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Current and Future Geoneutrino Experiments
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Borexino
0.28 kt

KamLAND
1 kt

Jinping
~5 kt

JUNO
20 kt

SNO+
0.8 kt

ANDES
~3 kt

 Movable
Ocean Bottom Detector

10/50 kt

Baksan
10 kt

Future is bright
(see my Tuesday’s

talk)

What is the potential of all these measurements?
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Where Are Geoneutrinos Coming From?
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Crust:
• Highly enriched by U and Th  
• Continental crust 10-50× more enriched than oceanic 

crust and few 100× more than underlying mantle 
• Continental crust  highly heterogenous 
Mantle:
• Upper part depleted of U and Th (source of Mid-

ocean ridge basalts) 
• Bottom part more enriched w.r.t. depleted mantle 

(source of ocean island basalts) 
Core:
• No or very little U and Th (EPSL 498 (2018) 196-202) 
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We Know the Crust Assumption
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We assume that we know the crust, up to Šrámek et al. (2016) 
model precision

In Laura’s Words…
I know it is 

an elephant
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Global Geoneutrino Emission Model
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Highlights:
Density of the crust from CRUST1.0 
Density of the mantle from PREM 
Mantle spherically symmetrical!
Radiogenic power of the Earth 
constrained to ~(20±4) TW  
(Chem. Geol., 120, 3–4, 1995, 223-253)

Model U and Th abundances

Li
th
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e

Continental Oceanic
Šrámek et al. (2016) model (SREP 6, 33034 (2016))
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In many studies, mantle considered as spherically symmetrical 

• E.g. Šrámek et al. (2016) model  

• Reasonable approximation 

But it might not be exactly symmetrical 

• Observation of Large Low Shear Velocity Provinces (LLSVPs) 

• Several mechanisms propose creation of, among others, 
chemical inhomogeneities (anomalies) 

• Hard to test with collecting samples, seismic surveys do not 
completely reveal chemical composition  

If anomalies enriched by U and Th, 
can we image them by an array of  
geoneutrino experiments?

Quantifying Mantle Geochemical Anomalies
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showed that sets of small thermal plumes collect beneath continent-
like heterogeneities for high Rayleigh numbers while Nolet et al.
(2006) and Boschi et al. (2007, 2008) have quantitatively compared
dynamic models of plumes with seismic tomography observations.
Montelli et al. (2004) used finite-frequency tomography to study the
existence and character of deep-mantle thermal plumes.

Geodynamical studies of mantle models involving a thermoche-
mical component (e.g., Tackley, 1998, 2002; Davaille, 1999; Kellogg
et al., 1999; Ni et al., 2002; Jellinek and Manga, 2004; McNamara and
Zhong, 2004, 2005; Davaille et al., 2005; Tan and Gurnis, 2005, 2007;
Simmons et al., 2007), such as thermochemical piles (e.g., Tackley,
1998, 2002; Jellinek and Manga, 2004; McNamara and Zhong, 2004,
2005), metastable superplumes (e.g., Tan and Gurnis, 2005) and
thermochemical superplumes (e.g., Davaille, 1999) result in high
temperature anomalies that resemble the large negative shear wave
velocity anomalies observed in seismic tomography (McNamara and
Zhong, 2005). These models are further supported by geochemical
observations of multiple chemical reservoirs at depth (e.g., Hofmann,
1997), strong seismic contrasts (e.g., Breger and Romanowicz, 1998;
Ritsema et al., 1998; Ni et al., 2002; Wang and Wen, 2004; Ford et al.,
2006) and increased density in these regions (Ishii and Tromp, 1999;
Deschamps and Trampert, 2003; Deschamps et al., 2007; Hernlund
and Houser, 2008). The various thermochemical models differ in their
dynamical behavior but all involve similar large volumes of intrinsi-
cally dense material within broad upwelling regions and all relate the
African and Pacific anomalies to large structures of intrinsically more-
dense composition. In this study, we concentrate on the conceptual
model of “thermochemical piles” (e.g., Tackley, 1998, 2002; Jellinek
and Manga, 2004; McNamara and Zhong, 2004, 2005), whereby a
dense basal layer has been pushed aside by lower mantle down-
wellings and has accumulated in ridge-like structures in the African
and Pacific upwelling regions (Fig. 2c, d).

Typically, temperature fields from geodynamical results are
directly compared to tomographic models (e.g., Becker and Boschi,
2002; Davaille et al., 2005; McNamara and Zhong, 2005) to investigate

the first order dynamics and compositional structure of Earth's
mantle. However, this simple comparison is fraught with uncertainty:
for one, the resolution of geodynamical models is typically much
higher than that of tomographic models and the combined effect of
both chemistry and temperature on seismic wavespeeds is difficult to
assess from simply comparing temperature and compositional fields
to tomography. Furthermore, numerical models employ a relatively
regular mesh providing uniform resolution which contrasts with the
heterogeneous coverage obtained by seismic tomography due to an
incomplete and uneven distribution of earthquakes and seismic
stations. Direct compariSson between geodynamical temperature
fields and tomographic models also assumes purely temperature
dependence of seismic velocity, ignoring the pressure- and composi-
tional dependence. Consequently, tomographic models distort ther-
mal and chemical heterogeneity, resulting in a blurred image of
mantle structure. Indeed, recently, Schubert et al. (2004) proposed
that large contiguous structures beneath Africa and the Pacific may
not be required to create the observed lower mantle shear-wave
velocity structure. They suggested that limited tomographic resolu-
tion is responsible for poorly imaged clusters of isochemical thermal
plumes. At first glance, this explanation does not reconcile the
geochemical and seismic evidence for compositional heterogeneity.
However, this isochemical conceptual model may be extended to
include chemical heterogeneity as long as the intrinsically dense
material is of small volume or if its density contrast with the
surrounding mantle is small. In either case, clusters of small thermal
plumes are still expected to form in the presence of chemical
heterogeneity (Garnero and McNamara, 2008). Therefore, in this
paper we refer to an isochemical model as a model that produces
clusters of plumes, whether compositional heterogeneity is actually
associated with it or not.

A more appropriate comparison is to use experimental and
theoretical mineral physics relationships to convert geodynamical
temperature and composition fields to seismic velocity as a function
of temperature, pressure, and composition. The resultant velocity
anomaly fields are then filtered to capture the inherent heterogeneous
resolution associatedwith a particular tomographicmodel. This leads to
the creation of “synthetic” tomographic models and allows for a more
meaningful comparison between geodynamic and seismic models.

In this study, we combine 3D spherical geodynamic and mineral
physics calculations to create synthetic seismic tomography from
geodynamical calculations of two hypothetical large-scale mantle
models. The first is dynamically isochemical in which clusters of
thermal plumes form in the lower mantle beneath Africa and the
central Pacific. The second is a thermochemical model, in which a
uniform 255 km thick intrinsically dense basal layer is perturbed by
large scale convective flow. We convert the resultant geodynamical
temperature and composition fields to seismic velocity, and apply a
“tomographic-filter” (e.g., Mégnin et al., 1997; Bunge and Davies, 2001;
Ritsema et al., 2007) to produce synthetic tomography models which
we compare to the global shear-wave tomography model S20RTS
(Ritsema et al., 1999, 2004), both visually and statistically, to determine
whether the geodynamic models match the seismic observations.

The fundamental motivation is to determine whether, if we take
into account the heterogeneous nature of tomographic resolution,
observations of seismic tomography can be used as a constraint to
distinguish between these competing conceptual mantle models as a
possible cause of the observed lower mantle seismic anomalies
beneath Africa and the central Pacific. We find the tomographic
filtering has a significant effect, particularly on the plume cluster
models. We determine that the seismic filter considerably broadens
and distorts the theoretical images of plume clusters. The images of
thermochemical piles are less distorted unless the piles are composed
of material that has a higher intrinsic shear-wave velocity than the
surrounding mantle. Synthetic tomography from thermochemical
models matches the S20RTS maps and spectrum slightly better than

Fig. 1. Shear-wave velocity heterogeneity for the tomographic model S20RTS (Ritsema
et al., 1999, 2004) shown (a) as an isosurface in cross-sectional view through the mantle
and (b) in map view at 2750 km depth. Both views reveal a lower mantle dominated by
the large low shear-wave velocity anomalies beneath Africa and the Pacific. Present-day
tectonic plate boundaries are superimposed on each plot.

153A.L. Bull et al. / Earth and Planetary Science Letters 278 (2009) 152–162Fig. from EPSL 278 (2009) 152–162  
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If anomalies enriched by U and Th, can we image them by an 
array of geoneutrino experiments?

Quantifying Mantle Geochemical Anomalies
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showed that sets of small thermal plumes collect beneath continent-
like heterogeneities for high Rayleigh numbers while Nolet et al.
(2006) and Boschi et al. (2007, 2008) have quantitatively compared
dynamic models of plumes with seismic tomography observations.
Montelli et al. (2004) used finite-frequency tomography to study the
existence and character of deep-mantle thermal plumes.

Geodynamical studies of mantle models involving a thermoche-
mical component (e.g., Tackley, 1998, 2002; Davaille, 1999; Kellogg
et al., 1999; Ni et al., 2002; Jellinek and Manga, 2004; McNamara and
Zhong, 2004, 2005; Davaille et al., 2005; Tan and Gurnis, 2005, 2007;
Simmons et al., 2007), such as thermochemical piles (e.g., Tackley,
1998, 2002; Jellinek and Manga, 2004; McNamara and Zhong, 2004,
2005), metastable superplumes (e.g., Tan and Gurnis, 2005) and
thermochemical superplumes (e.g., Davaille, 1999) result in high
temperature anomalies that resemble the large negative shear wave
velocity anomalies observed in seismic tomography (McNamara and
Zhong, 2005). These models are further supported by geochemical
observations of multiple chemical reservoirs at depth (e.g., Hofmann,
1997), strong seismic contrasts (e.g., Breger and Romanowicz, 1998;
Ritsema et al., 1998; Ni et al., 2002; Wang and Wen, 2004; Ford et al.,
2006) and increased density in these regions (Ishii and Tromp, 1999;
Deschamps and Trampert, 2003; Deschamps et al., 2007; Hernlund
and Houser, 2008). The various thermochemical models differ in their
dynamical behavior but all involve similar large volumes of intrinsi-
cally dense material within broad upwelling regions and all relate the
African and Pacific anomalies to large structures of intrinsically more-
dense composition. In this study, we concentrate on the conceptual
model of “thermochemical piles” (e.g., Tackley, 1998, 2002; Jellinek
and Manga, 2004; McNamara and Zhong, 2004, 2005), whereby a
dense basal layer has been pushed aside by lower mantle down-
wellings and has accumulated in ridge-like structures in the African
and Pacific upwelling regions (Fig. 2c, d).

Typically, temperature fields from geodynamical results are
directly compared to tomographic models (e.g., Becker and Boschi,
2002; Davaille et al., 2005; McNamara and Zhong, 2005) to investigate

the first order dynamics and compositional structure of Earth's
mantle. However, this simple comparison is fraught with uncertainty:
for one, the resolution of geodynamical models is typically much
higher than that of tomographic models and the combined effect of
both chemistry and temperature on seismic wavespeeds is difficult to
assess from simply comparing temperature and compositional fields
to tomography. Furthermore, numerical models employ a relatively
regular mesh providing uniform resolution which contrasts with the
heterogeneous coverage obtained by seismic tomography due to an
incomplete and uneven distribution of earthquakes and seismic
stations. Direct compariSson between geodynamical temperature
fields and tomographic models also assumes purely temperature
dependence of seismic velocity, ignoring the pressure- and composi-
tional dependence. Consequently, tomographic models distort ther-
mal and chemical heterogeneity, resulting in a blurred image of
mantle structure. Indeed, recently, Schubert et al. (2004) proposed
that large contiguous structures beneath Africa and the Pacific may
not be required to create the observed lower mantle shear-wave
velocity structure. They suggested that limited tomographic resolu-
tion is responsible for poorly imaged clusters of isochemical thermal
plumes. At first glance, this explanation does not reconcile the
geochemical and seismic evidence for compositional heterogeneity.
However, this isochemical conceptual model may be extended to
include chemical heterogeneity as long as the intrinsically dense
material is of small volume or if its density contrast with the
surrounding mantle is small. In either case, clusters of small thermal
plumes are still expected to form in the presence of chemical
heterogeneity (Garnero and McNamara, 2008). Therefore, in this
paper we refer to an isochemical model as a model that produces
clusters of plumes, whether compositional heterogeneity is actually
associated with it or not.

A more appropriate comparison is to use experimental and
theoretical mineral physics relationships to convert geodynamical
temperature and composition fields to seismic velocity as a function
of temperature, pressure, and composition. The resultant velocity
anomaly fields are then filtered to capture the inherent heterogeneous
resolution associatedwith a particular tomographicmodel. This leads to
the creation of “synthetic” tomographic models and allows for a more
meaningful comparison between geodynamic and seismic models.

In this study, we combine 3D spherical geodynamic and mineral
physics calculations to create synthetic seismic tomography from
geodynamical calculations of two hypothetical large-scale mantle
models. The first is dynamically isochemical in which clusters of
thermal plumes form in the lower mantle beneath Africa and the
central Pacific. The second is a thermochemical model, in which a
uniform 255 km thick intrinsically dense basal layer is perturbed by
large scale convective flow. We convert the resultant geodynamical
temperature and composition fields to seismic velocity, and apply a
“tomographic-filter” (e.g., Mégnin et al., 1997; Bunge and Davies, 2001;
Ritsema et al., 2007) to produce synthetic tomography models which
we compare to the global shear-wave tomography model S20RTS
(Ritsema et al., 1999, 2004), both visually and statistically, to determine
whether the geodynamic models match the seismic observations.

The fundamental motivation is to determine whether, if we take
into account the heterogeneous nature of tomographic resolution,
observations of seismic tomography can be used as a constraint to
distinguish between these competing conceptual mantle models as a
possible cause of the observed lower mantle seismic anomalies
beneath Africa and the central Pacific. We find the tomographic
filtering has a significant effect, particularly on the plume cluster
models. We determine that the seismic filter considerably broadens
and distorts the theoretical images of plume clusters. The images of
thermochemical piles are less distorted unless the piles are composed
of material that has a higher intrinsic shear-wave velocity than the
surrounding mantle. Synthetic tomography from thermochemical
models matches the S20RTS maps and spectrum slightly better than

Fig. 1. Shear-wave velocity heterogeneity for the tomographic model S20RTS (Ritsema
et al., 1999, 2004) shown (a) as an isosurface in cross-sectional view through the mantle
and (b) in map view at 2750 km depth. Both views reveal a lower mantle dominated by
the large low shear-wave velocity anomalies beneath Africa and the Pacific. Present-day
tectonic plate boundaries are superimposed on each plot.

153A.L. Bull et al. / Earth and Planetary Science Letters 278 (2009) 152–162
?

In Laura’s Words…
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Investigated Mantle Geochemical Anomalies

Early Enriched Regions - Deep mantle anomalies 

• Large regions at the Core-Mantle Boundary (CMB) enriched in 
U and Th w.r.t. surrounding mantle - localized bright source of 
geoneutrinos 

Hypothesized Second Continents - Shallow mantle anomalies 

• Up to Australia-size domains of upper crustal material stabilized 
at the bottom of the Transition Zone at depth ~700 km
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Fig. from “Size and composition of the residual and depleted mantle reservoir”, Hofmann at al., paper in review

1. Early formed, dense crust, U&Th enriched, and gravitationally  
stabilized at the CMB" ➔ EER  
Mass fraction is ~2% of Bulk Silicate Earth (BSE) mass
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1. Early (U&Th enriched) crust formation and sinking to the CMB ➔ EER
2. Current crust formed from Residual Mantle (BSE-EER), 

EERs remain intact 

	 41	

	1001	

	1002	

Early Enriched Regions (EERs)
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Fig. from “Size and composition of the residual and depleted mantle reservoir”, Hofmann at al., paper in review
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1. Early (U&Th enriched) crust formation and sinking to the CMB ➔ EER 
2. Current crust formed from Residual Mantle (BSE-EER),  

EERs remain intact 
3. Further differentiation of the Residual Mantle, EERs remain intact

	 41	

	1001	

	1002	

Early Enriched Regions (EERs)
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Fig. from “Size and composition of the residual and depleted mantle reservoir”, Hofmann at al., paper in review
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showed that sets of small thermal plumes collect beneath continent-
like heterogeneities for high Rayleigh numbers while Nolet et al.
(2006) and Boschi et al. (2007, 2008) have quantitatively compared
dynamic models of plumes with seismic tomography observations.
Montelli et al. (2004) used finite-frequency tomography to study the
existence and character of deep-mantle thermal plumes.

Geodynamical studies of mantle models involving a thermoche-
mical component (e.g., Tackley, 1998, 2002; Davaille, 1999; Kellogg
et al., 1999; Ni et al., 2002; Jellinek and Manga, 2004; McNamara and
Zhong, 2004, 2005; Davaille et al., 2005; Tan and Gurnis, 2005, 2007;
Simmons et al., 2007), such as thermochemical piles (e.g., Tackley,
1998, 2002; Jellinek and Manga, 2004; McNamara and Zhong, 2004,
2005), metastable superplumes (e.g., Tan and Gurnis, 2005) and
thermochemical superplumes (e.g., Davaille, 1999) result in high
temperature anomalies that resemble the large negative shear wave
velocity anomalies observed in seismic tomography (McNamara and
Zhong, 2005). These models are further supported by geochemical
observations of multiple chemical reservoirs at depth (e.g., Hofmann,
1997), strong seismic contrasts (e.g., Breger and Romanowicz, 1998;
Ritsema et al., 1998; Ni et al., 2002; Wang and Wen, 2004; Ford et al.,
2006) and increased density in these regions (Ishii and Tromp, 1999;
Deschamps and Trampert, 2003; Deschamps et al., 2007; Hernlund
and Houser, 2008). The various thermochemical models differ in their
dynamical behavior but all involve similar large volumes of intrinsi-
cally dense material within broad upwelling regions and all relate the
African and Pacific anomalies to large structures of intrinsically more-
dense composition. In this study, we concentrate on the conceptual
model of “thermochemical piles” (e.g., Tackley, 1998, 2002; Jellinek
and Manga, 2004; McNamara and Zhong, 2004, 2005), whereby a
dense basal layer has been pushed aside by lower mantle down-
wellings and has accumulated in ridge-like structures in the African
and Pacific upwelling regions (Fig. 2c, d).

Typically, temperature fields from geodynamical results are
directly compared to tomographic models (e.g., Becker and Boschi,
2002; Davaille et al., 2005; McNamara and Zhong, 2005) to investigate

the first order dynamics and compositional structure of Earth's
mantle. However, this simple comparison is fraught with uncertainty:
for one, the resolution of geodynamical models is typically much
higher than that of tomographic models and the combined effect of
both chemistry and temperature on seismic wavespeeds is difficult to
assess from simply comparing temperature and compositional fields
to tomography. Furthermore, numerical models employ a relatively
regular mesh providing uniform resolution which contrasts with the
heterogeneous coverage obtained by seismic tomography due to an
incomplete and uneven distribution of earthquakes and seismic
stations. Direct compariSson between geodynamical temperature
fields and tomographic models also assumes purely temperature
dependence of seismic velocity, ignoring the pressure- and composi-
tional dependence. Consequently, tomographic models distort ther-
mal and chemical heterogeneity, resulting in a blurred image of
mantle structure. Indeed, recently, Schubert et al. (2004) proposed
that large contiguous structures beneath Africa and the Pacific may
not be required to create the observed lower mantle shear-wave
velocity structure. They suggested that limited tomographic resolu-
tion is responsible for poorly imaged clusters of isochemical thermal
plumes. At first glance, this explanation does not reconcile the
geochemical and seismic evidence for compositional heterogeneity.
However, this isochemical conceptual model may be extended to
include chemical heterogeneity as long as the intrinsically dense
material is of small volume or if its density contrast with the
surrounding mantle is small. In either case, clusters of small thermal
plumes are still expected to form in the presence of chemical
heterogeneity (Garnero and McNamara, 2008). Therefore, in this
paper we refer to an isochemical model as a model that produces
clusters of plumes, whether compositional heterogeneity is actually
associated with it or not.

A more appropriate comparison is to use experimental and
theoretical mineral physics relationships to convert geodynamical
temperature and composition fields to seismic velocity as a function
of temperature, pressure, and composition. The resultant velocity
anomaly fields are then filtered to capture the inherent heterogeneous
resolution associatedwith a particular tomographicmodel. This leads to
the creation of “synthetic” tomographic models and allows for a more
meaningful comparison between geodynamic and seismic models.

In this study, we combine 3D spherical geodynamic and mineral
physics calculations to create synthetic seismic tomography from
geodynamical calculations of two hypothetical large-scale mantle
models. The first is dynamically isochemical in which clusters of
thermal plumes form in the lower mantle beneath Africa and the
central Pacific. The second is a thermochemical model, in which a
uniform 255 km thick intrinsically dense basal layer is perturbed by
large scale convective flow. We convert the resultant geodynamical
temperature and composition fields to seismic velocity, and apply a
“tomographic-filter” (e.g., Mégnin et al., 1997; Bunge and Davies, 2001;
Ritsema et al., 2007) to produce synthetic tomography models which
we compare to the global shear-wave tomography model S20RTS
(Ritsema et al., 1999, 2004), both visually and statistically, to determine
whether the geodynamic models match the seismic observations.

The fundamental motivation is to determine whether, if we take
into account the heterogeneous nature of tomographic resolution,
observations of seismic tomography can be used as a constraint to
distinguish between these competing conceptual mantle models as a
possible cause of the observed lower mantle seismic anomalies
beneath Africa and the central Pacific. We find the tomographic
filtering has a significant effect, particularly on the plume cluster
models. We determine that the seismic filter considerably broadens
and distorts the theoretical images of plume clusters. The images of
thermochemical piles are less distorted unless the piles are composed
of material that has a higher intrinsic shear-wave velocity than the
surrounding mantle. Synthetic tomography from thermochemical
models matches the S20RTS maps and spectrum slightly better than

Fig. 1. Shear-wave velocity heterogeneity for the tomographic model S20RTS (Ritsema
et al., 1999, 2004) shown (a) as an isosurface in cross-sectional view through the mantle
and (b) in map view at 2750 km depth. Both views reveal a lower mantle dominated by
the large low shear-wave velocity anomalies beneath Africa and the Pacific. Present-day
tectonic plate boundaries are superimposed on each plot.

153A.L. Bull et al. / Earth and Planetary Science Letters 278 (2009) 152–162

Fig. from Bull et al.(2009)  EPSL 278, 152–162  
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	1002	 Fig. from Hofmann at al., paper in review

Can we identify LLSVPs 
with EERs?
Can geoneutrinos tell us 
something?
Remember, EERs are 
enriched by U&Th 
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EERs:
• 2×1% of BSE mass 
• ρ=5700 kg/m3 
• AU=0.199 ppm* 
• ATh=0.783 ppm* 

*Our estimation based  
Hofmann at al. paper

Simplified geometry - core of LLSVPs:
EER1: Central Pacific center:  9ºS 161ºW 
EER2: South Africa center:  9ºS 13ºE

showed that sets of small thermal plumes collect beneath continent-
like heterogeneities for high Rayleigh numbers while Nolet et al.
(2006) and Boschi et al. (2007, 2008) have quantitatively compared
dynamic models of plumes with seismic tomography observations.
Montelli et al. (2004) used finite-frequency tomography to study the
existence and character of deep-mantle thermal plumes.

Geodynamical studies of mantle models involving a thermoche-
mical component (e.g., Tackley, 1998, 2002; Davaille, 1999; Kellogg
et al., 1999; Ni et al., 2002; Jellinek and Manga, 2004; McNamara and
Zhong, 2004, 2005; Davaille et al., 2005; Tan and Gurnis, 2005, 2007;
Simmons et al., 2007), such as thermochemical piles (e.g., Tackley,
1998, 2002; Jellinek and Manga, 2004; McNamara and Zhong, 2004,
2005), metastable superplumes (e.g., Tan and Gurnis, 2005) and
thermochemical superplumes (e.g., Davaille, 1999) result in high
temperature anomalies that resemble the large negative shear wave
velocity anomalies observed in seismic tomography (McNamara and
Zhong, 2005). These models are further supported by geochemical
observations of multiple chemical reservoirs at depth (e.g., Hofmann,
1997), strong seismic contrasts (e.g., Breger and Romanowicz, 1998;
Ritsema et al., 1998; Ni et al., 2002; Wang and Wen, 2004; Ford et al.,
2006) and increased density in these regions (Ishii and Tromp, 1999;
Deschamps and Trampert, 2003; Deschamps et al., 2007; Hernlund
and Houser, 2008). The various thermochemical models differ in their
dynamical behavior but all involve similar large volumes of intrinsi-
cally dense material within broad upwelling regions and all relate the
African and Pacific anomalies to large structures of intrinsically more-
dense composition. In this study, we concentrate on the conceptual
model of “thermochemical piles” (e.g., Tackley, 1998, 2002; Jellinek
and Manga, 2004; McNamara and Zhong, 2004, 2005), whereby a
dense basal layer has been pushed aside by lower mantle down-
wellings and has accumulated in ridge-like structures in the African
and Pacific upwelling regions (Fig. 2c, d).

Typically, temperature fields from geodynamical results are
directly compared to tomographic models (e.g., Becker and Boschi,
2002; Davaille et al., 2005; McNamara and Zhong, 2005) to investigate

the first order dynamics and compositional structure of Earth's
mantle. However, this simple comparison is fraught with uncertainty:
for one, the resolution of geodynamical models is typically much
higher than that of tomographic models and the combined effect of
both chemistry and temperature on seismic wavespeeds is difficult to
assess from simply comparing temperature and compositional fields
to tomography. Furthermore, numerical models employ a relatively
regular mesh providing uniform resolution which contrasts with the
heterogeneous coverage obtained by seismic tomography due to an
incomplete and uneven distribution of earthquakes and seismic
stations. Direct compariSson between geodynamical temperature
fields and tomographic models also assumes purely temperature
dependence of seismic velocity, ignoring the pressure- and composi-
tional dependence. Consequently, tomographic models distort ther-
mal and chemical heterogeneity, resulting in a blurred image of
mantle structure. Indeed, recently, Schubert et al. (2004) proposed
that large contiguous structures beneath Africa and the Pacific may
not be required to create the observed lower mantle shear-wave
velocity structure. They suggested that limited tomographic resolu-
tion is responsible for poorly imaged clusters of isochemical thermal
plumes. At first glance, this explanation does not reconcile the
geochemical and seismic evidence for compositional heterogeneity.
However, this isochemical conceptual model may be extended to
include chemical heterogeneity as long as the intrinsically dense
material is of small volume or if its density contrast with the
surrounding mantle is small. In either case, clusters of small thermal
plumes are still expected to form in the presence of chemical
heterogeneity (Garnero and McNamara, 2008). Therefore, in this
paper we refer to an isochemical model as a model that produces
clusters of plumes, whether compositional heterogeneity is actually
associated with it or not.

A more appropriate comparison is to use experimental and
theoretical mineral physics relationships to convert geodynamical
temperature and composition fields to seismic velocity as a function
of temperature, pressure, and composition. The resultant velocity
anomaly fields are then filtered to capture the inherent heterogeneous
resolution associatedwith a particular tomographicmodel. This leads to
the creation of “synthetic” tomographic models and allows for a more
meaningful comparison between geodynamic and seismic models.

In this study, we combine 3D spherical geodynamic and mineral
physics calculations to create synthetic seismic tomography from
geodynamical calculations of two hypothetical large-scale mantle
models. The first is dynamically isochemical in which clusters of
thermal plumes form in the lower mantle beneath Africa and the
central Pacific. The second is a thermochemical model, in which a
uniform 255 km thick intrinsically dense basal layer is perturbed by
large scale convective flow. We convert the resultant geodynamical
temperature and composition fields to seismic velocity, and apply a
“tomographic-filter” (e.g., Mégnin et al., 1997; Bunge and Davies, 2001;
Ritsema et al., 2007) to produce synthetic tomography models which
we compare to the global shear-wave tomography model S20RTS
(Ritsema et al., 1999, 2004), both visually and statistically, to determine
whether the geodynamic models match the seismic observations.

The fundamental motivation is to determine whether, if we take
into account the heterogeneous nature of tomographic resolution,
observations of seismic tomography can be used as a constraint to
distinguish between these competing conceptual mantle models as a
possible cause of the observed lower mantle seismic anomalies
beneath Africa and the central Pacific. We find the tomographic
filtering has a significant effect, particularly on the plume cluster
models. We determine that the seismic filter considerably broadens
and distorts the theoretical images of plume clusters. The images of
thermochemical piles are less distorted unless the piles are composed
of material that has a higher intrinsic shear-wave velocity than the
surrounding mantle. Synthetic tomography from thermochemical
models matches the S20RTS maps and spectrum slightly better than

Fig. 1. Shear-wave velocity heterogeneity for the tomographic model S20RTS (Ritsema
et al., 1999, 2004) shown (a) as an isosurface in cross-sectional view through the mantle
and (b) in map view at 2750 km depth. Both views reveal a lower mantle dominated by
the large low shear-wave velocity anomalies beneath Africa and the Pacific. Present-day
tectonic plate boundaries are superimposed on each plot.

153A.L. Bull et al. / Earth and Planetary Science Letters 278 (2009) 152–162

Geoneutrino Signal Difference due to EERs 

EER search ideal playground for Ocean Bottom Detector (OBD) (poster by Dr. Watanabe)  
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Sites selected to either have strong, or weak EER geoneutrino signal 
Assumed 10% Ocean Bottom Detector relative measurement 
uncertainty: about 1 year of data taking with 50 kt detector

Geoneutrino Signal with EERs
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Table 3. List of land-based and ocean bottom experiments, with their location and estimated

future relative uncertainty of the measurement. We present geoneutrino signal prediction which

does not include a contribution from a second continent as well as mean expected signal assum-

ing specific second continent model. We include latest signal measurements of the KamLAND [?]

and BOREXINO [?] experiments.

243

244

245

246

247

Experiment Location
Predicted

signal [TNU]

Expected signal

with SC [TNU]

Measured

signal [TNU]

Measurement

uncertainty

KamLAND 36.4�N 137.3�E 34.8+4.2
�4.0 38.8a 30.7± 7.5 16%

JUNO 22.1�N 112.5�E 38.9+4.8
�4.5 56.8a - 6%

Borexino 42.5�N 13.6�E 41.4+5.1
�4.8 - 43.5+12.1

�10.7 15%

ANDES 30.2�S 69.8�W 41.7+4.8
�4.7 45.8b - 5%

SNO+ 46.5�N 81.2�W 44.2+5.3
�5.1 - - 9%

Jinping 28.2�N 101.7�E 58.5+7.4
�7.2 76.1a - 4%

OBD I 44.0�S 47.0�W 15.5+2.4
�2.6 38.6b - 10%

OBD II 44.0�S 19.0�W 12.7+2.4
�2.6 17.8b - 10%

a
Assuming SC Model IIa

b
Assuming SC Model IIb

Table 4. Table for EERs248

Experiment Location
Predicted

signal [TNU]
Expected signal

with ERRs [TNU]
Measurement
uncertainty

Pacific EER (PAC) 9�S 161�W 11.8± 2.6 14.9 10%

Africa EER (AFR) 10�S 5�E 16.3± 2.5 19.3 10%

Patagonia (PAT) 52�S 86�W 13.6± 2.5 13.3 10%

Australia (AUS) 20�S 100�E 13.9± 2.5 13.3 10%

Azores (AZO) 40�N 35�W 14.7± 2.5 14.3 10%

measurement uncertainty calculated as the product of the total geoneutrino signal with
the SC contribution and the expected future relative uncertainty from Tab. 3 and �i ex-
presses the prediction uncertainty. We minimize the �2 over nuisance parameters ↵T =
(↵1,↵2,↵3) while trying to match the measurement with SC to the classical prediction.
Since we compare experiments at the same location, we expect the prediction for i-th
and j-th experiment be correlated between themselves. This correlation is expressed by
the elements of the covariance matrix Mcov, obtained using 10,000 [?] model predictions
with randomized abundances as:

M cov
ij =

1

N

N=10,000X

k=1

(P k
i � P̄i)(P k

j � P̄j)

�i�j
, (4)

* *

Prediction based on Šrámek et al. (2016) model

* Geoneutrino signal shown in Terrestrial Neutrino Units (TNU) ≝ Number of geoneutrinos 
detected by inverse beta decay in 1 yr with 100% efficiency on 1032 protons

Future is bright!Really 50 kt?
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EER Discovery Potential

 χ2
min = min

α

Experimnets

∑
i=1,..,5 (

Ēi − P̄i − σpred,i × α

σmeas,i )
2

+ α2

Table 3. List of land-based and ocean bottom experiments, with their location and estimated

future relative uncertainty of the measurement. We present geoneutrino signal prediction which

does not include a contribution from a second continent as well as mean expected signal assum-

ing specific second continent model. We include latest signal measurements of the KamLAND [?]

and BOREXINO [?] experiments.

243

244

245

246

247

Experiment Location
Predicted

signal [TNU]

Expected signal

with SC [TNU]

Measured

signal [TNU]

Measurement

uncertainty

KamLAND 36.4�N 137.3�E 34.8+4.2
�4.0 38.8a 30.7± 7.5 16%

JUNO 22.1�N 112.5�E 38.9+4.8
�4.5 56.8a - 6%

Borexino 42.5�N 13.6�E 41.4+5.1
�4.8 - 43.5+12.1

�10.7 15%

ANDES 30.2�S 69.8�W 41.7+4.8
�4.7 45.8b - 5%

SNO+ 46.5�N 81.2�W 44.2+5.3
�5.1 - - 9%

Jinping 28.2�N 101.7�E 58.5+7.4
�7.2 76.1a - 4%

OBD I 44.0�S 47.0�W 15.5+2.4
�2.6 38.6b - 10%

OBD II 44.0�S 19.0�W 12.7+2.4
�2.6 17.8b - 10%

a
Assuming SC Model IIa

b
Assuming SC Model IIb

Table 4. Table for EERs248

Experiment Location
Predicted

signal [TNU]
Expected signal

with ERRs [TNU]
Measurement
uncertainty

Pacific EER (PAC) 9�S 161�W 11.8± 2.6 14.9 10%

Africa EER (AFR) 10�S 5�E 16.3± 2.5 19.3 10%

Patagonia (PAT) 52�S 86�W 13.6± 2.5 13.3 10%

Australia (AUS) 20�S 100�E 13.9± 2.5 13.3 10%

Azores (AZO) 40�N 35�W 14.7± 2.5 14.3 10%

measurement uncertainty calculated as the product of the total geoneutrino signal with
the SC contribution and the expected future relative uncertainty from Tab. 3 and �i ex-
presses the prediction uncertainty. We minimize the �2 over nuisance parameters ↵T =
(↵1,↵2,↵3) while trying to match the measurement with SC to the classical prediction.
Since we compare experiments at the same location, we expect the prediction for i-th
and j-th experiment be correlated between themselves. This correlation is expressed by
the elements of the covariance matrix Mcov, obtained using 10,000 [?] model predictions
with randomized abundances as:

M cov
ij =

1

N

N=10,000X

k=1

(P k
i � P̄i)(P k

j � P̄j)

�i�j
, (4)

Expected (w/EER) Predicted w/o EER

Uncorrelated 
Measurement
Uncertainty

Fully correlated 
prediction 

uncertainties
Expected (w/EER)

Predicted w/o EER

Our model of EER discovery has 2.4σ discovery significance
Small variations of our model leads to similar discovery potential 
Larger volume and/or less enriched EERs has lower discovery potential
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Introduction to the Second Continent
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• Model III: We assume an Australia-size SC with the same shape of 2000⇥2000 km177

as in Model II located in the South Atlantic, centered at 44�S 47�W, at depth of178

600–700 km, see right panel of Fig. 5. Such a SC could be a result of subduction179

of the Pacific plate below the South American plate. The abundances are set to180

ATh = 10.5 ⇥ 10�6 kg/kg and AU = 2.7 ⇥ 10�6 kg/kg, with no constraints on181

total radionuclide mass in the Earth.182

For all models, we keep the mantle density identical to the classical case without SC since183

no indication of density di↵erence in seen in seismic data. The SC matter di↵ers from184

depleted mantle only by an increase in heat producing element abundances in the vol-185

ume specified by a particular SC scenario.186

Model Ia and Model Ib represent the old dispersed SC layer while Model II and187

Model III are examples of potential young SCs. Model II could be tested by land-based188

experiments nearby, KamLAND and the upcoming detectors JUNO and Jinping. While189

JUNO and Jinping will receive a significant signal of geoneutrinos from the SC, Kam-190

LAND will be a↵ected only slightly. As the three detectors see the same mantle and sim-191

ilar crust due to their proximity (see Fig. 1), a comparison of the measured signals will192

significantly reduce the impact of the uncertainty of the total Earth’s signal prediction193

on the SC discovery potential.194

0

200

400

600

800

Jinping JUNO KamLAND

Second Continent

subducted 
upper crust

subducted
oceanic crust

oceanic 
lithospheric 

mantle

660 km seismic discontinuity

Upper Mantle

Transition Zone

Lower Mantle

Continental Moho

410 km seismic discontinuity

Second Continent

D
ep

th
 (k

m
)

Figure 1. Left panel shows cartoon illustration of a second continent that formed under east-

ern China due to Pacific-type subduction occurring along the western margin of the Pacific basin.

Picture is an adaptation of Fig. 5. in [Kawai et al., 2013]. The proximity of 3 geoneutrino exper-

iments to this putative second continent are shown as being underground in Japan (KamLAND)

and China (JUNO and Jinping). These 3 detectors see approximately the same mantle volume

and similar global crust, see right panel, which results in a major reduction in the predicted

uncertainties. Local di↵erences in the geoenutrino signals for each of these detectors are due to

geological di↵erences in the nearby lithosphere (closest 500 km) surrounding the detector; this

region contributes approximately half of the detected signal.

195

196

197

198

199

200

201

202

203

Model III could be tested by an ocean bottom movable detector. This mobile in-204

strument will provide signal measurements at multiple locations for signal comparison.205

Potentially, a future land-based detector located in the ANDES underground laboratory206

[Dib, 2015] will contribute to test Model III as well.207

4 Results208

List of current and upcoming land-based and ocean bottom experiments and their209

locations are shown in Tab. 3. We also present predictions without SC [Šrámek et al.,210

2016], prediction assuming specific SC model, available up to date measurements, an es-211

timated future relative measurement uncertainty. The uncertainty for existing experi-212

ments was obtained based on the latest measurement assuming increased statistics. Pro-213

Second Continent (SC) - Layer at the bottom of Transition Zone ~660 km  
enriched in U and Th

Second Continent: 
• Density contrast - hard to resolve with seismic data 
• Abundances of Th and U ≤ Upper Continental Crust 
• Powerful heat supplier and bright source of geoneutrinos!!!

Scraping (orange) 
continental crust

U&Th enriched 
material

Kawai et al. (2009) 
Maruyama et al. (2011) 

Kawai et al. (2013) 
…
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Localized Second Continent Scenarios
Two SC scenarios considered at 600-700 km depth: 
• Australia-size (2000×2000 km)*  

SC under China 
• Australia-size (2000×2000 km)*  

SC under the south Atlantic

Upper Continental Crust (UCC)  
abundances: 
• AU=2.7×10-6 kg×kg-1 

• ATh=10.5×10-6 kg×kg-1 

Rectangular planform: Variation in shape (not size)  
does not have a large impact on the result

 17

0˚A B

A=B=2000 km*Based on Ichikawa et al. (2013)  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a Assuming SC under China with a center at 30˚N 111˚E  
b Assuming SC under south Atlantic with a center at 44˚S 47˚W

Prediction based on Šrámek et al. (2016) model

Table 3. List of land-based and ocean bottom experiments, with their location and estimated

future relative uncertainty of the measurement. We present geoneutrino signal prediction which

does not include a contribution from a second continent as well as mean expected signal assum-

ing specific second continent model. We include latest signal measurements of the KamLAND [?]

and BOREXINO [?] experiments.

243

244

245

246

247

Experiment Location
Predicted

signal [TNU]

Expected signal

with SC [TNU]

Measured

signal [TNU]

Measurement

uncertainty

KamLAND 36.4�N 137.3�E 34.8+4.2
�4.0 38.8a 30.7± 7.5 16%

JUNO 22.1�N 112.5�E 38.9+4.8
�4.5 56.8a - 6%

Borexino 42.5�N 13.6�E 41.4+5.1
�4.8 - 47.0+8.4

�7.7
+2.4
�1.9 18%

ANDES 30.2�S 69.8�W 41.7+4.8
�4.7 45.8b - 5%

SNO+ 46.5�N 81.2�W 44.2+5.3
�5.1 - - 9%

Jinping 28.2�N 101.7�E 58.5+7.4
�7.2 76.1a - 4%

OBD I 44.0�S 47.0�W 15.5+2.4
�2.6 38.6b - 10%

OBD II 44.0�S 19.0�W 12.7+2.4
�2.6 17.8b - 10%

a
Assuming SC Model IIa

b
Assuming SC Model IIb

Table 4. Table for EERs248

Experiment Location
Predicted

signal [TNU]
Expected signal

with ERRs [TNU]
Measurement
uncertainty

Pacific EER (PAC) 9�S 161�W 11.8± 2.6 14.9 10%

Africa EER (AFR) 10�S 5�E 16.3± 2.5 19.3 10%

Patagonia (PAT) 52�S 86�W 13.6± 2.5 13.3 10%

Australia (AUS) 20�S 100�E 13.9± 2.5 13.3 10%

Azores (AZO) 40�N 35�W 14.7± 2.5 14.3 10%

measurement uncertainty calculated as the product of the total geoneutrino signal with
the SC contribution and the expected future relative uncertainty from Tab. 3 and �i ex-
presses the prediction uncertainty. We minimize the �2 over nuisance parameters ↵T =
(↵1,↵2,↵3) while trying to match the measurement with SC to the classical prediction.
Since we compare experiments at the same location, we expect the prediction for i-th
and j-th experiment be correlated between themselves. This correlation is expressed by
the elements of the covariance matrix Mcov, obtained using 10,000 [?] model predictions
with randomized abundances as:

M cov
ij =

1

N

N=10,000X

k=1

(P k
i � P̄i)(P k

j � P̄j)

�i�j
, (4)

16%
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Figure 3. (Left Panel) The discovery potential in the number of standard deviations as a

function of the SC center location assuming size and abundances as in Model IIa expected for

upcoming decade. The locations of the current and future geoneutrino detectors are shown. The

30
�
N 111

�
E example location is marked. (Right Panel) We show for the example location of the

SC on the left panel for each experiment the expected signal broken down to the classical signal

and the additional due to the presence of the SC, left column, with highlighted measurement

uncertainty uncorrelated among experiments. We show the nominal prediction and the predic-

tion for the best fit, the right column. For this particular location the ��2
min = 10.4, which

corresponds to 3.2� significance of discovery.

276

277

278

279

280

281

282

283

284

Model IIa SC at 30�N 111�E in Fig. 4 as a function of time. We assumed here the 16%
constant relative measurement uncertainty of the KamLAND experiment and simplified
relative measurement uncertainty formulae as a function of year T for JUNO and Jin-
ping:

KamLAND: �JN
rel = 0.16

JUNO: �JN
rel =

0.12p
T [yr]� 2022

+ 0.011

Jinping: �JP
rel =

0.087p
T [yr]� 2025

+ 0.005.

(5)

Formulae coe�cients are based on [?] for JUNO and [?] for Jinping with the start of data308

taking in 2022 and 2025 respectively. JUNO with KamLAND can discover the Model IIa309

SC at the 3� level in 4 years. We note that for this particular location, there is no im-310

pact of additional Jinping experiment mainly due to larger prediction uncertainty than311

the one for JUNO. The uncertainties in Eq. 5 improve with time, at some point becom-312

ing better than those listed in Tab. 3. Therefore the discovery potential of the SC can313

be even better than the one calculated by Eq. 3, where we do not assume any measure-314

ment uncertainty improvement with time.315

The discovery potential for Model IIb mantle anomaly using two suggested OBD320

sites, 2000 km far apart to experience in general di↵erent signal from eventual SC thus321

boosting the discovery potential, and geoneutrino detector in proposed land-based AN-322

DES laboratory is shown on the left panel of Fig. 5. Each point corresponds to the pos-323

sible location of the SC and the color represents the discovery potential, which can ex-324

ceed 5� significance. This is higher then in the Model IIa SC under continent, since lower325

Second Continent Under China Example
Example of SC location: 30˚N 111˚E 
Resulting from the accumulation beneath China of subducted Pacific plate 
Can be searched by the KamLAND, JUNO and Jinping experiments
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Figure 1. (Left panel) An example of the SC under China centered at 30
�
N 111

�
E and lo-

cated at a depth of 600–700 km with highlighted boundary. The additional geoneutrino signal is

due to the presence of SC is shown with highlighted locations of the current and future geoneu-

trino detectors KamLand, JUNO and Jinping. (Right panel) An example of the SC in the South

Atlantic centered at 44
�
S 47

�
W and located at a depth of 600–700 km with highlighted bound-

ary. The additional geoneutrino signal is due to the presence of SC is shown as well as locations

of two possible Ocean Bottom Detector (OBD) sites and the future underground laboratory

ANDES, which can host geoneutrino detector.

179

180

181

182

183

184

185

186

For all models, we keep the mantle density identical to the classical case without187

SC since no indication of density di↵erence is seen in seismic data. The SC matter dif-188

fers from depleted mantle only by an increase in heat producing element abundances in189

the volume specified by a particular SC scenario.190

Model Ia and Model Ib represent the old dispersed SC layer while Model IIa and191

Model IIb are examples of potential young SCs. Model IIa could be tested by land-based192

experiments nearby, KamLAND and the upcoming detectors JUNO and Jinping. While193

JUNO and Jinping will receive a significant signal of geoneutrinos from the SC, Kam-194

LAND will be a↵ected only slightly. As the three detectors see the same mantle and sim-195

ilar crust due to their proximity (see Fig. 2), a comparison of the measured signals will196

significantly reduce the impact of the geoneutrino signal prediction uncertainty on the197

SC discovery potential.198

Model IIb could be tested by a movable ocean bottom detector. This mobile in-199

strument will provide signal measurements at multiple locations for signal comparison.200

Potentially, a future land-based detector located in the ANDES underground laboratory201

[?] will contribute to test Model IIb as well.202

3.2 Deep Mantle Geochemical Anomaly: Imaging an Early Enriched Reser-212

voir213

bla bla bla - Bill puts words214

4 Geochemical Anomaly: Instruments and Signal Analysis215

The strategy for the discovery is based on the comparison of the measured geoneu-216

trino signal at detectors, with the potential contribution from the geochemical anomaly,217

and that predicted without it. If the additional signal from an anomaly is large enough218

Additional geoneutrino signal due to SC



B. Roskovec - UCI Imaging Mantle Anomalies

SC Discovery Potential
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Expected (w/SC) Predicted w/o SC

Uncorrelated 
Measurement
Uncertainty  

 (σmeas,i)

Partially Correlated
Prediction Uncertainty

Correlations come from
Šrámek et al. (2016) model
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Example: 
KL-JP correlation 
(10k toyMCs)

χ2
min = min

α

Experimnets

∑
i=1,2,3 (

Ti + Si − (Ti + σpred,i × αi)
σmeas,i )

2

+ αTMcorα

Expected w/SC (Ti+Si) 
_

Predicted w/o SC (Ti)
_

Table 3. List of land-based and ocean bottom experiments, with their location and estimated

future relative uncertainty of the measurement. We present geoneutrino signal prediction which

does not include a contribution from a second continent as well as mean expected signal assum-

ing specific second continent model. We include latest signal measurements of the KamLAND [?]

and BOREXINO [?] experiments.

243

244

245

246

247

Experiment Location
Predicted

signal [TNU]

Expected signal

with SC [TNU]

Measured

signal [TNU]

Measurement

uncertainty

KamLAND 36.4�N 137.3�E 34.8+4.2
�4.0 38.8a 30.7± 7.5 16%

JUNO 22.1�N 112.5�E 38.9+4.8
�4.5 56.8a - 6%

Borexino 42.5�N 13.6�E 41.4+5.1
�4.8 - 47.0+8.4

�7.7
+2.4
�1.9 18%

ANDES 30.2�S 69.8�W 41.7+4.8
�4.7 45.8b - 5%

SNO+ 46.5�N 81.2�W 44.2+5.3
�5.1 - - 9%

Jinping 28.2�N 101.7�E 58.5+7.4
�7.2 76.1a - 4%

OBD I 44.0�S 47.0�W 15.5+2.4
�2.6 38.6b - 10%

OBD II 44.0�S 19.0�W 12.7+2.4
�2.6 17.8b - 10%

a
Assuming SC Model IIa

b
Assuming SC Model IIb

Table 4. Table for EERs248

Experiment Location
Predicted

signal [TNU]
Expected signal

with ERRs [TNU]
Measurement
uncertainty

Pacific EER (PAC) 9�S 161�W 11.8± 2.6 14.9 10%

Africa EER (AFR) 10�S 5�E 16.3± 2.5 19.3 10%

Patagonia (PAT) 52�S 86�W 13.6± 2.5 13.3 10%

Australia (AUS) 20�S 100�E 13.9± 2.5 13.3 10%

Azores (AZO) 40�N 35�W 14.7± 2.5 14.3 10%

measurement uncertainty calculated as the product of the total geoneutrino signal with
the SC contribution and the expected future relative uncertainty from Tab. 3 and �i ex-
presses the prediction uncertainty. We minimize the �2 over nuisance parameters ↵T =
(↵1,↵2,↵3) while trying to match the measurement with SC to the classical prediction.
Since we compare experiments at the same location, we expect the prediction for i-th
and j-th experiment be correlated between themselves. This correlation is expressed by
the elements of the covariance matrix Mcov, obtained using 10,000 [?] model predictions
with randomized abundances as:

M cov
ij =

1

N

N=10,000X

k=1

(P k
i � P̄i)(P k

j � P̄j)

�i�j
, (4)
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Second Continent Under China
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Figure 3. (Left Panel) The discovery potential in the number of standard deviations as a

function of the SC center location assuming size and abundances as in Model IIa expected for

upcoming decade. The locations of the current and future geoneutrino detectors are shown. The

30
�
N 111

�
E example location is marked. (Right Panel) We show for the example location of the

SC on the left panel for each experiment the expected signal broken down to the classical signal

and the additional due to the presence of the SC, left column, with highlighted measurement

uncertainty uncorrelated among experiments. We show the nominal prediction and the predic-

tion for the best fit, the right column. For this particular location the ��2
min = 10.4, which

corresponds to 3.2� significance of discovery.
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Model IIa SC at 30�N 111�E in Fig. 4 as a function of time. We assumed here the 16%
constant relative measurement uncertainty of the KamLAND experiment and simplified
relative measurement uncertainty formulae as a function of year T for JUNO and Jin-
ping:

KamLAND: �JN
rel = 0.16

JUNO: �JN
rel =

0.12p
T [yr]� 2022

+ 0.011

Jinping: �JP
rel =

0.087p
T [yr]� 2025

+ 0.005.

(5)

Formulae coe�cients are based on [?] for JUNO and [?] for Jinping with the start of data308

taking in 2022 and 2025 respectively. JUNO with KamLAND can discover the Model IIa309

SC at the 3� level in 4 years. We note that for this particular location, there is no im-310

pact of additional Jinping experiment mainly due to larger prediction uncertainty than311

the one for JUNO. The uncertainties in Eq. 5 improve with time, at some point becom-312

ing better than those listed in Tab. 3. Therefore the discovery potential of the SC can313

be even better than the one calculated by Eq. 3, where we do not assume any measure-314

ment uncertainty improvement with time.315

The discovery potential for Model IIb mantle anomaly using two suggested OBD320

sites, 2000 km far apart to experience in general di↵erent signal from eventual SC thus321

boosting the discovery potential, and geoneutrino detector in proposed land-based AN-322

DES laboratory is shown on the left panel of Fig. 5. Each point corresponds to the pos-323

sible location of the SC and the color represents the discovery potential, which can ex-324

ceed 5� significance. This is higher then in the Model IIa SC under continent, since lower325
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Figure 1. (Left panel) An example of the SC under China centered at 30
�
N 111

�
E and lo-

cated at a depth of 600–700 km with highlighted boundary. The additional geoneutrino signal is

due to the presence of SC is shown with highlighted locations of the current and future geoneu-

trino detectors KamLand, JUNO and Jinping. (Right panel) An example of the SC in the South

Atlantic centered at 44
�
S 47

�
W and located at a depth of 600–700 km with highlighted bound-

ary. The additional geoneutrino signal is due to the presence of SC is shown as well as locations

of two possible Ocean Bottom Detector (OBD) sites and the future underground laboratory

ANDES, which can host geoneutrino detector.
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181
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183
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185

186

For all models, we keep the mantle density identical to the classical case without187

SC since no indication of density di↵erence is seen in seismic data. The SC matter dif-188

fers from depleted mantle only by an increase in heat producing element abundances in189

the volume specified by a particular SC scenario.190

Model Ia and Model Ib represent the old dispersed SC layer while Model IIa and191

Model IIb are examples of potential young SCs. Model IIa could be tested by land-based192

experiments nearby, KamLAND and the upcoming detectors JUNO and Jinping. While193

JUNO and Jinping will receive a significant signal of geoneutrinos from the SC, Kam-194

LAND will be a↵ected only slightly. As the three detectors see the same mantle and sim-195

ilar crust due to their proximity (see Fig. 2), a comparison of the measured signals will196

significantly reduce the impact of the geoneutrino signal prediction uncertainty on the197

SC discovery potential.198

Model IIb could be tested by a movable ocean bottom detector. This mobile in-199

strument will provide signal measurements at multiple locations for signal comparison.200

Potentially, a future land-based detector located in the ANDES underground laboratory201

[?] will contribute to test Model IIb as well.202

3.2 Deep Mantle Geochemical Anomaly: Imaging an Early Enriched Reser-212

voir213

bla bla bla - Bill puts words214

4 Geochemical Anomaly: Instruments and Signal Analysis215

The strategy for the discovery is based on the comparison of the measured geoneu-216

trino signal at detectors, with the potential contribution from the geochemical anomaly,217

and that predicted without it. If the additional signal from an anomaly is large enough218

Additional geoneutrino signal due to SC

Can be discovered on 3.2σ ⟺ >99.8% C.L. !!!

Example of SC location: 30˚N 111˚E 
Resulting from the accumulation beneath China of subducted Pacific plate 
Can be searched by the KamLAND, JUNO and Jinping experiments
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Discovery Potentials of the SC under China
Each point represents the center of a possible SC of the same size 
The color scale shows its discovery potential in standard deviations (σ) 
>2σ discovery potential of SC under southern China
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Figure 3. (Left Panel) The discovery potential in the number of standard deviations as a

function of the SC center location assuming size and abundances as in Model IIa expected for

upcoming decade. The locations of the current and future geoneutrino detectors are shown. The

30
�
N 111

�
E example location is marked. (Right Panel) We show for the example location of the

SC on the left panel for each experiment the expected signal broken down to the classical signal

and the additional due to the presence of the SC, left column, with highlighted measurement

uncertainty uncorrelated among experiments. We show the nominal prediction and the predic-

tion for the best fit, the right column. For this particular location the ��2
min = 10.4, which

corresponds to 3.2� significance of discovery.
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Model IIa SC at 30�N 111�E in Fig. 4 as a function of time. We assumed here the 16%
constant relative measurement uncertainty of the KamLAND experiment and simplified
relative measurement uncertainty formulae as a function of year T for JUNO and Jin-
ping:

KamLAND: �JN
rel = 0.16

JUNO: �JN
rel =

0.12p
T [yr]� 2022

+ 0.011

Jinping: �JP
rel =

0.087p
T [yr]� 2025

+ 0.005.

(5)

Formulae coe�cients are based on [?] for JUNO and [?] for Jinping with the start of data308

taking in 2022 and 2025 respectively. JUNO with KamLAND can discover the Model IIa309

SC at the 3� level in 4 years. We note that for this particular location, there is no im-310

pact of additional Jinping experiment mainly due to larger prediction uncertainty than311

the one for JUNO. The uncertainties in Eq. 5 improve with time, at some point becom-312

ing better than those listed in Tab. 3. Therefore the discovery potential of the SC can313

be even better than the one calculated by Eq. 3, where we do not assume any measure-314

ment uncertainty improvement with time.315

The discovery potential for Model IIb mantle anomaly using two suggested OBD320

sites, 2000 km far apart to experience in general di↵erent signal from eventual SC thus321

boosting the discovery potential, and geoneutrino detector in proposed land-based AN-322

DES laboratory is shown on the left panel of Fig. 5. Each point corresponds to the pos-323

sible location of the SC and the color represents the discovery potential, which can ex-324

ceed 5� significance. This is higher then in the Model IIa SC under continent, since lower325
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SC Under China Scenario Variations 

We can successfully test large and highly enriched SCs
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2000×2000 km Second Continent
with 1/3 of Upper Crust Abundances

]
σ

Di
sc

ov
er

y 
[

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

]°Lon[
90 100 110 120 130 140

]°
La

t[

5

10

15

20

25

30

35

40

45

JUNO

Jinping KamLAND
Example

Figure 6. The discovery potential in the

number of standard deviations as a function

of the SC center location assuming size of

Model IIa but one third of the U and Th abun-

dances. The discovery potential is significantly

reduced compare to the UCC abundances, see

left panel of Fig. 3.
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Figure 7. The discovery potential in the

number of standard deviations as a function

of the SC center location assuming size of

Model IIa but with reduce 1000 ⇥ 1000 km SC

size. The discovery potential is reduced com-

pare to the UCC abundances, see left panel of

Fig. 3, nevertheless, SC can still be discovered

if located in the vicinity of the experimental

sites.
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distance of about 2000 km should be enough to provide coverage of > 4� discovery po-404

tential for Model II SCs. The 10% measurement precision envisioned for OBD in Tab. 3405

can be achieved by 50 kt detector in about 1 year of data taking. The grid can help for406
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7 Conclusions408

Add some thing about EER409

The emerging field of particle geophysics (including studies in geoneutrinos, neu-410

trino oscillations, neutrino absorption, and muography) o↵ers its existing technologies411

to interrogate independently a range of problems in geoscience. Using a suite of detec-412

tors that are co-located on the scale of a mantle depth, we propose using di↵erences in413

the measured flux of geoneutrinos at these detectors to test for the existence of a sec-414

ond continent [??] located in the mantle Transition Zone beneath eastern China. This415

second continent, with its high content of radionuclides, would be a bright geoneutrino416

emitter and readily detectable with existing technologies.417

Here we evaluated several simple, second continent models, which have been pro-418

posed. Based on existing technologies, we cannot distinguish the model of an ancient (i.e.,419

>1 Ga) second continent, which has evolved to a uniform layer globally encircling the420

base of the Transition Zone. In general, geoneutrino measurement cannot reveal spher-421

ically symmetric geoneutrino sources in the mantle, unless the uncertainty of the mea-422

surement, as well as prediction, improves significantly.423

In contrast, we can successfully identify geoneutrino bright sources coming from424

young (i.e., <1 Ga) regional-scale second continents that are formed by the entrainment425

of continental upper crust in subduction zones and aggregated into compact domains at426
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Figure 6. The discovery potential in the

number of standard deviations as a function

of the SC center location assuming size of

Model IIa but one third of the U and Th abun-

dances. The discovery potential is significantly

reduced compare to the UCC abundances, see

left panel of Fig. 3.
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Figure 7. The discovery potential in the

number of standard deviations as a function

of the SC center location assuming size of

Model IIa but with reduce 1000 ⇥ 1000 km SC

size. The discovery potential is reduced com-

pare to the UCC abundances, see left panel of

Fig. 3, nevertheless, SC can still be discovered

if located in the vicinity of the experimental

sites.
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tors that are co-located on the scale of a mantle depth, we propose using di↵erences in413

the measured flux of geoneutrinos at these detectors to test for the existence of a sec-414

ond continent [??] located in the mantle Transition Zone beneath eastern China. This415

second continent, with its high content of radionuclides, would be a bright geoneutrino416

emitter and readily detectable with existing technologies.417

Here we evaluated several simple, second continent models, which have been pro-418

posed. Based on existing technologies, we cannot distinguish the model of an ancient (i.e.,419
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with Upper Crust Abundances
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Figure 5. (Left Panel) The discovery potential in the number of standard deviations as a

function of the SC center location assuming size and abundances as in Model IIb. The locations

of the suggested geoneutrino Ocean Bottom Detectors (OBD) and proposed ANDES laboratory

are shown. (Right Panel) We show for the example location of the SC at 44
�
S 47

�
W (coin-

cides with OBD I on left panel) for each experiment the expected signal broken down to the

classical signal and the additional due to the presence of the SC, left column, with highlighted

measurement uncertainty uncorrelated among experiments. We show the nominal prediction

and the prediction for the best fit, the right column. For this particularly favorable location the

��2
min = 25.6, which corresponds to 5.1� significance of discovery.
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signal due the the presence of the U, Th enriched SC. For the example location of the364

Model IIa SC, it is still 3.0�.365

We can then conclude, that discovery potential of the Models II SCs is the same366

or very similar to those shown in left panels of Fig. 3 and Fig. 5 respectively, no mat-367

ter how known is the radiogenic power of the Earth.368

We have assumed the Models II SCs to have UCC abundances of U and Th thus369

providing a strong additional geoneutrino signal. The discovery potential is however greatly370

reduced if abundances are lower. We show on Fig. 6 the discovery potential of the Model IIa371

size SC as a function of the position of its center assuming a third of UCC abundances.372

The discovery potential does not exceed 2� provides only a hint of the SC. One third373

or the UCC abundance with Model IIa size SC is about the limit for successful detec-374

tion.375

The large dimension of the the geochemical mantle anomaly is crucial for its po-376

tential discovery. We show the discovery potential of the Model IIa size SC as a func-377

tion of the position of its center assuming reduced size of 1000⇥1000 km on Fig. 7. The378

height remains at 100 km with being at depth of 600-700 km. The half of the SC size379

reduces the additional geoneutrino signal, thus the discovery potential, therefore we can380

discover such SCs only in the near vicinity of the experimental sites. The comparison381

among experiments has more important role when having reduced SC geoneutrino sig-382

nal. Overall, the shrunken planform to few hundred kilometres is about the limit for suc-383

cessfully testing the SCs with UCC radiogenic elements abundances.384

The search for SCs or other shallow mantle anomalies under the oceans it not lim-401

ited only to South Atlantic. We can think about grid of sites for the movable OBD mea-402

surement in order to scan the vast ocean areas. Based on the left panel of Fig. 5, the nodes’403

Example of SC location 44˚S 47˚W 
Result of Pacific plate subduction under South America 
Can be tested by movable Ocean Bottom Detector I, OBD II and ANDES

Second Continent Under the Atlantic 
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Figure 5. Left panel shows the mantle location and surface geoneutrino signal of a SC as-

sumed in Model III; also identified are the locations of nearby geoneutrino detectors, specifically

the proposed OBD (Ocean Bottom Detector) locations and the future site of ANDES laboratory.

The geoneutrino signal is reported in TNU (which stands for Terrestrial Neutrino Unit, see text

for details). Right panel compares the predicted signal at each experiment broken down into

its individual contributions, including the additional geoneutrino signal due to the presence a

SC. OBD I is position above the center of second continent, while the position of OBD II was

selected to be marginal to the SC. The proposed ANDES detector has the potential to discover

such a second continent as modeled here. Collectively, these 3 detectors can be used to discover a

Model III second continent at the 6.2� level.
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Additional geoneutrino signal due to the SC Breakdown of the geoneutrino signal

Can be discovered on 5.1σ ⟺ >99.99% C.L. !!!
Movable OBD can test other possible SC sites in the ocean
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Discovery Potential vs. Atlantic SC Position
Each point represents the center of a possible SC of the same size 
The color scale shows its discovery potential in standard deviations (σ) 
>2σ discovery potential at a distance of ~2000 km from OBD locations
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Conclusions

We can successfully test the existence of proposed geochemical 
mantle anomaly scenarios with large net of current and future 
geoneutrino experiments

Key features are: their relatively large geoneutrino signal, comparison 
of experiments and the correlation of geoneutrino signal predictions 

Discovery potential varies with abundances, size, … - Measurements 
which are in an agreement with standard predictions help to constrain 
proposed scenarios 

All this works if only one assumption is met - we know the crust!
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Extras
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Physics behind Second Continent

 28

SC material will float above ~800 km  

We assume SC layer at 600-700 km 

Newly created SC would be localized 
close to the toe of the subduction zone

containing 10 mol% of Fe (Tsuchiya and Tsuchiya, 2006). The
impurity effects of iron are taken into account using results of
Tsuchiya and Tsuchiya (2006). We use 0.3 as the partition coeffi-
cient between pv and fp (i.e. pv and fp include 5 mol% and 15 mol%
of Fe, respectively). We use published elastic properties for for-
sterite (da Silva et al., 1997), wadsleyite (Kiefer et al., 2001), ring-
woodite (Kiefer et al., 1997), and perovskite (Tsuchiya et al., 2004).
Taking the average, we obtain the density and seismic velocities of
pyrolite composition. The seismic velocity increases associated
with the wadsleyite-ringwoodite (520 km) and post-spinel
(660 km) phase transitions are 1.9% and 5.9% for P-velocity, and
2.4% and 13.2% for S-velocity, respectively (Fig. 2).

We compute density and elastic properties of harzburgite and
basalt around depths of 660 km. The mineral proportion of harz-
burgite has the volumetric fraction ringwoodite:majorite of 90:10,
while that of basalt is majorite:stishovite of 90:10 above the 660 km
depth. We use published elastic properties for ringwoodite (Kiefer
et al., 1997), majorite (Irifune et al., 2008), Ca-perovskite (Tsuchiya,
2011), and stishovite (Kawai and Tsuchiya, 2010).

We consider the density and elastic properties expected for
granitic materials at depths below 270 km using ab initio density
functional computation methods. We compute the density and
seismic-wave velocities, vP and vS, of a TTG assemblage in the
pressure range between 10 and 50 GPa and compare the density
and seismic velocities of TTG to those of pyrolite composition
(Fig. 2). Note that although density and elastic constants are
computed at the static temperature, the phase transition pressures
are corrected along the normal geotherm (Brown and Shankland,
1981). Due to the coesite-stishovite phase transition at the depth
of 270 km, TTG is denser than the surrounding mantle materials in
the MTZ, but is lighter thanmantle materials at depths greater than

about 660 km. Note that due to simplification of the TTG compo-
sition, the subtle density difference between the TTG and pyrolite
composition between 660 and 800 km depths is neglected. The
above calculations confirm that TTG will be negatively buoyant
relative to pyrolytic material at a depth of 270 km, suggesting that
TTG could be gravitationally trapped around 660 km depth (Fig. 2).

We next compare the seismic velocities of TTG to those of
pyrolite composition. Our calculations show a large velocity
increase associated with the jadeite dissociation to calcium ferrite
(CF)-type phase and stishovite at a pressure of about 23 GPa. The P
and S wave velocities of TTG are respectively 8.2% and 12.3% faster
than those of pyrolite composition in the pressure range from 15 to
20 GPa and respectively 5.0% and 1.8% faster in the range from 20 to
23.5 GPa. If TTG is stagnant at a pressure of 28 GPa, the boundary
between TTG and pyrolite composition will produce 6.2% and 4.4%
velocity decreases for P and S waves, respectively (Fig. 2).

3. Discussion

We simplified the compositions of both TTG and pyrolite
composition, neglecting the effects of thermal expansion because
the calculations were for static conditions, but this does not affect
the conclusion that TTG is denser than pyrolite composition in the
depth range from 270 to 660 km, suggesting that if TTG is carried to
depths of 270 km by being entangled with a subducted slab, it then
will applyanegative buoyant force to the subducted slab. Also, as the
subducted slab becomes cold relative to the surrounding mantle
(e.g., a slab temperature of about 1500 K at a depth of 660 km), TTG
will becomemuchdenserdue to thedissociationof jadeiteat adepth
of 640 kmandwill applya larger negative buoyant force, resulting in
TTG accumulating at the base of the MTZ.

Figure 2. Depth-dependence of density (a) and seismic velocities (b) of pyrolite composition (pyrolite; blue) and TTG (red) as well as harzburgite (Hz; purple) and basalt (green)
around depths of 660 km. In the depth range from 270 to 800 km the velocities of TTG are faster than those of pyrolite composition, and TTG is denser than pyrolite composition
(and will move downward if it exists at 270 km depth). Thus the anomalous seismic velocities of one-dimensional models such as PREM and AK135 (Dziewonski and Anderson,
1981; Kennett et al., 1995) around depths of 660 km could be due to granitic materials. In contrast, other assumed compositions such as basalt and harzburgite do not have both
higher velocities and density than pyrolite composition.

K. Kawai et al. / Geoscience Frontiers 4 (2013) 1e6 3

— Mantle material density
— Crust material density

Bottom of the  
Transition Zone

• Model III: We assume an Australia-size SC with the same shape of 2000⇥2000 km177
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Figure 1. Left panel shows cartoon illustration of a second continent that formed under east-

ern China due to Pacific-type subduction occurring along the western margin of the Pacific basin.

Picture is an adaptation of Fig. 5. in [Kawai et al., 2013]. The proximity of 3 geoneutrino exper-

iments to this putative second continent are shown as being underground in Japan (KamLAND)

and China (JUNO and Jinping). These 3 detectors see approximately the same mantle volume

and similar global crust, see right panel, which results in a major reduction in the predicted

uncertainties. Local di↵erences in the geoenutrino signals for each of these detectors are due to

geological di↵erences in the nearby lithosphere (closest 500 km) surrounding the detector; this

region contributes approximately half of the detected signal.
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Model III could be tested by an ocean bottom movable detector. This mobile in-204

strument will provide signal measurements at multiple locations for signal comparison.205

Potentially, a future land-based detector located in the ANDES underground laboratory206

[Dib, 2015] will contribute to test Model III as well.207

4 Results208

List of current and upcoming land-based and ocean bottom experiments and their209

locations are shown in Tab. 3. We also present predictions without SC [Šrámek et al.,210

2016], prediction assuming specific SC model, available up to date measurements, an es-211

timated future relative measurement uncertainty. The uncertainty for existing experi-212

ments was obtained based on the latest measurement assuming increased statistics. Pro-213
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Crustal material
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Kawai et al. (2013)
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Multiple experiments (at the same region)
• Experiment further from the SC benchmark the prediction 
Partial correlation of the predictions can reduce the impact of their 
uncertainties
• Benchmark can be used for experiments exposed to SC geoneutrinos 
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