S. Dye, J. Monroe paper
• Cherenkov-scintillation separation – Z. Wang and S. Chen paper



THEIA LOI
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10-100 kton WbLS 
Located at SURF  

- Large statistics 
- Excellent geo:reactor ratio 
- Excellent prospects for measuring 
Th/U ratio 
- Continental crust component  
dominates 

Potential for Cherenkov signal in WbLS 
could help particle ID for positrons in the 
IBD reaction 

Note: directionality of IBD events does not 
come from Cherenkov…it’s in the neutron 
recoil direction 
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FIG. 1. The detected energy spectrum at SURF of the predicted rate of anti neutrinos from nuclear power reactors and Earth,
assuming a 50 kT water target.

⌫̄e + p ! e+ + n (1)

which offers a distinctive time-correlated signature, with the prompt annihilation of the positron
followed by delayed neutron capture. This feature alone allows for strong discrimination against
background. At short baselines, a ton-scale experiment with a combination of active vetoes and
passive shielding, and with sufficient light yield, can successfully observe antineutrino interactions.
For longer baselines, a much larger detector is required. THEIA offers a large target volume, with
the benefit of fiducialization to significantly reduce backgrounds from external regions such as
the light detectors, and cavern rock. Use of novel technology to permit Cherenkov/scintillation
separation will offer several additional handles for particle ID. Positron annihilation on electrons
produces two gammas, which will Compton scatter inside the detector, boosted by the direction
of the incoming positron. Background sources include single gammas, �-� events, alphas, and
proton recoils. Each of these will have distinct signatures, with possible rejection power from the
Cherenkov/scintillation ratio.

The convergence of a new target material design for both high light yield and long attenuation
length, with advances in fast photo-detection, would lead to the first tens to hundred kilotons scale
experiment to detect these very low-energy antineutrinos.

Antineutrino IBD signal spectrum 
(50 kton water target, no energy resolution)
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I. Shimizu, Nuclear Physics B (Proc. Suppl.) 168 (2007) 147–149

What We Can Measure?
1. large size detector (1kt~)

geo-neutrino
(1) distinguish mantle contribution
(2) separate reactor neutrino background

5/18On the topic of directionality…
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6Li loaded LS development was an LOI (did not  
specifically mention geoneutrinos) 

There has been research into 6Li IBD directionality for 
geoneutrinos by H. Watanabe et al. 

[current liquid scintillator]

Problems 
- Neutron loses directional information before being 

captured by proton. 
- Delayed signal (2.2 MeV γ-ray) confuses capture point

3.1. 液体シンチレータによる方向検出 19
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図 3.9: ニュートリノのエネルギーと陽電子、中性子の反跳角の相関 : 3MeV以下の
時中性子の反跳角は 35!以下に抑えることが出来る。

Neutron Kinetic Energy[keV]
1 10

210

n
!

0

10

20

30

40

50

60
 8.0MeV

e"
E

      5.0MeV

      3.0MeV

      2.0MeV

図 3.10: ニュートリノのエネルギーと中性子の運動エネルギー、反跳角の相関 : 3MeV
以下の時中性子の運動エネルギーは十数 keV以下である。
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Neutron has directional information of anti-neutrino
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‣Reaction in Liquid Scintillator
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�(2.2MeV)delayed signal

thermal diffusion

ΔT=200µsec

Problems
1.directional data is 
lost due to the thermal 
diffusion.

2.�-ray travels 40cm

Improvement

1.minimize the thermal 
diffusion

2.α-ray can’t travel long

introduction of  neutron 

capture nucleus

candidates:6Li, 10B
✓large neutron 
capture cross section
✓(n,α)reaction

Development of Liquid Scintillator

ΔT=20µsec
(0.15wt%)
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[Li loaded liquid scintillator]

Solutions 
- large neutron capture cross section 
    (6Li 940 barns vs 1H 0.3 barns) 
- α does’t travel far

[current liquid scintillator]

Problems 
- Neutron loses directional information before being 

captured by proton. 
- Delayed signal (2.2 MeV γ-ray) confuses capture point

Detection Principle 9/18

directional info separates mantle from crust and 
rejects background events from reactors



Nuclear Recoil and Electron Recoil Detection
• CEνNS and CYGNUS LOIs
• nuclear recoil (dark matter direct detection)

• Gelmini et al., PRD 99, 093009 (2019)
• electron scattering

• LDM, Nature Comm 8, 15989 (2017)
• Wang and Chen, CPC 44, 033001 (2020) 
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Figure 2: Number of neutrino-nucleus (left) and neutrino-electron (right) recoil events observed
in a CYGNUS-1000 m3 detector filled with atmospheric pressure He:SF6 at a 755:5 Torr ratio (the
event rates are summed over each target nuclei). We calculate the expected number of observed
events by integrating the event rate for each background component above a lower energy threshold
Ethreshold. The background components are shown as darker and lighter shaded regions indicating
the 1 and 2� uncertainties from the predicted flux. For comparison we also show the nuclear
recoil event rate expected from a m� = 9GeV c�2 WIMP with a SI WIMP-proton cross section
of �SI

p = 5 ⇥ 10�45 cm2 as a black line. For the reactor and geoneutrinos, we assume the entire
1000 m3 is located at Boulby, UK. The purple region indicates the range of expected numbers of
events from the neutrino bursts from 11–27 M� core-collapse supernovae located 10 kpc away
from Earth. For clarity we shade in gray parts of the plot which give fewer than one event in
this exposure. In the left panel we also show as dashed lines the 0.25 and 8 keVr best-case and
worst-case thresholds respectively.

• Instrumentation: Trigger-multiplexed readout for cost reduction in very large scale, but low-
rate detectors. Trigger-level background rejection in such readouts.

• Computing: Nuclear recoil, electron recoil, and overlapping recoil recognition via 3d ion-
ization distributions via deep learning.

• DM Physics: DM reach via electron scattering, Migdal effect measurements in gas TPCs,
DM scattering with multi-particle final states. Extended low-mass DM reach via hydrogen.

• Neutrino Physics: Directional neutrino detection with coherent elastic neutrino nucleus scat-
tering and electron nucleus scattering. Event-by-event neutrino energy measurements for
known artificial and natural neutrino source directions. Physics at neutrino beams.

We welcome your creative contributions, studies, and ideas of any kind relevant to directional
detection and/or gas TPCs.

4

figure from CYGNUS LOI

• solar + reactor backgrounds are huge! 
• directionality proposed to reject (in a TPC or 

Cherenkov-scintillation LS) 
• …and then there are other electron recoil 

backgrounds! 
• nuclear recoil directionality? at very low 

recoil energies…and other backgrounds!



LiquidO: a Novel Approach to Detecting Neutrinos

The LiquidO Concept

LiquidO is a new approach to detecting neutrinos that, in stark contrast with conventional liquid scintilla-
tor detectors, relies on using an opaque scintillator medium as the primary neutrino target. The scintillators
that can be best used by LiquidO have a short scattering length and a medium to long absorption length,
an example of which has already been successfully produced [1]. In such a medium, the photons pro-
duced by the opaque scintillator undergo a random walk process near their creation point and are trapped
in so-called light balls around each energy deposition point. The light is collected by a dense array of
wavelength-shifting fibres that traverses the volume and that is readout by photo-sensors in the periphery.
Silicon photomultipliers (SiPMs) are well-suited to this purpose given their affordable price, high efficiency,
and excellent time resolution.

FIG. 1. Left: energy depositions of a simulated 1 MeV positron in a LiquidO detector with a regular 1 cm fibre pitch
running along the z direction. The fibres are represented in green. Right: true number of photons hitting the fibres,
each of which is represented by a pixel, in the opaque and transparent scintillator scenarios. In the former case, the
scintillator is assumed to have a 5 mm scattering length and a 5 m absorption length. Figure obtained from Ref. [2].

FIG. 2. Simulated 2 MeV gamma (left) and electron
(right) in the same detector configuration of Fig. 1. Fig-
ure obtained from Ref. [2].

A full description of LiquidO, its expected per-
formance, first experimental demonstration, and po-
tential applications, can be found in Ref. [2]. Fig. 1
illustrates LiquidO’s performance using a simulated
1 MeV positron. Here, the simplest configuration
with fibres running only along one direction (z) is
assumed. The true energy depositions of the positron
are shown on the left panel (a), and the number of
true photons hitting each fibre on the right panel
(b). The positron’s loss of kinetic energy produces a
light-ball at the vertex of the event. The two back-to-
back gamma-rays resulting from its annihilation lose
energy via Compton scattering, leaving two trails of
smaller light balls that detach from the central one. A
comparison is made in panel (b) of the light pattern
collected by the fibre array when using an opaque
versus a transparent scintillator. Despite the use of
fibres, the event topology is almost entirely washed out in the latter case, illustrating the key role played by
the scintillator’s opacity in self-segmenting the detector.

The clear event topology of ⇠MeV positrons in LiquidO stands in contrast with that of other events,
as illustrated in Fig. 2. At these energies, gammas lose their energy primarily via the Compton effect and
produce trails of light balls, whereas electrons produce single light balls. At higher energies (more than

2

40K geoneutrino via charged-current reaction 
with lower threshold than IBD(p)

Could a single positron signal be used for 40K geoneutrino detection?
What possible nuclear targets?  Which one is best?
What are possible single e+ backgrounds? →fewer than single e–

ν̄e + X → e+ + Y
“Probing Earth’s missing potassium using the 
unique antimatter signature of geoneutrinos” 
paper to be submitted

22

e+

figure from LiquidO LOI



Thanks very much for your attention!

I tried to motivate the study of geoneutrinos and summarize what’s happening in 
the field in this talk. I didn’t mention every experiment  – notable omission is a large 
LS detector in Jinping – apologies that I couldn’t fit in all! I tried to cover the current 
developments and mention new ideas for geoneutrino detection, related to the LOIs  
that were received.


