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RESUME

Le budget d’énergie de la Terre dépend de la production de chaleur et de son refroi-
dissement séculaire. Le flux de chaleur est généralement mesuré dans les trous de forage
dans le cadre de prospections miniéres et pétrolieres limitant la couverture de données aux
régions économiquement intéressantes. Pour toute autre région, des méthodes alternatives
doivent étre employées. CRUST1.0 est un modele de la croiite terrestre qui a été utilisé
pour estimer la production de chaleur de la croiite dans les continents. Nous avons cherché
a4 améliorer les prédictions du modele en ajustant les productions de chaleur des différentes
couches constituants la crofite terrestre. Nos résultats montrent que 1’hypothese d’une pro-
duction de chaleur uniforme pour chaque couche crustale n’est pas valide.

Le flux de géoneutrinos peut étre directement déduit & partir de la production de chaleur
par les éléments radioactifs. Nous avons testé la validité des prédictions faites grice au
modele CRUST1.0 en le comparant au calcul basé sur les données de flux de chaleur. Le
traitement différentié des couches crustales n’a pas amélioré le flux prédit. Nous avons
également tenté une approche de calcul différente ainsi qu’un rééchantillonage dans le
but d’augmenter la précision. Pour toutes ces tentatives, I’erreur peut atteindre 81 % par
rapport aux valeurs calculées & partir des données de flux de chaleur dans I’Est canadien.
Ceci montre que le modele CRUST1.0 ne peut pas étre utilisé pour prédire le flux de
géoneutrinos provenant de la croiite.

La production de chaleur dans la croiite continentale détermine le régime et 1’évolution
thermique de la lithosphere. Une augmentation de la production de chaleur fait monter les
températures lithosphériques alors que la différentiation des éléments radioactifs abaisse
les profils de température. Nous avons étudié 1’évolution thermique d’une crofite conti-
nentale archéenne lors de sa formation. La croissance continentale chauffe la lithosphere et
fond la crofite terrestre. Lorsque la largeur de ceintures accrétées dépasse les 300 km et que
I’épaisseur de la crofite est de 40 km ou plus, la température a la base de la crofite dépasse
les 800°C pour une production de chaleur uniforme. Le métamorphisme et la fusion par-
tielle produisent une croiite différentiée verticalement ce qui diminue I’effet du chauffage
radioactif. Le chauffage de la lithosphére par les éléments radioactifs augmente avec leur
profondeur.

Mots clés

Flux de Chaleur || Elements produisant de la chaleur || Budget énergétique || Terre
silicatée || Nombre d’Urey || Refroidissement du noyau || Refroidissement du manteau ||
Cratons || Lithosphere || Production de chaleur de la crofite || Evolution de la crofite ||
Métamorphisme 2 haute température || Métamorphisme post-orogenique



ABSTRACT

Earth’s energy budget includes secular cooling and heat production. Surface energy
loss is measured by heat flow which can be determined in available boreholes usually
drilled for economic purposes. This limits the data coverage to areas of interest for oil and
mineral exploration. For regions of insufficient data coverage, heat flow must be estimated
by alternative methods. CRUST1.0 is a global crustal model that has been used to estimate
radiogenic heat production in stable continental regions. We have looked at various ways
to improve the models by adjusting the heat production of the different crustal layers.
Our analysis of this model shows that the assumption of laterally uniform heat production
throughout the continental crust is not valid.

Crustal geoneutrino flux can be directly calculated from radiogenic heat production.
We tested the CRUST 1.0 models efficacy at predicting the geoneutrino flow by comparing
them to predictions made with heat flow data. A layered crust does not improve the mo-
del predictions. We have also tried alternate calculation methods and rescaling. All failed
at improving the model’s predictions that are off by as much as 81% in Eastern Canada
showing that using CRUST.0 fails to predict the geoneutrino flux.

Heat production in the continental crust affects the lithosphere’s thermal regime and
evolution. Higher heat production increases temperatures, while differentiating the radio-
active elements in the upper crust lowers the temperature. We investigated how the width
and thickness of the continental crust affected its thermal structure in the Archean. We
found that continental growth heats the lithosphere and can melt the crust. For accretio-
nary belts, with a total width of over 300 km and a thickness of 40 km, the temperature at
the base of a non differentiated crust exceeds 800 °C. The depth of a high heat producing
layer augments the temperature increase this layer will generate. As a result the lower crust
undergoes metamorphism and partial melts and the radioactive elements are redistributed
into the upper crust thus cooling the lithosphere.

Keyword

Heat flow || Heat producing elements || Energy budget || Bulk silicate Earth || Urey
number || Core cooling || Mantle cooling || Cratons || Lithosphere || Crustal heat production
|| Crustal evolution || High temperature metamorphism || Post orogenic metamorphism



GENERAL INTRODUCTION

The long term thermal evolution of the Earth is constrained by the present energy bud-
get. Earth’s total heat comes from two main sources. The first is the secﬁlar heat that was
stored in the planet during its form.ation and early evolution. The second source is the heat
generated by radioactive decay in the bulk silicate Earth (BSE) comprising both the crust
and mantle. The continental crust is enriched in heat producing elements relative to the
mantle. The main focus of this study is the distribution of heat producing elements in BSE

and the thermal regime of the continental crust.

The amount of radiogenic heat produced in the Earth decreases exponentially with
time following the radioactive decay law. Today’s total heat loss is about 4613 TW out of
which 1945 TW is accounted for by heat production and the remainder by secular cooling

(Jaupart et al., 2014).

Convection is the most efficient cooling mechanism for an Earth-sized body. Hot and
buoyant materials at the bottom of the mantle rise while cold dense materials at the surface
sink. This generates large scale displacements in the silicate rocks of the mantle. This al-
lows for a mixing of the materials throughout the mantle. The lithosphere can be defined
as the upper boundary layer through which the heat transfer mechanism is conduction. The
continental lithosphere does not take part in convection while the oceanic lithosphere forms
at oceanic ridges and returns to the mantle at subduction zones. Today, continental crust
is formed by accumulation of melts from the subducting oceanic lithosphere in back-arc
environments. Radioactive elements such as Uranium, Thorium and Potassium are incom-
patible with mantle crystalline structures thus accumulating in the continental crust. This
concentration of heat producing elements near the surface makes more efficient the evacua-
tion of the heat produced. Although the mantle has a much larger mass (= 67% of Earth’s
mass for the mantle against ~ 0.4% for the crust ) its total heat production is only slightly

more than that of the crust.

The heat flow coming from the sea floor is accounted for by the cooling of the oceanic



lithosphere between the spreading centers and the subduction zones. The present rate of
heat loss through the sea floor is 32+2 TW as estimated by Jaupart et al. (2015). For the
continental crust, only half of the 14 TW heat loss comes from the mantle. The other half is
from heat produced by radioactive decay. Globally, crustal heat production generates from
5.8 to 7.2 TW (Jaupart and Mareschal, 2015). Mantle heat flow is nearly constant under
stable continental crust at ~ 15 mW m~2 . The surface heat flow ranges from 15 to 75
mW m~2 in stable continental crust. In tectonically active regions such as rifts (like the
East African rift) or continental collision (like the Himalayas) heat flow is much higher

due to magma intrusions or thicker crust.

Heat is propagated from the upper mantle to the surface by conduction. According to

Fourier’s law, the heat flux Q is defined as follows :

oT
Q= —A-é—z- D

where A is the thermal conductivity, T is temperature and z is depth. Thermal conductivity
is an intrinsic property of the rocks. In stable continental crust, thermal steady state can be
assumed. In steady state and without heat production heat flux would be constant through
the lithosphere.

The radioactive elements concentrated in the crust produce heat which is then evacuated
by conduction near the Earth’s surface. The heat flux measured at the surface is the sum
of the mantle heat flow and the total crustal heat production which can be expressed as

follows :

Q0o =0n+ /0 “H (z)dz @)

where Qg and Oy, are the heat flux at the surface and at the Moho respectively. H(z) is the

heat production rate as a function of depth, and z,, is Moho depth.

There are many reasons to study heat production in the continental crust. First and

foremost, heat production is one of the components that determines how temperature varies



with depth in the continental crust. Integrating Fourier’s law to obtain the temperature we

find :

21
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where the heat flow with depth Q(z) is determined by equation 2 where we integrate over
7’ up to a given depth 7.
7 1 4 w8
T(z)=To+/ox[Qo—/0 H(z')dz']dz’ 4)

Temperature depends on the vertical distribution of the radioactive elements in the enriched

crust. It controls melting, metamorphic processes and mechanical properties.

The study of continental heat flow can also improve our understanding of the global
energy budget and gives us some constraints on Earth’s thermal reconstruction. During the
course of my Masters, we were interested in two problems : How to best estimate crustal
heat production in steady state continental crust ? What are the implications of crustal heat

production for the thermal regime during continental accretion ?

First, heat flow can be determined from measurements of temperature profiles in bore-
holes or it can be estimated by using a global model derived from seismic data. From the
bore hole data, one can get precise estimate of the local surface heat flux. The first method
is always preferred but unfortunately it has not been possible to make heat flow measure-
ments all over the Earth’s surface, thus the interest of complementing the data by using the
second method. We have compared the estimates from seismic models to the heat flow data
and tried to adjust the parameters (heat production for the different layers of the seismic

model) to reduce the differences with the data where available.

In the second chapter, the outcome from our models are compared with results from
different other studies in a more general context including the present day comprehension
of mechanisms of heat loss and partition of heat sources between the continental crust and

mantle. Earths secular and radiogenic heat production are discussed as a part of Earth’s heat



budget. The CRUST models serve to estimate the continental crustal heat and neutrino
production. The mantle heat and neutrino contributions to the surface flux are discussed

afterwards.

Then, we looked at the thermal regimes of the crust during craton formation. Long belts
of crustal material accrete together to form continents. We calculate the temperature profile
for accretion belts of various widths and thicknesses. These profiles inform us about partial

melts and other temperature controlled phenomena.

In the last chapter, the calculations made above are compared with large data sets on
heat flow and heat production. Herein, we discus crustal stratification estimates and heat

production in a number of geological provinces.



Calculating crustal heat production and geo-

neutrino flux in stable continents.

1.1 Global Crustal Model

In this section, we illustrate the tests that we made with the CRUST1.0 model to esti-
mate surface heat flow and geoneutrino flux. CRUST1.0 is a global crustal model based on
seismic data and crustal type and age. Excluding ice and water, the crust is divided in six
layers, three for the sediments and three for crystalline crust. The Earth is divided in cells
of 1° latitude per 1° longitude and the model gives a thickness and physical properties for

each crustal layer in every cell.

We shall calculate for each cell the crustal heat production and surface heat flux and
compare the result with heat flux measurements. The motivation for this approach is that if
the model matches well with the available data, it can be used with a certain confidence to
estimate heat flow in thermally equilibrated areas where data are unavailable. The objective

is to find the heat production rates that will provide a good fit.



1.2 Comparing Heat Flow

In steady state the surface heat flux is the sum of the mantle heat flux and the total
crustal heat production. We attribute a heat production rate to each crustal layer and inte-
grate over crustal thickness to obtain the component of the surface heat flow contributed by
crustal heat production. We attributed heat production rate to all sedimentary layers adding
an average mantle heat flow Q,, gives us the surface heat flux that can be compared with

measured heat flux as shown in equation 2 (page 2).

6
Qo= Om+) Aidy (1.1)
1

Where A; and Az; are the heat production rate and thickness of the crustal layer i.

The heat flow data are unevenly distributed. To compare with the model, we averaged
the data points over 1°x1° cells thus also reducing the weight of anomalous individual
measurements. We can then compare all cells with data to cells from the model in stable

continental areas where transient thermal perturbations are negligible.

We tried different heat production rates for the different crustal layers. As a first ap-
proximation, we tried a global crustal average for the heat production of 0.89 uW m~> , as
calculated by Rudnick and Gao (2014). We then made different attempts with a differen-
tiated crust. In the. first attempt, we used the heat production rates for crustal layers from
Rudnick and Gao (2014) and 0.9 uW m™— for sediments. The results follow more closely

the crustal thickness maps than the heat production maps.

We also varied the heat production rates to find the set of A; that minimizes the root
mean square (RMS) difference with the datl. This gave the optimized model. We calculated
the optimal set of parameters separately for each region of analysis. This yielded the maps
1.3c for the global optimization and 1.5c for Eastern Canada’s optimization. The optimal

values obtained for both global and regional scales are listed in table 1.1 where we assumed



a constant heat production in all sedimentary layers.

Finally, we tried to use the average concentrations of heat producing element in the dif-
ferent layers of the crust using concentrations from Huang et al. (2013). The heat produc-
tion is calculated by adding the individual contributions of thorium, uranium and potassium

using the following formula :
H =10'1(9.52[U] 4-2.56[Th] + 3.48[K]) (1.2)

where [U] and [Th] are the uranium and thorium concentration in ppm and [K] is the
potassium concentration in %. This gives heat production per unit mass, that is expressed
in W kg 1. Using an average crustal density of 2700 kg m—> , we obtain the heat production

rate per unit volume A in yW m~> .

A = 0.257[U] +0.069[Th] +0.094[K] 1.3)

To obtain the heat production per unit volume for each crustal layer we multiply by

layer density divided by 2700 kg m—3 ,
1.2.1 Global Analysis

Figure 1.3 illustrates the resuits from different sets of heat production per unit volume.
We are comparing it with the continental heat flux interpolated data map from the figure
4.5. It is easy to see that even if the error is minimal (c), the lateral variations in the data

are still significantly larger than what the model can account for.

There are many notable differences, the most obvious one is that the heat flux data are
on average much higher that heat flux from the models. As discussed in section 1.3.1 one
might think that this is due to biased sampling : for example, boreholes have often been

drilled for geothermal exploration.



But averaging the points over cells of the same dimensions as the model reduces signi-
ficantly the weight of those data points as can be observed in figure 1.2. Then there are the
contrasts that are much greater in the data than in any of the model. The high heat flow
regions that have a higher surface flux than the models are not in equilibrium and will not
be discussed further. The low heat flux areas, specifically the shields have a lower flow
than any of the models because their heat production is very low even though the crust is
thick. In other words, continental shields and low heat flow regions are not visible because
the model assumes incorrectly a constant heat production in each layer. On a large scale,
all the models exhibit the same patterns as the crustal thickness map shown in Figure 4.4
rather than those of heat flow data.

1.2.2 Regional Analysis

We then tested the model on a regional scale over Eastern Canada where there are many
heat flow data.the region has two distinct crust types : the Shield and the Appalachians.
Looking at the interpolated data map of figure 2.4 one can see that the' northern older
regions are characterized by very low heat production. The highest heat production is in
the southeasternmost corner of Canada : the Appalachians. Several small scale areas of
high heat production can also be observed. As in the global analysis, for the purpose of
comparison, all data points have been averaged on cells identical to those of the model and

shown in figure 1.4.

The difference between the Shield and the Appalachians is not seen in any of the tests
and the calculated heat flux is directly proportional to crustal thickness. Because the crus-
tal thickness of the Appalachians is close to that of the shield, see figure 1.6 one can not
distinguish one from the other if the heat production is uniform throughout the entire crust.
The Rudnick and Gao (2014) heat production rates generates a model that suggests a hi-
gher heat production on average in the Appalachians than in the Shield, but the contrasts in
heat production are much larger for the data maps especially in central Quebec. We have

minimized the root mean square difference to obtain the optimal model. Some of the low



heat production zones are better represented but the high heat production remains signi-
ficantly higher in the data. On the other hand, the model resulting from concentration of
heat producing element of Huang et al. (2013) attributes well for the high heat producing
areas notably the Appalach_ian orogen but fails in the older Shie'ld areas with very low heat

production.

In the data, variations of over 35mW m~2 in the surface heat flux can occur over less
than 100 km (= 1 cell) which is never seen in the models that are very smooth in compa-
rison. The variations in all models are spread out over large distances and show no abrupt

changes comparable to those in the data.

We have also compared the model crustal thickness to that from seismic data. Looking
at the two maps of crustal thickness in Eastern Canada one can see that the crustal thick-
ness is accurate in that region. Therefore the discrepancy in heat productions is not due
to an error in predicted crustal thickness but only due to the calculation method. We have
concluded that assuming a constant heat production within each layer of the crust is not
valid. Thus the heat production is higher in the Appalachian not because the highest heat
producing layer is thicker than in the Shield but because the concentration of heat produ-
cing elements is higher within the same layers. A similar conclusion applies to the Shield
for low heat production. It is also more natural for small scale high heat flow anomalies to

coincide with a large increase in concentrations rather than abrupt thickening of a layer.

If crustal thickness is not the issue when modeling heat production, then the only re-
maining parameter is the heat production rate. Each value used represents an average for
a given crustal layer. Even if the average is accurate, the heat production rates will still
vary laterally within the layer over large and small scales. The only way to get additional
information on these variations is by heat flow measurements. This is not due to a short-
coming of CRUST1.0 which contains no information on heat production, but to the wrong

assumption made by users of the model that crustal composition is uniform laterally.
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1.2.3 Conclusion

Both the global and regional analysis show large discrepancies emerging in areas of
low heat production characteristic of continental shields. In the multilayered models, the
Appalachians can barely be distinguished from the shield and the amplitude of the dif-
ference in heat productions is significantly less in the model than in the heat production
determined from the heat flow measurements. This shows the obvious lack of lateral va-
riability of scale and amplitude in the CRUST1.0 models that can not account for lateral
changes in concentrations of heat producing elements. The model assumes that the heat
production rate remains constant within each crustal layer which cannot show the lateral

variations in heat flow that have been observed.

1.3 Estimating Crustal Geoneutrino Flux

As described in Fiorentini et al. (2005) disintegration of each radiogenic element pro-
duces heat and neutrinos in known amounts. We can thus deduce geoneutrino flux from
heat flow provided that we know the ratios of the concentrations in Heat producing ele-
ments. Assuming a perfectly spherical geometry of Earth and integrating over it’s volume,

the total geoneuttino flux at any point is obtained by :

o 1 [ AP

where A; is the luminosity (number of anti-neutrinos per unit time produced inside Earth)
per unit mass for isotopes 238U and 232T'h, p is the local density. 7 and 7 are the location of
the source and the observation point, respectively. Here we only consider isotopes 228U and
22T h because both “°K and #3°U produce neutrinos below the 1.8 MeV threshold of de-
tection in liquid scintillatior (Fiorentini et al., 2005). But, given the elemental abundances
ratios that are better known, one can deduce the amount of “°K and 235U once the absolute

abundance of 28U and 232T'h are measured.
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Because we are only interested in calculating the crustal component of the neutrino
flux & in terms of heat production H from the crust, we integrate only over the volume of

Earth’s crust.

®(6,9) = 1= / z// d¢/d e’H(zle; ¢) (1.5)
P

where the factor ¥ is the conversion factor of crustal radioactivity to neutrino production
rate, a is the radius of the Earth, 6 and ¢ are, respectively, the colatitude and longitude
at the observation point, z the depth, z,, the Moho depth, R, is the distance between the
source (p’) and the observation point (p) and H is the crustal heat production. Here the
unchanging factor ¥ assumes a constant mass ratio of the heat producing elements. For
Th/U = 4 and K/U =12,000, we obtain ¥ = 0.65 x 10! J~!, Neutrino Flux is expressed in
terrestrial neutrino units (TNU). Where one TNU corresponds to one event recorded per

year of exposure in a detector of 1032 protons.

To calculate the global neutrino flux, we calculated the flux from equation 1.5 for each
of CRUST1.0 model cells. We separated the near and the far field regions. For two cells
that are far apart, we make a point source approximation. R, is the distance between the
centers of both cells. For neighboring cells, the point approximation is not valid, but we
can neglect Earths curvature when we integrate over all R,,». We compared two different

calculation methods for this in subsection 1.3.2.

Because of the geoneutrino radial flux and Earth’s geometry one needs to have a heat
flow value for each cell off the model to get an accurate estimate of the crustal geoneutrino
flux. Because many cells do not contain heat flow data, we extrapolated the data where
possible. In areas where the crust is not in thermal equilibrium and heat production cannot
be estimated from heat flow, we used heat flow estimates from the CRUST1.0 model. For
cells in continental stable crust where heat production is calculated with confidence we can

approximate the difference in geoneutrino flux from heat production estimated with the
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CRUST1.0 model and from the calculated heat flux.

We subdivided the world map in three crustal categories, oceanic, active and stable
continental crusts. We consider as oceanic, all the cells that have an oceanic crustal age.
The distinction between stable and active crustal areas are based on heat flow and crustal
thickness. We consider as active the continental crust thinner than 25 km or thicker than 60
km and/or regions with heat flux higher than 65 mW m~2 . This classification is illustrated
in figure 1.7 where the areas in green are the only ones where heat flow data can be used

for estimating neutrino flux.

From this comparison, we get an estimate of the magnitude of the error made by the

model using CRUST1.0 alone to predict neutrino flux.

1.3.1 Varying Heat Production

The neutrino flux maps are much smoother than the heat production ones. The intensity
of the neutrino flux is inversely proportional to the square of the distance as shown in

equation 1.5, while the heat flux is proportional to z/R>.

For the far field, we are using a point source approximation so we can only use one
heat production per cell of the model. We have looked at the effect of changing the ave-
rage crustal heat production on the scale of the difference it will produce with the model
using heat flow data where available. We subtracted the neutrino flux calculated using only
CRUST1.0 estimated heat flux from the one using data where available in stable crust for
each of the difference maps in figure 1.8. The differences are in TNU units. We use TNUs

in this section to compare with the neutrino detection resolution in TNUs.

In the previous section we have seen that the model does not account well for the
regions with low concentrations of heat producing elements in the crust that often are
found in Shields. Therefore we expect to overestimate the neutrino production in those

areas. In figure 1.8a the global average heat production is estimated at 0.67 uW m—> the
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CRUST1.0 deduced model seems to underestimate the data deduced one unlike what we
would expect. The following figure 1.8b assumes a 0.75 uW m—3 of global heat production
average and what shows well here is that all the areas where the neutrino difference is very
positive, are near the stable to active crust boundary. In other words the areas where the
crust is stable but the neutrino flux modeled with data are higher that the ones coming
from CRUST1.0. This shows that the heat production rate of those areas is underestimated.
The only areas where the heat flow is higher than in the model are in active crustal zones.
This is coherent with the continental heat production estimates of 0.79 to 0.95uW m~3 by
Jaupart and Mareschal (2014). Both figure 1.8c with an average heat production of 0.83
uW m~2 and figure 1.8d with 0.90 uW m—3 are within that range and show significantly

smaller areas with positive error and a more of the expected negative error.

In the last figure 1.8e, we have calculated the crustal average heat production for each
cell assuming concentrations for each layer from Huang et al. (2013). The resulting dif-
ference map is very similar to the results from figure 1.8d with 0.90 uW m—3 , sﬁowing

small differences in the Canadian and Baltic Shields but larger ones in Asia.

1.3.2 Varying Calculation Method Used for the Model

We have calculated the neutrino flux using two different methods. The first one that
we call global, uses a cylindrical approximation to integrate over the volume of a crustal
column in the near field. The second method that we call local, performs a two dimensional

integration over the surface of the cell and multiplies by crustal thickness in the near field.

The results based on data (figures 1.9a and 1.9b) display greater variation than the
ones based on crustal thickness (figures 1.9c and 1.9d). The differences between the data
and crustal thickness based models (figures 1.9¢ and 1.9f) are as high as 25 TNUs for
both calculation methods. This is an error larger than the absolute value of the flux in the
northern Quebec region. In the surroundings of the Sudbury Neutrino Observatory (SNO)

the error is low. The very old northern Quebec craton core is where the error is largest.
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Figure 1.10 shows the north to south gradient to be due to the cylindrical approximation
and the size variation of cells with latitude. Comparing the two calculation methods in
figure 1.10, we note that the difference is less than 1 TNU over most of the region. This
implies that the error of the cylindrical approximation is small. The calculation method

does not affect the results of the model when predicting the neutrino flux.
1.3.3 Varying the Sampling Square Size

We also looked at the effect of rescaling the size over which we integrate to have a better
accuracy in the neutrino flux. Instead of using the 1° latitude per 1° longitude division we

tried dividing the Earth in 0.5° per 0.5° and 0.25° per 0.25° sized cells.

The increased "accuracy” has no effect on the model. Increase in precision of calcula-
tion does not show on the smoothed (figures 1.11) highlighting once again the systematic

error in the models use.

1.3.4 Power Spectra

We have compared the power spectra of the heat flow and crustal thickness for the
North American continent. Both data sets were placed on a 1°x 1 °to calculate the power
spectra over the same range of wavenumbers. Unfortunately both data sets do not have
sufficient spatial resolution to make a comparison over a large range of wavenumbers. The
comparison shows that crustal thickness is smoother than the heat flow field. The spectral
slope (dlog(P)/dlog(k)) of the crustal thickness power spectrum (2.3) is larger than that of
the heat flow (1.5) resulting in a smoother field. Partly, this is because small scale features
on the Moho cannot be resolved by seismic data. But, this is also an artifact due to the
elimination in the crustal model of differences in thickness between cells that have the
same geological type. The heat flow integrates heat production vertically and horizontally
over a cone whose radius increases with depth, also resulting in smoothing of the field but

not in annihilation of the shorter wavelength. Over North America, heat flow and crustal
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thickness are not correlated (r=0.15). Worldwide, the correlation between heat flow and

crustal thickness is even slightly negative (r=-0.1) (Mareschal and Jaupart, 2013).

1.3.5 Conclusion

Regardless of heat production values used, the models using CRUST 1.0 predictions are
off by more than 25 TNUs in continental Shields. The error remains as great with improved
calculation methods and accuracy. CRUST1.0 can not be used to accuratly predict neutrino

flux. This is developed in the following chapter as a part of larger discussion on heat flow.



Table 1.1 Heat production per unit volume assigned to each crustal layer for the different

attempts.

Model

Average Heat Productions per Unit Volume
(LW m~?)
sedimentary | upper crust | middle crust | lower crust

(a)  Single-layered 0.89 1
(b) 1% Multilayered 0.9 1.6F 0.96t 0.18%
(©) Optimized
Global 155 1.4 0.8 0.6
Estern Canada 1.5 14 0.2 0.1
(d) Concentrations# 0.98 1.67 0.78 0.19

+ Rudnick and Gao (2014)

1 Huang et al. (2013)



— Sedimentary Layer
—> Upper Crust

% ~ Given z,,, ; Attributed Aoy . Middle Crust
© C Given z,, ; Attributed A,
Be & e —— > Lower crust
2 = Given z,,,4 ; Attributed A4
O : ,

Given z,,, : Attributed A, —> Moho

Heat flux from the mantle

Figure 1.1 An illustration of the structure of the CRUST1.0 model. For each cell a thickness

is given for every layer. To deduce heat flux, we attribute heat production rates to all crustal
layers.
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Figure 1.2 Globally calculated heat production from borehole data of heat flux averaged
over 1° x 1° cells supposing a constant mantle flow of 15mW m~2
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Figure 1.3 Four attempts to estimate heat flux on a global scale where (a) is obtained using
a crustal average heat production of 0.89 estimated by Rudnick and Gao (2014) (b), (c)
and (d) are using a differentiated crustal heat production with the heat production rate of
each crustal layer is that estimated by Rudnick and Gao (2014) in (b) optimized to reduce
the average difference with the data in (c) and is deduced from estimated concentrations of
heat producing elements by Huang et al. (2013) in (d) the heat production rate values for
each model are shown in table 1.1
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Figure 1.4 Eastern Canada calculated heat production from heat flux data averaged over 1°
x 1° cells supposing a constant mantle flux of 15mW m~2
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Figure 1.5 Four attempts to estimate heat flux on aregional scale where (a) is obtained using
a crustal average heat production of 0.89 mW m~2 estimated by Rudnick and Gao (2014)
(b), (c) and (d) are using a differentiated crustal heat production with the heat production
rate estimated by Rudnick and Gao (2014) in (b) optimized to reduce the difference with
the data in (c) from estimated concentrations of heat producing elements by Huang et al.
(2013) in (d). The heat production values for each attempt are shown in table 1.1.The
figures have been smoothed.
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Figure 1.6 Eastern Canada crustal thickness according to the CRUST1.0 model in (a) and
according to data (F. Darbyshire, pers. comm) in (b)
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Figure 1.7 Active vs steady state cells for our calculations. The cells are BLUE for oceanic
crust, GREEN for stable continental crust, and RED for active continental crust. Stable
continental crust is defined as having a heat ﬂow below 65 mW m~2 and crustal thickness
between 25 and 60 km.
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Figure 1.8 Difference between the models using the heat flow data and the ones using
heat productions estimated with CRUST1.0 model in TNUs. In each case we used a dif-
ferent heat production for the crust. (a) average hp = 0.67 uW m~ (b)average hp = 0.75
UW m~ (c) average hp = 0.83 uW m~3 (d) average hp = 0.90 uW m~3 (e) using Huang
et al. (2013) concentration values as discussed in previous section.
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Figure 1.9 Comparing local to global calculation methods. All the figure on the right hand
side are produced with the global model. The ones one the left are from the local model. In
the first row, we presented the models using heat flow data where available, in the second
one, the model using only CRUST1.0 values and in the last row, we have subtracted the
second row from the first.
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Figure 1.10 We have compared the two models by subtracting the local model from the
global one for both the data deduced maps in (a) and the CRUST1.0 deduced one in (b).

Figure 1.11 Effect of rescaling the cell size on the calculation accuracy. (a) the crustal
model with a cell of 1° square ; (b) resized to 0.5 ° and in (c) resized to 0.25 °.
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Abstract

Studies of the Earth’s thermal evolution have progressed slowly because of the funda-
mental difficulty of dealing with a highly heterogeneous system that continuously changes
its upper boundary conditions and internal distribution of heat sources. Here, we review
current understanding on the mechanisms of heat loss and on the partition of heat sources
between the continents and the convecting mantle. We evaluate the various items, including
the core heat loss, in the energy budget of our planet with emphasis on the methods used
to determine them and their uncertainties. The total energy loss of the Earth 46 = 3TW
is well established by heat flow measurements in the continents and well-tested physical
models for cooling of the sea floor. This energy loss is balanced by heat production of
radioactive elements in the crust and in the mantle and by secular cooling of the mantle
and core. The amount of heat due to radioactive decay in the continental crust can be de-
termined quite accurately (i.e., within £ 10%) and accounts for a fraction of the Earth’s
total heat generation that may be as large as 50%. In contrast, heat generation in the Ear-
th’s mantle is poorly constrained, which limits our understanding of the Earth’s convective
engine. For geologists, the main challenge is not to determine the Earth’s secular cooling
rate because it can be determined directly from ancient lava samples, but to understand the
physical controls on plate tectonics and continental growth, which act to deplete the Ear-
th’s mantle in heat producing elements. On land, heat flux measurements record the total
crustal heat production without knowledge of all the rock types present including those
of lower crustal horizons that are beyond the geologist’s reach. Geoneutrino observations
and measurements of the Earth’s surface heat flux are both needed to narrow down the
uncertainties on the breakdown of the energy budget. They complement each other in the
interpretation of the geoneutrino signal at observatories located on land where the crustal

contribution is much larger than the mantle one and must be determined independently.
Keyword

Heat flow || Heat producing elements || Energy budget || Bulk silicate Earth || Urey
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number || Core cooling || Mantle cooling

2.1 Introduction

Secular cooling has always been a central issue in the Earth Sciences because our pla-
net’s present state and geological activity result from more than four billion years of evolu-
tion. In the 19th century, advances in the theory of heat conduction and in thermodynamics
were immediately applied to questions regarding the internal structure and thermal evolu-
tion of the Earth. When Fourier first published his Théorie Analytique de la Chaleur, he
realized that the temperature inside the Earth had to be very high and he thought that the
Earth had retained most of the heat from its formation (Fourier, 1820, 1824). Lord Kelvin
reached the same conclusion with his famous calculation of the age of our planet (Thom-
son, 1864). His result was not consistent with geological evidence. The strong controversy
that ensued is exemplary of the divide still to be bridged between physicists and geologists.
At the time of Fourier and Kelvin, the Earth’s temperature éradient was estimated to be in
the range 20-30 K km™!, which is surprisingly accurate. From this value, Kelvin deduced
that our planet was not much older than 100 My. His calculation rested on the assumptions
that the Earth is cooling by conduction and that there are no sources of heat inside it, which
are not valid. He might not have followed this approach if he had paid more attention to the
variability of surface heat flux. Even in his days, temperature measurements in deep mine
shafts and galleries showed that the heat flux varies by large amounts at Earth’s surface,
which is not consistent with a uniform cooling model for the planet. From our present-day
perspective, the most serious flaws of Kelvin’s model are that it relied on a value for the
temperature gradient in continents and that it did not account for the fundamental diffe-
rences that exist between oceans and continents. We know now that heat generated locally
by the decay of uranium and thorium in the crust is by far the largest contribution to the
continental heat flux. The Earth is losing most of its heat through the sea floor and it is in
the oceans that the hypothesis of a static planet cooling by conduction was invalidated in

the most spectacular manner. As we shall see, the fundamental dichotomy of the mecha-
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nisms of heat loss in continents and oceans has hampered progress in part because it took
a long time to secure reliable measurements at sea and in part because heat flux measure-
ments on land had to be complemented by determinations of radiogenic heat production in

crustal rocks.

The discovery of radioactivity by Becquerel in 1896 completely changed our unders-
tanding of the Earth’s energy budget. The importance of long-lived radioactive elements
was rapidly appreciated (Strutt, 1906; Joly, 1909; Holmes, 1915a,b). Attention was soon
focussed on the distribution of heat producing elements within the Earth and only much
later turned to the issue of heat transport by convection. With almost no evidence for the
early Earth’s thermal state, some authors even entertained the notion that the Earth had
been heating because of radioactivity (Holmes, 1931). Although it is now clear that this
is not so, the contribution of secular cooling to the energy budget remains very poorly
constrained. Another consequence of the discovery of radioactivity is that the heat released
in rocks by the decay of uranium, thorium and potassium can be compared with the heat
flux and used to constrain the composition of the Earth. Three years before the discovery
by seismology of the Mohorovicic discontinuity separating the crust and the mantle, Strutt
(1906) used this method to conclude that the Earth’s crust could not be thicker than 60km.

These studies set the course of research on surface heat flow and on-the cooling of
the Earth very early on. Heat flow studies provide the strongest constraints on the total
heat loss of the Earth but, except for heat production in the continental crust, they can not
resolve the other components of the energy budget (mantle and core cooling, mantle heat
production). It is hoped that geoneutrino observations will provide a direct measurement of
the concentration of uranium and thorium in the Earth’s mantle, lead to better constraints
on mantle heat production, and reduce the uncertainty on the secular cooling of the core
and mantle. Geoneutrino and heat flow studies complement one another in another impor-
tant area. In continental observatories, the neutrino flux is dominated by the local crustal
radioactivity. Accounting for this contribution is a major challenge because of the extre-

mely heterogeneous structure of the Earth’s crust at all scales and the difficulty in relating
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a geophysical model of crustal structure to the amount of radioactive elements. The surface
heat flux directly records the total crustal heat production beneath the measurement site,

from which one can infer uranium and thorium contents with little error.

A In this chapter, we begin by reviewing the present understanding of Earth’s secular
evolution and the debates on the mantle processes that have shaped the Earth. We then
briefly summarize how the total heat loss of the Earth has been calculated. Outstanding
questions on how the tectonic regime of our planet has evolved are best tackled from a
thermal perspective and rely on an analysis of the secular evolution of mantle convection,
which requires a breakdown of the energy budget of the Earth’s mantle. We show that
uncertainties on the main items of this budget are crippling and discuss how geoneutrino
studies could help. Turning to crustal heat production, we demonstrate how the total crustal
neutrino flux can be determined directly from heat flux measurements in stable continents.
In a final section, we discuss different ways to calculate the crustal geoneutrino signal with
applications to the Sudbury neutrino observatory, Canada, and the proposed site at Lena in
Finland.

2.2 The Secular Cooling and Evolution of Earth
2.2.1 Initial Conditions

Initial conditions are required for thermal calculations but, more importantly, provide
the most natural perspective to evaluate how the Earth’s current dynamic regime has super-
seded previous ones. There is no doubt today that our planet started from very high initial
temperatures. The earliest phases of its existence were marked by several independent pro-
cesses which all released large amounts of energy. The end of accretion probably saw a
giant impact which led to the formation of the Moon and heated the planet by as much as
7000 K, such that parts of the Earth were vaporized (Cameron, 2001; Canup, 2004) . This
makes irrelevant the question of whether the Earth was melted from impacts during the

accretion sequence. Following accretion, large quantities of iron sank through the Earth’s
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mantle and accumulated in the Earth’s core, a process that converts gravitational potential
energy into heat. As dense iron phases moved downwards through a silicate matrix, viscous
dissipation may have raised the temperature of the planet by as much as 1700 K (Flasar

and Birch, 1973).

Both the giant impact and core formation resulted in temperatures that were high en-
ough for the entire Earth to be molten. This led to a so-called "magma ocean” phase of
short duration (= 10 My) when the molten mantle cooled and solidified rapidly due to
its low viscosity (Solomatov and Stevenson, 1993; Abe, 1993, 1997). In this part of its
evolution, the Earth went through two rheological transitions, from pure liquid to slurry
(solids suspended in a liquid) and from slurry to mush (interconnected solid phase forming
a compacting matrix). One further transition may have been required to steer it to its cur-
rent convection regime with melting that is limited to the upper parts of upwelling currents,
which Has been called "sub-solidus”. In this regime, the diverging surface flow generated
by upwellings involves solid plates that descend into the mantle in a process called subduc-
tion. The Earth has the additional complexity of melting in subduction zones. This occurs
because the crust and parts of the shallow mantle get hydrated in contact with seawater du-
ring their residence at the surface. Hydration acts to lower solidus temperatures and allows
melting in subduction zones that are colder than the average mantle. For geologists, this
process is all the more important because it is responsible for the generation of continen-
tal crustal material and, by way of consequence, of the continents themselves. Subduction
is therefore a key geological process as well as an efficient cooling mechanism. When it
started in Earth history is a fundamental question that has been and remains vigorously
debated.

In equilibrium conditions, the solid fraction depends on temperature and the rheologi-
cal transitions described above occur at specific thresholds. In a planet with large variations
of internal pressure, temperatures are keyed to an isentrope and "potential temperature" re-
fers to temperature at the surface pressure. On Earth, the slope of an isentrope is less than

those of the solidus and liquidus, and the solid fraction along an isentrope is constrained to
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be less than the surface value. The slurry-to-mush transition occurs when the solid phase
forms a continuous network and controls the rheology. In principle, this occurs at a so-
lid fraction that depends on the shape and size distribution of the fragments as well as on
the geometrical packing arrangement. For simplicity, it will be fixed at a solid fraction of
0.64, which corresponds to the random close packing of identical spheres. Allowing for
a = 15% variation of the critical solid fraction and experimental uncertainties, the slurry-
to-mush rheological transition occurs at a potential temperature of 1800 + 100 K for a
mantle composed of dry pyrolite (Herzberg and Zhang, 1996; Litasov and Ohtani, 2002).
With such an average potential temperature, the Earth would be capped with a slurry layer
thicker than 40 km. Note that, in a convecting system, active upwellings are hotter than
average and would therefore generate slurry patches extending over a larger thickness. The
current convection regime with rigid surface plates is not possible for a slurry, but it may
require a larger solid fraction than the critical value for the slurry to mush transition. This
issue has not been resolved yet and we shall discuss it again using a different kind of evi-
dence. In the fully molten and slurry regimes, the mantle viscosity is controlled by that of
the melt phase, so that the vigorous convection that ensues cools the planet rapidly. Here,
we are concerned with convection in a solid mantle and therefore take an initial potential
temperature of 1800 £ 100 K. The time at which this initial condition must be set is deba-
table because it depends on external processes. After accretion, a phase of heavy meteorite
bombardment did not add much mass to the Earth but led to pervasive resurfacing. Accor-
ding to theoretical calculations, the meteorite flux had dropped to small values by 4 Ga and
this can be taken as the initial time. This time coincides with the age of the oldest rocks
found on Earth. Note that a few ancient rocks contain individual minerals that are older
than this, called zircons. Zircons are able to withstand high temperature as well as large
stresses and provide us with a record of primitive conditions that is difficult to interpret

with certainty but that is very valuable nevertheless.
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2.2.2 Growth of the Continents and Depletion of the Earth’s Mantle in Heat-Producing

Elements

It would be a serious error to consider the secular cooling of the Earth from a purely
thermal perspective, because the processes involved are not limited to heat loss through the
surface and internal heat production due to radioactive decay. The Earth, however, evolves
in more complicated, and more interesting, ways. With time, mantle melting and melt se-
paration have led to the formation and accumulation of buoyant continental crust at the
surface. What makes this process particularly significant is that radioactive elements with
large atomic radii such as uranium and thorium get strongly partitioned into the melt phase.
Thus, during a sequence of melting and fractional crystallization, these elements remain in
the steadily shrinking mlelt residue, leading to a final rock that is markedly enriched relative
to the initial one. Uranium and thorium concentrations in the continental crust are on ave-
rage higher than in the mantle by two orders of magnitude ! The growth of continents has
thus led to depletion of heat sources in the Earth’s mantle, thereby fundamentally altering

the logic of the mantle energy balance.

To grasp the implications of this, we now discuss how the interior temperature of a
planet depends on where its heat sources lie. We consider the simple problem of a system
in thermal equilibrium, such that it evacuates all the heat that is released by steady internal
sources. In the case of the Earth and its heat producing elements, such sources decay and
get concentrated in the continental crust at the mantle expense, implying complex transient
thermal conditions that cannot be reduced to a few simple equations. A planet may maintain
a uniform distribution of heat sources in its mantle through convective stirring but it may
also concentrate them in a cold upper layer which is too rigid to be involved in convective
motions. These two cases differ markedly in their internal temperatures., We consider two
mechanisms, convection in a fluid with viscosity i over thickness 4 and conduction in a
rigid crust enriched in radioactive elements over thickness d.. The respective rates of heat
generation are noted H oy and Hw,,q. The total amount of heat generated is the same in

both cases, so that H ok = Hyonad,. For clarity, we consider that no heat is brought into
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either the convecting mantle or the rigid crust from below. Thus, the surface heat flux is
the same in both cases, and is equal to Q = Hpmh = Hpnqd.. The temperature differences
between the surface and the Earth’s interior in the two cases are (Davaille and Jaupart,

1993) :

3/4 1/4
— -3/4 Heonyh KU
e = (520" (50) =
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where Cy is the (dimensionless) constant in the local heat flux scaling law, A the thermal
conductivity, k the thermal diffusivity, p the density, g the acceleration of gravity, a the
thermal expansion coefficient. These two temperatures differ by large amounts. Their ratio

is:
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where Ray is the Rayleigh number for internal heating and where the proportionality
constant is Cz/ i /2 =~ 0.2. In the Earth, d. =~ 30 km and A =~ 3000 km, and hence d,./h ~
10~2, This result shows that it takes very large Rayleigh numbers, i.e. extremely vigourous
convection, for AT,ong to be larger than AT, In practice, this requires Rag > 5 x 1019,
which was only possible in early stages of Earth’s evolution. For reference, this Rayleigh
number is about 10° today, so that AT,,ng/AT;on ~ 0.4. In other words, conduction in a
thin enriched crust evacuates internal heat with an internal temperature that is lower than
that of a vigorously convecting system. This simple calculation shows why growing a rigid

radioactive crust at the top is an efficient cooling mechanism.

2.2.3 The Secular Cooling Rate of the Earth

The thermal history of the Earth’s mantle can be reconstructed empirically by analy-
zing ancient magmas and lavas that have survived. In a multi-component system, melting

occurs over a finite temperature interval and generates liquids of different compositions de-
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pending on temperature (Putirka, 2005; Herzberg et al., 2007). For the Earth’s mantle, the
melting interval stretches over a wide range of potential temperature (=~ 600 K), allowing
geologists to study the thermal evolution of our planet with some precision. One caveat is
that one must pay attention to the geodynamic conditions of melting. In the Earth, mag-
mas are generated in different settings, some of which depend on local factors that are not
relevant to the planet as a whole. In a convecting system that is powered by internal heat
sources only, there are no active upwellings such as plumes and motions are entirely dri-
ven by cooling from above. In such conditions, the flow consists of focussed downwellings
separated by a large-scale diffuse return flow. The latter accounts for most of the volume
and is therefore representative of the average temperature. In the Earth, convection is also
propelled by heating from the core, which is responsible for a small number of plumes
with positive thermal anomalies. Magmas from large shield volcanoes such as Hawaii are
generated in mantle that is hotter than average and must be excluded from this analysis.
For similar reasons, one must also exclude magmas from subduction zones, which are col-
der than the average mantle by amounts that depend on a host of parameters. To study the
average mantle, one must restrict oneself to passive upwellings such as mid-ocean ridges.
Herzberg et al. (2010) have thus used petrological data from oceanic basalts to determine
how the Earth’s mantle temperature has changed with time (Figure 2.1). This secular evo-
lution may be compared to that of the volume of continental crust, which has also changed
with time. One must note that the mantle temperature started to decrease in measurable
amounts when more than 50% of the volume of continental crust had been extracted from

the mantle, at ca. 3 Ga.

One can complement the geological data at old ages with determinations of today’s
mantle temperature from a number of independent methods summarized in Jaupart et al.
(2014). These methods include constraints from the depths of seismic discontinuities and
phase transitions in the solid mantle as well as from the cooling behaviour of the oceanic
lithosphere away from mid-ocean ridges (McKenzie et al., 2005). One finds a range of

1600-1700 K for today’s mantle potential temperature. It appears that the cooling rate has



36

changed with time. For ages older than about 2.5 Ga, there is no discernable trend in the
data and the temperature remains in a 1850450 K range (Figure 2.1). Interestingly, this
is close to the threshold temperature for plate tectonics and sub-solidus convection that
has been discussed above. Both geological data and physical constraints on the thermal
structure of the early Earth indicate that the cooling rate has increased as the planet got
older. They also indicate that the total temperature decrease over 3 Ga is only about 200
K, corresponding to an average cooling rate of about 70 K Gy~!. This number can be
compared to the present-day cooling rate derived from the Earth’s heat budget that will be

developed in the next section.

2.3 The Present Heat Loss of the Earth

The heat flux map of the Earth (Figure 2.2) summarizes our understanding of the
present Earth energy loss. The map combines two very different types of information :
(1) in the continents and on their margins, it interpolates between heat flux data points, (2)
in the oceans it uses a plate cooling model to predict the heat flux as a function of sea floor
age. One can note the contrast between the oceanic heat flow which is high near the ridges
and decreases smoothly toward the old sea floor, and the continental heat flow which is
lower and exhibits variations at all the scales represented on the map. In stable continental

regions, these variations are related to crustal heat production.

The total heat loss of the Earth is obtained by integrating the heat flux over the entire
surface. We shall briefly summarize how it is done in practice and refer to the article by

Jaupart et al. (2014) for more details.

2.3.1 Continental Heat Flow

Two difficulties arise when calculating the heat loss through the surface of the conti-
nents. One is the very uneven distribution of heat flux measurements with most of the data

located in Eurasia and North America, much less data in the southern hemisphere, and
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practically none in Greenland and Antarctica. Determining the heat flux on land requires
the measurement of the temperature gradient in deep (i.e, >300m) holes and of thermal
conductivity of core rock samples. These measurements are time consuming and, because
of the drilling cost, they are almost always performed in holes of opportunity (usually
drilled for mineral exploration). The other difficulty stems from the bias in the sampling
because many measurements were made for geothermal exploration in high heat flow re-
gions. In order to properly calculate the mean continental heat flux, we must weigh the
heat flux values by the area sampled. Following such a procedure, the area weighted ave-
rage continental heat flux is 66mW m~2 (vs 80mW m~2 for the average of all heat flux
values). The total heat loss through the continents, obtained by multiplying the mean conti-
nental heat flux by the total area of the continents and their margins, is 14TW. An identical
value is obtained when binning the heat flux data by geological age and integrating over

the age distribution of the continental crust (Pollack et al., 1993; Davies and Davies, 2010).

2.3.2 Oceanic Heat Flow

After it was recognized that the sea floor forms at the midoceanic ridges and cools as it
moves away from the ridge, simple thermal models have been used to explain oceanic heat
flux data (McKenzie, 1967; Oxburgh and Turcotte, 1968; Sclater and Francheteau, 1970).
Models differ in their boundary conditions but they all predict that for young sea floor ages,
heat flux decrease as the inverse square root of age. Plate models that fix a boundary condi-
tion (usually constant temperature) at some depth predict that heat flux becomes constant
at an ag;t fixed by the depth of the lower boundary. Oceanic heat flux measurements exhibit
a lot of dispersion, particularly near the mid-oceanic ridges. When data are binned by age,
there is a trend of decreasing heat flux with age of the sea floor (Stein and Stein, 1994) but,
for young ages, heat flux is lower than predicted by plate cooling models. As shown by
Figure 2.2, the heat flux measured on sea floor older than 80 Ma tends to fluctuate around
a constant value ~48mW m~2 (Lister et al., 1990). Heat flux measurements record only

the conductive transport of heat and do not account for heat transported by convection. It
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has been recognized that near the midoceanic ridges, hydrothermal circulation takes place
and can account for the discrepancy between the plate cooling model and the heat flux
measurements (Lister, 1977). This hypothesis has been thoroughly tested by measurement
campaigns that show that, in regions where hydrothermal circulation has been shut down,
the data follow exactly the prediction of the cooling model. The function Q(7) that fits best
the heat flux data for ages 7 < 80My is given by :

0(1) = Cor1/2 Q24)

with T sea floor age and Cp = 490 +-20mW m~2 My /2, For sea floor older than 80Ma,

heat flux that fluctuates around 48mW m™2 can be considered constant (Lister et al., 1990).

Sea floor bathymetry can also be calculated by combining an isostatic equilibrium
condition with plate density derived from the cooling plate model. The prediction that
depth of the sea floor increases with /7 has been verified for all ages <80Ma.

h(7) = hy +Cy 7'/ (2.5)

with g =2600+20m and C, = 345+3m My‘l/ 2, Bathymetry data, which are much less
noisy than heat flux, record the total cooling of the oceanic lithosphere since its formation,

and provide the strongest confirmation of the plate cooling model.

In order to determine the total oceanic heat loss, we integrate the heat flux times surface
area over all ages using the areal distribution of sea floor ages. The distribution of sea floor
ages has been very well determined from studies of the marine magnetic anomalies (Miiller
et al., 2008). There are few ages higher than 180Ma and the areal distribution appears to

decrease linearly with age 7, such that the areal distribution can be approximated by :

dA
= =Ca(l-17/180) 2.6)

where 7 is age in Ma In order to account for the total area covered by the oceans including
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the marginal basins (300 x 10%km?) the accretion rate C4 = 3.4 km? e

Integrating separately sea floor younger and older than 80 Ma gives :

80
el /0 Cot~1/2C4(1 - 7/180)dT = 24.3 TW
180
Os0+ = 48mW m~2 x /8 | Ca(1-7/180)dt =44 TW @7)

Ooceans =29 1TW

Hotspots bring additional heat to the oceanic plates. This heat is not accounted for by
the plate cooling model and should be added to the heat loss. The additional heat flux is
barely detectable from heat flow measurements, but it can be estimated from the volume
of the swells of the sea floor : it amounts to 2-4TW (Davies, 1988; Davies and Richards,
1992).

The total heat loss at the Earth surface includes continental heat losses 14TW, cooling
of the sea floor, 29TW, and heat from the hot spots, 3TW, for a total of 46TW.

Recent estimates of the total heat loss differ by less than 10% although they are based
on slightly different approaches (Table 2.1). The two most recent values are slightly higher
than the previous ones because they include the contribution of the hotspots that had been

neglected in antecedent studies.

2.4 The Main Sources of Energy

Part of the Earth’s heat comes from radioactive heat production in the continental crust
which has been estimated by multiple and extensive sampling, (see Table 2.2 and Rudnick
and Fountain, 1995; Rudnick and Gao, 2003; Jaupart and Mareschal, 2014). Heat produc-
tion in the lithospheric mantle beneath the continents is believed to be very small (Michaut
et al., 2007), and contributes < 0.5TW to the heat budget. The total power of the conti-
nental lithosphere is estimated to be 7+1TW, leaving 39 TW for the total heat flow at the
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surface of the mantle. Three main components balance the mantle energy loss : raciiogenic
heat production in the mantle, heat flow from the core, and secular cooling of the mantle.
Other sources (tidal dissipation, gravitational settling, changes in gravitational potential
energy due to thermal contraction) contribute less than 1TW (Jaupart et al., 2014),

2.4.1 Heat Producing Elements in Bulk Silicate Earth

We shall not discuss geochemical and cosmochemical models to estimate mantle radio-
activity that are covered by Engel and McDonough in another chapter of this book. Such
models refer to the composition of the bulk silicate Earth (BSE) which include the crust
and mantle. Several estimates of heat producing elements concentrations in BSE are gi-
ven in Table 2.3. With these estimates ranging between 3.4 and 5.1 pW/kg and the mass
of BSE (4.043 x10%kg), the total radiogenic power ranges between 13.6 and 20.4TW
(Table 2.3). The radiogenic power of the mantle is obtained by subtracting the contribution

of the continental crust from BSE.

2.4.1.1 Mantle Heat Production : Urey Ratio

Removing the heat producing elements that have been stored in the continental crust
leaves a total heat production between 6.6 and 13.4 TW for the mantle. Whether the Earth
is heating up or cooling with time is determined by the ratio of the total heat production
to the heat loss. This ratio has been called the Urey ratio. Because the crustal heat pro-
duction does not contribute to mantle convection, it must be excluded from the definition
of the Urey ratio. The convective Urey ratio is thus defined as the ratio of the total radio-
genic heat production of the mantle to the convective heat loss (e.g., Christensen, 1985;
Korenaga, 2008). For the range of total heat production in BSE, the present value of the
convective Urey ratio is comprised between 0.15 and 0.35. The implications of such a low
value for thermal history models of the Earth have been debated at length. With very little
internal heat production to balance the heat loss, the cooling rate of the Earth should lead to

much higher mantle temperatures in the Archean for which there is little or no geological
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evidence (Burke and Kidd, 1978; England and Bickle, 1984). Simple pa.raméterized ther-
mal models with low Urey ratio indeed imply rapid cooling of the mantle and lead to an
Archean thermal catastrophe (Christensen, 1985). Different solutions have been proposed
to avoid the Archean catastrophe including time changes in the scaling laws for the convec-
tive heat loss (Korenaga, 2003), but their ability to capture the complex .characten'stics of

plate tectonics has been questioned (Jaupart et al., 2014).

2.4.2 Heat Flow from the Core

Mass exchanges between the core and mantle are insignificant but as the core cools
down energy is transferred to the mantle. Because the core is much less viscous than the
mantle, it is essentially the efficiency of mantle convection (determined by mantle vis-
cosity) that controls the energy flux across the CMB. One constraint is that the core has
sustained a geodynamo during most if not all of Earth’s history and that the core heat flow
must be consistent with thermodynamic requirements for a geodynamo. Assuming that all
the heat of mantle plumes comes from the core provides another constraint (Davies, 1993),
but it turned out to be a weak and not very useful lower bound to the core heat loss (La-
brosse, 2002). The geodynamo can be attributed with confidence to convective motions
in the liquid outer core, implying that the core heat flux must be larger than the heat flux
which is conducted along the core isentrope. The core isentrope is now well constrained
but the thermal conductivity value is not. Calculations and laboratory measurements have
suggested a high thermal conductivity value for the outer core at CMB pressure and tempe-
rature (A = 85-140W m~! K~! depending on core composition) (Pozzo et al., 2012; Gomi
et al., 2013). With such values, the conductive heat flux along the core isentrope must be >
70mW m~?2 , which is difficult to reconcile with the he;at budget of the Earth, as discussed
below. Recently, Zhang et al. (2015) have criticized some of the theoretical assumptions
made by Pozzo et al. (2012) and have argued that their conductivity values are too hfgh.
Unfortunately, their calculations are valid for pure crystalline iron and cannot predict va-

lues for the outer core, because it is made of melt that contains light elements. We can only
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conclude that these important topics deserve further study and consider for the sake of ar-
gument the total range of conductivity values that have been proposed by various authors,

46-150W m~—1 K~1, The core heat loss is thus within a range of 5-17 TW.

2.4.3 Balancing the Budget : Secular Cooling of the Mantle

Having established constraints on the mantle heat production and on the heat flow from
the core, we can determine a range of values for secular cooling of the mantle. With an
average value of 1200 W kg~! K™! for the specific heat of the mantle, 1TW represents
cooling by 6K Gy~!. Using the mean values for mantle heat production and core heat
loss, we obtain a central value of 16TW for mantle cooling with a range of 4-27TW. This
implies that the mantle temperature has decreased by 250K since the end of the Archean
at 2.5Ga, which is close to the upper bound deduced from the petrological, geological and
physical constraints discussed above (see section 2). The present energy budget provides
only a snapshot that we cannot extrapolate too far back in time. It should only be viewed
as a constraint that thermal evolution models must satisfy. These results are consistent with

low Urey number thermal evolution models implying sluggish convection.

Figure 2.3 shows our best estimates of the terms in the present energy budget of the
mantle (Table 2.4). This breakdown of the budget is significantly different from those pro-
posed by Davies (1999) and by Stacey and Davis (2008) (Table 2.5). Both these authors
have assumed a low heat flux from the core which they assumed equal to the heat flow
from the hotspots. They made up for the deficit by increasing the total radioactive heat
production and added that of the crust to that of BSE. Their total radiogenic heating power
of 28TW is higher than the highest estimates from geochemistry. This only points out the

need for a direct measure of mantle radiogenic power.
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2.5 Determining U and Th in the Mantle with Geoneutrinos

Geoneutrino studies could address three main questions : What is the present total
mass of U and Th in the mantle from which we could infer the mantle radioactivity and the
convective Urey ratio ? What is the vertical distribution of heat producing elements in the
mantle 7 Are there lateral variations in the HPE distribution in the mantle ? But at this time

the question is : How can we best address these questions ?

The flux of neutrino observed at distance » from a point source decreases as 2. Be-
cause the neutrino detectors measure the total flux of neutrinos through the detector, not
the flux in the vertical direction, even for a spherically symmetric Earth, integrating the
neutrino flux over the Earth surface does not allow to determine the total heat production.
For a detector located at the surface of a spherically symmetric Earth, the neutrino flux ®;

from radioelement i is obtained as :

- aid 1 Z N;(r)r?dr
q)l—./o d¢/_1dcos9/0 4m(a? —2arcos @ +r?)

a ! 14+u
—5/0 N,-(u)log(l_u)udu

with u =r/a, a is the Earth’s radius, and Nj(r) is the volumetric activity for radio-elements

(2.8)

232Th or 228U at distance r from the Earth center. The equation 2.8 shows how the neu-
trino flux depends on the radial distribution of the radioactive sources and that it is more
affected by the shallow than by the deep ones. For example, assuming the same total mass
of radioactive elements, the flux is ~10% lower if the upper mantle is depleted by a factor

of 3 relative to the lower mantle.

In principle (and in practice) gravity studies can always determine the total mass of
the sources. The total mass of the Earth can be determined to a very good approximation
from one single gravity measurement. This is not so for neutrino studies because it is the
total flux, and not its vertical component, that is measured. On the other hand, we get

no new information by measuring gravity at different levels but we would obtain more
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information if only we could measure the neutrino flux at different levels. Alternatively,
should directional information be obtained, we could calculate the vertical component of

the neutrino flux and thus the total amount of U and Th in the Earth.

The function N(r) cannot be determined from the neutrino flux measured at the Earth
surface, but some constraints could be obtained by using a priori information. How much
information can be extracted from one single observation could be addressed rigorously
as an inverse geophysical problem (e.g., Tarantola, 1987; Menke, 2012). With directional
information available, the variations of the neutrino flux with inclination can be inverted to

determine U and Th distribution with depth (Mareschal et al., 2012).

Another difference between gravity and geoneutrino studies, a further difficulty for
the latter, comes from the fact that a large number of radioactive elements are stored in
the Earth’s crust, while almost all the mass of the Earth resides in its mantle and core.
Therefore the geoneutrino signal in continental observatories is dominated by the crust. The
deployment of geoneutrino observatories on the sea floor would allow the measurement of
a neutrino flux that originates in the mantle (Dye et al., 2006; Dye, 2009). Moving the sea
floor observatory to different locations might also allow the resolution of lateral variations

in radioelement concentrations in the lower mantle (Sramek et al., 2013).

2.6 Crustal Contribution to Geoneutrino Flux in Continents

So far, geoneutrino observations have been made with detectors located in deep un-
derground laboratories on the continents, Kamland in Japan, and Borexino in Italy (Kam-
land collaboration, 2005, 2011, 2013; Borexino collaboration group, 2010, 2013, and chap-
ters by Watanabe and by Zavatarelli in this volume). The still preliminary results are all the
more impressive that the observatories are located at the worst possible sites where the
contribution of the crust to the geoneutrino signal is most difficult to calculate. Observa-
tions will soon start at the upgraded Sudbury neutrino observatory (SNO+) (see chapter
by Chen in this volume). The JUNO observatory in China should become operational in
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2020 (see chapter by Ran and Jun) and plans are being made for a European observatory

possibly to be sited at Pyhésalmi, Finland (Wurm et al., 2012).

2.6.1 Variations in Surface Heat Flux and Crustal Heat Production in Stable Continents

For the purpose of this discussion we define stable continental regions as those where
the lithosphere has reached thermal steady state, i.e. transient perturbations have decayed
and the lithosphere is in conductive equilibrium. In practice, this is achieved more than
200My after the last tectonic perturbation. Considering the vertical flow of heat across the

lithosphere, we have that in steady state :

L .
Qo=0p+ /0 H(z)dz (2.9)

where Qo is the surface heat flux, Qp the heat flux at the base of the lithosphere, H(z)
the heat production rate, and L is the thickness of the lithosphere. Horizontal variations
in the heat flux at the base of the lithosphere are attenuated by heat diffusion and are
negligible at the surface. Vertical variations in heat production are more important than
horizontal ones and the terms in equation 2.9 should be seen as horizontally averaged over
a distance comparable to the thickness of the lithosphere. Heat production is much lower
in the lithospheric mantle than in the crust (Russell et al., 2001; Michaut et al., 2007) and

it is common to consider that

Qo=0nm+ /0 zmH (z)dz 2.10)

where Oy, is the heat flux across the Moho, and z,, is the crustal thickness. Because mantle
heat production rate is small, and variations in basal heat flux are attenuated when they
reach the base of the crust, variations in @,, are expected to be small and variations in
Qo are essentially due to differences in crustal heat production rate. The depth of crustal
heat sources is constrained by the horizontal scale of heat flux variations. If Om could be

determined, the bulk crustal heat production could directly be calculated from the surface
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heat flux.

2.6.2 Determining the Moho Heat Flux

An obvious constraint on @y, is that it must be less than the lowest value of the surface
heat flux. Surface heat flux values on the order of 18-20mW m~2 have been reported from
different Shield areas, which gives an absolute upper bound. Accounting for the lowest

possible heat production in crustal rocks gives an even lower upper bound for Q,,.

Table 2.7 shows minimum and maximum values of the regional averages of the surface
heat flux in different shield areas. The table emphasizes two points : one is that, in some
shields, the minimum values are very low implying that Q,, is in 11-15mW m~2 range;
the second is that the range of the crustal contribution (the difference between lowest and

highest values) is 25-30mW m~—2 ,

Different methods have been used to narrow down the range of Q,,. In different regions
of the world, an entire section of the crust including the deep crust has been exposed at
the surface either by thrusting along a crustal ramp (e.g. the Kapuskasing structural zone,
in the Superior Province, Canada), or by the rebound of the crust following a meteoritic
impact (e.g., the Vredefort structure in the Kaapvaal craton, South Africa). In such regions,
the total crustal heat production can be determined by sampling the different crustal levels
exposed at the surface. In some Provinces, such as the Grenville Province in Canada, tec-
tonic processes have brought up and exposed different crustal levels at the surface. In these
regions, extensive sampling of the rocks at the surface is equivalent to vertical sampling
and yields the vertically averaged heat production. Subtracting average crustal heat produc-
tion from surface averaged heat flux yields Q,, (Pinet et al., 1991). Table 2.8 summarizes

estimates of Q,, in Shield areas obtained by different methods.
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2.6.3 Distribution of Heat Producing Elements in the Crust
2.6.3.1 Horizontal Variations

In contrast to the oceanic heat flux, the variations in continental heat flux do not follow
a well organized and predictable pattern, as demonstrated by the heat flow map of Eastern
Canada (Figure 2.4). Short wavelength variations are superposed to a long wavelength
contrast between the stable eastern and the active western parts of the continent. These are
not due to errors but to variations in the crustal heat production which take place at different
scales. There are variations with crustal age, but there are large variations within each of
the age groups (Table 2.6). For example, there are marked differences of the mean heat
flux between the different belts that form the Trans-Hudson orogen, in northern Manitoba
and Saskatchewan, Canada (Maresphal et al., 2005). These differences are due to variable
crustal composition and reflect the diverse mechanisms of formation of these belts. In the
Abitibi terrane, in Quebec, a long wavelength (300km) trend has been identified that could
be related to the presence of two distinct volcanic zones in this subprovince (Pinet et al.,
1991; ?). In stable continents, short wavelength positive anomalies are associated with

shallow granites and felsic intrusions enriched in heat producing elements (2).

2.6.3.2 Vertical Variations

From the surface heat flux Qp and crustal thickness z,,, we can calculate the average
crustal heat production : (Qo — Om)/zm. Heat production measured on samples of surface
rocks < Hp > is usually higher because crustal differentiation results in enrichment of the
upper crust at the expense of the lower. Following Perry et al. (2006), this enrichment can

be quantified with a differentiation index DI :

Dl= ———— 2.11
QO_Qm ( ' )
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The depth scale of the enrichment can be estimated by comparing province-wide average
heat flux and heat production. For the different provinces of the Canadian Shield, the linear
relationship between averaged heat flux and heat production has a slope of 10km, indicating

that the upper 10km are enriched relative to the entire crust.

2.6.4 Estimating the Crustal Geoneutrino Signal

Following the approach of Fiorentini et al. (2005), Huang et al. (2013) have construc-
ted a reference model to predict the geoneutrino flux at any point of the Earth surface.
They have superposed the neutrino flux from a layered mantle to that of the crust derived
from the global crustal model CRUST2.0 from Mooney et al. (1998) with values of U and
Th concentrations assigned to the various crustal layers. This reference model provides a
useful starting point for interpreting geoneutrino observations. However, it may be of little
practical use unless it has the required spatial resolution and accuracy. One serious pro-
blem is that the reference model is based on CRUST2.0 which is a notoriously bad model.
Although CRUST?2.0 used a compilation of seismic data, it is a model. A “characteristic"
crustal column, consisting of 7 layers with different composition and physical properties
has been established for each geological type (based on age and tectonic setting) and is as-
signed to each cell depending on its geology. CRUST2.0 provides a detailed crustal column
for 29 x 2° cells, which is not constrained by geophysical measurements but only inferred
from the geological type. It is a gross oversimplification because it does not account for
the heterogeneity of the continental crust. Globally, it fails to predict accurately the glo-
bal gravity field (Tenzer et al., 2009). In Canada, a comparison between CRUST2.0 and
data constrained crustal thicknesses showed a root mean square (RMS) difference of 20%
(Perry et al., 2002). CRUST2.0 has been superseded by CRUST1.0 which 'provides similar
information, but on a 1° x 1° grid (http ://igppweb.ucsd.edu/ gabi/crustl.html). We have
compared the crustal thickness of CRUST1.0 with real data from seismic studies in Onta-
rio and Quebec and found that they differ by up to 30%. For Ontario and Quebec, the RMS
difference between seismically measured and CRUST1.0 predicted crustal thicknesses is
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3.9km. The error seems systematic with the mean crustal thickness from CRUST1.0 being
1.5km less than observed, possibly because Archean crustal thickness is underestimated by
CRUST1.0.

It is unlikely that the reference geoneutrino flux model will be tested for more than 3
or 4 observ-atories in the foreseeable future, but the crustal heat production of the model
with can be compared with the observed surface heat flux in stable continental regions. It
is expected that the surface heat flux predicted by crustal models can only be less accurate
than the estimates of crustal thickness because, the heat flux is affected by the variations
in crustal thickness within a crustal type as well as variations in crustal heat production
(Mareschal and Jaupart, 2004). We have compared "model predicted heat flux" with data
in a stable continental region, the Canadian Shield. We calculated the mean surface heat
flux in all the cells where data are available and compared it with the heat flux predicted by
the CRUST1.0 crustal column (Figure 2.5). Differences between the model based estimates
and the data are as large as 45% even though we tried to adjust the heat production for the
different layers of the model in order to minimize these differences. One must also note that
after subtracting the mantle heat flux, the relative differences between model predictions
and data are even larger and reach up to 100%. The RMS difference between measured
heat flux and the values predicted by CRUST1.0 is 10 mW m™2 in a region where the
crustal component of the surface heat flux is ~25mW m~2 , which represents a 40% error

in the crustal radioactivity.

As discussed above, the geoneutrino flux differs from the gravity or heat flux fields
because it is the total field that is measured, and not its vertical component. In practice,
this implies that, even if their sources are identical, the geoneutrino and heat flux fields
have a very different character with the long wavelengths variations being amplified in the

geoneutrino flux relative to the heat flux (see Appendix in section 2).
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2.6.4.1 North America and the Sudbury Neutrino Observatory

The Sudbury neutrino observatory (SNO) is located in the Creighton mine on the sou-
thern rim of the Sudbury structure which straddles the boundary between the Archean
Superior Province and its PaleoProterozoic margin, the Southern Province. The structure,
which is the result of a meteoritic impact at 1.8 Ga, can be described as a basin with the
impact melt sheet, the Sudbury igneous complex (SIC), at the base covered by different
sedimentary formations (Grieve et al., 1991; Boemner et al., 2000, and references therein).
The basin owes its present elliptical shape to tectonic deformation most likely during the
Grenville orogeny at 1.1Ga. The north south shortening was accompanied by thrusting of
the southern part of the basin over the northern segment. The Sudbury structure is rich in
mineral deposits and has been the target of intense mineral exploration activity with thou-
sands of holes drilled almost exclusively in the Sudbury igneous complex along the rim
of the structure and in offshoot dikes. The availability of so many holes offers a good op-
portunity to study the surface heat flux and the distribution of heat producing elements in
the crust near Sudbury. Based on the limited data set available to them, Perry et al. (2009)
pointed out that the high crustal radioactivity in the Sudbury region would enhance the
crustal geoneutrino flux. New heat flow data have been collected and the Sudbury structure
is now completely encircled by 18 heat flow sites that are located on its rims or imme-
diately outside. Figure 2.6 shows the total crustal heat production for the Sudbury region
inferred from the heat flux measurements. The crustal heat production varies between 27
and 46mW m~—2 , with all values higher than the mean for the Superior Province. The mean
crustal heat production in Sudbury is 35 mW m~2 compared to 24 mW m~ for the entire
Superior Province, = 40% higher than the average Superior Province. The mean heat pro-
duction of core samples collected at 12 heat flow sites is 1.35uW m~3 , which is ~ 70%
higher than the average surface heat production of the Superior Province (0.8uW m—3 )
(Phaneuf and Mareschal, 2014). The regional field is constrained by heat flux data at Stur-
geon Lake, 80km east of Sudbury, and at East Bull Lake and Elliot Lake, 80 and 120km

to the west. In the Sudbury basin the variations in heat flux occur over relatively short dis-
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tances (<20km) implying that they are due to local enrichment in heat producing elements

in the upper crust near SNO.

A first order estimate of the effect of such enrichment on the geoneutrino flux could be
obtained by considering that the enriched region is contained in a vertical cylinder with heat
production H, thickness d and radius R. The local enrichment in heat producing element
causes an increase in neutrino flux at the center, A®, can be calculated with the equation
(Perry et al., 2009) :

_YHd (1 R R __14d
A® = (2log(l+d2)+dtan (%) 2.12)

where 7 is the ratio of neutrino luminosity to heat production (for given U/Th and U/K
ratios). Figure 2.7 shows the increase in neutrino flux at the center of a circular region
where heat flux is higher than background as a function the radius of the cylinder. This is a
crude approximation but it provides an estimate of the magnitude of the expected variations
in neutrino flux. One can see that for a 25% change in the crustal heat production, which
is small, over a region two crustal thicknesses in width, the neutrino flux increases by
more than 10%. This estimate of the effect of enhanced crustal radioactivity in the Sudbury
basin can be improved by considering detailed models of the structure (Figure 2.8). As
discussed in the appendix, the main issue is that of the long wavelength variations that are
still poorly coﬁstrained. This points to the difficulty of estimating the crustal geoneutrino
flux in continental regions with the required precision. Even though there are now many
heat flux data in the Sudbury basin, large uncertainties remain on crustal heat production at
the regional scale. The highest heat flux values are found southwest of the structure at sites
that are located in the Southern Province, where some sedimentary rock cor.e samples have
heat production >34 W m™3 . There are only a few heat flux measurements in the Southern
Province, but they are all higher than the average Canadian Shield, possibly because the
sedimentary rocks were derived from the enriched upper layer of the Superior Province.
It is also noteworthy that there are Uranium deposits in the Southern Province including

several mines in the Elliott Lake district. The effect of a large mass of U at such a distance
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is negligible at SNO, but that of high radioactivity throughout the Southern Province is
not. The heat production of the crust of the southern Province is one of the questions that
need to be answered before the crustal geoneutrino flux can be determined for Sudbury.
Other include the composition of the crust in the Superior Province north of the structure.
Very high heat production values have been measured near the Cartier batholith NW of
the structure (Schneider et al., 1987; Meldrum et al., 1997). Although airborne radiometric
surveys underestimate the crustal radioactivity, they also indicate increased heat production

W and NW of the structure (Phaneuf and Mareschal, 2014).

2.6.4.2 Estimating the Geoneutrino Flux in Eastern North America

To demonstrate the impact of the selection of a crustal radioactivity model, we have
compared two different approaches to calculate the geoneutrino flux in eastern North Ame-
rica. We first followed the methods of Huang et al. (2013) who used the crustal structure
model CRUST1.0 and assigned to each of the main crustal layers the values of radioactivity
that they have estimated. Alternatively, we have calculated the crustal radioactivity from
the heat flow data in regions where the lithosphere is in thermal equilibrium, thus excluding
the tectonically active provinces where we used the crustal model. Details of the procedure
can be found in ?Iarotsky et al. (2015b). The geoneutrino flux is measured in Terrestrial
Neutrino Unit (TNU) without oscillation and for 100% efficiency. One TNU is the flux
corresponding to one event per year in a 10°2 protons detector. The map derived from the
crustal model (Figure 2.9) shows only small variations in the geoneutrino flux over most
of eastern Canada. In contrast, the flux calculated from heat flow (Figure 2.10) is much
more variable with very low neutrino flux in the north east where crustal heat production is
low (?) and high flux toward the Appalachian Province. The RMS difference between the
values predicted by the two models is 10.2 TNU, compared with signals on the order of
40 TNU. These differences are relatively less than for the surface heat flux because of the
smoothing effects discussed above. The standard deviation of the geoneutrino flux derived

from the crustal model is 3.2 TNU, while that for the heat flow model is 7.7 TNU. This
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shows that the crustal model ignores the large variations in crustal composition that are
well recorded by the surface heat flux. By an extraordinary coincidence though, the diffe-
rence between the two models is quite small (<3TNU) near Sudbury where the neutrino

observatory is located.

2.6.4.3 The Baltic Shield and Proposed Lena Observatory

In several regions, all the available measurements indicate that the mean surface heat
flux is extremely low (Table 2.9) and suggest that, because of the low crustal heat produc-
tion, these regions are the most suitable for a land geoneutrino observatory if we want to
minimize the crustal geoneutrino signal. The construction of an observatory at the Pyhi-
salmi mine, in Finland, has been under consideration (Wurm et al., 2012). Although the
reference geoneutrino flux map of Huang et al. (2013) does not show this, the heat flow
map suggests that Finland may offer one of the best possible sites for geoneutrino obser-
vations. The surface heat flux is very low in the Archean provinces of the Baltic Shield
(Kukkonen, 1989), with regional averages dropping to 15mW m™2 and the total crus-
tal heat production being among the lowest measured in the world (Table 2.7). Near the
Pyhdsalmi mine, the total crustal heat production is ~ 20mW m~2 , about half that of the
Sudbury region. This can be seen in the world heat flux map (Jaupart and Mareschal, 2008)
but it is not reflected at all in the reference geoneutrino flux map of Huang et al. (2013)
because the crust is thick in the Baltic Shield. We have calculated the neutrino flux for the
Baltic Shield using both the crustal structure model and the heat flux data. The map of neu-
trino flux based on the crustal model (Figure 2.11) shows a relatively high flux (=50TNU)
with little variability over the entire region. The map based on the heat flux data shows low
geoneutrino flux (<30TNU) over most of the region with a trend of increasing values to-
ward the south west. The Pyhésalmi mine is located in the transition zone with a predicted
neutrino flux of ~35TNU. This is 20TNU lower than estimated from the crustal model.
One obvious conclusion can be drawn from these comparisons in the Canadian and Bal-

tic Shield . It will be necessary to elaborate very well constrained crustal heat production
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models to extract useful information from geoneutrino observations.

2.7 Conclusions

Geoneutrino observations provide an opportunity to directly measure the radioactivity
of the Earth’s deep interior, and thus yield important information on the global energy
budget and the thermal evolution of the Earth.

Because the total number of neutrino observatories will remain limited, there is a need
to devise the best strategy to extract the maximum information possible from geoneutrino
observations. In that regard, heat flow studies could prove extremely useful. Heat flow
studies have revealed the very low concentrations of heat producing elements in the oceanic

lithosphere, which is a key argument today for building a deep sea geoneutrino observatory.

So far, the continental sites that host underground neutrino observatories have been
selected only for reasons of opportunity. From the heat flow perspective, none of these
sites is ideally situated : Kamland and Borexino are located in tectonically active regions,
which makes it impossible to determine precisely the total crustal heat production. In that
regard, the location of SNO is better because it is in a tectonically stable region where the
total crustal radioactivity can be determined from heat flow measurements. Unfortunately
the Sudbury observatory is located in a region of high crustal heat production whose spatial
extent remains insufficiently documented, which leaves a large uncertainty on the crustal
contribution to the geoneutrino flux. Crustal models based on geophysical data will be
useful provided that they are tested and calibrated against heat flux data, at least in stable

continents.

Were low heat flow to be considered a selection criterion for future observatories, a
good case could be made for the proposed Lena site, or possibly for sites in the Siberian

craton, or near James Bay, in northern Ontario and Quebec.
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Appendix : Neutrino and Heat Flux in Spectral Domains

The crustal heat flux field in three dimensions can be written as :

R [T i ZH(X,Y, 7
O(x,y) = /_“dx’ - /0 dz ((x—x’)2+(y_yr)2)+zﬂ)3/2 (2.13)

with H(x,y,z) the crustal heat production. The neutrino flux field is :

s TS YHE,Y,7)
<I>(x,y)—/“dx’ _“dy’/o dzj((x—-x’)2+(y—y’)2+z’2) (2.14)

where 7 is the ratio of neutrino luminosity to heat production. To emphasize the difference
between the two fluxes, we can look at the convolutions in transform domain. For sources

at depth z, the 2-D Fourier transform of the heat flux Green’s function is found as :

Golla,k2) = [ dx [ dyexp(ifla-+ia) —exp(—lke)  2.15)

4
(x2 +y2 4 72)3/2
with |k| = (k} +k3)'/2. The transform of the neutrino flux Green’s function is :
00 o0 ] 1
Gn(kl,kz,Z) = /_wdx/_wdyexp(l(k1x+k2y)(x—2-_’_y2—_l_zz) = Ko(|k|z) (216)

where Kj is the modified Bessel function. We see that the ratio of the spectra is :

Gn(klvk21z) e KO(IkIZ)
Go(ki,k2,2)  exp(—|k|z)

@2.17)

The point is that for |k| — O, the ratio becomes arbitrarily large (although the inverse trans-
form of the modified Bessel function still converges). The spectrum of the neutrino flux
is dominated by very long wavelength (i.e., small wavenumbers) variations relative to the
spectrum of the heat flux. We can also see how one could directly derive the crustal neutrino
flux from the heat production in Fourier transform domain. The same type of relationship

could be established on the sphere using spherical harmonics.
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If the heat sources distribution can be expressed in cylindrical coordinates, the Fourier
transform is replaced by the Bessel (or Hankel) transform. The Bessel transform of the heat
flux Green'’s function is :

Gg(A,z) =exp(—zA) (2.18)

where the transform variable A can be viewed as the “wavenumber"”. The Bessel transform
of the neutrino flux is

Gn(A,2) = Ko(zA) (2.19)

where Kj is the modified Bessel function, with Kp(A) — oo for A — 0 but the integral
J Ko(A)AdA converges. We obtain the same relationship as in the Fourier domain. We
note again that the low "wavenumber" part of the neutrino spectrum is amplified by a

factor Ko(Az) x exp(Az) relative to the heat flux.
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Table 2.1 Estimates of the continental and oceanic heat flux and global heat loss

continental Oceanic  Total
mWm?2 mWm? TW

‘Williams and von Herzen (1974)

Davies (1980)
Sclater et al. (1980)

Pollack et al. (1993)
Jaupart et al. (2014)}

Davies and Davies (2010)

61 93 43
55 ] 41
57 99 42
65 101 44
65 94 46
il 105 47

T The average oceanic heat flux does not include the contribution of hotspots. The total
heat loss estimate includes 3TW from oceanic hotspots.

Table 2.2 Some estimates of bulk continental crust heat production < A >, of the crustal
component of heat flux for a 41km thick crust < Q. >, and of the total heat production of
the continental crust

<A> < Q> Reference

pWm3 mWm=2 TW
0.74-0.86  30-35 6.4-74 Allegre et al. (1988); O’Nions et al. (1979)

0.83 34 7.1  Furukawa and Shinjoe (1997)

0.92 38 8.0  Weaver and Tamney (1984)

0.58 24 5.0  Taylor and McLennan (1995)

231 54 11.3  Shaw et al. (1986)

1.25 51 11.1  Wedepohl (1995)

0.93 38 8.0  Rudnick and Fountain (1995)

0.70 29 6.1 McLennan and Taylor (1996)
0.55-068 23-29 4.8-6.1 Guptaetal. (1991)

0.94 39 8.2  Nicolaysen et al. (1981), Jones (1988)
0.84-1.15 34-47 7.1-9.8 Gaoetal. (1998)

0.70 29 6.1  Jaupart et al. (1998)
0.79-099  32-40 6.8-8.2 Jaupart and Mareschal (2014)




Table 2.3 Radio-element concentration and heat production in meteorites, in the Bulk Silicate Earth, in Earth mantle and crust

U (ppm) Th (ppm) K (ppm) A* @Wkg )
CI Chondrites
Palme and O’Neill (2003) 0.008 0.030 544 35
McDonough and Sun (1995) 0.007 0.029 550 34
EH Chondrites )
‘Wasson and Kallemeyn (1988) 0.009 0.030 /
Bulk Silicate Earth
From CI Chondrites
Javoy (1999) 0.020 0.069 270 4.6
From EH Chondrites
Kaminski and Javoy (2013) 0.018 £ 0.001" 0.060+0.003 217 +11f 40+0.2
From Chondrites and Lherzolites trends
Hart and Zindler (1986) 0.021 0.079 264 49
From Elemental Ratios and Refractory
Lithophile Elements abundances
McDonough and Sun (1995) 0.020 £20% 0.079 £ 15% 240 +20% 4.8+0.8
Palme and O’Neill (2003) 0.022 +15% 0.083+ 15% 261 + 15% 51+£08
Lyubetskaya and Korenaga (2007) .017+£0.003 .063 +0.011 190 + 40 39+0.7
Jackson and Jellinek (2013) 0.014 £0.003 0.055+0.011 16630 3.4+ 0.5
Depleted MORB source -
Workman and Hart (2005) 0.0032 0.0079 25 0.59
Average MORB mantle source
Su (2000); Langmuir et al. (2005) 0.013 0.040 160 2.8
Peridotites 0.006 0.02 100 L5
Continental crust
Rudnick and Gao (2003) 1.3 5.6 1.5 10* 330
Jaupart and Mareschal (2014) / / / 293 - 352

1 U and Th values deduced from the Ca concentration and the chondritic U /Ca and Th/Ca ratios. § calculated from the U value
and K /U = 12,000.
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Table 2.4 Mantle energy budget, preferred value and range. The distribution in the range is
barely known for most cases and the preferred value is simply the middle one. The cooling
rate is computed assuming Cp = 1200JK~lkg~1.

™ ™
Oceanic Heat Loss (300 x 10°%km?) 32  30-34
Continental Heat Loss (210 x 10%km?) 14 13-15
Total Surface Heat Loss (510 x 10%km?) 46  43-49
Radioactive sources (mantle+crust) 18 13-21
Continental heat production (crust + lith. mantle) 8 7-8
“Heat flux from convecting mantle 38 35-41
Radioactive heat sources (convecting mantle) 11 5-14
Heat from core 11 5-17%
Tidal dissipation in solid earth 0.1
Gravitational energy (differentiation of crust) 0.3
Total input 22 14 - 31
Net loss (mantle cooling) 16 4-23
Present cooling rate, K Gy 106 27-180
Present Urey ratiot 0.29 0.12-0.40

t This range includes estimates from core thermodynamics and inference from the
perovskite—post-perovskite phase diagram.

} Urey ratio for the convecting mantle, leaving out crustal heat sources from both the heat
loss and heat production.

Table 2.5 Various estimates of the global budget

Stacey and Davis (2008) Davies (1999) Jaupart et al. (2014)

Total heat loss 44 41 46
Continental heat production 8 5 8
Upper mantle 1.3

Lower mantle 11-27

Mantle heat production 20 12-28% Il
Latent heat -Core differentiation 1.2 <1

Mantle differentiation 0.6 0.3 0.2
Gravitational (Thermal contraction) 3.1

Tidal dissipation 0.1 0.1
Core heat loss 3.5 5 11
Mantle cooling 8 o9t 16
Present Urey ratio 0.64 0.3-0.68 0.12-0.49

+ Mantle cooling is fixed
1 Lower mantle heat production is variable and calculated to fit the mantle cooling rate.
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Table 2.6 Estimates of bulk continental crust heat production from heat flow data (Jaupart
and Mareschal, 2014)

Age group A? Q2 % Area ¢
pWm—3 mwWm2
Archean 0.56-0.73 2330 9
Proterozoic 0.73-0.90 30-37 56
Phanerozoic 0.95-1.21 39-50 35
Total Continents 0.79-0.99 32-40 100

4 range of heat production in yW m—3
b range of the crustal heat flux component in mW m—2
¢ Fraction of total continental surface, from Model 2 in Rudnick and Fountain (1995)

Table 2.7 Regional variations of the heat flux in different cratons. Minimum and maximum
values obtained by averaging over 200km x200km windows

mW m—2
Superior Province 22 48
Trans Hudson Orogen 22 50
Australia 34 54
Baltic Shield 15 39

Siberian Shield 18 46




Table 2.8 Various estimates of the heat flux at Moho in stable continental regions (Jaupart et al., 2014)

location heat flux reference

(mW m~2)
Norwegian Shield 11¢ (Swanberg et al., 1974; Pinet and Jaupart, 1987)
Baltic Shield 7-15 % (Kukkonen and Peltonen, 1999)
Siberian craton 10-12 ¢ (Duchkov, 1991)
Dharwar craton (India) 117§ (Roy and Rao, 2000)
Kapuskasing (Canadian Shield) 11-13 (Ashwal et al., 1987; Pinet et al., 1991)
Grenville (Canadian Shield) 13 (Pinet et al., 1991)
Abitibi (Canadian Shield) 10-14 (Guillou et al., 1994)
Trans-Hudson orogen (Canadian Shield) 11-16 {x (Rolandone et al., 2002)
Slave province (Canada) 12-24 } (Russell et al., 2001)
Vredefort (South Africa) 18 (Nicolaysen et al., 1981)
Kalahari craton (South Africa) 17-25 % (Rudnick and Nyblade, 1999)

T Estimated from surface heat flux and crustal heat production
* Estimated from condition of no melting in the lower crust at the time of stabilization
1 Estimated from geothermobarometry on mantle xenoliths

19



Table 2.9 Low heat flow regions in the world. < Q> is the mean surface heat flux, < H > the mean surface heat production

Region Province Age <Q> <H> Reference
Gy mWm2) (uWm3)

Lynn Lake Belt THO (Canada) 1.8 22 0.7 Mareschal et al. (2005)
Voisey Bay Nain Plutonic Suite (Canada) 1.4 22 0.7 Mareschal et al. (2000)

Baltic Shield 2.5 22-28 Kukkonen and Joehlet (1996)

Siberian Shield 2.5 21 - Duchkov (1991)

Niger West Africa Shield 17-22 - Chapman and Pollack (1974)
Tagil-Magnitogorsk Urals 04 25 0.3 Kukkonen et al. (1997)

9
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Figure 2.1 Two variables that illustrate the secular evolution of the Earth. (Top) Potential
temperature of the bulk mantle, based on petrological data, as a function of age, but plotted
forward in time, from Herzberg et al. (2010). The vertical arrow at zero age indicates the
temperature range obtained by completely different methods, from Jaupart and Mareschal
(2011). Dashed curves indicate possible trends through noisy data. These data suggest that
temperature did not change appreciably between ca. 3.5 and 2.5 Ga. (Bottom) Volume of
continental crust normalized to the present-day value as a function of age from various
sources. Shaded domain from Pujol et al. (2011), red curve from Dhuime &t al. (2012) and
dark blue curve from Taylor and McLennan (1995). Note that temperature begins to go
down when the rate of continental growth is small.
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Figure 2.2 World heat flow map combining continental heat flux measurements in the conti-
nents and plate cooling model for the oceans.
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Figure 2.3 Breakdown of the present energy budget of Earth from Jaupart et al. (2014).
Note that the mantle cooling component is estimated by subtracting the other components
from the surface heat flow, resulting in a large uncertainty.
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Crustal Heat Production
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Figure 2.4 Crustal heat production map of the southeastern Canadian Shield. Total crustal
heat production was calculated by subtracting constant 15mW m™2 value of Moho heat
flux from measured surface heat flux. White lines mark boundaries of geological provinces
(SUP : Superior, THO : Trans Hudson Orogen, GRE : Grenville, APP : Appalachians).
The dashed white lines mark the limits of Paleozoic sedimentary cover. The red box is the
Sudury region enlarged in Figure 2.6.
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Figure 2.5 Difference between observed surface heat flux in the south eastern part of the
Canadian Shield and the values estimated from CRUST1.0 with the layered crustal com-
position model of Huang et al. (2013).
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Crustal Heat Flux
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Figure 2.6 Crustal heat production map for the Sudbury region. Note that the lowest values
on the map are higher than the mean heat production in the Superior and Grenville pro-
vinces. The black line shows the Grenville Front. White lines outline the boundaries of the
different formations in the Sudbury Basin. The red line marks the boundary between the
Southern and the Superior Provinces. The red star shows the location of SNO.
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Figure 2.7 Relative increase in neutrino flux at the center of a region where crustal heat
production is higher than background as a function of the radius of the anomaly (relative
to crustal thickness zp,). AQ, is the relative increase in surface heat flux. The thickness of
the enriched layer is 1/4 the crustal thickness.
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Figure 2.8 North-South section of the Sudbury Structure inferred from seismic, gravity,

and magnetic data. SNO is located near the south rim of the structure where heat flux and
crustal heat production are highest.
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Neutrino flux (Crust1.0)

Figure 2.9 Crustal geoneutrino flux in eastern Canada estimated from CRUST1.0 crustal
structure model with concentrations of heat producing elements proposed by Huang et al.
(2013). The geoneutrino flux is given in Terrestrial Neutrino Unit (TNU) without oscilla-
tions and for 100% efficiency. A flux of one TNU corresponds to one event per year in a
1032 protons detector. The black diamond shows the location of the SNO.
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Figure 2.10 Crustal geoneutrino flux in eastern Canada estimated from heat flow data The
total crustal radioactivity is the difference between mean surface heat flux and mantle heat
flux (= 15mW m™2 ) in stable continental regions. For tectonically active regions, crustal
radioactivity is estimated from crustal thickness. The flux is in TNU without oscillations
and for 100% efficiency. The black diamond shows the location of the SNO.
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Geoneutrino flux (crust1.0)
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Figure 2.11Crustal geoneutrino flux map for central Finland estimated from CRUST1.0.
Flux in TNU without oscillations for 100% efficiency. The white diamond shows the loca-
tion of the Pyhdsalmi mine, one of the proposed sites for Lena.
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Figure 2.12 Crustal geoneutrino flux map for central Finland estimated from heat flow
data. Flux in TNU without oscillations for 100% efficiency. The white diamond shows the
location of the Pyhédsalmi mine, one of the proposed sites for Lena.



The Effect of Internal Heating of the Conti-

nental Lithosphere

In order to understand at how continental crust was formed, we investigate the thermal
effects of belts accreting at the margins of continents. During continental accretion events,
belts of crustal material assemble together to form larger crustal blocks. We were interested
in the effect of heat producing elements on the temperature profiles in the lithosphere and

how it affected crustal growth during the Archean.

The temperature is a key factor that controls partial melting and metamorphism in the
crust and lithosphere. Looking at the temperature profiles and the temperature at the Moho

informs us on the presence of the thermal alterations in the rocks. The most important ele-



76

ment affecting temperature in the lithosphere is the vertical distribution of heat production.
In this section, we are investigating the effect of the distribution of heat producing elements

on temperature profiles and Moho temperature.

To calculate the temperature profile we used a simple model of the lithosphere where
the heat producing elements are distributed in the crust while the lithospheric mantle pro-

duces no heat.

The vertical differentiation of radioactive elements is measured by the differential in-
dex(DI). We consider the crust as an infinite horizontal layer for calculating the effect of DI
and crustal thickening. We also use crustal belts of finite width to mode the lateral accretion

and the effect of the depth of an enriched layer.

3.1 Effect of the Differentiation Index

The differentiation index DI ratio discussed in chapter 1 section 1.6.3.2 and in chapter
2 section 2.6.3 is the ratio of the surface over average crustal heat production. A DI greater
than one means that the surface heat production is higher than the crustal average which
implies a faster heat evacuation. We calculated the Moho temperature for different DIs
and average heat productions. The effect of the DI and average heat production on Moho

temperatures can be observed in figure 3.2.

We can see that the temperatures reached at the Moho decreases with increacing DIs.
In other words, the more differentiated crust, the cooler. Higher average heat production
increases temperature throughout the lithosphere. The effect of both the DI and average
heat production increase with crustal thickness. The increase is smaller for the DI than the

average heat production.

Considering an crust of two layers with an enriched upper layer of 12 km, we looked

at the lower crustal heat production 4;,,, for a known surface heat production.
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3.1)

Zm — 12km

Where A is the average heat production, z,, is the Moho depth and DI is the differentiation
ratio. We calculated A,,,, for a range of differentiation indexes and average heat produc-
tions in figure 3.3. We see that the DI has a large effect on the lower crustal heat production
for thin crust. Heat production is less important for large DI and for thin crust. For a crust
thicker than 45 km the effects of the DI and the average heat production are equally impor-

tant. For thin crust, the DI is more important than the average heat production.

3.2 Continental Growth

We also wanted to see how the temperature profile would vary considering changes in

crustal geometry that occur during continental growth.

With the models illustrated in figure 3.5, we calculated a the effect of the width of an

enriched belt and crustal thickening on the temperature profile in the lithosphere.

3.2.1 Lateral Growth of Continental Crust

Assuming a two-dimensional (2D) model extending at infinity in the direction perpen-

dicular to the models cross section, we calculated the temperature field with equation A.1.

The cross section of the temperature field of a belt enriched in heat producing elements
is shown in figure 3.4a for a belt with a half width of 100km. This is compared to the tempe-
ratures obtained with a belt twice as wide 3.4b. We show only the temperature contributed
by heat production in the crust. In other word we are not adding the contribution of the

mantle heat flux.

We see that the heat is conducted towards the surface but the lithosphere beneath the



78

crust is also heated. For a wider belt, the maximum temperature reached is significantly
higher and the heating is deeper. In the uppermost layer of the crust, there is no significant
difference other than the increase in temperature gradient. All of the above observations

can be made by looking at the center of the crustal belt.

We have compared vertical temperature profiles at the centers of belts of an range of
half widths between 10 and 200 km in figure 3.6. We see that the depth of the maximal
temperature reached increases with width until 100km of half width and remain nearly
constant for wider belts while the maximum temperature remains above the Moho. Thus

the maximum effect of radiogenic heating occurs within the crust.

The complete temperature profile is obtained by adding the mantle heat flux component
in figure 3.7. We see that for a belt larger than 300km the temperatures at the Moho reach

exceed 800°C which is above the melting point of most crustal rocks.

The radiogenic heating heating of the crust causes differentiation which is a most ef-

fective cooling mechanism.

Radioactive elements are poorly fitted in the crustal crystalline mesh. Thus, melts, par-
tial melts and hight temperature metamorphism in the crust result in a upward redistribution
of heat producing elements. As seen in the previous section, the increased differentiation

reduces the temperature profile.

3.2.2 Crustal Thickening

For a surface temperature of 0°C the vertical temperature profile in an infinite horizon-

tal heat producing layer (the crust) is given by :

qsz AZ?

T(z) = TR (3.2
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where g; is the surface heat flux, A is the heat production and A is thermal conductivity.

The temperature in the underlaying mantle is given by :

qm(Z—2Zm)

A=t e (33)

where T, is the Moho temperature, g, is the mantle heat flux and z,, in the Moho depth.
The steady state temperature profile for a 40 km crust is shown in green in figure 3.8. We
then strechted vertically the lithosphere to double its thickness maintaining the same Moho
temperature to obtain the blue profile which is not in equilibrium. The temperature profile
for the 80 km crust in steady state is the red curve in the graph. We note that the two steady
state lines have the same mantle gradient. The two 80km plot line change their regime at

the same depth.

For an average heat production in the Archean of A = 1.64W m~> we obtain the tem-
perature profiles of crusts of 30 to 80 km thick in thermal equilibrium (figure 3.9). The
800°C isotilenn goes above the Moho when crustal thickness exceeds 37.5 km. In other
words, in the Archean, a non differentiated crust of 40 km, would melt at its base. The mel-
ting redistributes heat producing elements, increasing the DI thus reducing the lithospheric

temperatures.

Similarly, for the present average heat production of A = 0.8W m~3 , an undifferen-

tiated crust cannot exceed 50 km without having partial melts.

All in all, continental growth, whether it is by accretion or thickening, will increase
crustal temperatures, cause melting and an upward redistribution of heat producing ele-
ments, thus a higher DI and a cooler hence more rigid lithosphere. Any growth induces
differentiation as a cooling process and any stable crust must be cold enough to support
itself. In other words, stable continental crust must be differentiated or have low heat pro-
duction. Hence heat production in the crust can be imposes an upper limit on the thickness

of a stable crust.



80

3.3 Depth of enriched layer

In a differentiated crust, the enriched layer is generally a ~ 10 km thick upper crust and
is situated near the surface. In various tectonic settings especially in the case of continental

collisions, the enriched layer can be at greater depth.

We put a 10km thick heat producing layer at various depths within the crust to in-
vestigate how it impacts the temperature profiles at the center of a 200 km wide crustal
lithosphere. In figure 3.11 the temperature is calculated without the mantle heat flux contri-
bution. Thus as seen in the previous section the maximal temperature should be reached
within the heat producing layer. With increasing depth of the layer, heat conduction to-
wards the surface will occur over larger distance causing the temperatures to be higher for

deeper enriched layers.

We see that the deeper heat producing layers increase the temperature more the the
superficial ones. Hence, events causing a heat producing layer to be at great depth will
cause greater temperature growth resulting as seen before in vertical redistribution of heat

producing elements towards the surface.

3.4 Conclusion

Inside the lithosphere, temperatures get higher with increasing heat production in the
crust and get lower with increasing crustal differentiation index. Crustal heat production
raises lithospheric temperatures during continental growth. Heat producing elements at
depth raise the temperature profiles more than superficial radiogenic materials. Every phe-
nomenon leading to temperature increase leads to upward redistribution of heat producing
elements and cooling of the lithosphere. These conclusions are discussed at length in the

following chapter.
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Figure 3.1 An illustration of the structure of the model used to calculate the temperature
profiles.

3000 L ' '
-------- DI=1.2; HPmoy=1.2p W m il

" Dl=1,8; HPmoy=1.2) W m
‘‘‘‘‘‘‘ DI=2.0; HPmoy=1.2u W m
== D|=0.8; HPmoy=1.2u W m
==+D|=0.8; HPmoy=1.4 W m
=='DI=0.8; HPmoy=1.6u W m
~="DI=0.8; HPmoy=1.8u W m

)
.
8

-3
-3
=
’
-3 ) .
-3
-3

Y
Q
[=}
o

0

Moho Temperatures { C
& 2
(=] o

35 40 45 50 60
Moho depth (km)

Figure 3.2 Moho temperatures as a function of crustal thickness for different DI and heat
production.
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Figure 3.3 Heat production of the lower crust as a function of crustal thickness for varying
DI and surface heat production.
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Figure 3.4 Temperature field contributed by crustal heat producing elements : cross sections
for a 2D crustal belt of infinite length, 40 km thick and 200 km wide in (a) and 400km wide

in (b).
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Figure 3.5 An illustration of the crustal structure variation that have been considered.
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Figure 3.6 Temperature contributed by heat production profiles at the centers of belts as a
function of their half width. The Moho is represented by the dotted grey hne The depth of
the maximal temperature is represented by the black line.
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Figure 3.7 Vertical temperature profiles at the centers of belts as a function of their half

width. The Moho is represented by the dotted grey line. The black line is the 800°C iso-
therm.
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Figure 3.8 Temperature profiles for doubling the thickness. Green : ‘40km steady state crus-
tal initial condition. Blue : instantaneous thickening of the lithosphere not in equilibrium.
Red : 80km crust after it returns to steady state
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Figure 3.9 Temperature profiles as a function of crustal thickness with Archean average
heat production. The Moho is represented by the dashed grey line. The red dashed line
follows the 800°C isotherm.
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Figure 3.10 Temperature profiles as a function of crustal thickness with present day average
heat production. The Moho is represented by the dashed grey line. The red dashed line
follows the 800°C isotherm.
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Figure 3.11 Temperature profiles as a function of depth of the enriched crustal layer.
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Abstract

The thermal structure and evolution of continents depend strongly on the amount and
distribution of radioactive heat sources in the crust. Determining the contribution of crus-
tal rocks beneath a superficial layer is a major challenge because heat production depends
weakly on major element composition and physical properties such as seismic wavespeed
and density. Enriched granitic intrusives that lie at the current erosion level have a large
impact on the surface heat flux but little influence on temperatures in the deep crust. Many
lower crustal rocks that are poor in heat producing elements are restites from ancient oro-
genic events, implying that enrichment of the upper crust was achieved at the expense of
deeper crustal levels. For the same total amount of heat sources, formation of an enriched
upper layer at the expense of deeper crust acts to reduce temperatures in the lower crust,
thereby allowing stabilization of the crust. The present-day structure of the crust is thus
a consequence of orogeny and should not be adopted for thermal models of the orogenic

event itself,

Analysis of global and regional data sets reveals the absence of a positive correlation
between surface heat flow and crustal thickness, showing that the average crustal heat pro-
duction is not constant. Differences of heat flow between geological provinces are due in
large part to changes of crustal structure and bulk composition. Collating values of the
bulk crustal heat production in a few age intervals reveals a clear trend of decrease with in-
creasing age. This trend can be accounted for by radioactive decay, indicating that thermal
conditions at the time of crustal stabilization have not changed significantly. For the average
crustal thickness of 40 km, Moho temperatures are near solidus values at the time of sta-
bilization, suggesting an intrinsic thermal control on crustal thickness and heat production
distribution. Crustal thickening by more than about 10 km above this mean value induces

changes of gravitational potential energy that exceed the strength of the lithosphere.

For several provinces where strong constraints on heat production are available, it is

shown that, prior to intracrustal fractionation, only modest amounts of thickening were
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needed to generate the conditions of ultra-high temperature metamorphism. The tell-tale
signature of crustal heat production is anatectic and metamorphic events that lag the cessa-

tion of orogenic activity by several tens of million years.

The radioactive decay of crustal heat sources is responsible for the secular cooling of
lithospheric roots at a typical rate of about 100K Gy !, implying complex thermal interac-

tions with a convecting mantle that is not cooling at the same rate.

This review summarizes information extracted from large data sets on heat flow and
heat production and provides estimates of crustal stratification and heat production in se-

veral geological provinces.
Keywords
Cratons || Lithosphere || Heat flow || Crustal heat production || Crustal evolution ||

High temperature metamorphism || Post orogenic metamorphism

4.1 Introduction

In the last few decades, physical models of geological phenomena have become increa-
singly detailed and have been used to account for the timing and characteristics of thermal
events as well as for the rates of tectonic deformation. Model outputs critically depend
on thermal structure and evolution. A comprehensive overview of such models past and
present is not available but it is fair to say that thermal properties and variables have recei-
ved much less attention than geodynamic processes such as mantle plumes and lithospheric
instabilities for example. Thus, there has been a tendency to attribute the failure of a model
to an erroneous geodynamic setting rather than to incorrect choices of physical parameters.
In this context, it is worth emphasizing the fundamental difference between properties such
as thermal conductivity and heat capacity on the one hand and radiogenic heat production

on the other hand. The former are intrinsic mineral properties that are independent of the
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geological setting. They vary within restricted ranges and can be specified with little error
without detailed knowledge of local conditions. The latter, in contrast, depends weakly on
rock type and major element composition and must be determined on a case by case basis

(Fountain, 1986; Kukkonen and Peltoniemi, 1998; Slagstad, 2008).

There can be no doubt that heat released by radioactive decay in crustal rocks accounts
for a large fraction of the surface heat flux and strongly affects the thermal regimes of
both crust and lithosphere (England and Thompson, 1984; Jaupart et al., 1998; Sandiford
et al., 2002; Mareschal and Jaupart, 2013). In spite of this, heat production data are rarely
considered as an important part of geophysical studies and are not systematically collected
with heat flow measurements. For example, a global compilation of heat flow data contains
more than 17,000 conventional heat flow measurements on land but only 1,785 of these are
associated with heat production values. Such a dearth of heat production measurements has
been circumvented in different ways, as will be shown in this paper, but this has preven-
ted robust conclusions on the thermal conditions of many geological events. For example,
there is still no consensus on what causes the ultrahigh temperature metamorphism (900-
1000°C) that has affected many geological provinces (Heaman et al., 2011). A dominant
role for crustal heat sources has been advocated in a few cases (Chamberlain and Sonder,
1990; Kramers et al., 2001; McLaren et al., 2006; Jaupart and Mareschal, 2015), but this

idea has not enjoyed wide acceptance.

Determining the rate of crustal heat production in a geological province has proven
to be a major scientific challenge because continental crust is the end result of a complex
sequence of processes. Crustal material is extracted from the mantle through melting in a
variety of settings and gets accreted to the margins of older nuclei in piecemeal fashion.
Once it has been incorporated in a continent, a juvenile terrane may be subjected to later
magmatic, metamorphic and tectonic events that modify it comprehensively. In addition,
parts of it get redistributed by erosion and sediment deposition. As a consequence, the
composition and vertical structure of continental crust do not conform to a single universal

model and exhibit considerable variety amongst geological provinces.
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In this paper, we provide a review of crustal heat production and its impact on the ther-
mal structure and evolution of continental crust. We limit ourselves to a few issues. Can
crustal heat production account for some of the thermal events that affect continental crust,
such as high-T metamorphism for example ? What information is required for a reliable
thermal model and what can be done if this information is not directly available ? What
are the scales and magnitudes of lateral variations of heat production in a geological pro-
vince ? For reference, we begin by reviewing geochemical models focussing on the vertical
stratification of the crust and heat production in the lower crust. We then discuss the requi-
red inputs for thermal models of the crust and lithosphere, focussing on how they can be
retrieved from an analysis of heat flow data. We show that, with adequate heat flux and
heat production data coverage, it may be possible to identify different types of crust and
evaluate their stratification degrees. This allows calculations of thermal structure and evo-
lution that are reliable enough for most practical purposes. The data emphasize that heat
flow and crustal heat production both vary laterally by large amounts, even within a single
geological province. These variations may occur on a large scale, with enriched belts at
the boundaries of older continental blocks, with important implications for the mechani-
cal behaviour of continents. In a last section, we summarize a few important facts about
the transient thermal evolution of continents and describe a few tell-tale effects of crus-
tal heat production. This paper brings together a large amount of data from representative

geological provinces throughout the world.

4.2 Geochemical Models of the Continental Crust

Continental crustal material is extracted from the mantle in subduction zones and hot
spot environments. Extraction is followed by a magmatic phase which includes fractional
crystallization and the separation of felsic melts from mafic residues. It has long been
recognized that the bulk continental crust differs significantly from its parent melts. Almost
all mantle-derived magmas are basaltic, whereas the average continental crust is closer to

an andesite (Rudnick and Gao, 2014; Kelemen et al., 2014). Several mechanisms have
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been invoked, including delamination of dense mafic cumulates and relamination of felsic
gneisses to the base of the crust (Hacker et al., 2015). Which mechanism dominates has
major consequences that go far beyond petrological and geochemical interests. Should the
relamination model be valid, a significant fraction of the lower crust would be made of

felsic rocks with higher heat production than mafic ones.

A big stumbling block is that radiogenic heat production cannot be related in any mea-
ningful way to major element composition on the one hand and bulk physical properties
such as density and seismic velocities on the other hand (Figures 4.1 - 4.2). Thus, one can-
not readily convert geophysical or petrological information into constraints on crustal heat
sources. This is of particular concern for the lower crust because, as we shall see, it has a

major impact on the thermal structure of continents.

One could hope to determine the crustal structure directly by studying exposed vertical
cross-sections, but they are rare and seldom complete. Exposures of rocks that have equi-
librated over the whole range of crustal pressures and that reach into mantle peridotites
have been studied in two areas, Talkeetna, Alaska, and Kohistan, Pakistan (Hacker et al.,
2008; Jagoutz, 2010; Jagoutz and Schmidt, 2012). Both were oceanic volcanic arcs but
have bulk major element contents that are close to those of the continental crust. Unfor-
tunately, the Talkeetna exposures lack substantial outcrops of mid-crustal plutonic rocks.
One other crustal cross-section was reconstructed in the North American Cordillera using
thick batholithic sequences that span upper and middle crustal pressure ranges and xeno-
liths from the lower crust (Lee et al., 2007). Xenolith populations, however, may not be
fully representative of average continental crust because their carrier basaltic magmas can-
not go through thick felsic environments that are less dense than them. There may thus be a
sampling bias in favor of mafic rocks. With due caution for this, the North American Cor-
dillera provides us with a section through a continental volcanic arc, which complements

the oceanic ones from Alaska and Pakistan.

Table 4.1 lists recent models for the continental crust, including global ones based on
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large geochemical data sets and the two complete vertical cross-sections that have been
described above. In order to derive a crustal model from geochemical data, one must sepa-
rate the crust into components (layers in practice) with distinctive physical properties and
chemical compositions. Following global seismic syntheses, the crystalline part of the crust
is split into three layers (Mooney et al., 1998; Bassin et al., 2000). Huang et al. (2013) in-
cluded continental shelves and rifts to define a global average crust with 34 km thickness.
Rudnick and Gao (2014) and Hacker et al. (2015) took shields and platforms only, with
total crustal thicknesses of 40 and 39 km, respectively. The composition of the upper layer
was derived from surface sample compilations and is nearly the same in the three global
models (Table 4.1). The other two layers were assigned compositions on the basis of their
densities and seismic wavespeeds. Hacker et al. (2015) allowed for different end-members,
leading to four alternative models (Table 4.1). For the crustal cross-sections, layer thick-
nesses were derived from metamorphic barometric data and field measurements. The latter
may not be fully representative due to syn-emplacement deformation and thrusting, which

led Jagoutz and Schmidt (2012) to propose three different alternatives.

There is little disagreement between the crustal models of Table 4.1. Heat production
values for the Kohistan oceanic volcanic arc are significantly smaller than those of all the
other entries. The bulk heat production of the American Cordillera continental arc falls
within the range of the “global" geochemical models. For our present purposes, it is signi-

ficant that these models are consistent with heat flow data constraints (Table 4.1).

The global crustal models rely on both geochemical and geophysical data. For ex-
pediency reasons, geophysical constraints have been collapsed into a few type-structures
involving a small number of crustal layers (Mooney et al., 1998; Bassin et al., 2000), which
gloss over the complex architecture of continents. For example, it is not clear how one can
go from the detailed seismic models of the Western Superior Province (Musacchio et al.,
2004), which emphasize crustal-scale low-angle thrusts and across-strike fabric variations,
to a single layered structure. Some “averaging” process has been applied to the data at a

scale which is not well-defined and which may not be consistent with the requirements of
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thermal models. The issue of the proper scale forms one of the major themes of this paper.

The crustal models of Table 4.1 were designed to address geochemical and petrological
problems and provide indispensable references. For heat flow studies, however, they suffer
from several important shortcomings. The most critical one is certainly that they are generic
models that cannot be applied to any particular province. They do not inform about the
large horizontal variations of crustal structure and composition that exist within a single
province. They correspond to a worldwide average crustal thickness and it is not clear how
they can be extended to crusts that are thicker or thinner than the average. In the Archean
Superior Province, for example, crustal thickness varies between of 35 and 55 km (Perry
et al.,, 2002). Yet another shortcoming is that the spread of heat production values that is
allowed is too large for comfort. Estimates of the bulk crustal heat production vary within
a 0.75-0.93 uWm3 range and get amplified when they are extrapolated back in time. In
studies of the Archean, for example, one must correct for radioactive decay over more
than 2.5 Gy, which increases heat production values by a factor of at least two. The wider
spread of heat production values that is induced allows for a wide temperature range of

about 200°C in the deep crust during the Archean.

4.3 Thermal Models of the Continental Crust : Inputs and Uncertainties

In this section, we evaluate the importance of crustal heat production for thermal mo-
dels of continents and discuss the thermal consequences of lateral and vertical variations
of heat production. For this purpose, we use steady-state models because transient phe-
nomena cannot be studied in a generic manner and must be developed on a case-by-case
basis. Further, we take thermal conductivity to be constant. As shown in appendix 4, using
an average value of thermal conductivity (= 2.1W m~! K~1), provided that it is chosen
properly, results in negligible errors on Moho temperature. These two assumptions, which
will be relaxed in other sections, allow a clear separation of the various effects that come

into play.
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Temperatures in the crust are solutions of the heat equation :
AVAT+A=0 @4.1)

where A is the thermal conductivity and A is the heat production rate. Two boundary condi-
tions are needed. One states that the surface temperature Ty is constant (= 0) and the other
one deals with the heat flux at the surface, gg, or at the Moho, g,,. The former is taken
from field measurements and the latter may be inferred from the systematics of heat flow
and heat production data as well as frorﬁ several independent constraints, as discussed in

Appendix 4. One must also specify the vertical distribution of heat production in the crus