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ABSTRACT

The thermal history of the Earth, from planetary accretion and core differentiation up to the
present time, is of paramount importance for understanding our planet. The thermal evolution of
the core and the mantle dictate the generation of the Earth’s internal magnetic field and its evolution
through time. In this dissertation, I study scenarios for the thermal and magnetic evolution of the
Earth, using numerical simulations for mantle convection and implementing recent geochemical
models for the mantle and core. The conditions for which a magnetic field can be generated in the
Earth’s core are studied using parameterized models for energy and entropy. The model devised in
this project couples the results of the numerical simulations with the parameterized models for the
core, to produce a global thermal and magnetic history, with feed-back between events happening
in the mantle and the core.

The dissertation presents an analysis of the scenarios that can be constructed from implementing
new constraints into the thermal models for the mantle and core and emphasizes the most relevant
scenarios which can be applied to the Earth’s evolution, consistent with physical parameters, and
geochemical and magnetic constraints known to date. In addition, I discuss the relevance of some
of the scenarios which appear incompatible with the Earth’s evolution, but are reminiscent of the
evolution of other terrestrial bodies.

The results of this work show that the most successful scenarios for the thermal and magnetic
evolution require the presence of small amounts of core internal heating in the form of *°K, or a
slightly increased concentration of radioactive elements at the base of the mantle, due to isolated,
primordial reservoirs. Successful scenarios are also obtained if the base of the mantle is less mobile
and acts as a thermal insulator between the core and the overlying convective mantle. If the base
of the mantle is less mobile and acts as a thermal insulator between the core and the overlying

convective mantle, termed D”.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The internal structure of the Earth, as inferred from seismic waves, consists of a series of concentric
and interacting layers. Starting from the inside, there is the solid iron inner core, the liquid outer
core composed of an iron-based alloy, the silicate mantle, and finally, the oceanic and continental
crusts (Figure 1.1). At the surface, the Earth is covered by the oceans and the atmosphere. The
constant motion of these interdependent layers generates the internal magnetic field, plate tectonics,
mountain building and climate, to mention just a few. The way our planet has evolved through
geological time has significant implications for all its systems and therefore understanding the

dynamics of the Earth’s evolution is a topic of great interest among geoscientists.

The convective processes in the Earth’s interior play a fundamental role in the thermal and
chemical evolution of the planet. Two giant heat engines have cooled the Earth from the inside
since its accretion and differentiation. One gives us plate tectonics, volcanism and magmatism, the
other generates and maintains the internal magnetic field of the Earth. Convection in the silicate
mantle is the main mechanism through which heat is transported from the interior towards the
surface since planetary formation about 4.55 billion years ago. Although solid, the mantle behaves
like a fluid on geological timescales, transporting heat and mass by convection. At the same time,
the cooling of the Earth’s mantle implies the cooling of the Earth’s core.

Secular cooling of the core occurs due to heat and mass transport through convection of the
hot, iron-based fluid alloy which composes the core. When the temperature at the Earth’s centre

dropped sufficiently as to become equal to the liquidus temperature of the metallic alloy, a solid
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Figure 1.1: Internal structure of the Earth (from Alfe, 2007).

phase began to crystallize and the inner core (IC) started to grow. Solidification of the inner core
releases latent heat of crystallization at the inner core boundary (ICB). In addition, gravitational
energy is released into the core system, due to the expulsion from the solid phase of the lighter
elements found in the core alloy. The thermal regime in the liquid core is largely dictated by the
amount of heat exchanged at the core-mantle boundary (CMB) horizon. This in turn is controlled
by the ability of the mantle to extract heat from the core and transport it towards the surface.
Thus, the rate of cooling in the core and the growth of the inner core are intrinsically related to
the motions of the more sluggish, overlying silicate mantle.

Our current understanding is that the internal magnetic field of our planet is generated in
the metallic core by the geodynamo action. The mechanism is powered by the convection in the
outer core, which supplies energy to compensate for the dissipative processes (ohmic and viscous).
Convection in the core is driven by compositional and thermal buoyancy forces. In the presence of
the core magnetic field, the motions of highly conductive fluid material continuously generate the
magnetic field and replace the one that diffuses away (Figure 1.2). The most important forces that
act in the core are the Coriolis force, the buoyancy force, the pressure and the magnetic (Lorentz)

force. In the magnetogeostrophic approximation, to leading order, the balance of forces in the



Figure 1.2: Distribution of magnetic field lines obtained from numerical geodynamo models
in the core (from Glatzmaier and Roberts, 1995).

core is achieved by accounting for all these forces. On the other hand, if the pressure gradient is
balanced only by the Coriolis and magnetic forces, the fluid core is said to be in magnetostrophic
balance. The consequences of assuming one or the other momentum balance in the core reflect in

the predicted magnitude of the magnetic field components.

Fluid motions in the core are ultimately controlled by the amount of heat which flows across the
core-mantle boundary. If the amount of heat extracted from the core is large, vigorous convection
takes place in the core and the generation of the magnetic field is maintained against dissipation.
If the heat flow across the CMB is too low, the cooling of the core is done through conduction, as
convection cannot be sustained by the low rate of cooling, and the geodynamo process shuts off.
Release of latent heat and gravitational potential energy due to the inner core solidification has a
positive effect on the magnetic field generation because it supplements the energy available to drive
convection in the core, represented by the secular cooling of the core. It is commonly assumed
that the principal driving mechanism for the present-day dynamo process is the release of light
elements at the ICB due to the ongoing solidification of a pure metallic solid phase and rejection
of most lighter elements from this phase [Nimmo, 2007]. Therefore, knowledge of the onset of

crystallization of the IC, and its evolution in time, with possible melting episodes or variability in



the IC rate of growth are crucial information for modeling the magnetic history and understanding

the contributing factors to the evolution of the Earth’s magnetic field.

Though important for constraining the thermal and magnetic history of the core, the geological
evidence for the age of the inner core is scarce and inconsistent. Evolutionary models [e.g., Labrosse,
2003; Nimmo et al., 2004; Butler et al., 2005] suggest that the IC is ~ 0.5 - 2 Gyr old, much less
than the age of the Earth, while some prefer an older age, with a high CMB heat flux originating
from radioactive heating [e.g., Gubbins et al., 2004]. The experimental work of Aurnou et al. [2003]
and geodynamo models of Aubert [2005], have also shown that rapid growth of the inner core, or a
young inner core, is consistent with the buoyancy flux at the CMB required to drive polar vortex
motions at the CMB, similar in magnitude with those inferred from present-day secular variation

of the magnetic field [e.g., Olson and Aurnou, 1999].

In contrast, geochemical arguments based on isotopic ratios 18¢0s/®80s and '870s/'¥80s de-
rived from surface lavas have been used to argue for an early onset of the core solidification process
and suggest a 3.5 Gyr old inner core [e.g., Brandon et al., 2003]. The rationale for the geochemical
model [e.g., Walker et al., 1995] assumes that both Re and Pt partition preferentially into the
outer core relative to Os, as solidification proceeds. '®"Re and '°Pt decay to '¥7Os and '60Os,
respectively, so as the solidification advances, the outer core will become progressively enriched in
these Os isotopes relative to stable 880s, assuming chondritic ratios in the bulk core. The amount
of enrichment is proportional to the time elapsed from the initiation of solidification, and both
radiogenic isotopic enrichments should be coupled, as they occur due to the same process (solidifi-
cation of the IC). Elevated Os isotopic ratios, compared to chondritic values, have been observed in
ancient komatiites (2.7-2.8 Gyr ago), and in more recent lavas from Hawaii, Siberia, and Gorgona
Island [e.g., Brandon et al., 1998, 2003]; therefore, it has been argued [Brandon et al., 2003] that
the onset of inner core crystallization must have been prior to 3.5 Gyr ago to explain the komatiite
Os isotopic values. The core-mantle interaction and the core origin for the Os anomalous isotopic
signal in Hawaiian lavas is also supported by the Fe/Mn analysis of hot spot lavas [Humayun et al.,

2004]. These geochemical arguments have lead to a currently unresolved disagreement between the



geophysical and geochemical models on the age of the IC.

More recent studies, however, have contested the origin of the Os isotopic anomalies [Lassiter,
2006], on the grounds that the absence of tungsten anomalies does not support the core origins of
material in lavas. The study of Luguet et al. [2008] on Beni Bousera pyroxenites and eclogites brings
strong evidence that the Os signal in plume lavas is due to metasomatism of abyssal sulfides, and
hence does not represent a signature of core-mantle interactions. The study of Luguet et al. [2008]
does not explain the Os signal in Siberian and Gorgona komatiites or Hawaiian lavas, and some
arguments that have been invoked to support the metasomatic origin of the Os anomalies in the
study of Luguet et al. [2008] come exactly from the results obtained by geophysical studies which
conclude that the inner core is a recent geological feature. Theoretical studies however are very
sensitive to not sufficiently constrained parameters (e.g., heat flow across the core-mantle boundary,
present-day temperatures in the core, etc). Thus it seems quite possible that the last word on the
core-mantle interactions and the origin of the isotopic anomalies has not been said. Undoubtedly,
more scientific work on the age of the IC will be generated in the future and geochemical modeling

will contribute to this unresolved issue.

Constraints on the age of the inner core may come from magnetic paleointensity measurements
in single silicate crystals or whole rocks. Consistency in paleointensities from the Late Archean to
Early Proterozoic with the field of the last 5 million years, has prompted Tarduno et al. [2006] to
suggest that the inner core had started to grow by 2.5 Gyr ago (Early Proterozoic). In addition, the
inferred internal field strengths from Archean rocks (~ 3.2 Gyr ago) are roughly 50 % lower than
the present day values [e.g., Tarduno et al., 2007], indicating perhaps a purely thermally driven,

but still active dynamo, at that time (Figure 1.3).

Paleomagnetic data is also used to reconstruct the evolution of the Earth’s main magnetic field.
Present-day records show that a mainly dipolar, occasionally reversing magnetic field has existed at
least intermittently for the past 3.5 Gyr [e.g., Mc Elhinny and Senanayake, 1980; Hale and Dunlop,
1984], however, observations are sparse before the oldest surviving oceanic floor ( ~150 Myr) and

there is not enough evidence for reconstructing trends in the field amplitude from observations.
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Figure 1.3: Hypothetical evolution of the inner core as inferred from single crystal paleoin-
tensities measurements (from Tarduno et al., 2006).

Therefore, a direct constraint for the functioning of the dynamo from observations is difficult to
obtain, or difficult to model, or both. A number of analytical studies show a discrepancy between
the time-integrated energy available to drive the geodynamo in the outer core and its persistence
for the past 3.5 Gyr. Several analyses [e.g., Buffett, 2002; Nimmo et al., 2004] have shown that
a core cooling history compatible with a continuous dynamo action and a magnetic field that was
not much weaker in the past implies sufficiently high initial core temperatures as to cause pervasive
lower mantle melting. These models predict a late onset of the inner core, requiring a purely
thermally driven dynamo for a long period of time and suggest that a continuous 3.5 Gyr magnetic
history in the core is more readily predicted if additional heat sources, such as “°K in the core
are present in the system. Radiogenic heat due to the radioactive decay supplements the energy
available in the system and may help explain how the geodynamo was sustained for times prior to
the formation of the inner core.

It is widely believed that the Earth’s core is formed by an iron-rich alloy, with up to 5 — 10%
of nickel. The core also must contain a significant fraction of light impurities, roughly 2 — 3%
in the solid part and 6 — 7% in the liquid, though the exact nature of these light impurities is
unknown [Alfé, 2007]. The behavior of the Earth’s liquid core is difficult to establish in laboratory
experiments, given the high pressures and temperatures found at the core horizon. On the other

hand, ab initio calculations are time-consuming and rely on the use of a set of assumptions to ensure



computational speed-up [e.g., Alfé et al., 2007]. Recent results from first principles calculations
predict modern temperatures at the CMB around 4100 K [Vocadlo et al., 2003], in good agreement
with the experimental work of Ma et al. [2004] and Boehler [2000], but not with earlier studies

which predict CMB temperatures around 3500 K [e.g., Boehler, 1995].

The requirement of high present-day temperatures at the CMB in conjunction with the continu-
ity of magnetic field generation in the core, brings a further complication in modeling the thermal
history in the core, as it inevitably leads to initial temperatures above the solidus temperature of
the mantle material above the CMB. This contradicts the concept that upon complete accretion,
the Earth was hot and fully differentiated into a mantle and a core. The core started to cool
from superliquidus temperatures, whereas the mantle started from near solidus temperatures [e.g.,
Stevenson et al., 1983; Schubert et al., 2001]. On the other hand, recent studies based on geochem-
ical arguments have advocated that the Earth’s mantle started to cool from a molten state [e.g.,
Labrosse et al., 2007], hence a high present-day CMB temperature would be much easier to attain

in a thermal evolution which assumes this scenario.

As mentioned earlier, the presence of radioactive potassium in the core may alleviate the difficul-
ties of modeling a thermal history in the core that is compatible with the magnetic constraints and
mineral physics studies on the present-day core temperatures. Recently, the ability of potassium
to combine with the core fluid at high temperatures and pressures has been documented in labora-
tory experiments, but the chemical reactions depend in a complex fashion on a number of factors,
such as temperature and the amounts of sulphur and oxygen present in the core [Murthy et al.,
2003, Lee and Jeanloz, 2003]. Cosmochemical considerations, however, do not allow for significant
quantities of potassium in the core (Fig. 1.4). The presence of significant amounts of potassium
in the core in addition to the known abundance in the Earth is not consistent with the chemical
composition as a function of condensation temperatures. The trend of the planetary volatility at 1
AU is shown Figure 1.4. The total potassium abundance on Earth is estimated to be from 120 to
300 ppm, whereas in chondrites, it is one order of magnitude higher [Lassiter, 2004]. Adding 400

ppm in the core, would increase the total abundance to around 300 ppm and would place potassium
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Figure 1.4: Diagram of chondrite-normalized abundances in lithophile elements. Open
square indicates a content of 400 ppm K in the core (from Dawvies, 2007).

distinctly off the trend in Figure 1.4 [McDonough, 2004]; however, reduced concentrations (~ 60
ppm) could be envisaged [Lassiter, 2004]. The presence of radioactive elements in the core remains
a disputed issue, even though it would mitigate the energy requirements for a continuous magnetic
history. The next decades or so could possibly provide a better understanding of the Earth engine
by looking at the lateral and vertical distribution of the radioactive elements through the detection
of geo-neutrinos. At that time, unparalleled constraints on the thermal evolution of the Earth will
be provided [McDonough, 2007], which will possibly elucidate the issue of radioactivity in the core.

Although experimental evidence may lead to supporting a certain geochemical or cosmochemical
model for the composition of the core, the isolation of the core from the mantle means that the
chemistry of the core is not amenable to direct investigation. The composition of the core must be
inferred from a global mass balance between a model for the composition of the whole Earth (built
from cosmochemical evidence) and a model for the Bulk Silicate Earth (BSE).

The BSE is composed of a number of geochemical reservoirs [Jackson, 1998], including the
continental crust; the oceanic crust; the depleted, well-stirred upper mantle, which is the source
region for mid-ocean ridge basalt (MORB); the enriched, heterogeneous, source regions for ocean-
island basalt (OIB); and lastly, possibly primitive mantle that has never been differentiated. The
depleted mantle source for the MORB is in its depleted state probably by extraction of continental
crust from it, as a net result of several successive melt-extraction processes. In contrast, the OIB

source has an isotopically different signature, more enriched in moderately-incompatible elements.



Whereas the MOR basalts sample the top of the mantle, it is believed that plume-related basalts
(OIBs and flood basalts) sample the bottom thermal boundary layer of the mantle. The mass bal-
ance for the major elements and compatible and moderately-incompatible elements can be resolved
accounting for the MORB source in the mantle. However, for highly-incompatible elements, this
balance is much more difficult to explain. For instance, the concentration of radioactive elements
(such as U, Th and K) is much more depleted in MORBs, compared to chondritic concentrations,
even if accounting for the enriched continental crust. Consequently, geochemical models based on
highly-incompatible elements such as noble gases and radioactive elements [e.g., Tolstikhin and
Hofmann, 2005], have suggested the presence of a physically-distinct, primitive, isolated mantle
reservoir, enriched in incompatible and radioactive elements. The absence of geophysical evidence
for such a distinctive reservoir in the mantle leads to an unresolved hiatus between geochemical

and geophysical modeling.

The Earth’s mantle, and particularly the region above the core mantle boundary, dubbed D",
plays a crucial role in the thermal history of the core and the fate of the magnetic field generated
within. This region is the scene of sudden changes from core conditions in temperature, density,
conductivity, chemical composition and seismic wave velocities. Enhanced imaging methods using
seismic waves unveil high complexity in the D” region (Figure 1.5). Suggestions for the origin of
the heterogeneities in D” include the presence of mineral phase transitions [Hernlund et al., 2005],
partial melt [e.g., Lay et al., 2004], or relics of primordial melt [e.g., Labrosse et al., 2007]. The
anomalous signature of the seismic waves may also be caused by geochemical heterogeneities, due
to isolated, primeval mantle reservoirs, complementary to the rock forming element-incompatible
source, which remain stagnant due to a density contrast with the mantle above [e.g., Boyet and
Carlson, 2005]. Additionally, geochemical complexity in the lowermost mantle may be given by

accumulations of dense oceanic crust [e.g., McNamara and Zhong, 2004).

Analytical studies have suggested mechanical interactions between the mantle and core [e.g.,
Buffett et al., 2000], whereas the possibility of iron enrichment in D” owing to chemical reac-

tions with the liquid core has been documented in the laboratory [e.g., Knittle and Jeanloz, 1991,



Figure 1.5: Tomography techniques showing P-wave velocity variations in the mantle and
variations in P-wave reflectivity in D”, demonstrating the high complexity above the CMB
(from van der Hilst et al., 2007).

Dubrovinsky et al., 2003; Sakai et al., 2006]. These experimental studies have shown that mantle
perovskites react with liquid iron at high pressures to produce metallic alloys such as FeO, FeSi and
nonmetallic silicates (e.g., stishovite). The density of the FeSi compounds can reach 9.0 g cm™3,
in contrast with the lower mantle density of 5.5 ¢ cm =2 [Dubrovinsky et al., 2003]. Furthermore,
experiments performed above 106 GPa and 1740 K find solubility in excess of 75 mol% of FeO in
mantle perovskite, stabilizing this phase [Tateno et al., 2007], while Mao et al. [2005] report 80
mol% FeO solubility in post-perovskite. These two phases are thought to occur in the lowermost

mantle. The iron enrichment of these minerals may increase the density of the lowermost mantle
by up to 20 % and cause a drop in seismic velocities in D” [Mao et al., 2004].

All of the above demonstrate that the evolution of the Earth, may it be thermal, magnetic
or geochemical, is insufficiently constrained from geological evidence and there are a number of
unanswered questions, such as the timing for the inner core inception, the onset of the magnetic
field or the existence of isolated geochemical mantle reservoirs. Nevertheless, although few, the
constraints we now have on the evolution of the core, are surprisingly strong. Finding successful
scenarios for the evolution of the planet, that can be brought forward to explain the riddles still

surrounding the evolution of the core, is an interdisciplinary task. Moreover, the evolution of the
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Figure 1.6: Snapshot of temperature distribution in the mantle obtained from the numerical
model, showing phase transitions and lateral heterogeneities in mantle. The mantle model
is coupled to a heat reservoir represented by the core.

magnetic field of the Earth, the time of its onset and the factors that affect its generation, are of
unique interest, as it is well known that long-standing magnetic field is a key element in protecting
the Earth’s atmosphere against interaction with solar-wind and cosmic particles [e.g., Ozima et al.,
2005; Atreya et al., 2007; Lammer et al., 2008]. Thus, the presence of magnetic field may contribute
directly to the presence of life on our planet, even though on shorter timescales, such as magnetic
reversals or dipole lows, when the magnetic field intensity decreases severely, the effect on biota is
less obvious [e.g., Courtillot et al., 2007]. Last but not least, the light shed on various phenomena
associated with Earth’s evolution may give new perspectives on the thermal and magnetic field
evolution of other bodies in our solar system and beyond, and could provide insights on the origin

of our own planet.

1.2 Scope and Method

The main goal of this project is to analyze the global thermal evolution by incorporating some recent

advances in geochemistry, mineralogy and mantle dynamics, which may affect the Earth’s thermal

11



evolution. The study is performed by coupling 2D axi-symmetric mantle convection simulations
with parameterized thermal models in the Earth’s core, and provides successful scenarios that meet
the known constraints for the thermal and magnetic evolution of the Earth. In addition, some
scenarios which are not realistic for the Earth’s evolution, prove to be reminiscent of the evolution
of other planets, although a thorough analysis could only be completed with the correct scaling of

parameters.

Investigations of the Earth’s thermal history have largely been carried out using parameterized
models of convection in the Earth’s mantle. The earliest parameterized and numerical analyses
include those of McKenzie et al. [1974], Richter [1978], Sharpe and Peltier [1978], Schubert et al.
[1980], and Davies [1980]. Parameterized mantle convection models, coupled to a core heat balance
that includes the inner core growth, have also been used to calculate the heat flux across the CMB
[e.g., Stevenson et al., 1983; Breuer and Spohn, 1993; Buffett et al., 1996; Labrosse, 2003]. Modeling
mantle convection with parameterized schemes is however not suitable for a system that includes
lateral variability in physical parameters. In addition, the effects of phase transitions, plate tectonics
and temperature-dependent viscosity are poorly captured in those models. Therefore, using a fully-
dynamical mantle convection model coupled to a parameterized thermal evolution in the core gives
us a better understanding of the thermal evolution of the Earth. A parameterized convection
scheme is sufficient to realistically model the core evolution, as the motions due to convection in
the core are orders of magnitude faster than motions in the mantle. Due to the vigorous convection
in the core and the short characteristic timescales, the core is assumed to be well-mixed, isentropic
and adiabatic. A coupling between fully dynamical models for the core and the mantle, in spite of
bringing new insights into the global dynamics, would pose serious computational problems due to

the different characteristic timescales in the core and the mantle.

Among the first studies employing a fully dynamical approach simulating mantle convection
with core-cooling was the work by Steinbach et al. [1993], but their model did not explicitly discuss
the thermal evolution of the core and inner core growth. Stegman et al. [2003] developed such an

approach to study the thermal and magnetic evolution of the Moon. Other studies of the thermal
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history in the mantle using a fully dynamical model for convection coupled to parameterized models
for the core include Tackley and Xie [2002] and Nakagawa and Tackley [2004],[2005]. These papers
have focused on studying the effects of chemical heterogeneities, chemical layering and the presence

of core potassium on the mantle dynamics.

In this work, the thermal history in the mantle is studied in the framework of numerical sim-
ulations with phase transitions at 400 and 660-km depth, temperature-dependent viscosity and
decaying radioactive sources in the mantle (Fig. 1.6). In order to study the thermal and magnetic
evolution of the core concomitantly with the thermal history in the mantle, I have devised an energy
model for the core which couples with the thermal evolution in the mantle through the numerical
output for temperature and the heat flow at the core-mantle boundary. These quantities enter
the equations for energy conservation and entropy production in the core and therefore control the
cooling history of the core, inner core growth and magnetic field generation. The core equations
are updated at each time step in the numerical model, therefore allowing for a complete feed-back

between the cooling histories of the mantle and core.

The evolution of the magnetic field is modeled by computing the entropy available for Ohmic
dissipation from the entropy production in the core and then scaling the electric current responsible
for the Ohmic loss to the intensity of a magnetic field. Thus, although motions in the core and
mantle have different characteristic timescales, the thermal histories in the mantle and core are
coupled, permitting us to analyze the effects of short timescale and lateral thermal variations in
the mantle on the thermal and magnetic evolution in the core. These effects cannot be studied in
parameterized models for thermal evolution of the Earth, therefore coupling the mantle numerical

model is a better approach.

In general, criteria for successful thermal histories for the mantle and core are the correct
size of the inner core, initial temperatures at or below the mantle solidus point, CMB modern
temperatures around 4000 K, a modern core heat flow ranging from 3 to 14 TW, and a magnetic
history compatible with the paleomagnetic evidence, using geochemical constraints on the internal

heating rates.
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The next chapter of the thesis describes the theoretical framework for mantle and core models.
The results from thermal history models with radioactive heating in the core, and from models with
increased radioactivity at the base of the mantle are presented in Chapter 3. Additionally, I analyze
the effects of initial CMB temperatures on the core and mantle thermal histories. Chapter 4 presents
models which assume a denser layer in D”, represented by an iron-enriched, or long-standing,
isolated, incompatible-element and radioactive enriched reservoir. Laboratory experiments show
that such a stagnant layer can eventually become entrained in the convection of the overlying
mantle after a few billion years of planetary evolution, due to thermal instabilities arising in the
layer. This scenario will be also discussed in Chapter 4. The last chapter comprises a discussion

on the results obtained.
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CHAPTER 2

THEORETICAL BACKGROUND AND MODEL DESCRIPTION

2.1 Mantle Convection Theoretical Equations

Convective processes in the Earth’s interior play a fundamental role in the thermal and geochemical
evolution of the planet. Understanding convection in the mantle is one of the most important goals
of geophysics. Disciplines that contribute toward advancing our understanding of mantle processes
include seismology, high pressure and high temperature mineral physics, geodynamics, geomag-
netism, geodesy, global gravimetry and geochemistry. Laboratory and numerical experiments are
useful methods for understanding the complex processes that occur in the Earth’s mantle.
Although the crystalline mantle is a solid from the standpoint of the passage of the rapid seismic
waves, the mantle acts as a viscous fluid over long intervals of time. The interior is sufficiently
liquid that the gravitational energy released by the upwelling of hot (low-density) material and
downwelling of cold (high-density) material can overcome the energy lost by dissipation, making
possible the onset of convection. In the following subsections I describe the relevant equations for

convection in the mantle [Schubert et al., 2001].

2.1.1 Conservation of mass

The continuity equation in a fluid parcel states,

ap B
W v =0, (2.1)

where p is density, ¢ is time and u is the velocity of a fluid particle. Equation (2.1) can be written
as
1 Dp

—_ZF u= 2.2
thJrVu 0, (2.2)
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where D/Dt = 0/t +u - V is the material derivative. In tensor notation, 2.2 takes the form,

1Dy ou,
p Dt~ Ozx;

=0. (2.3)

Depending on the media for which the general equations are applied, several assumptions can
be made to simplify the calculations required. For instance, for the case of an incompressible
fluid, Dp/Dt = 0, (2.2) becomes V - u = 0, stating that the velocity of an incompressible fluid
is solenoidal, or has zero divergence. Equation 2.1 is general enough to include sound waves. In
the case of modeling convection in the mantle, the Mach number (representing the characteristic
velocity flow divided by the velocity of sound) is of order 10715, Since seismic phenomena and
mantle convection occur on vastly different time scales, we can set 9p/dt ~ 0. Therefore, the

anelastic mass conservation equation is

V-(pu)=0. (2.4)

2.1.2 Conservation of momentum (Navier-Stokes equations)

Newton’s second law states that the acceleration of an elemental parcel is given by the balance of
forces that act upon the parcel, i.e., ma =Y F. The forces that act upon a parcel of fluid are the
net surface forces and body forces. The net surface force can be divided in two parts, an isotropic
part associated with the fluid pressure (p), and the deviatoric part, given by the contribution of the
deviatoric stress tensor, 7;;. In the mantle, the only important body force that acts upon a parcel
of fluid is gravity (due to the gravitational acceleration g), whereas in the core other body forces
such as the Coriolis and the Lorentz force are important too. In tensor notation, Newton’s second
law of motion for a parcel of fluid in the mantle can be written as,

Dui 0 87'”

P Dt B _8xip &rj

+ pgi - (2.5)

To simplify the equations, further assumptions can be made. Firstly, we assume that the bulk of
the mantle behaves as a Newtonian fluid, meaning that there is linear dependence between the

stress tensor (7;;) and the strain rate tensor (e;;),
Tij = 2M eij + )\ekkéij y (26)
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where g is dynamic viscosity and A is the second viscosity, and the strain rate tensor is defined as

- 1 8uz auj
e““2<a%f+am)' (2.7)

Stokes’ assumption concerns the "bulk viscosity’ of the fluid (kg = 2u/3 + A), which is very small,

and therefore assumes this quantity to be zero. Thus, we can express 7;; as,

Ou;  Ou; 2 . Ouy Ou; ~ Ou; 2
T — — -0, | = — | — = -u. 2.
i M(ij +8xj 35]8xk> “(axj +8xj> B'uv b (28)

To model mantle convection, a very useful assumption for computational speed-up is the Boussi-
nesq approximation, which neglects changes in density, except in calculation of buoyancy forces
where it assumes that the buoyancy force arises only from density variations due to temperature
variations. In the anelastic approximation there is also a buoyancy force associated with pressure-
induced density variations. In the Boussinesq formulation, the momentum equation may take the
form,

Du or,

cu_ i} 1— T —Tp)]& 2.
P Vp+axj+pg[ o 0)lE, (2.9)

where T is temperature, Ty is a reference temperature, « is the coefficient of thermal expansion and
t is the radial coordinate. The Boussinesq approximation for free convection neglects all variable-
property effects in the equations, except for density departures from the reference density state in
the momentum equation; the material is otherwise deemed incompressible. This approximation is
good for gravity-induced flows.

The left-had side of (2.9) represents the inertia terms, which are very small for mantle convection.
These terms may be omitted, meaning if we stopped driving the mantle convection, the motion
would stop instantaneously. Ignoring the inertia terms is also known as the infinite Prandtl number
(Pr) assumption, as by grouping terms and performing a dimensional analysis, the inertia terms
are scaled by the Pr—!. For the mantle, Pr ~ 2.5 x 10?3, Therefore, for an infinite Pr, anelastic

mantle, the Navier-Stokes equations take the form [Jarvis and McKenzie, 1980],

0Tij
0=-V ; Y 2.10
P+ pgi + az; (2.10)

where 7;; is expressed by (2.8).
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2.1.3 Conservation of energy

The first law of thermodynamics states that the incremental change in internal energy, de, is equal
to the difference between the incremental heat added to the system, dq and the incremental work
done by the system, dw,

de =d0q — dw. (2.11)

The mechanical work is carried out by compression. If the process is reversible, i.e., the change
is carried out so slowly that the material passes through a succession of equilibrium states, the

incremental quantity dw can be replaced by the mathematical derivative dw, and thus write
dw = pdv, (2.12)

where v is volume. Therefore, the specific heat of a material is defined as the ratio of the increment
of heat added to the material, dg, to the change in temperature §1". The specific heat at constant

volume and constant temperature are defined by the following expressions,

_ (%4 _ (%
Cy, = <6T>U and Cp = (6T>p' (2.13)

The second law of thermodynamics states that for a reversible process,
dg="Tds. (2.14)

where s is entropy. A process without heat addition is an adiabatic process. If an adiabatic
process is also reversible, it is also isentropic, i.e., the entropy is constant. If the adiabatic process

is irreversible, the entropy increases. Using (2.14), the specific heat expressions for reversible

Tos Tos
CU = (M—')U and Op = (M—')p . (215)

Applying the second law of thermodynamics (2.14), the change in entropy of an elemental volume

processes are written as,

of fluid, p Ds/Dt must equal the heat added to the system. For the mantle, we account for the
heat produced by radioactive heating, viscous heating and thermal conduction. Thus, we get the

thermal energy equation,

pT& D+ 0 <ka

bi = o 8xiT) +pH, (2.16)
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where k is the thermal conductivity and H is the internal heat production per unit mass. The
terms in the right-hand side of (2.16) represent the volumetric heating due to viscous dissipation
(@), thermal conduction and internal heat production. The thermal conduction term is derived
assuming that Fourier’s law for an isotropic medium is applicable,

or

= —h— 2.17
q 52, (2.17)
and hence
0q; 0 oT

=——k— ). 2.18
For a Newtonian and incompressible fluid , the term ® = Tijg—;‘; simplifies to

w (Ou;  Ou, 2

== : N 2.19
> (axj * &m—) (2.19)

An alternate expression for the heat equation (2.16) can be obtained by substituting,

Ds C,DI' «aDp
_ ettty o) 2.20
Dt T Dt p Dt ( )

in the left-hand side of (2.16), and thus obtaining,

DT Dp 9 ka
P Dt

pCo oy —aThr =@+ 5 aﬂT) +oH, (2.21)

or equivalently,

pCp[DT c)zTDp}(I)jL 0 <k5

_— T . 2.22
Dt pC, Dt ox; ox; ) o ( )

Further, the term aT/pC), can be developed using (2.15), the definition of the thermal expansivity,

1/ ov
p
and the identity
Js dp
bl S 2.24
(5), (7). =20
to obtain
aT oT
— = = . 2.25
pClp (%)s (229)
The thermal energy equation (2.21) can be rewritten as,
DT oT\ Dp 0 0
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The quantity (07'/0p), is the adiabatic derivative of temperature with respect to pressure, and the
term in square brackets in the left-hand side of (2.26) is the change in temperature in excess of
that which comes from adiabatic compression. Expanding the material derivatives in the left-hand

side, leads to [Jarvis and McKenzie, 1980],

T T
p p{a—a8p+u-[VT—(VT)S]}:<I>+8<k 0

ot~ pC, ot Frs axiT)“’H' (2.27)

2.2 Convection in the Mantle

To characterize the nature of transport in the mantle, and in other media, it is customary to
compute the Ra number, which is a dimensionless parameter indicating the vigor of convection.

For a fluid heated from below and cooled from above, the Ra number can have the following form,

_ Cpag p? 6T b3

R
a i ,

(2.28)

where 6T represents the temperature difference in the mantle, h is the depth of the mantle, and
71 is dynamic viscosity. The critical value Ra..;; marks the onset of convection. The minimum
Ragcrit, for which convection occurs in a horizontally-infinite layer, with free-slip boundaries, is
657.5 [Turcotte and Schubert, 2002]. The critical Ra number is dependent on the geometry of the
convective region and is around 1000 for any given geometry. If Ra > Racrit, a perturbation will
grow in time, whereas if Ra < Racrit, a disturbance will decay with time. The requirement that
Racri is exceeded in order that convection sets in, can be interpreted in a number of physical
ways. For instance, one can think of a certain temperature difference across the layer, or a certain
minimum viscosity of the fluid before convection can occur. Using n = 10?! Pas from rebound
studies [e.g. Peltier and Jiang, 1996], and other characteristic mantle physical properties, the Ra
mantle value is ~ 107, which is much larger than the critical value. Detailed non-linear stability
analyses, show that for Ra >~ 5 x 10%, convection becomes time-dependent and chaotic, through
boundary layer instabilities that generate thermal plumes [Schubert et al., 2001].

The analysis for the onset of convection can be also computed for a fluid that is heated from

within and cooled from above, whereas the lower boundary is assumed to be insulating. For this

20



case, the Ra number takes on the form,

agpdHRh®

Ray = knk

: (2.29)

where H and x are the rate of internal heat generation per unit mass and thermal diffusivity,
respectively. The critical Ray for a horizontally-infinite layer, with free-slip boundaries, is 867.8
[Turcotte and Schubert, 2002]. If the calculation for Ray is applied for the entire mantle, the value
obtained is ~ 2 x 10°, far greater than the critical value [Turcotte and Schubert, 2002].

For specific topics related to convection in the Earth’s mantle, such as the presence of insulating
layers in the form of the continents, or the presence of compositionally-distinct layers, such as
isolated mantle reservoirs, other dimensionless numbers and parameters are useful.

Despite the nearly homogeneous chemical mantle composition, chemically distinct layers may
be present in the mantle, at the top or the bottom of the mantle [Jaupart et al., 2007]. A relevant
parameter to characterize the dynamics of a layered convection system, where the layers may have
different physical properties is the buoyancy number, B. The buoyancy number represents the ratio
between the intrinsic chemical density difference between the layers and the density difference due

to thermal expansion, i.e.,

_ Ap/po
B= a AT’

(2.30)

where Ap and pg represent the chemical density and the reference density, whereas o and AT
represent the thermal expansion of the fluid and the temperature difference (across the layer or
across the entire region).

The Biot number, Bi, is used to analyze the dynamics of a system where a resistive lid is placed
over the surface of a fluid [e.g., Grigné et al., 2007]. This number describes the insulating effect of

the lid, and has the form,

. kuq d
Bi =
! k diaq’

(2.31)

where kj;q and k are the thermal conductivities of the lid and the fluid, respectively, and dj;q and
d are their respective thicknesses. If the lid is very thick or has a low thermal conductivity, then
the lid is very insulating (Bi — 0). For instance, for a continental lithosphere in a whole-mantle

convection, the value for Bi is 10 [Grigné et al., 2007].
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Figure 2.1: Depth-dependent physical parameters for the mantle convection model. Coeffi-
cient of thermal expansion («, thick, solid line). Density (p, solid line). Thermal conductivity
(k, thick, dashed line). Adiabatic bulk modulus (Kg, dash line). Gravitational acceleration
(g, dash-dot line). Heat capacity (C,, dotted line)(from Butler and Peltier, 2000).

2.3 Numerical Model for Mantle Convection

The numerical model employed in this study is derived from the version employed by Butler and
Peltier [2000] and an older version of Solheim and Peltier [1994a,b]. The assumptions and dimen-
sionless governing equations of the model are given below [Butler and Peltier, 2000).

The continuity equation is solved for an anelastic mantle,

V-(pru)=0, (2.32)

where the subscript r assumes depth-dependent (i.e., radial) variation. The equation for linear

momentum conservation in the convection model assuming an infinite Pr number is expressed by,

0=—Vp—pgit+ayAT[-Vx(nVxu)+4/3V(nV- u)+2V(u-Vn)—-2(u-V)Vn—-2VnV-ul, (2.33)
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where o denotes a constant reference value of thermal expansivity. The energy conservation solved

in the numerical model has the following form,

DT To D(11F1 +ZQF2) K 2 10k 0T h T0
—_— = = — T+ -——— b —ru. (T —Ts). (2.34
Di  aol.C, Dt R |V T Raror| T oyRra T e, ® (T ) (230)
Lastly, the equation of state for the convection model states,
p=p{l—aTea(T —T.)+1/Ks(p—pr)} + A1(T1 —Tpy) + Ao (T — T'pg) . (2.35)

In the above formulations, subscript 0 is employed for constant reference values used for non-
dimensionalization purposes. The non-dimensional parameters in the equations above include the
Rayleigh number,

Ra = agATgod?po/kono (2.36)

and the dissipation numbers,
To = goaod/Chpo; T = gTo0t/Cp . (2.37)

The non-dimensional internal heating per unit mass is

~ poHd?

h o

AT. (2.38)

The parameter d in these formulations represents the depth of the mantle. The effects of phase
transitions are included through the phase density functions I'y and I';. In (2.34) and (2.35), Iy
and [y represent latent heat per unit mass, while A; and A, are the differences in density at the
phase boundaries.

The numerical code uses a finite-difference method to solve the anelastic and infinite Prandtl
number convection equations. The physical properties density, thermal expansivity, thermal con-
ductivity, adiabatic bulk modulus, heat capacity and gravity are depth dependent, and are fit to
be as Earth-like as possible (Figure 2.1).

The mantle viscosity varies radially and depends on the temperature in the mantle and hence on
time. This model uses a simplification compared to the azimuthally-dependent viscosity models, but

allows for significant computational speed-up. In addition, Brunet and Machetel [1998] have shown
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that the heat flow in calculations with laterally-varying, temperature-dependent viscosity is quite
similar to the heat flow calculated with only radially-varying temperature dependence, where the
radial dependence was the same as the azimuthally-averaged viscosity in the temperature dependent
case.

The radial dependence is assumed to consist of two linear segments, one in the lower mantle

and one in the upper mantle and transition zone, as follows [Butler et al., 2005],

MNe — M an660 - neRcmb
r) = r+ , for r < 5500 km
n(r) Reeo — Remp Reeo — Remp
Ny — Ne Ne s — 1w Reso
r) = 7+ , forr > 5900km . 2.39
n(r) Ry — Reso Ry — Reeo (2:39)

For the region 5500km < r < 5900km the profile is that of a cubic that is chosen so that the
viscosity and its first derivative are continuous at r = 5500 km and r = 5900 km. The viscosity at

the base of the lower mantle, 7;, at 660-km depth, 7., and in the upper mantle, 7,,, are calculated

from
1 1
= Ta | = - —
m Mo €Xp LA {Tz Tzf]’
1 1
e = e0 exp 2T |: - :|7
g 1le0 A Tu+ﬂ¢le Tuf+ﬂf¢le
1 1
= » T - . 2.40
n Nuo exp T4 |:Tu¢eu Tuf] (2.40)

Here T; and T, represent the average temperature at each time step in the lower mantle and in
the transition zone and upper mantle, respectively. The value for the constants T, s, Tiy, T4 (used
to model the activation energy of material creep processes in the mantle), 7m0, 7.0, Muo and ¢
and ¢¢, (used to describe the adiabatic drop in temperature from the core-mantle boundary to
660 km-depth and from 660 km depth to the surface) are given in Table 2.1. The viscosity used
in the model is higher than values inferred on the basis of post-glacial rebound [e.g. Peltier and
Jiang, 1996]. As well as increasing computational efficiency, these high values are necessary in
order that the calculated surface heat flow is similar in magnitude to the observed surface heat
flow [Butler and Peltier, 2000]. The viscosity in the lower mantle is also higher than the viscosity
in the upper mantle and transition zone as is evidenced in Figure 1.6 by the significantly larger

spatial wavelength of rising plumes in the lower mantle compared with the sinking boundary layer
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instabilities in the upper mantle. The CMB and surface are assumed to be free-slip.

The internal heating rate in the mantle is also made time-dependent with the same intensity used
in the parameterized calculations of Butler and Peltier [2002]). The uranium/thorium/potassium
ratios used are 1/4/10000 following Hart and Zindler [1986] and a bulk silicate Earth uranium
concentration of 21 parts per billion is assumed, which gives a total modern-day heating power of
19.4 TW for the mantle and crust. The distribution of internal heating is assumed such that 6.4
TW are stored in the continental crust and 13 TW are used in the model mantle. The heat sources
are fixed in position and 11 TW and 2 TW of heat sources are uniformly distributed in the regions
above and below the 660-km depth horizon, respectively. The low heating rate in the upper mantle
is used in order that the upper mantle internal heating rate matches the observed heating power
in MORB source material.

The model also includes the effects of the 400 and 660 km depth phase transitions with Clapeyron
slopes of 3 MPa/K and -2.8 MPa/K, respectively. The phase boundaries are indicated in Figure 1.6
by colored lines and it can be seen that the 660-km depth phase transition is providing a partial
barrier to mantle flow. In most of the simulations, the initial condition is taken from a previous
simulation run with a similar Rayleigh number but without time varying viscosity, core-mantle
boundary temperature and internal heat sources. The initial average temperature as a function of
depth was chosen to lie on an adiabat with temperature at the mantle solidus for the upper mantle
and the initial core temperature was chosen to be 4300 K; these initial temperature conditions
are identical to the ones employed in parameterized investigations of Butler and Peltier [2002] and
numerical models for thermal evolution of Nakagawa and Tackley [2004, 2005]. In contrast, a value

of 4800 K is employed in the analysis of Nimmo et al. [2004].

2.4 Core Thermal History Model

The global energy balance in the core is obtained by integrating the local energy conservation
equation over the volume of the core. The global heat conservation states that the heat loss of the

core, which equals the total heat flux at the core-mantle boundary (Qcmsp), is balanced by the sum
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of the heat sources in the core [Buffett et al., 1992; Lister and Buffett, 1995; Buffett, 2002; Labrosse,

2003; Gubbins et al., 2003; Nimmo et al., 2004],

Qems = X1c + Xoc + XL +X& + XR s (2.41)

where x1¢, Xocs XL, XG> XR represent the rates of secular cooling of the inner and outer core, latent
heat and gravitational energy releases due to the growth of the inner core, and internal heating in
the core respectively. To a good approximation, the core can be assumed adiabatic [Buffett et al.,
1992], therefore both secular cooling terms can be combined in a single term, xc. The cooling of

the core is given by

0

Xc = ——/ pecpcTcdV = —Mc cpe
ot [y,

d<Tc >
da

(2.42)
where p., Tc, M., cpe, represent the density, temperature, mass of the core, and specific heat
capacity per unit mass, and < T > represents the mean temperature in the core.

The latent heat released due to the crystallization of the inner core [Lister and Buffett, 1995] is

integrated over the volume of the inner core,

4
L = / LpicdVie & gﬂ'Rfcﬁpic, (2.43)
%

assuming that the latent heat of melting of the iron-rich material at inner core conditions, £, and

pic are constant. Differentiating with respect to time gives the rate of latent heat release

d Ric
dt -

XL = 47 L RZ, (2.44)

As expected, the release of latent heat of solidification depends on the rate of growth of the inner
core radius, dR;./dt.

In equation (2.41), x¢ defines the release of gravitational energy due to the inner core solidifica-
tion and expelling of a lighter fraction of core material. Detailed analyses show that the gravitational
energy released by thermal contraction and adiabatic compression are balanced by the work of the
pressure forces on the CMB during contraction [e.g. Gubbins et al., 1979]. These terms are not
directly available to drive the dynamo action and do not have an important contribution to the

global heat budget [Stacey, 1992], hence they are omitted from further calculations.
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The part of gravitational energy which contributes to the dynamo action is associated with
the buoyancy fluxes which drive convection in the outer core, due to the density contrast at the
inner core boundary associated with light element, Ap;q, [Buffett et al, 1996]. To calculate the
gravitational energy released by inner core solidification we assume that the inner core has grown
to the radius R;. and that an increment dR;. is formed [Stacey, 1992]. By this increase in the

radius, the mass fraction withdrawn from the outer core can be written as
om = 4w R% Apicy dR;. . (2.45)

The mass fraction that comes from the range r to r» + dr can be expressed as

4mp, r¥dr
S (B, — B2

cmb

dM = §M/M = (2.46)

where R, represents the radius of the outer core. Assuming constant density throughout the

outer core, the gravity at the radius r is given by,

g(r) = GZZ(T) = 4%G,ocr. (2.47)

At the CMB horizon, the gravity is then g. = 47/3 G p. Remp- We can express the gravity at any

radius inside the core (2.47) as a function of the gravity at the CMB, g,

r
Rcmb

9(r) = ge (2.48)

The gravitational potential difference between an arbitrary r and R;. is computed from the

integral,

s I !
AV, = / r)dr’ :/ e ——dr’ = — I (2 _R2). 2.49
g r’"=R;. g( ) R;. g Rcmb 2Rcmb ( ) ( )

The result in (2.49) is subsequently used to compute the gravitational energy released by accumu-

lation of the mass dm at the inner core,

Remy
dEyray = / Sm AV, dM. (2.50)
r=Ric

Substituting (2.45) and (2.46) and (2.49) in (2.50) gives the final expression for the energy release,

By = B0 Tt (o

R2
cmb “Vic
dR;. . 2.51
RCTVLb (Rgmb - R?c) 5 3 ) ( )
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The result in (2.51) is integrated from zero to the radius R;., to obtain the total energy released

as a result of the growth of the inner core,

872
EQ”“’ = fGApZCb Pe R?c (Rzmb - Rzzc) . (252)

This expression is similar to the one used by Labrosse et al. [2001]. The rate of gravitational energy

release is given by

_sn
XG—15

dRic

, 2 2 _ 4
G Apich pe (3RmbRC 5ch) T

C (2

(2.53)

The gravitational energy released by the formation of the inner core depends on the density contrast
between the inner and outer core and on the rate of growth of the IC (which by conservation of
matter relates to the rate at which the light elements are released at the ICB).

Finally, the last term in (2.41) represents the internal heating due to radioactive sources in
the core. As mentioned before, the presence of radioactive sources in the core is still not well
established, however, recent calculations of energy required to drive the geodynamo [e.g., Buffett,
2002; Nimmo, 2004; Butler et al., 2005] clearly show that assuming radioactive heat sources in
the core can explain continuous generation of magnetic field prior to the inner core formation. To
compute the radioactive heating, we assume that the core convects vigorously and therefore the
radioactive elements, if present, are uniformly mixed throughout the core. The internal heating

rate is expressed by
i =3 Qoli)e A0, (2.54)

where Q¢ and A represent the total heat 4.55 billion years ago and the decay constant for each
isotope. Experimental work has demonstrated that potassium can be included in the geochemistry
of the iron melt at core temperature and pressure conditions, as it enters Fe?* sulphide (FeS) in a
strongly temperature-dependent fashion [Murthy et al., 2003], although there is no consensus on the
estimated possible concentrations of potassium in the core [e.g., Corgne et al., 2007]. Hence, the
presence of radioactive potassium in the core could be incorporated in a thermal evolution model.
In all subsequent calculations where radioactivity in the core is assumed, I only account for the

presence of 4°K, but small fractions of other isotopes could also be considered. The isotope *°K
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has a half-life of 1250 Myr [Stacey, 1992] and represents 0.012 % of naturally-occurring potassium

at the present-day [Nimmo, 2007].

The thermal history in the core can be computed from the energy conservation equation stated
in (2.41). The terms of the equation can be re-arranged to obtain the evolution of the CMB

temperature (on the core side)

d 1

*Tcm = = — Wem ’ 2.5
g lem = (XrR — Qemb + XL + XG) (2.55)

where Ti,p is the temperature at the CMB and the quantity Cpg represents an effective heat
capacity at the CMB, computed from a Gaussian-averaged adiabatic profile for the heat capacity
in the core [e.g., Labrosse et al., 2001],

Rems 2 R2 2
Cor = / Peen €XP [—22] Cpe X €XP [Cmgzr} r2dr. (2.56)
0

Here, r is radius, peer is the density at the centre of the Earth, L and D are characteristic length
scales for the density variation variation within the core and adiabatic temperature profile in the
core, respectively [Labrosse et al., 2001]. Cpg is not the true total heat capacity of the core, but
rather an effective heat capacity, since it is multiplied by the change in temperature at the CMB
rather than the average of temperature in the core. Since the choice of specific heat capacity value
varies from one author to another, and D falls in the range 6000-8300 km, C, i ranges from 1.4 x 1027

to 2.1 x 10?7 J/K. The value adopted for all the calculations shown in this work is 1.5 x 107 J/K

[Butler et al., 2005].

The evolution of the temperature in the core is influenced by the history of the inner core
formation, since the last two terms in (2.55) depend on the rate of growth of the IC radius (see
(2.44) and (2.53)). It is expected that the effect of the inner core will be small at the beginning of
the growth process, due to the small size of the inner core, however, in the later stages, the heat
sources associated with the solidification of the inner core can have a significant influence on the

thermal and magnetic evolution of the core.
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2.5 Inner Core Growth

The rate of growth for the IC is determined from the analytical model of Buffett et al. [1992]. The
model assumes that at ¢ = 0, the whole core is initially superliquidus. Once the planet cools and
the adiabatic temperature reaches the liquidus temperature of the core alloy at the Earth’s centre,
the nucleation of the inner core begins (Figure 2.2). As the inner core solidifies, and R;. > 0, lighter
elements are released into the alloy.

The analytical model for inner core solidification assumes that buoyancy forces drive vigorous
convection in the outer core which yields a well-mixed alloy with an adiabatic temperature profile.
It is also assumed that the surface of the inner core is in thermodynamic equilibrium with the liquid
outer core. Within a certain range of pressure, the solidification temperature can be approximated
using a Taylor series expansion about the temperature of solidification at the centre of the Earth.
If the state of the core is hydrostatic, isentropic and well mixed, to first order, the variations in
temperature due to changes in pressure (P) and composition (C) are described by [Buffett et al.,

1992,

oT
Tr(Ric) = Tr(0) + TPL(P - Py)+

oTr,

S (C = Co) (257)

where Py and Cj represent the reference pressure and composition at the centre of the Earth, and
T1,(0) represents the solidification temperature of core material at the pressure of the centre of
the Earth. In subsequent calculations, I assume T7,(0) = 5700 K [Stacey, 1992, Steinle-Neumann
et al., 2001]. The liquidus value at the centre of the Earth is estimated by extrapolating the
melting temperatures of pure iron at the inner core/outer core boundary obtained from ab initio
calculations. Thus, the estimates for the liquidus temperature 77, (0) are model and assumptions
dependent, and they also vary with the content of light elements assumed in the outer core. The
melting temperature of the iron at the pressures corresponding to the ICB are ranging from e.g.,
5400 + 400 K in the study of Laio et al. [2000] to a much more higher value, 6450 + 100 K in a
recent study of Alfe [2009]. Accordingly, the melting temperatures at the centre of the Earth, will

span a wide range. The choice for T7,(0) is also in agreement with the analysis of Nimmo et al.
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Figure 2.2: Diagram of temperature structure in the core (from Nimmo, 2007).

[2004], where a value of 5500 + 300 K is suggested. A different approach used in thermal history
models is to express the liquidus temperature of the core as a quadratic function of pressure, where
the constants that enter the quadratic are guided by Lindemann’s law [e.g., Stevenson et al., 1983].

The phase diagram of the iron alloy constituting the core is poorly constrained at present. At
the same time, theoretical models [Loper, 1991] suggest that in the case of the Earth, the influence of
the compositional variations are small, therefore, the compositional dependence of T}, is neglected.
Assuming constant density and hydrostatic pressure in the core, the pressure at the inner core
boundary is given by

2w
P(Ric) = Po— — Gp2R:. (2.58)

Substituting the expression derived for pressure in (2.58) into (2.57), the solidification temperature

becomes

o5 (2.59)

Tr(Rie) = T1(0) — %ﬂ Gp*R

The solidification temperature in (2.59) decreases with the increase in the size of the inner core R;..
Therefore, the evolution of the solidification temperature, i.e., Tp(R;.(t)), shows a slow decrease
with time, due to core cooling and the growth of the inner core.

The growth of the inner core can be determined from (2.59), if the temperature at the ICB
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and the rate of change in the solidification temperature with pressure (077, /0P) are known. The
temperature at the ICB must lie at the intersection of the solidification temperature with the
adiabatic profile (Figure 2.2). The ICB temperature T, = T (R;.(f)) can be expressed as a

function of the temperature at the CMB, assuming a relation of the form
TL(Ric(t)) = T Temp(t), (2.60)

where the parameter I' represents the fractional increase in the adiabatic temperature from the

CMB radius to the IC radius. Using 2.59, the radius of the inner core is given by

e = (BO=TRY oo

where I have defined the liquidus parameter A = 27 /3 Gp? 0Ty, /OP and 9T, /0P = 7x 107 K/Pa

[Buffett, 1992]. Substitution of (2.60) into (2.61) leads to

1/2
i) = (PO ) (2.62)

thus relating the evolution of the radius of the inner core to the history of the CMB temperature.

The rate of growth of the inner core is

dRic 1 T(dTemp(t)/dt)
dt  2AYV2(TL(0) — T Tomp ()72 (2.63)

Solving (2.55) and (2.63) simultaneously yields the thermal history in the core and the inner core

growth through geological time.

2.6 Entropy in the Core

The energy balance (2.41) relates the heat flux across the CMB to the sum of heat sources in the
core, however it does not account for the magnetic energy, because, physically, the magnetic energy
is both generated and dissipated internally in the core and therefore does not affect the heat balance
[Gubbins et al., 2003]. Since the magnetic energy can be related to the dissipative processes (via
Ohmic losses), one way to estimate the energy available for regeneration of magnetic field is to

examine the entropy production in the core and assess the contribution given by dissipation. This
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in turn will clue us into the available energy to drive the geodynamo and allow investigation of
circumstances under which the dynamo will operate.

The dissipative processes in the core include the ohmic dissipation (Joule heating) and viscous
dissipation (shear heating). In the outer core, the dissipation is dominated by the Joule heating
[e.g. Labrosse, 2003], and only a small percent (~ 2% to 5% of the total dissipation) occurs through
viscous dissipation, because electrical resistance dominates viscosity in its dissipative effects in a
highly conductive material such as the iron alloy [Gubbins et al., 2003]. To calculate the entropy
produced by ohmic dissipation from the known energy sources in the core, we need the entropy
production of the system. The sources that enter the heat budget are stated in equation (2.41).
The entropy sources are determined by dividing each of the heat sources by the temperature at
which they are supplied.

The energy generated by radioactive decay, if present, is assumed to yield uniform heating within
the core, because convection in the core keeps a uniform concentration of radioactive elements. The

heating due to radioactive isotopes gives the following local entropy term
ER,local = : 5 (264)

which can be integrated over the volume of the core to obtain the entropy in the core due to internal

heating,

XR ,local XR
Egr :/ dV e 2.65
Vv Tlocal < TC > ( )

where x g represents the amount of internal heating throughout the entire core and < T > is the
mean temperature in the core. Similarly, we compute the entropy due to specific heat, which is the
largest term in the energy balance. The local entropy produced by the secular cooling is integrated
over the volume of the core to give the total entropy due to the secular cooling of the core (includes

both inner and outer core)

XC ,local XS
Fe = oV e = 2.66
¢ /\) Tlocal < TC > ( )

The internal heating and the secular cooling are mathematically equivalent [Labrosse and Macouin,

2003], since these two energy sources are uniformly distributed within the core.
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The heat sources at the inner core boundary are the specific heat due to the secular cooling of
the inner core (which is included in the total secular cooling term) and the latent heat released by
the crystallization of the inner core material. The latent heat depends on the rate of growth of the
inner core, which in turn depends on the thermal history in the core. The latent heat is similar to
the specific heat, in that when the core cools by a small amount, the IC solidification releases heat
concentrated at the inner core boundary [Gubbins et al., 2003]. The entropy of latent heat at the
inner core boundary is

XL

E; = 2.67
L Ticb ’ ( )

where T;., represents the temperature at the ICB.

For an isentropic (and isochemical) outer core, the temperature gradient is adiabatic and obeys
VToay = acgeT/cpe, where o, represents the thermal expansivity in the core, ¢,. is the heat
capacity of the core per unit mass, and g, is the gravitational acceleration in the core. The entropy

gain from thermal diffusion is estimated using the adiabatic temperature [Gubbins et al., 2003],

Ta 2 Reme cYe 2
/Eadb(t) av = /k <V db) v = 47r/ ke (O‘g) 2 dr (2.68)
% % T Ric(t) Cpc

where k. is the thermal conductivity of the core, and r is the radius. Following Labrosse et al. [2001]

and Nimmo et al. [2004], the adiabatic temperature can be expressed as T/(r) = Tre,, exp(—12/D?),
where T..,, is the temperature at the centre of the Earth, and D? = 3 cpe /(2T e peen G). Therefore
(2.68) can be written as [Nimmo et al., 2004],

167 k. R®

Eaay = =557 emb (2.69)

At last, the equivalence between the CMB temperatures using the adiabatic parameter I' and the

formulation of Nimmo et al. [2004], i.e.,

Tcen = T Tanb

—R?
Tcmb = Tcen exp (chnb> ) (270)

is used to express I' = exp(R2,,,/D?), and hence (2.69) becomes,

16 7 ke Rem
Bogy = % (InT)2. (2.71)
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The local entropy of the dissipation processes (assumed to be due solely to the Joule heating

effect) is given by
— ¢Q

Eq = —.
Q T

(2.72)

where ®q represents the local ohmic dissipation and Tp is the typical temperature at which this
dissipation occurs. Similar to the secular cooling term, we make the assumption that the entropy
given by dissipation is effectively produced at the mean temperature in the core, since it ultimately
reflects the production of magnetic energy, which is the work done by the heat engine. An additional
argument follows from the fact that the ’ideal efficiency’ of the engine cannot be exceeded. In other
words, for a heat engine working in an ’ideal’ Carnot-cycle, if the temperature at which the input
heat is provided (say, 7..) is higher that the temperature at which heat is extracted (7_), the
efficiency of the engine to do useful work is computed as n = 1 — %, therefore dissipation must
occur at such a temperature Tp, that Tpmp < Tp < Tjep [Braginsky and Roberts, 1995].

The entropy production in the core is evaluated by integrating the local entropy equation over
the volume of the core. The entropy equation [Labrosse, 2003] integrated over the volume of the
outer core V, states that the entropy at the CMB is given by the sum of entropy sources within the

core

Qcmb

= EL + / Eqar dV + / EqdV + (Er+ Ec) . (2.73)
Tcmb A Vv

Re-arranging the terms yields the entropy production in the core

/EQdV + / By dV = 2ot (Er+ Ec¢) — EyL. (2.74)
v 4 Tcmb

The physical meaning of (2.74) is better revealed by substituting Qcmp from the energy balance

(2.41) into (2.74), and using the definitions (2.65) - (2.72) for the entropy terms, which yields

D, vT\?
—dV + / k () dV =
/v Ip v T
(xn + )( 1 1 ) N ( 1 1 ) N
X xe Tcmb < TC > Xr Tcmb Ticb

Xa <Tc1mb> . (2.75)

The changes in entropy arising from having heat sources and sinks at different temperatures appear

in left-hand side of (2.75). The right-hand side contains the positive entropy contributions due to
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universal entropy increase, evaluated by the classical Carnot cycle of a heat engine [Stacey, 1992,
p. 306]. That is, each thermal source provided to the core at temperature Tg, is multiplied by the
efficiency factor (1/Temp — 1/Ts), which defines the (ideal) Carnot efficiency of an engine working
over an adiabatic temperature range. Consequently, the secular cooling and the radioactive heating
enter the entropy equation with a small efficiency, since these heat sources are distributed over the
whole core [Labrosse and Macowin, 2003], whereas the entropy produced by the heat released at
the ICB is calculated using the higher efficiency factor (1/Tmp — 1/Tiep). The energy released by
the gravitational differentiation at the ICB, although it does not create entropy at this horizon,
consists of the work done by the hot, buoyant material at the CMB, and therefore enters the entropy
balance with a much larger factor, as 1/T..,p. This efficiency factor was used by Braginsky [1991],

and more recently by Nimmo et al. [2004], Labrosse [2003] and Labrosse et al. [2001].

Physically, equation (2.75) states that the entropy of dissipative processes and of the heat
conducted down the adiabat must be sustained by the entropy production of various heat sources
in the core. If there is not enough entropy gain in the system to overcome the thermal conduction,
there is not enough entropy of dissipation, hence there is no generation of magnetic field. It can also
be noted that the effects of core cooling are more significant in the heat balance than in the entropy
production, where compositional terms predominate. It is uncertain as to to how much entropy of
ohmic dissipation must be available in order for a magnetic field to be present and most likely these
minimum conditions are dependent on shell geometry [Heimpel et al., 2005]. Extrapolations from
numerical dynamo simulations infer that 1 — 2 TW are required to power the dynamo [Roberts et
al., 2003], whereas Christensen and Tilgner [2004] give a range of 0.2 — 0.5 TW, based on numerical
and laboratory results. Buffett [2002] estimates 0.1 —0.5 TW. Consequently, given the fact that the
temperature at which the Ohmic dissipation occurs is model-dependent, this quantity is generally
regarded as currently unknown. Therefore, in all the subsequent analyses, I have made a minimal
assumption that a magnetic field can be generated if there is positive entropy rate available for

Ohmic dissipation.
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2.7 Magnetic Field Model

The Joule heating law states that the work done by electrical forces is converted into heat in a
resistor. The power delivered through Joule heating is proportional to the square power of the

electric current [Griffiths, 1999]. Hence, Ohmic dissipation in a unit volume, scales as

Pg ~ 1.12, (2.76)
g

where J is the electric current density and o represents the electrical conductivity of the material.
Ampere’s law in a low-frequency approximation [Braginsky and Roberts, 1995] is used to relate the

magnetic field B in the outer core to the electric current density,
wod = VxB, (2.77)

with uo the magnetic permeability of free space. (Displacement current is neglected by the low-

frequency assumption). The total Ohmic dissipation in the outer core is given by [Buffett, 2002],

B2()

b = 2
@ pdol?2

(2.78)

where V represents the volume of the outer core and [ is the typical length scale of dissipation for
a spherical harmonic component of the field. For instance, the length scale of dissipation for an
output numerical model core field of 2.5 mT is I = 200 km [Buffett, 2002]. The magnitude of the

magnetic field can be estimated from (2.78),

B = ol ( (2.79)

In these calculations, a purely electrically insulating mantle is assumed and therefore the ohmic
dissipation possibly produced by electric currents that leak from the core and into the mantle [Kuang
and Chao, 2003], or by electric currents induced in the lowermost mantle by time-varying fields in
the core [Costin and Buffett, 2004] are neglected. It is also to be noted that Christensen and Tilgner
[2004] suggest a linear dependence of the magnetic field with the Ohmic dissipation (rather than

a square-root power scaling), based on numerical dynamo simulations and experimental dynamo
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results. The scaling law is of the form [Christensen and Tilgner, 2004],

12, &g

Erag x o

; (2.80)

where E,,.4,p and 7 are respectively, magnetic energy, characteristic diffusive length scale of the
field and magnetic diffusivity.

The model magnetic field calculated in (2.79) can be regarded only as a first-order approximation
to the measurable field at the surface, as the toroidal part of the field generated in the core is not
observable at the surface, and the poloidal and toroidal components may have varied through time
independently. In addition, it is possible that small-scale motions in the core may generate most
of the Ohmic dissipation [Matsui and Buffett, 2005], though these spatially-high frequency field
components are not contributing to the field observed at the surface. Thus, the core magnetic
field is different in both intensity and frequency content from the field observed at the surface.
None-the-less, the model magnetic field scaled from the entropy of Ohmic dissipation enables us to
relate features of the long-term secular variation to the coupled dynamics of the core and mantle
and analyze, to first-order, the effects of different scenarios of mantle convection on the secular
variation of the magnetic field. Paleo-secular variation (PSV) has shown that the axial dipole field
was dominant throughout Earth’s history, over timescales greater than a few thousand years [e.g.,
Valet, 2003]. Therefore, within the limitations explained above, the evolution of the model magnetic

field emulates the evolution of the axial dipole field over the Earth’s lifetime.

2.8 Practical Implementation of the Models

The output from the 2D axi-symmetric numerical model is used to compute the adiabatic tem-
perature inside the core and the radius of the inner core as a function of time. Since the value
of the inner core radius is undoubtedly the strongest constraint we now have from seismological
observations, I use the temperature at the CMB at the end of simulation and the present-day value
of the IC radius to compute the parameter I'. In order to choose a value for I' such that the inner

core is the correct final size, I consider (2.62) for the time when the inner core has just started to
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form and for the present-day Earth. Quantities evaluated at these times are indicated by using
superscripts 0 and p, respectively. For instance, the temperature at the time of IC initiation and

final CMB temperature from the simulations are T2 , and 77

- b, and the corresponding radii are

RY =0 and R, = 1221 km. Substituting the known value of R?, into (2.62) and solving for I' we

obtain the following result

11 (0) —A (Rlpc)2
T? '

cmb

= (2.81)

The value of Tcpmb is unknown before the start of the simulation. However, we can estimate the total
change in the temperature of the core if all of the latent and gravitational energy resulting from
growing a present-day inner core were used to increase the temperature of the core. Using xr and
X¢ from above, the change in temperature AT = (x1 + x¢)/Cpe = 72 K, which is generally much
smaller than the total change in the temperature of the core during the whole 4.55 Gyr course of a
simulation. As a result, the thermal effects of the solidification of the inner core can be considered

as a perturbation to the thermal evolution of the core. This observation allows us to determine the

parameter I' for each simulation.

In practice, I first run a simulation for the full age of the Earth with zero x, and x¢ in order to
obtain a 0" order estimate of the final temperature at the CMB, Tg’r?b. I then make the first order
approximation that all of the latent heat and gravitational energy released is maintained in the
core to obtain an improved estimate of the final temperature at the CMB, T%!, = T”% + AT. This
estimate for Tg’,}b is then used in (2.81) to obtain an estimate of the value of I required to grow an
inner core of the same size as the one found in the real Earth. Using this value of T', it is possible to

0

calculate T, . and by looking at the time evolution of T¢,,; for the first run (in the absence of xr,

c
and x¢), the age of the inner core was determined. The model is then re-run starting from a time
just before the formation of the inner core using as initial conditions output from the appropriate
time of the first run and including the effects of x; and y¢g and evolving the radius of the inner
core according to (2.62). If the inner core were too large or too small after this second model run,

I make a new estimate of T calculated from (2.81) using an approximate final temperature at the

CMB of Tf;fb + AT, where Tfffb is the final temperature at the CMB from the new simulation and
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AT, is the change in the core temperature associated with melting or solidifying the extra amount
of core material required to make the model core of the same size as the real core in the Earth.
Iterations are stopped if the inner core radius has around 20 km error (< 2% of the real Earth). It
usually takes less than 3 iterations to achieve an acceptable radius for the IC.

In the formulation of Labrosse et al. [2001], the parameter I takes on the form I' = exp[(R?,, —
r?)/D?], where D depends on physical parameters such as the thermal expansivity, heat capacity,
and acceleration due to gravity in the core. There are significant uncertainties in the values of the
first two of these quantities resulting in values of I' that lie between 1.21 and 1.64; I" should also
decrease as the inner core grows since the adiabatic gradient will extend over shorter distances. I
ignore this last effect (which produces an error of roughly 6%) and treat I' as a constant in each
simulation.

In order to estimate the mean temperature in the core, required to compute the entropy pro-
duction from secular cooling (£ internal heating) term, a Gaussian adiabatic temperature profile

in the core is assumed [e.g., Nimmo et al., 2004, Labrosse et al., 2001]. Consequently, using T';,can

defined as:

3 0.5
| 41nF[F(ln7rI‘) Erf[(InD)"] — 2| | (2.82)

the mean temperature in the core can be expressed as a function of the numerical output T, i.€.,
<Teo > =T1ean X Tempy . Further, I'yeqn is always less than I'. In practice, all the entropy terms
in the core are expressed as a function of the output temperature T,,,;, and the values of I and
['1nean- Hence, the expressions for entropy terms (S), updated at each time step from the numerical

output of mantle convection are given by [Costin and Butler, 2006],
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It will be noted that S, has a constant value throughout each simulation, however, it differs
from one simulation to another as I' is allowed to vary due to the modern-day IC radius constraint.
For consistency, the entropy of thermal conduction is also calculated assuming a Gaussian adiabatic
temperature profile in the core. As a result, when comparing simulations for which different values
of T are used, it is often useful to compare the sum of the entropy available for ohmic dissipation
and thermal conduction down the core adiabat as a measure of the vigor of geodynamo action.

Lastly, for the sake of comparison, when I plot the magnetic field as a function of time, I
normalize the field for each case scenario by the same reference value, namely the value of the
present-day magnetic field intensity for the nominal run. The values of the physical constants used

in calculations are listed in Table 2.2.
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Constant Value Units

Toy 2099 K
Ty, 2031 K
Ta 55,000 K
Mo 2.17 x 10%3 Pa s

Ne0 8.52 x 10?2 Pa s
Tu0 4.07 x 10?3 Pa s
Ple 0.75 non-dim

Deu 0.92 non-dim

Table 2.1: Constants used to define the viscosity profiles in equations (2.39) and (2.40).
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Parameter Symbol Value Units
Mean density (outer core)® Pe 1.1 x 10* kg m—3
Mean density (inner core)® Pic 1.255 x 10* kg m—3
Density at the Earth’s centre® Peen 1.3 x 10* kg m—3
Density jump at the ICB*? Apich 400 kg m—3
Density at the base of the mantle PL 5575 kg m~3
Radius of the Earth® R, 6370 x 103 m
Radius of the outer core® R, 3480 x 103 m
Radius of the inner core® R;. 1221 x 103 m
Thermal expansion in the core® Qe 107° K-t
Thermal expansion at the base of mantle ¢ ar, 10-° K-t
Specific heat capacity-core ¢ Cpe 675 Jkg P Kt
Specific heat capacity-lowermost mantle ¢ Cpr 1256 J kg ! Kt
Latent heat of inner core solidification® L 7.5 x 10° J kg™!
Solidification temperature at Earth’s centre® T1,(0) 5700 K
Pressure gradient for solidification temperature® | dTp/dP 7 x 107° K/Pa
Thermal conductivity at the base of the mantle® kr, 12 Wm— K!
Thermal conductivity in the core® ke 36 Wm—! K!
Electrical conductivity in the core® o 3 x 10° Sm™!
Gravitational acceleration at CMB?* Je 10 m s

Table 2.2: Constants and parameters used in this study. *Due to compositional changes
across inner core boundary ®Stacey, 1992. *Buffett et al., 1996. ¢Anderson, 2002.
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CHAPTER 3

MODELING THE EFFECTS ON INTERNAL HEATING IN
THE CORE AND LOWERMOST MANTLE ON THE EARTH’S

THERMAL AND MAGNETIC HISTORY

In this contribution I analyze the consequences of the presence of radioactive sources in the core
or at the base of the mantle, as possible scenarios that have been brought forth to reconcile the
geodynamo power requirements with a realistic thermal history in the core. In addition, the effects
of other factors such as initial core temperature, mantle viscosity and distribution of internal heat

sources in the mantle are briefly analyzed.

The concentration of volatile lithophile elements, such as potassium, in Bulk Silicate Earth
(BSE) models is significantly lower than the concentration in C1 chondrites. An estimate of potas-
sium concentration in BSE yields 120 to 300 ppm, and a K/U ratio in the range 700 to 1200
[Lassiter, 2004], while a more recent estimate yields 190 + 40 ppm K in BSE (Lubetskaya and
Korenaga, 2007). The same ratio in chondrites is roughly one order of magnitude higher [e.g., Hart
and Zindler, 1986], showing a strong depletion in terrestrial potassium. One possible explanation
is that much of the potassium was evaporated and lost into space in the early, hot stages following
planetary accretion [e.g., McDonough and Sun, 1995], or due to large impacts. Alternatively, some
of the Earth’s potassium could have been sequestered in the core at the time of Earth’s forma-
tion. The presence of “°K in the core is inferred from recent high pressure analyses, which indicate
that potassium may alloy with iron in a strongly temperature-dependent fashion, especially in the
presence of S and/or Ni [Murthy et al., 2003; Lee and Jeanloz, 2003; Gessman and Wood, 2002].

The conditions required for potassium dissolution vary from one model to the other, as well as
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the predicted potassium concentration that could be found in the core. However, as mentioned in
the first chapter, there remain still strong geochemical arguments against large concentrations of

potassium in the core [e.g., McDonough, 2004].

Recent high-precision measurements of samarium-neodymium isotopic data for chondritic me-
teorites suggest that most of the BSE reflects a non-chondritic Sm/Nd ratio; a chondritic BSE for
these isotopes could be accounted for if a differentiation event took place within the first 30 million
years of the Earth’s formation, possibly resulting in a complementary reservoir located at the base
of the mantle [Boyet and Carlson, 2005]. Arguments for an early-isolated, incompatible-element-
bearing reservoir also come from global geochemistry studies on noble gases. It is proposed that a
geochemically-distinct layer at the base of the mantle formed during the first ~ 4500 — 4400 Myr (in
agreement with Xe systematics) due to a sequence of events that generated a deep layer composed
of a late-veneer with solar-like rare gases signature and of basaltic crust [Tolstikhin and Hofmann,
2005]. The enriched layer would contain radioactive elements (U, Th, K) in excess of the BSE of
20% [Tolstikhin and Hofmann, 2005] to ~ 40% [Boyet and Carlson, 2005], leading to 4 to 9 TW
additional heat production in the lowermost mantle. The early-formed, enriched layer envisaged
in these studies is quite small, of the order of the seismically imaged D" region, and has a very
limited mass exchange with the rest of the mantle due to its enrichment in Fe, which would make
it compositionally denser than the overlying material. Increased radiative thermal conductivity
of perovskite and ringwoodite with pressure [Badro et al., 2004; Keppler and Smyth, 2005] and
the resulting enhanced radiative heat transfer might also be a mechanism that would result in a
long-lived layer at the base of the mantle that has not efficiently participated in producing rocks
sampled at the Earth’s surface. The early-isolated reservoir could be present at least locally at the
base of the mantle, as increased resolution in seismic tomography studies allow for lateral complex-
ity in the lowermost mantle, or could possibly reside in regions of partial melt [e.g., Williams and
Garnero, 1996; Russell et al., 1998], as a relic from a basal magma ocean [Labrosse et al., 2007]. A
chemically heterogeneous layer at the base of the mantle could also be the cause of the ultra-low

velocity zone seen in D”[Lay et al., 2004]. Coltice and Ricard [1999] also proposed a layer that is
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enriched in heat producing elements at the base of the mantle that was the result of the separation

of subducted oceanic crust that grows over time.

Previous studies of Earth’s geodynamo power requirements generally used prescribed heat flux
across the CMB or parameterized models for the energetics of the core and the mantle. The present
paper calculates the entropy production in the outer core as a function of time based on numerical
simulations output for mantle convection. Further, the Earth’s magnetic evolution is modeled
based on the Ohmic dissipation in the outer core. The energy balance and entropy production in
the core are computed as a function of the heat flow and temperature at the CMB at each time
step in the numerical simulation, allowing therefore a complete feed-back between the dynamic
processes in the core and mantle. As shall be presented in the following sections, coupling the
cooling history of the core and the inner core growth model with the thermal history of the mantle,
which accounts for temperature-dependent viscosity, internal heating and layering, yields results
difficult to predict from parameterized models, as short timescale mantle events, which are not
captured by parameterized models, can considerably affect the thermal and magnetic history in the
core. In addition, the use of the numerical model allows us to investigate the effects of laterally

varying mantle properties.

In the following, I first describe the results from the nominal model (BO) which has no internal
heating in the core and no increased concentration of radioactivity in the lowermost mantle, and
show why the nominal model falls short in meeting all the required criteria for successful evolution
scenarios. Subsequently, I explore the effects on thermal and magnetic history of increasing the
initial core temperature, varying the degree of internal heating in the core and varying the degree of
internal heating in the mantle. The output of various simulations performed are listed in Table 3.1.
The thermal results for the B series models which have varying degrees of internal heating in the
core and the C series which have different initial core temperatures were also discussed in Butler
et al. [2005]. The D series models explore the effects of high concentrations of radioactive internal
heat sources in the lowermost 200 km of the mantle, while model H1 is used to explore the effects of

high internal heating throughout the mantle. Section 3.5 comprises a brief discussion on the scaling
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Figure 3.1: Results of nominal model (B0). a) Time variation of the surface heat flow (solid
line), internal heating rate in the mantle (dotted line) and heat flow at the CMB (dashed
line). b) Time variation of the CMB heat flow (solid line), secular cooling rate of the core
(dotted line), and sum of the energy release due to latent heating and gravitational energy
release associated with the solidification of the inner core (dashed line). ¢) Entropy of Ohmic
dissipation (thick solid line), of secular cooling (thin solid line), associated with conduction
along the core adiabat (dash-dot line) and the sum of the entropy associated with latent heat
and gravitational energy release (dotted-line). d) Normalized magnetic field, and the radius
of the inner core. (Costin and Butler, 2006. Elsevier re-print permission, 2009)

of the inner-core growth with time. Most of the results from this chapter have been published in

Costin and Butler [2006].

3.1 A Model Thermal and Magnetic History

Figure 3.1 shows the results of the nominal run, B0, which assumes 13 TW (final rate) internal
heating in the mantle, no internal heating in the core and starts with an initial CMB temperature
of 4300 K. The initial azimuthally-averaged radial mantle temperature profile is adiabatic and set

so as to be at the solidus temperature of Boehler [2000] for the upper mantle. The initial lateral
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variations in mantle temperature are taken from a previous convection simulation with a similar
effective Rayleigh number. The same initial mantle temperature distribution is used in all of the
simulations. Figure 3.1a displays the heat flow at the Earth’s surface (solid line), the internal
heating rate in the mantle (dotted line) and the heat flow conducted across the CMB (dashed line).
The variation in the surface heat flow is strongly time dependent, while the heat flow at the CMB
shows only relatively minor short timescale (100 Myr) fluctuations on top of a long-term downward
trend. The difference in the variability of the two heat fluxes is due to the much higher viscosity
in the lower mantle, as well as the relative proximity of the 660-km endothermic phase transition,
which causes much of the short timescale variability in the heat flow at the surface. The final
surface heat flow in this case is similar to that for the real Earth of roughly 36 TW, for the mantle
derived component [Pollack et al., 1993], but only as a consequence of a mantle avalanche occurring

near the end of the simulation.

Because there is no internal heating in the core, secular cooling is the only contribution to
the heat flow across CMB before the onset of inner core growth. As can be seen in Figure 3.1b,
the secular cooling is quite high, revealing a rapid cooling of the core. As can be noted from
Table 3.2, the final CMB temperature for this case is 3505 K, which is low compared with most
estimates for this quantity [e.g., Alfé, 2007; Anderson, 2002; Boehler, 2000]. The CMB heat flow
exceeds the secular cooling once the inner core starts to form and latent heating and gravitational
potential energy release occur. As mentioned earlier, although these are quite small in terms of their
contribution to the energy budget of the core, they make the largest contribution to the entropy
of Ohmic dissipation over the final 1 Gyr of the simulation, as seen in Figure 3.1c (dotted line)
due to their relatively high efficiency factors. The entropy production due to secular cooling (thin
solid line) is very large early on, when the core is cooling rapidly, but declines significantly over the
course of the calculation. The entropy of Ohmic dissipation (thick solid line) jumps significantly
when the inner core begins to form and the contributions of latent heating and gravitational energy
release become significant. Table 3.2 lists the quantity X.,:, which was defined as the ratio of the

minimum of < Sypm + Seap > to the average for this quantity over the lifetime of the inner core,
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thus giving a measure of the variability of geodynamo power. For this calculation, X.,; takes on a

relatively modest value of 0.54.

It will also be noted that for this simulation, the onset of inner core solidification occurs just
before the time when the geodynamo action is about to cease, as Sge. drops below S,q,. The
contribution of S¢ + S, becomes significant just as the secular cooling cannot sustain the adiabatic
gradient and therefore makes possible the existence of the geodynamo. However, part of the reason
for the dramatic decrease in Sg.. is the warming of the core due to the effects of inner core solid-
ification. Still, based on the slope of S.. before the onset of inner core solidification, it appears
that were the onset of inner core solidification delayed just by a few hundred Myr, there would
have been a period without a magnetic field for this case. The magnetic field is normalized by
the final value. To ease comparison, I retain this final value of the nominal case and employ it to
normalize all subsequent results. Panel ’d’ of Figure 3.1 displays the normalized magnetic field, B,
and the radius of the inner core as a function of time. The magnitude of the magnetic field displays
fluctuations on a large timescale, and jumps abruptly by a factor of three at the time of onset of
inner core solidification, which is not desirable, but which cannot be ruled out by palaeomagnetic
evidence [e.g., Macouin et al., 2004]. Smirnov et al. [2003] showed evidence for an increase in the
strength of the Earth’s magnetic at 2.5 Gyr which they attribute to the initiation of inner core
growth. It can be observed that the secular variation is largely reflecting the temporal variability in
the CMB heat flux. This scenario produces a magnetic field throughout geological time, however,
continuous generation of the magnetic field is merely coincidentally realized through the onset of

the inner core freezing. In addition, an unrealistic final CMB temperature is rendered.

This calculation illustrates some of the challenges mentioned earlier. The most efficient heat
sources in generating magnetic fields are those associated with inner core solidification. It is difficult
on thermal grounds to have had an inner core throughout the lifetime of the Earth, however, and it
is necessary to drive the geodynamo in a purely thermal manner at early times. This implies that
if we require a positive entropy of Ohmic dissipation just prior to the formation of the inner core,

particularly if we require similar Ohmic dissipation before and after the inner core begins to freeze,
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Figure 3.2: From calculation CO (High initial CMB temperature). a) Mantle heat flows
and sources. b) Core heat flows and sources. ¢) Entropy sources in the core. d) Normalized
magnetic field and the inner core radius.

there must be a large degree of either secular cooling or internal heating in the core. If the degree
of secular cooling is large, a high initial core temperature is required in order to avoid a final CMB

temperature which is too small.

3.2 Effects of Increasing the Initial Core Temperature

Figure 3.2 displays the results of simulation C0, a calculation identical to BO except that the
initial CMB temperature has been increased to 5500 K and the adiabatic parameter, I', has been
consequently decreased. Such a scenario could be envisaged if a significant amount of the heat due
to core differentiation were stored in the core. Most likely, this scenario would also have resulted
in a significant degree of partial melting in the lowermost mantle at early stages. The survival of

a melt layer at the base of the mantle was recently discussed by Labrosse et al. [2007]. As can
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be seen in Figure 3.2a, the heat flow at the CMB is significantly higher than for simulation B0
The final CMB heat flow for this calculation is 9.6 TW and the final CMB temperature is 3923 K,
within the range for high pressure physics estimates of this quantity. It can also be seen that the
final surface heat flow is close to the observed value of 36 TW, although this is partly because of a
recent mantle avalanche event. It is possible that the heat flow observed today might also reflect an
active state of the mantle. In this calculation, the onset of inner core solidification is accompanied
by a very precipitous drop in the secular cooling rate of the core. This is largely due to the fact
that the inner core is very young in this model and so solidification occurs at a very rapid rate,
resulting in the large magnitudes of the latent heating and gravitational energy release effects. In
fact, this case has the fastest growing rate for the inner core and the youngest inner core from all

of the simulations performed.

The entropy of secular cooling remains large in this model right up to the time of inner core
formation and as a net result, the drop in the secular cooling evens out the jump in entropy
production due to latent heating and gravitational energy release and there is a relatively small
increase in the entropy of Ohmic dissipation with the onset of inner core solidification. Consequently,
the normalized magnetic field displays only a small increase at the time of the onset of the inner core

growth, on a slightly decreasing magnetic evolution trend, which lacks a high degree of variability.

In contrast with the BO case, the mantle avalanches do not trigger a high variability of the
magnetic field, due to the high rate of core secular cooling which maintains vigourous convection
and stabilizes the geodynamo. The inner core is quite young in this simulation (1221 Myr) and
grows fast to achieve the present-day value. It should be noted that the adiabatic gradient used
in this calculation is shallower than for BO because of the higher final core temperature. As a
result, the entropy associated with the core adiabat is significantly less, therefore increasing the
availability for Ohmic dissipation. Still, comparing the results listed in Table 3.2, the quantity
< Sohm + Saap > is significantly larger for simulation CO than B0, implying a greater probability

for an active geodynamo.
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Figure 3.3: Results from calculation B2 (2 TW in the core). a) Mantle heat flows and
sources. b) Core heat flows and sources. c¢) Entropy sources in the core. d) Normalized mag-
netic field and the inner core radius. (Costin and Butler, 2006. Elsevier re-print permission,
2009)

3.3 Effects of Internal Heating in the Core

Figure 3.3 displays the results of simulation B2 with 2 TW of internal heating (final rate) in the
core, corresponding to 300 ppm potassium. The heat flow at the CMB is quite high, with a final
value of 7.1 TW and its evolution over the latter half of the calculation is similar to the case CO
(corresponding to a high initial core temperature and no internal heating in the core). At early
times the core is warming up due to the presence of the internal heating sources in the form of
40K. Although there is no CMB heat contributed from the secular cooling term, the radioactive
decay produces enough heat to maintain a CMB heat flow around 15— 20 TW. The relatively short
half-life of °K, compared to the age of the Earth, results in fast diminishing of the internal heating

and eventually the mantle is able to extract enough heat as to allow the core to start cooling. In
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this model, this happens before 1 Gyr of evolution. The increased amount of heat across CMB
softens the lower mantle and possibly contributes to the peak event at the surface around 1.6 Gyr.
Both the CMB and surface heat flow display some degree of variability, which can be observed from

Figure 3.3a The surface heat flow at the end of the simulation is less than 30 TW.

While the core is warming up, there is negative entropy contribution from secular cooling. The
entropy associated with internal heating more than makes up for this, however, and as shown in
Figure 3.3c, the entropy available for Ohmic dissipation is fairly constant throughout the entire
calculation. It will be noted that secular cooling and internal heating power the dynamo with equal
efficiency factors. In this case, there is a relatively small increase in the magnetic field at the time
of onset of inner core solidification. The average entropy available for Ohmic dissipation over the
lifetime of the Earth increases with the degree of internal heating in the core (see Table 3.2), however,
all of this increase can be attributed to the change in the entropy required for the adiabatic gradient.
If these terms are summed, the total entropy available for Ohmic dissipation and conduction down
the adiabat is roughly unchanged with the degree of internal heating in the core. This can be
explained by two effects. One effect is that models with high degrees of internal heating have
higher core temperatures which decrease the efficiency factors for all of the heat sources and fluxes.
The other effect is that as internal heating in the core is increased for models that are otherwise the
same, an increasing amount of the heat energy goes into warming the core, decreasing the secular

cooling term.

A simulation with a higher initial core temperature and 2 TW of internal heating in the core
in the final state (not shown) resulted in a greater degree of core cooling. This indicates that,
with an initially hotter core, radioactive internal heating causes a more significant increase in the
entropy available for dissipation as can be seen by comparing the results of simulations C0O and C2
in Table 3.2. Model C2 was run with an initial temperature of 5500 K and with 2 TW of internal
heating in the core in the final state. The effects of inner core formation for model C2 are not
included. For these calculations, even with no energy release from the inner core solidification, and

with a significantly higher core temperature, case C2 has significantly higher entropy for Ohmic
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dissipation and thermal diffusion than does model CO.

The magnetic field in B2 is present throughout the entire simulation and although it displays
some long timescale variability (of the order of several hundred Myr), the amplitude of the fluctu-
ations is less than in the nominal case B0, which makes this case a potentially viable scenario for
the magnetic evolution. The final magnitude of the magnetic field is also slightly greater than for
case B0 as can be seen in Figure 3.3 (the final value of B is greater than 1). In fact, throughout
the entire evolution, the intensity of the magnetic field stays higher than the modern-day magnetic
field of the nominal case B0, due the contribution of the internal heating in the core.

In one instance, a long period of high magnetic field intensity (between roughly 1.2 and 2.2
Gyr) is caused by fluctuations in convection in the mantle, whereas as the mantle activity lessens
in vigor towards the last 1 Gyr of the simulation, another period of high magnetic field occurs due
to the addition of compositional terms in the entropy balance with the onset of inner core freezing.
The high intensity periods are separated by low intensity periods, reminiscent, for instance, of the
Mesozoic dipole low [e.g., Tanaka et al., 1995]. The interesting feature displayed by the magnetic
evolution for this case is that the field intensity fluctuates about an apparent steady trend, which
is more likely supported by palacomagnetic data, in that the paleointensities at earlier times in the
Earth’s evolution have shown lower or similar values to the Cenozoic data [e.g., Hale, 1987; Prévot
et al., 1990; Macouin et al., 2004]. An actual comparison with PSV data is hard to include in this
analysis, as generally a paleo-secular record spans a short geological time compared to the time

scale of the plots which span the entire 4.55 Byr of evolution.

3.4 Effects of High Internal Heating in D"

Figure 3.4 displays the results of calculation D1 with 13 TW (final rate) of internal heating con-
centrated in the lowermost 200 km of the mantle. This represents an end-member model, where all
of the radioactive heating is concentrated in the lowermost mantle which we know is not exactly
the case, but it serves to illustrate a number of features of models of this kind. In this case, it was

found necessary to decrease the liquidus parameter, A, in order to achieve an Earth-like inner core

54



10
a
60F..
~ 40 =
= =
= c
g 20 5
T T
of
Xsec
-20 -10
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (Myrs) Myrs
400 15
d
200
1
¥
2 o
2
0.5
-200
-400 0 -
0 1000 2000 3000 4000 0 1000 2000 3000 4000

Figure 3.4: Results from calculation D1 (13 TW in D”). a) Mantle heat flows and sources.
b) Core heat flows and sources. ¢) Entropy sources in the core. d) Normalized magnetic field
and the inner core radius. (Costin and Butler, 2006. Elsevier re-print permission, 2009)

size. The value of the slope of the liquidus, dT7,/dP implied herein is 4.4 x 1079 K/Pa, slightly

smaller than high pressure physics estimates for this quantity.

For this scenario, heat is flowing from the mantle into the core for roughly the first half of
this simulation due to the extremely high concentration of radioactive elements at the base of the
mantle. A direct consequence is a more modest heat flow at the surface, compared to the nominal
run B0O. The heating of the core can be observed from Figure 3.5 where the CMB temperature
for model D1 is increasing during this time. As a result, there cannot be a magnetic field until
the radioactive heat sources have diminished to the extent that heat flow at the CMB can reverse
direction. In this calculation, this happens at essentially the same time that the inner core begins to
form. Therefore, for this case the magnetic history is strongly dependent on the onset and growth

of the inner core, which has existed for roughly 2 Gyr. Another consequence of the increasing the
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Figure 3.5: The evolution of the temperature at the CMB for the various D series models.
(Costin and Butler, 2006. Elsevier re-print permission, 2009)

heat across CMB is that the surface heat flow also increases for a short period of time, roughly 0.6
Gyr after the inner core starts to freeze. The surface heat flow remains low until the end of the
simulation, showing the lower efficiency of heat transport in the mantle, if the lower mantle were

to bear all the internal heating inventory.

This scenario might not be plausible for the Earth’s case, however, it might explain observations
from other terrestrial bodies (e.g., Venus has currently no magnetic field, possibly because its core
is not cooling at present, Nimmo, 2002). It must be pointed out that in this calculation, the
possibility of an initial inner core that melted and then refroze was not considered, and only the
effects of a solidifying core during the cooling phase of the simulation were considered. A simulation
that includes an initial core that partially melts and refreezes will be discussed below. The data in
Table 3.2 show that the final CMB temperature of 4351 K is actually higher than the initial value

and the final CMB heat flow is 4.68 TW.

Figure 3.6 displays the geotherm for this calculation after 1000 Myr and 4550 Myr of evolution.
At the earlier time, the geotherm has a maximum above the CMB implying that heat is flowing
both into the core and into the mantle from this hot lower layer. At 4550 Myr, heat is no longer

flowing into the core, but the geotherm still shows a significant degree of curvature in the basal
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Figure 3.6: The geotherm from calculation D1 at times 1000 (solid line) and 4550 Myr
(dotted line). (Costin and Butler, 2006. Elsevier re-print permission, 2009)

thermal boundary layer which is indicative of the high internal heating rate in that region. This
also implies that the heat flow from the lowermost layer into the rest of the mantle is higher than
the heat flow at the CMB. In order to arrive at an Earth-like final-sized inner core for this model,
both the liquidus parameter and the core adiabat needed to be decreased because of the very small
decrease in the temperature of the CMB in the latter half of the calculation.

Figure 3.7 displays the results of calculation D2 with high internal heating in the lowermost
200 km of the mantle over 1/2 of the hemisphere of the core. This simulation is intended to model
the effects of laterally heterogeneous internal heating. It must be pointed out that the viscosity
in the mantle is allowed to vary only radially and some of the effects of laterally heterogeneous
internal heating on mantle heat transport may not be captured in this model. In this calculation,
the temperature at the CMB showed very little variation throughout the simulation as can be seen
in Figure 3.5. This is the result of heat entering the core on the hot part of the CMB and leaving on
the cold part. In addition, the surface heat flow is far less variable than in all other cases described
before, as can be seen from Figure 3.7a. The modern-day heat flow at the surface is less than 30
TW, and displays small departures from a slowly decreasing trend for the past 2.5 Gyr.

It was not found possible to achieve a correct-sized inner core by means of any reasonable

combination of the parameters Tro, A and I when a model was started with no initial inner core.
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Figure 3.7: Results from calculation D2 (13 TW in D”, hemispheric distribution). a)
Mantle heat flows and sources. b) Core heat flows and sources. ¢) Entropy sources in the
core. d) Normalized magnetic field and the inner core radius. (Costin and Butler, 2006.
Elsevier re-print permission, 2009)

Hence, the model was started with a primordial inner core of radius of 1171 km. The hypothesis of
an IC that was present from the early stage of accretion, melted as the core heated up and began
to re-solidify at a later stage was discussed in other studies [e.g., Buffett, 2002]. This assumption
is however less likely, on account that the potential energy released by the Earth accretion would
have resulted in a hot, entirely liquid core. Such a scenario may however be envisaged for smaller
terrestrial bodies.

The thermal history in Figure 3.7 reveals that, except for a very brief initial period of core
cooling, heat is flowing from the mantle into the core until roughly 2500 Myr into the simulation.
As a result, the inner core is gradually melting during this period and gradually grows over in the
latter part of the simulation. During the growth of the inner core phase, there is only a period of

roughly 1 Gyr when there is sufficient entropy to maintain both Ohmic dissipation and conduction
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down the adiabatic gradient, therefore there is only an episodic, weak, magnetic field throughout

the simulation.

It will also be pointed out that Glatzmaier et al. [1999] found that geodynamo simulations
produce the most Earth-like magnetic fields when the CMB heat flow is close to spatially uniform
and Olson and Christensen [2002] demonstrated that geodynamo simulations where the magnitude
of the spatial variation is greater than the mean value of the heat flow at the CMB, usually fail to
produce a magnetic field. As a result, it is possible, given the very large spatial variations in the
CMB heat flow in the D2 simulation, that a magnetic field would not have been produced even
at times when there is entropy available for Ohmic dissipation and if present, it would have had a

very strongly non-dipolar character.

The short-lived magnetic field is reminiscent of the short-lived early Martian magnetic field
[Acuria et al., 1999]. In this scenario, the episodic field is driven largely by the compositional
terms, in contrast with models for the Martian field which indicate a thermally short-lived magnetic
field [e.g., Breuer and Spohn, 2006]. Recently, numerical simulations have shown that imposing
hemispheric distribution for the CMB heat flow in dynamo models for the Martian core may explain
the crustal magnetization variability between the two hemispheres, and may have contributed to
the demise of the magnetic field. The Y;* distribution for the temperature anomaly at the Martian
CMB could be the result of radial viscosity variations in Mars’ mantle, superplumes resulting from
destabilization of a thermal boundary layer, or the effect of a large, low-angle impact that swept
the Northern hemisphere [Stanley et al. 2008]. In our case D2, the degree-1 symmetry of the CMB

heat flow is due to the distribution of radioactive sources in the mantle.

The final inner core radius for model D2 is only slightly greater than its initial value, and
the CMB temperature is very close to constant throughout this entire simulation. As explained
before, part of this is caused by the laterally heterogeneous high internal heating at the base of the
mantle. The other factor is that the effects of latent heating/cooling are present throughout this
entire simulation which act to increase the effective heat capacity of the core, resulting in reduced

variations of the core temperature.
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Figure 3.8: Results from calculation D4 (13 TW additional heating in D”). a) Mantle
heat flows and sources. b) Core heat flows and sources. ¢) Entropy sources in the core. d)
Normalized magnetic field and the inner core radius. (Costin and Butler, 2006. Elsevier
re-print permission, 2009)

Simulation D3 was run with an identical configuration to model D1 with the exception that the
initial viscosity of the mantle was decreased everywhere by a factor of two. As can be noted from
Figure 3.5, the temperature of the core increases for a shorter period of time and to a significantly
lesser extent than it did in simulation D1. Inspection of the data in Table 3.2 reveals that the
inner core in this simulation is roughly 400 Myr older than in simulation D1 and there is entropy
available for Ohmic dissipation for roughly 200 Myr longer, due to the increased efficiency by which
the mantle can cool off the core.

Figure 3.8 displays the results of simulation D4. This simulation is similar to D1 in that there is
now 13 TW of internal heating throughout the mantle as well as a hot layer with 13 TW of internal
heating at the base of the mantle as in D1 [e.g., Lassiter, 2006; Boyet and Carlson, 2005] . In

contrast with runs D1 or D3, the CMB temperature increases for a significantly shorter period of
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Figure 3.9: Results from calculation D5 (4 TW additional heating in D”). a) Mantle
heat flows and sources. b) Core heat flows and sources. ¢) Entropy sources in the core. d)
Normalized magnetic field and the inner core radius. (Costin and Butler, 2006. FElsevier
re-print permission, 2009)

time and thereafter decreases significantly more over the latter part of the simulation. This occurs
because the extra heat sources in the mantle act both to increase the convective vigor in the mantle
directly and they raise the temperature in the mantle, lowering the viscosity, which further leads
to more vigorous mantle convection and efficient transport of heat to the Earth’s surface. The heat
flow at the surface is quite high for the most of the geological time with a high degree of variability,

however displaying a decreasing trend, and reaches about 30 TW at the end of the simulation.

The final CMB temperature in this model is roughly 4000 K, which is close to the assumed
value for this quantity. The plot in Figure 3.8b reveals that the heat is flowing from the mantle
into the core for roughly the first 1 Gyr of this simulation. There is no entropy available for

Ohmic dissipation for almost another 1 Gyr, however, as the CMB heat flow remains quite modest
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(~ 5 TW). In this case, the model geodynamo starts and remains active from a time just before
the onset of inner core growth until the end of the simulation. The emergence of the magnetic
field is occurring at the moment when the secular cooling becomes positive and hence the entropy
produced by this term overcomes the entropy of the adiabatic term. A sudden swing in magnetic
field intensity is observed once the compositional terms produce entropy due to the IC solidification.
There is a significant decrease in intensity around 3.6 Gyr, correlated with fluctuations in mantle
convection. Inspection of Figure 3.8d reveals the sensitive response of the magnetic field to the
mantle dynamics and the influence of the cooling history at the CMB on the rate of growth of the
inner core. Furthermore, the magnetic field is relatively weak in this case since it is almost entirely
correlated to the compositional terms which enter the entropy production and there was a only

brief period of thermally driven geodynamo prior to IC solidification.

The liquidus temperature in the core is reached after approximately 2 Gyr of evolution, yielding
an older inner core, and it can be noted that the rate of growth is not constant, with an apparent
faster growth of the inner core at the beginning. A varying regime for the inner core growth, also
observed in other simulations, might be responsible for disturbing the hexagonal close-packing of

the iron atoms, and possibly contributing to the inner core anisotropy [e.g., Tromp, 2001].

In Table 3.2 T also list the results of simulation H1, having the same total degree of radioactive
internal heating as simulation D4, but where the internal heating has been uniformly distributed
throughout the mantle. It can be seen that the CMB temperature decreases significantly more and
the total entropy available for Ohmic dissipation are significantly higher for this case. When the
internal heat sources are uniformly distributed throughout the mantle, convection in the mantle is
much more efficient, leading to much more rapid core cooling and at no time is the temperature
of the lower mantle hotter than the temperature of the core. Simulation H1 does show significant
temporal variations in the entropy available for dissipation as can be seen by the value of X.,; of

0.38.

Figure 3.9 displays the results of simulation D5 with 4 TW of internal heating in the lowermost

200 km of the mantle in the final state and 13 TW distributed throughout the rest of the mantle.
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This calculation corresponds to the internal heating generated in the heterogeneous isotopic layer
described in Tolstikhin and Hofmann [2005]. The heat flow at the surface shows a high variability,
with very few distinct, punctuated events, reminiscent of episodic mantle avalanches. However,
there is no decreasing trend in the surface heat flow and the final value of the simulation is just

over 30 TW.

The heat flows from the core into the mantle throughout the entire time of the simulation and
as can be seen in Figure 3.5, the CMB temperature drops by roughly 624 K over the time of the
simulation. In this case, although the CMB heat flow remains positive, it does drop to roughly 4
TW at times due to dynamical variations in convection in the mantle. During these CMB heat
flow lows, before the onset of inner core growth, there is no entropy available for Ohmic dissipation
at times, and the model magnetic field vanishes. The magnetic field displays a high final value
and also a higher variability than in the case B2 and even B0, since its generation is related solely
to the secular cooling term prior to the inner core freezing, and does not benefit from the more
stabilizing regime given by the internal heating in the core. The higher variability is also related to
a higher degree of variability in the heat flux at the CMB, undoubtedly due to the increased heat

production of the lowermost mantle.

It is worth noting that the degree of variability of the heat fluxes caused by mantle avalanches
may be reduced if the simulations are performed in three dimensions [e.g., Tackley et al., 1993].
Nonetheless, some features in the modeled magnetic field are found in the palacomagnetic database,
as for instance lower intensities at the early times [Macouin et al., 2004]. An interesting observation
that arises from this simulation is the fact that the apparent re-instatement of the magnetic field,
after a period of inactivity, occurs before the onset of inner core crystallization, hence there is no

absolute correlation between these two events.

Figure 3.10 displays the results of calculation D6 which has the same configuration of mantle
internal heating as simulation D1 (i.e., a basal layer bearing all the 13 TW of internal heating),
but the initial CMB temperature has been increased to 5500 K. This scenario resembles probably

the closest to the Earth evolution model of Labrosse et al. [2007], as it assumes a high initial CMB
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Figure 3.10: Results from calculation D6 (13 TW internal heating concentrated in in D”and
high initial CMB temperature). a) Mantle heat flows and sources. b) Core heat flows and
sources. c¢) Entropy sources in the core. d) Normalized magnetic field and the inner core
radius.

temperature, consistent with a lower mantle that is entirely liquid, and additionally, it bears internal
heating, in agreement with the aforementioned study . However, case D6 does not account for a
molten layer, as it does not contain the effects of latent heating caused by the slow solidification of

the basal magma layer.

In contrast with model D1, it can be seen that the heat at the CMB is flowing from the core
into the mantle at all times and the CMB temperature decreases in this simulation by 409 K.
The amount of entropy available for Ohmic dissipation is still very low, however, and the model
geodynamo comes very close to vanishing after about 1 Gyr of evolution. However, since all of
the internal heating is concentrated at the base of the mantle, the viscosity in the lower mantle

decreases, therefore allowing the mantle to cool the core and the intensity of the model magnetic
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field starts to increase before the onset of inner core solidification. At the time of inner core
inception, there is a second increase in the magnetic field intensity, however. The weak magnetic
field present in the first billion years is reminiscent of the lower intensities detected by paleointensity
studies in a single crystal [e.g., Tarduno et al., 2006]. These facts can also be seen from the results
in Table 3.2, from where it can be noted that both < S,p,, > and < Sopm + Sapq > are significantly
lower than in the B and C series runs and X.,,; has the very low value of 0.13. The entropy required
by conduction down the core adiabat is also very low in this calculation as it was necessary to use
a very shallow core adiabat in order to achieve the correct-sized final inner core. It will also be
noted from the results summarized in Table 2 that the final core temperature is 5091 K, which is

significantly higher than estimates of modern core-mantle boundary temperatures.

3.5 Scaling of Inner-Core Growth with Time

The last column in Table 3.2 contains the values for the parameter, «, which is calculated as the best

t—t'" )a

fitting value in a least-squares sense for a model of inner core growth of the form r = r} (t==

where 7 and t? are the final inner core radius and time and ¢ is the time of inner core growth
initiation. A value of a = 0.5 has been assumed in some previous work [e.g., Aurnou et al., 2003]
for the scaling between the inner core radius and time. Inspection of equations (2.62) and (2.63)
indicates that the inner core radius in the present model scales like the square root of the difference
between the liquidus temperature at the center of the Earth and the adiabatically extrapolated
temperature at the CMB. As a result, if the core temperature decreases at a constant rate then
a will be 0.5, while if the core secular cooling rate decreases over the lifetime of the inner core,
«a will be less than 0.5 which is the case in most of the simulations. This might be expected as
the temperature difference between the core and mantle decreases with core cooling. There is no
systematic variation in the value of o with the control parameters of the simulation, indicating that
most of the variation in « is due to fluctuations in the dynamical simulation in the mantle for any

particular simulation.
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3.6 Discussion

This chapter shows the results from a number of simulations of the Earth’s thermal and magnetic
evolution with various configurations of internal heating and core initial temperatures. The goal
of the study has been to find models of the Earth’s thermal evolution for which the final CMB
temperature is in the range indicated by high pressure physics studies and the entropy available
for Ohmic dissipation is positive throughout the latter 3500 Myr of the simulation. It is also
desirable if the entropy available for Ohmic dissipation has not fluctuated too much over the course
of a simulation. The nominal simulation, B0, which starts with T¢,,, = 4300 K, with no internal
heating in the core and homogeneous internal heating throughout the mantle, produces a magnetic
field throughout its history but the final CMB temperature is quite low and the magnetic evolution

features a high degree of variability in the magnetic field intensity.

Model B2 with 300 ppm potassium in the core gives the magnetic field with the smallest temporal
fluctuations. It also has a final CMB temperature that is within the bounds given by high pressure
physics and the initial CMB temperature is at the solidus point for lower mantle materials. This
is in general agreement with the results of Nimmo et al. [2004] and Labrosse [2003]. In these
simulations, the effects of increasing internal heating did not substantially increase the entropy
available for dissipative processes since a great deal of the heat energy remained in the core and
prevented the secular cooling of the core. If convection in the mantle were more efficient, or if
the temperature difference between the core and mantle were greater, then internal heating has
a greater direct effect in increasing the entropy available for Ohmic dissipation. There is a long
standing debate in the geochemical and high pressure physics communities as to whether there
can be significant quantities of potassium in the core [e.g., Chabot and Drake, 1999; Murthy et al.,
2003; McDonough, 2004]. If it emerges that it is possible that significant quantities of potassium

are sequestered in the core, then internal heating in the core is an attractive scenario.

Various scenarios for layers with high internal heating at the base of the mantle exist. Here

only the effects of a layer with a high degree of internal heating in direct contact with the core,
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as described in recent global geochemical models have been examined [Tolstikhin and Hofmann,
2005; Boyet and Carlson, 2005]. Geodynamo simulations have also shown that Earth-like magnetic
fields are best produced by models with roughly spatially uniform CMB heat flows which argues
that any layer at the base of the mantle with a high degree of radioactive internal heating must be
close to spatially homogeneous [Glatzmaier et al., 1999; Olson and Christensen, 2002]. Most of the
models with high degrees of internal heating at the base of the mantle have heat flowing from the
mantle into the core for roughly the first two billion years of the simulation, a situation for which
the operation of a geodynamo is clearly impossible. Even simulation D5, with a relatively modest
4 TW of internal heating in the lowermost layer, which did allow for heat flow from the core to the
mantle throughout its history showed a magnetic field that vanished at times. A later simulation
(not shown in this chapter), containing only 2 TW of present-day additional internal heating in
the D"region, has yielded a continuous magnetic field, therefore if the additional internal heating
in D”is lower than geochemical models suggest, plausible scenarios may be envisaged. It has been
also shown in this analysis that if convection in the mantle is made more efficient by decreasing the
viscosity of the mantle or by increasing the degree of internal heating in the mantle or if the initial

core temperature is increased, it is possible to increase the degree of core cooling.

Given the very high degree of heating in the very early Earth implied by radioactive decay
in the hot basal layer, convection in the mantle would have to have been very efficient at early
times in order to cause heat to flow from the core to the mantle. In such a case, a great deal
of the Earth’s early internal heat energy would be lost to the surface at early times which would
make reconciling the Earth’s relatively high current surface heat flow [Pollack et al., 1993] with
geochemically constrained internal heating rates in the mantle [e.g., Hart and Zindler, 1986] more
difficult. As such, with very careful tuning of the above mentioned parameters, a model may exist
for which gradual cooling of the core occurs over the lifetime of the Earth leading to an old inner
core and a magnetic field over the lifetime of the Earth due to a region with high concentrations of
radioactivity at the base of the mantle. Such a layer, representing an early-isolated, incompatible-

element enriched reservoir is appealing from a geochemical standpoint. However, it requires a
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careful tuning in the parameter space, while from a geomagnetic perspective the additional internal

heating must be less than the predicted amounts from geochemical models.
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Model Name  xc(t?)  Xim(t?)  xm(t*)  Temp(t(0)) A r Lean  mo  Cov
(TW) (TW) (TW)  (K) (Km~2)

B0 0 0 13 4300 1.6526 x 10719 1.556  1.20 1 1
B1 1 0 13 4300 1.6526 x 10710 1.46 1.17 1 1
B2 2 0 13 4300 1.6526 x 10719 1.3915 1.1456 1 1
B4 4 0 13 4300 1.6526 x 10710 1.26 1.1 1 1
Co 0 0 13 5500 1.6526 x 10719 1.3915 1.1456 1 1
C2 2 0 13 5500 1.6526 x 10719 1.3915 1.1456 1 1
D1 0 13 0 4300 9.8798 x 10~ 1.2759 1.105 1 1
D2 0 13 0 4300 1.6526 x 10719 12373  1.090 1 0.5
D3 0 13 0 4300 1.2770 x 10719 1.3108 1.117 0.5 1
D4 0 13 13 4300 1.6526 x 10710 1.3435 1.1288 1 1
D5 0 4 13 4300 1.6526 x 10719 1.4838 1.177 1 1
D6 0 13 0 5500 1.6526 x 10719 1.1128 1.0441 1 1
H1 0 0 26 4300 1.6526 x 10719 1.5617 1.203 1 1

Table 3.1: Run Summary. The symbols x.(t?), xim (t?) and X, (¢?) represent the prescribed
internal heating rates in the core, lowermost 200 km of the mantle, and mantle at modern
times. Temp(¢(0)), A, T, are the initial temperature at the CMB, the core liquidus parameter,
adiabat parameter, and mean temperature parameter. 7y and Cov are the initial viscosity
multiplier and the fractional azimuthal coverage of the region of high internal heating in the
lowermost mantle.
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Model Name T (tP) < Sonm > < Sohm + Sabd > Zent te I1.C. Age  1.(tP) «
(K) (MW/K) (MW/K) (Myr)  (Myr)  (km)

BO 3505 223 479 0.54 4550 1756 1221 0.406
B1 3736 286 466 0.51 4550 1680 1219 0.483
B2 3921 338.4 476 0.67 4550 1647 1216  0.413
B4 4326 355.5 451 0.66 4550 1482 1228  0.437
Co 3923 397.4 535 0.66 4550 1221 1207  0.422
C2 4183 449 586.5 - 0 0 0 -
D1 4351 -11.2 75 0 2259 2127 1224 0.414
D2 4293 -180 -123 0 1206 4550 1188 -
D3 4201 14.2 106 0 2485 2541 1231 0.482
D4 4050 50.8 160.1 0 2779 2435 1253  0.385
D5 3676 153 341 0 3944 1679 1218  0.519
D6 5091 85.6 100 0.13 4550 2234 1213 0.449
H1 3499 241 491 0.38 4550 1977 1245  0.363

Table 3.2: We list the final CMB temperature, T,,,;(t?), the temporal average entropy of
Ohmic dissipation < Syp.,m, > and entropy of Ohmic dissipation and conduction down the core
adiabat < Sopm + Sadp >, the ratio of the sum of the minimum entropy of Ohmic dissipation
and entropy due to the adiabatic gradient to the temporal average of this quantity over the
lifetime of the inner core, ., the total time for which the entropy of Ohmic dissipation
is positive, tp, the age of the inner core, the final radius of the inner core, r;.(t?) and the

best-fitting scaling exponent between inner-core growth and time, «.
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CHAPTER 4

STAGNANT BASAL LAYER IN D”: IMPLICATIONS FOR
THE THERMAL HISTORY OF THE CORE AND GEODY-

NAMO ENERGETICS

Our understanding of the lowermost region of the mantle, located in direct contact with the
core, is changing. The old paradigm of a sharp transition between the fluid metallic core and the
silicate mantle is challenged by increasing evidence for chemical reactions between the fluid iron
and the silicates, causing a compositionally-distinct, iron-enriched layer [Mao et al., 2006; Mao et
al., 2005; Kavner and Walker, 2006; Anderson, 2005], which could be responsible for the anomalous

velocities detected above the CMB (Figure 4.1).

As described in Chapter 1, the lowermost part of the mantle may be enriched in iron-bearing
minerals. The presence of several Fe-bearing compounds such as FeSiO3 and FeO in D”, in larger
quantities than the rest of the mantle may increase the local density of the mantle material and
may have implications from the standpoint of heat transport. Advances in the study of spin pairing
in Fe atoms in Fe-bearing minerals, such as (Mg,Fe)Si03 perovskite and (Mg,Fe)O ferropericlase,
appear to be relevant at pressures and temperatures corresponding to D”. Several studies [e.g.,
Badro et al., 2003, 2004] have shown that the documented low spin state in Fe atoms increases the
transparency of minerals in the red and infrared region, therefore an increase in the radiative and
conductive properties of minerals is likely to occur at 120 GPa . However, other studies indicate
that the low-spin (Mg, Fe)O will exhibit lower radiative thermal conductivity than the high-spin
(Mg, Fe)O [e.g., Goncharov et al., 2006; Lin and Tsuchiya, 2008]. Changes induced by a high-

spin to low-spin transition in Fe-bearing minerals may also affect other physical properties, such
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Figure 4.1: Schematic cross-section of the D”region, with iron enrichment in mantle silicates
(from Mao et al., 2004 ).

as elastic moduli, at depths where spin transitions occur and may be responsible for seismological
anomalies in D” [e.g., Speziale et al., 2005]. Increases in the density and the incompressibility of the
lower-mantle minerals, including ferropericlase, silicate perovskite, and possibly in post-perovskite,
at lower-mantle pressures are reported by Lin and Tsuchiya [2008], who also indicate a reduction
in sound velocities within the spin transition. In contrast, preliminary results of Masters [2008]
conclude that the effect on elasticity of the spin crossover at high temperatures must be much less
than that observed at low temperatures, and therefore the speed of sound waves is not significantly

affected.

The notion of a dense, chemically-distinct layer in D” has been suggested in the past. Previous
theories for its origin include a relic layer from core formation or continuous deep slab subduction
[e.g., Hansen and Yuen, 1988], a very dense D" as the result of iron enrichment [e.g., Anderson,
2005], and an isolated, 7% denser layer roughly corresponding to D, composed of chondrite-like
material and basaltic crust [Tolstikhin and Hofmann, 2005; Tolstikhin et al., 2006], as described in

the Chapter 1.

Geodynamical simulations of Christensen and Hofmann [1994], Tackley [1998], Nakagawa and

Tackley [2005] and McNammara and Zhong [2004] have suggested that dense, subducted MORB
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crust is accumulating in chemically distinct piles in the D”region at the bottom of the mantle.
These studies suggest that accumulation of dense MORB material at the bottom of the mantle
could be responsible for the strong seismic velocity heterogeneities detected in the lowermost 200
km of the mantle and could explain the large low shear velocity provinces (LLSVP) regions (such as
underneath Africa), which appear to be dense and chemically distinct from the surrounding mantle

[Lay and Garnero, 2004].

Moreover, the review by Jellinek and Manga [2004], based on laboratory experiments and the-
oretical scalings, brings evidence that the source region for deep mantle plumes is partly composed
of dense, low-viscosity material. Additionally, they show that the deformation of the dense material
originating at the base of the mantle and subsequent entrainment into plumes, can stabilize the
positions of plumes for hundreds of millions of years, and ultimately can explain the fixity of hot

spots.

Montague and Kellog [2000] numerically investigated the implications on lower mantle dynamics
of a dense, low viscosity, layer located in the lower mantle. They found that increased thermal
diffusivity in D”, which simulates metal enrichment in this region, enhanced the heat conduction
and suppressed internal convection within D”. They concluded that for a buoyancy number (i.e.,
the ratio of chemical to thermal buoyancy) in excess of 0.6, a chemical layer may remain stable
for long periods of time. Naliboff and Kelogg [2007] explored the mantle entrainment of a basal
mantle layer characterized by variations in thermal conductivity and viscosity, as suggested by the
experiments of Badro et al. [2003, 2004]. The authors found that varying these physical properties
of the lowermost mantle alone are not sufficient to preserve a long-lived, isolated, geochemical

mantle reservoir and that density contrasts may be required to avoid mantle mixing.

The experimental studies of Dawvaille et al. [2003] have shown that for a Buoyancy number B in
excess of 0.4, a dense layer may persist at the base of the mantle for all of geological time, without
mantle entrainment. In addition, convection would not occur in such a layer, if the Ra < Racrit
(~ 1000). This translates to a density contrast in excess of 5%, for a lower mantle layer (i.e.,

D", assuming a value for the thermal expansion coefficient of 3 x 1075 K~ [Dawaille et al., 2003],
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and a temperature drop in the stratified layer around 1000 K. These scalings apply to a scenario
where the viscosity in the lower layer is one order of magnitude lower. The experimental studies
of Jaupart et al. [2006], have taken into account a viscosity ratio 1, i.e., there is no significant
viscosity variation between the layer and the overlying material. They also find that the critical B
number for which the layer remains stratified is around 0.4, whereas Ra,j; ~ 1000. For the cases
with the above specified parameters, there is no significant flow in the layer, which remains stably
stratified. Additionally, these analyses pertain to a ratio D/d for the thicknesses of the two regions
equal to 19, which is in the range of a stagnant layer in D”, assuming D = 2900 km and d = 200

km.

The accumulation mechanisms or the extent of a reaction layer between core and mantle re-
sulting in iron enrichment in D”, remain poorly constrained. Hence, quantifying its importance for
planetary dynamics is a challenging task [Buffett, 2007]. Moreover, geochemical models have shown
that if the molten outer core is in chemical equilibrium with the mantle, FeO ferropericlase could
be significantly depleted at the core-mantle boundary [Ozawa et al., 2008]. However, the depleted
layer would be extremely thin, in the order of centimeters to meters, due to the very low Fe-Mg
interdiffusion coefficients in minerals found at the pressures of the lowermost mantle [Holzapfel et

al., 2005).

A compositionally-distinct, insulating layer may be present not in the mantle side, but in the
outermost core. Its existence has been suggested from analytical models, required to dynamically
stabilize the chemical heterogeneity in the outer core [Braginsky, 1991; Lister and Buffett, 1998]. To
date, several studies based on the multiple reflections of the transmitted P-wave phases originating
in the S-waves that graze the core (i.e., SmKS phases) have suggested the presence of a thin layer
at the top of the core, which exhibits low P-wave velocities [e.g., Eaton and Kendall, 2006; Tanaka,
2007]. FEaton and Kendall [2006] supported this possibility based on their analysis of an anomaly
in the S4KS/S3KS amplitude ratios, which do not fit the PREM models for the outermost 150 km
of the core. The low P-wave velocity layer is interpreted as a stably stratified layer at the top of

the core. The thickness of the layer in the models of Tanaka [2007] ranges from 90 to 140 km.
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Helffrich and Kaneshima [2004] demonstrated that, for a plausible range of Fe-O-S compositions,
a low-density layer at the top of the core could also exist as one of two immiscible fluid phases, but
these authors were not able to detect any evidence for such a layer from the analysis of PAKP and

PcP waveforms.

Together with a density increase due to compositional changes in mantle minerals found in the
core proximity, the increased translucence to the infrared radiation might suggest non-convective
layers, although this issue is still debated. It is likely then that in the denser, iron enriched layer,
the stabilizing chemical density anomaly prevails over the destabilizing thermal density anomaly to
yield a basal stagnant layer [Davaille et al., 2003; Williams, 1998]. If convecting, the Nu number

may be small enough that it is still a good insulator.

In this contribution, I investigate the effects of a chemically-distinct layer, which is thermally
resistive to the core heat flow. I assume that the lowermost mantle heterogeneities (correspond-
ing to D”), inferred from strong seismic velocity anomalies [e.g., Garnero and Helmberger, 1995;
van der Hilst et al., 2007], may at least partially be due to a compositionally distinct layer. The
compositional effect may be attributed to an (1) iron enrichment of the post-perovskite and fer-
ropericlase minerals, due to core-mantle interactions or to a relic layer from core formation [e.g.,
Mao et al., 2006; Auzende et al., 2008]; (2) the spin crossover of iron atoms which can significantly
change the physical properties of the minerals [e.g., Lin et al., 2005; Lin and Tsuchiya, 2008]; (3)
deep subduction of MORB material [e.g., Lay and Garnero, 2004]; or (4) due to an early isolated

geochemical reservoir, enriched in incompatible elements [e.g., Tolstikhin et al, 2006].

The insulating effect of the layer on the core can be estimated by calculating Bi (2.31). Assuming
a thickness of the lid of 200 km (roughly corresponding to D), a thickness of 2260 km for the fluid
outer core, and the thermal conductivities indicated in Table 2.2 for the lower mantle and the liquid
core, the calculated Bi = 3.77. Conversely, if the insulating layer were to reside in the outermost
core, the same insulating effect would be realized by a 420 km-thick layer. The thickness of the
core layer was obtained estimating a thermal conductivity kgpq; = 25 W m~! K~!. This value was

assumed to be higher than the lower mantle conductivity, but less than the core conductivity, as
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such a layer may be formed by stratification due to accumulation of lighter components expelled

at the ICB [e.g., Lister and Buffett, 1998].

As mentioned earlier, the existence of a stably stratified layer was suggested from seismological
observations, however the extent of such a layer was estimated to be at at most 140-150 km in the
outermost core [e.g., Faton and Kendall, 2006; Tanaka, 2007]. The existence of a 420 km-thick
layer is highly unlikely. Such a layer, bearing a density contrast with the underlying fluid would be
easily detected from seismic imaging, as it is above the resolution threshold for seismic data, and

the misfit obtained from slowness models would be hard to overlook.

On the other side, strong evidence of such a layer would be inferred from the secular variation
(SV) of the magnetic field. For instance, the classic paper by Whaler [1980], suggests that upwelings
(or downwellings) of the liquid from deep inside the core can be measured at points of maximum (or
minimum) of B, the radial component of magnetic field (measured at the surface and downward
continued to the CMB). If the outermost last 420 km of the core would not be convecting, the
SV would not show any extrema in the radial component of the magnetic field projected onto the
core surface. However, SV shows variations in upwellings and downwellings, although surprisingly
small [Gubbins, 1982], which cannot rule out a stratified layer of 100 km [Whaler, 1980]. Since
there is evidence of the variation in B, at the core surface, it follows that it is not screened by
a 420 km-thick layer. I also speculate that a 420 km-thick layer would completely filter out the
secular ’acceleration’ (second derivative of magnetic field), hence geomagnetic ’jerks’ would not be

observable at the surface.

Additionally, numerical dynamos suggest that some distinctive features in the core field might
develop in the stratified layer through interactions with the motions of the underlying convective

fluid [Zhang and Roberts, 2000], which would probably map in the westward drift.

The dense layer in the lowermost mantle may be stabilized against the overlying convecting
mantle as a result of the increased density due to compositional changes. The increased density
in the layer may be suggested by the iron enrichment of the lowermost mantle, which can give a

density increase up to 20% [Mao et al., 2004], or due to an isolated geochemical reservoir which
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require a 7% density increase [Tolstikhin and Hofmann, 2005]. The Buoyancy number for a 200
km-thick layer, for a density contrast of 5%, calculated from (2.79) is around 2, therefore, a density
contrast in the lower mantle of 5% is sufficient to maintain the layer virtually un-entrained in the
overlying mantle flow. In addition, even though that for a lower B number (which can arise if
the value of the thermal expansion coefficient a, is higher than 107 K1), the interface between
the mantle and the layer may develop in domes and denser piles, locally, but the strong chemical
stratification may persist [e.g., Davaille et al., 2003]. If the denser piles still preserve a low spatial
frequency heterogeneity, the CMB heat flow may be only locally affected, and the effects on core
thermal history may be still well approximated by a continuous layer. As it will be shown in Section
4.1, convection in a stagnant 200 km-thick layer in D”may not be occuring, therefore the denser
layer is also acting as a thermal insulator. This has significant implications for the thermal history
of the D”region and the evolution of the Earth’s core. These effects are the main focus of the
present chapter.

Chapter 4 is outlined as follows: in Section 4.1, I describe the implementation of a stagnant layer
in a numerical model for mantle convection. In Section 4.2, I show the core thermal histories for
various internal heating scenarios in the basal mantle layer and include an analysis of the inferred
thermal parameters of the core and how they compare with other work. Implications for the core
thermal and magnetic evolution due to the presence of a stagnant layer are discussed in Section 4.2.
Further, I analyze scenarios for which a stagnant layer becomes entrained in mantle convection,
roughly after 2 Gyr of evolution. The thermal and magnetic effects for cases with a transition from

conductive to convective regimes are described in Section 4.4.

4.1 Stagnant Layer Model

The model couples a finite difference 2D axi-symmetric spherical model for mantle convection
[Butler and Peltier, 2000, and references therein], with parameterized energy conservation and
entropy production equations for the core [Butler et al., 2005; Costin and Butler, 2006]. The

fully dynamical mantle model allows for a thermal history closer to the real Earth’s than the
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parameterized models. It accounts for effects due to mineral phase changes, temperature-dependent
viscosity and heterogeneous distribution of radioactive sources. However, the model does not include
the effects of plates and continents.

A 200-km theoretical layer is designed between the core and the mantle, to model a reaction
layer which may be stabilized against mantle overturn. The extent of the designed layer is similar
with the distinct, deep, 'DDP’ geochemical reservoir of Toltstikhin and Hofmann [2005], obtained
from a global mass balance for Nd isotopes. They assume that the long-lived reservoir, 7% denser
than the rest of the mantle, which has not been entrained in mantle flow, resides in the mantle’s
D”region. Other numerical studies have considered similar models for a chemically-distinct layer
at the CMB. Montague and Kellogg [2000] assume a 100 to 300 km thick boundary layer, as a
starting point for their analysis performed to illustrate the consequences of a dense, low-viscosity
layer which simulates metal-enrichment at the base of the mantle; the majority of their models,
however, assume a thickness of the boundary layer of 200 km. The choice of the layer extent is also
consistent with the analysis of Lassiter [2006], who proposes a thermally-conductive layer above
the core, based on CMB heat flow estimates required to maintain the magnetic field inside the
core. The studies of Lassiter [2006] and Toltstikhin and Hofmann [2005] also require enhancement
in radioactive elements in the deep layer.

I assume that the density of the layer is increased by at least 5% with respect to the over-
lying material, due to iron enrichment. The initial temperature drop in the layer is §7° = 1300
K, reflecting the temperature difference between the mantle and the core, when the upper mantle
temperatures are extrapolated down the mantle adiabat in a single convecting layer and the tem-
peratures on the core side are extrapolated from the melting temperature of iron at the inner core
boundary [ Williams, 1998]. The nature of the heat transport in the layer is controlled by the value

of the Ra number (see also (2.28) ),

Cprargpr?® 6T h?

Ra =
krn

(4.1)

Using h = 200 km for the thickness, n = 10?2 Pa s for viscosity, ¢ = 10 m s~2 for gravitational

acceleration, p;, = 5775 Kg m~3 for the density in the layer, C,, = 1256 J kg™! K=!, o = 107°
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K™, k=12Wm~! K™, » = 10?2 Pa s for heat capacity, coefficient of thermal expansion, thermal
conductivity, and dynamic viscosity respectively (Stacey, 1992), yields Ra = 363.2, which is lower
than the critical Ra for convection onset.

As shown earlier, the possibility of increased thermal conductivity in the lowermost mantle may
arise due to the increased translucence to infrared radiation of iron-bearing minerals [e.g., Badro,
2003, 2004]. However, since there is no unanimous consensus on the effect of the high-spin low-spin
transition on thermal conductivity [e.g., Goncharov, 2004], the value for the thermal conductivity,
k1, used to compute the Ra number, is taken to be consistent with the lower mantle conductivity
models [Stacey, 1992]. Studies that have used increased thermal conductivity at the base of the
mantle include those of Lassiter [2006], who uses a conduction-dominated 200-km thick layer at the
CMB to constrain the CMB heat flow from geochemical and geodynamo perspectives, Naliboff and
Kellogg [2007], and Matyska and Yuen [2005] who also use increased thermal conductivity (due to
the radiative term) in the lowermost mantle, motivated by the Fe?T spin transition effects in oxides
and silicates [Badro et al., 2004].

If the entire layer is 20% denser than the overlying mantle (i.e., p = 6600 Kg m~3), as suggested
by post-perovskite iron enrichment in the study of Mao et al. [2004], the estimated Ra becomes
marginally critical. However such a density increase in a 200-km thick layer is less likely, as this
would affect the Earth’s moment of inertia. If the value of viscosity in the layer is reduced by a
few orders of magnitude, as may occur if melt pockets are present [e.g., Lay et al., 2004], or due
to the temperature effect on viscosity, the Ra number (for a 5% denser layer) is greater than the
critical value and thus convection would likely occur in the layer. However, the Nusselt number,
Nu, (describing the ratio between convected and conducted heat flow rate), which can be calculated

from [Turcotte and Schubert, 2002],

Ra \1/3
Nu = 1.04 (Raa ) : (4.2)

is only 1.84, showing that conductive and convective fluxes are of the same order of magnitude in
the layer. The fact that the Nu number is not much higher than unity is due to the fact that

the layer is thin and thus convection in the layer is not very vigorous. In addition, the thermal
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conductivity may be higher than the value assumed in these estimates, which would further reduce
the Ra number and thus the Nu value would be closer to unity. Decreasing the viscosity in the
layer by four orders of magnitude, would yield Nu = 18.38, indicating that vigorous convection
may take place if the dense layer is also molten, as suggested by Labrosse et al. [2007].

In this study, I limit my attention to the case where the layer is sub-critical and remains virtually
un-entrained in the mantle flow over the Earth’s evolution. I study several scenarios where the
stagnant layer bears internal heating (M) in excess of the mantle background, possibly due to
the presence of an early-differentiated, incompatible- and radioactive-element enriched reservoir
residing at the base of the mantle [e.g., Tolstikhin and Hofmann, 2005; Boyet and Carlson, 2005;
Tolstikhin et al., 2006; Lassiter, 2006; Lubetskaya and Korenaga, 2007]. Hence, a time-decaying
radioactive source composed of U, Th and K isotopes, with ratios 1/4/10,000 [Hart and Zindler,
1986] and consistent with the isotopic ratio assumed for the rest of the mantle is assumed for the
scenarios that assume additional internal heating sources in the layer.

The simulations performed investigate various scenarios of internal heating in the layer, from a
depleted basal layer up to 4 TW of modern-day internal heating. As shown in the previous chapter,
additional heating in excess of 4 TW (final rate) prevents a continuous generation of magnetic field
in the core, even for a mobile basal layer, therefore I did not include in my analyses cases with
concentrations of radioactive sources which would lead to internal heating in excess of 4 TW (final
rate). I also study the case with a final rate of H ~ 0.5 TW in the basal 200-km thick layer, which
represents the same degree of radioactive heating in the layer and the mantle above, leading to 13
TW final rate of radioactive heating from the entire mantle.

The layer is integrated in the 2D axi-symmetric model for mantle convection; for this, I solve
numerically the time-dependent heat conduction equation with internal heating (M) in a 2D axi-

symmetric spherical shell,

dr

MCI,E

=kV*T +H, (4.3)

where M, Cp, T, 'H, and k are the mass, specific heat, temperature, internal heat production

and thermal conductivity, respectively. The initial condition for temperature distribution in the
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stagnant layer is taken as the steady-state solution of (4.3),

_ H 4 1
T(T)__@r +C1 40, (4.4)

where r is the radius of the spherical sector representing the layer. The integration constants C
and Cy are computed separately for each case of internal heating, from the initial temperatures
4.55 Gyr ago, assuming 4300 K at the CMB, which represents the mantle solidus, and 3000 K at
the upper boundary of the layer.

The layer is incorporated into the numerical model for mantle convection by requiring continuity
of the heat flow and temperature at the core and overlying mantle interfaces. The mechanical
boundary conditions at the layer/mantle and mantle/surface interfaces are free-slip. This implies
that there is no mechanical deformation in the layer, and there is no viscous coupling with the
overlying mantle. This assumption is not strictly correct, and entrainment of some quantity of
dense material in mantle is undoubtedly unavoidable, unless a thin, molted layer may separate the
two regions. However, it is possible that the layer would not disappear entirely over the Earth’s
age and to first order, it would have the same effect on core evolution, even though thinning of the
layer may occur regionally. Lateral variations in the temperature field in the layer are due to the
continuity of temperature and heat flow across the upper boundary, where lateral variations occur
owing to the 2D axi-symmetric mantle flow. The temperature at the base of the layer is the CMB
temperature, which is laterally uniform, but is variable in time, depending on the mantle and core
evolutions.

The behavior and magnetic implications of a ~ 2 % denser basal layer of subducted oceanic
crust, or of primordial origin, mechanically coupled with the overlying mantle, was addressed by
Nakagawa and Tackley [2004], [2005]. In these studies, mechanical movements occur in the denser
layer which lead to de-stabilizing the chemically-dense material, forming thermo-chemical piles,
often swept under upwelling regions. In contrast, I assume a 5% density contrast due to enrichment
with iron, possibly from combined effects or enrichment in core material [e.g., Buffett et al., 2000]
and a relic layer due to a primordial layering at the time of core formation. For this value, the

Buoyancy number is roughly 2 and the layer is stagnant, therefore I make the assumption that
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Figure 4.2: Time evolution of the heat flow (a) and the temperature at the CMB (b) for
model runs indicated (see Table 4.1).

there is no exchange of material with the overlying mantle.

The model represents a starting point for a suite of future models that can be developed and
refined which may include lateral variability of iron content of the silicates as a result of incomplete
chemical mixing between the core material and the mantle silicates. Nonetheless, the effects of the
dense, conductive layer on the core dynamics will be preserved and similar trends are likely to be

observed in future models.

4.2 Core Evolution With a Stagnant Layer in D"

Simulation settings and results are summarized in Tables 4.1 and 4.2. The time evolution of the
CMB heat flow, temperature, inner core radius and magnetic field are plotted in Figures 4.2 and 4.3.

I show the results for a purely thermally conductive layer in D", for which B has an approximate
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Figure 4.3: Time evolution of the modeled magnetic field (a) and growth of the inner core
(b) for model runs indicated (see Table 4.1).

value of 2 and Bi is 3.77 (F cases). I compare these results with earlier results of 'whole-mantle’
convection models, for which practically B — 0 and Bi — oo (D cases, investigated in Costin
and Butler, 2006). The nominal case, B0, consists of whole-mantle convection, where there is no
stagnant layer and corresponds to 13 TW final rate internal heating, distributed throughout the
entire mantle.

In the absence of convection in D”(F series models), the amount of heat removed from the
core decreases significantly compared with the D series models, and becomes even lower for the
cases with additional heating in the layer, whereas internal heating in a mobile D has the effect
of lowering the viscosity in the lowermost mantle and therefore the mantle can remove heat more
efficiently (Table 4.1 and Figure 4.2a). The CMB temperatures at the end of the simulations increase
consistently from 3500 K in the nominal run (B0) up to, and exceeding, 4000 K (Figure 4.2b). This

latter value agrees with estimates of CMB temperatures resulting from ab initio calculations of
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iron alloy melting points [Alfé et al., 2007]. A high CMB temperature is also desirable from the
standpoint of lighter element content in the fluid outer core. A much lower temperature would
yield contamination of the core with light elements such as O and Si in excess of the known weight
percentage [Ozawa and Hirose, 2006]. As the internal heating is increased in the layer, the cooling
rate in the core decreases to the point where it reaches marginal values for thermal stratification
[Gubbins et al., 2004].

An important consequence of the slow rate of cooling in the core is the decrease in the calculated
adiabatic gradient required to solidify an inner core to the present-day size, which in-turn affects
the amount of time necessary for this process. The estimated age for the inner core increases
dramatically over the range of parameters studied (Figure 4.3b). Additional heating in the layer
with modern rates of 3-4 TW (F3 and F4) yield models for which the inner core has essentially the
same age as the Earth. In contrast, cases D with a mobile basal layer, where the viscosity decreases
due to additional internal heating, result in a more modest increase in the inner core age with the
degree of internal heating.

The constrained values for I', which in my model formulation represents the fractional increase
in adiabatic temperature from the CMB to the inner core, are listed in Table 4.1 for each case
separately. Equating previous formulations [e.g., Labrosse et al., 2001; Nimmo et al., 2004] and my

formulation for the core adiabat, the thermal expansivity of the core takes on the form,

Cpe In T
(27/3) peen G (R?

cmb

Qe =

7 (4.5)

Consequently, for the core heat capacity used in our model (c,. = 675 J kg=! K='), the thermal
expansivity implied from our models ranges from a, ~ 1.1 to 0.90 x107> K~! (Table 4.1). These
values are fairly consistent with other studies (1.25-1.7 x10~5 K1 over the entire core, in Labrosse,
2003, 1.35 x1075 K=, in Nimmo, 2007, and 0.89 - 1.77 x10=> K~! in Roberts et al., 2003). A
higher value for the thermal expansion of the core (2.5 x 1073 K~1) is used in the study of Davies
[2007]. Tt can be noted that for high internal heating in the basal layer, the core cooling is very
slow and this results in lower values for the adiabatic parameter I', and implicitly for a.. Another

reason for obtaining slightly lower values for the thermal expansion, is the use of a heat capacity in
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the core somewhat lower than values employed in other studies. For instance, the ratio © = a./cpe,
scaling the adiabatic speed of sound in the core, computed from our thermal evolution for various
scenarios, ranges from 1.48 to 1.63 x10~8 s m~2, while the same ratio is 1.47 to0 2.0 x1078 s2 m—2
in Labrosse [2003] and 1.67 x1078 s> m~2 in Nimmo [2007]. These compare very closely with my
results. As a final consistency check, I express © = 7 p./Kr, where + is the Griineisen parameter,
p = 11,000 kg m~3 is the mean density in the outer core and K7 = 970 GPa is the isothermal
mean bulk modulus [Stacey, 1992], and obtain a range for the Griineisen parameter from 1.438 to
1.35, consistent with values for Griineisen parameter in the outer core employed in other studies
[e.g. Davies, 2007; Gubbins et al., 2004; Roberts et al., 2003; Labrosse, 2003; Williams, 1998]. In
contrast, a value of 1.51 £0.01 is indicated by Vocadlo et al. [2003] for pure iron, whereas Williams
[1998] prefers a value close to 1.4 for the Griineisen parameter. Given the uncertainties of the
light element content in the outer core which can affect the ab initio simulations [Alfé et al., 2007;
Vocadlo, 2007], and the difficulty of reproducing core conditions in laboratory experiments, there
are still a number of uncertainties in constraining the physical parameters of the core, and therefore

a wider range of thermal history scenarios cannot be excluded.

The resultant magnetic field for each case is plotted in Figure 4.3a. We can immediately observe
that the evolution of the magnetic field follows two regimes, starting with a transient period at very
early times when there is enough entropy created by the cooling of the core to generate an initial
magnetic field. However, as the entropy of cooling decreases, so does the intensity of the magnetic
field. The duration of the transient field is case dependent, and is correlated with the CMB heat
flow (Qemp), illustrating the mantle control on magnetic field generation. Further, the magnetic
field becomes weaker or vanishes for the cases of higher internal heating in D”, where the reduction
in Qe¢mp is severe. For those cases, although the inner core starts to freeze early, even with the
contributions from the terms associated with the solidification process, there is still not enough
entropy gain to overcome the adiabatic sink. This is due to maintaining high ambient temperatures
in the core and very shallow temperature gradients at the CMB which diminish the efficiency of

the cooling engine.
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Once the entropy production in the model core becomes positive, the model magnetic field
increases in intensity, and as can be seen, this modern magnetic field becomes more robust, keep-
ing an almost steady trend, with highest values at the present, in agreement with paleomagnetic
studies [Selkin and Tauze, 2000]. An interesting result is the fact that for the cases where there
is an interruption in the magnetic field generation, the modern magnetic field re-activates around
the same time for all cases (after 1.6-1.8 Gyr of evolution) though the period without magnetic
field varies among cases. This ’quiet’ period increases with the amount of internal heating in the
conductive layer, as a consequence of the lower cooling rate, and the reduced amount of heat leaving
the core (Table 4.2 and Figure 4.3b). When convection penetrates D” (B0 and D series models), the
high variability in the magnetic field is caused by temporal fluctuations in mantle convection. Not
surprisingly, these effects are smaller for conduction-dominated D” (F series models), owing to the
diffusive nature of thermal conduction, though large mantle avalanches may still trigger intensity

swings.

For the stagnant regime in D" considered in this paper, an un-interrupted magnetic field
throughout geological time requires roughly 5 TW CMB heat flow for modern times, which oc-
curs only for the radioactively depleted lowermost mantle (F0) or for a layer that has the same
concentration in radioactive elements as the rest of the mantle (FF), or is very slightly enriched
in radioactive elements (no more than 0.5 TW additional internal heating for the final rate in the
layer). For cases with additional internal heating in excess of 0.5 TW, the CMB heat flow becomes
sufficiently low to suppress the dynamo action at early times. The high temperatures in the core,
due to the insulating layer affect the efficiency factors of the entropy-producing terms. This analysis
shows that the low efficiency of the secular cooling to generate entropy requires a minimum CMB
heat flow of roughly 4.5 TW at all times for maintaining positive values of Ohmic dissipation, and
rates below this threshold fail to sustain an active dynamo from secular cooling alone. These esti-
mates may slightly vary, since energy and entropy are quite sensitive to insufficiently constrained
thermodynamic properties (e.g., thermal conductivity, heat capacity). For instance, a decrease of

10% in the thermal conductivity in the core yields a continuous magnetic field for the case with
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0.5 TW additional internal heating (F1), because of the decrease of the heat conducted along the
adiabat. At the same time, if thermal conductivity were changed consistently, the intensity of
the magnetic field would be slightly lower, due to reduced electrical conductivity predicted by the
Franz-Wiedemann’s relationship between the thermal and electronic conduction in metals [Stacey,

1992], k = LT 0., where L is the Lorentz constant and 7' is temperature.

4.3 Summary of Models With a Stagnant Layer in D”

A conductive layer in D”prevents rapid cooling of the core due to reduced heat transfer, requiring
an early solidification of the inner core. If no additional heating is present in the layer, the internal
magnetic field is quasi-continuously generated throughout Earth’s evolution with an initial, purely
thermal magnetic field weakening due to the slow cooling of the core, followed by a vigorous modern
magnetic field, once the inner core starts to solidify. The total amount of Joule heating dissipated by
the geodynamo is lower by almost an order of magnitude when heat is carried purely by conduction
in D”, showing the ability of the stagnant layer to resolve the heat source paradox by maintaining
a reduced CMB heat flow; by the same token, the mechanism produces an old inner core. This
"blanketing’ effect was also noted by Nakagawa and Tackley [2004] when studying a thermo-chemical
mobile layer, with a smaller density contrast.

The presence of additional internal heating in the stagnant layer shuts down the early magnetic
field. Subsequently, when the entropy production in the system overcomes the adiabatic loss, due
to the changing of cooling conditions in the core, the magnetic field is re-generated. This does
not necessarily coincide with the moment of inner core inception, consistent with earlier remarks
from the previous chapter. If the temperatures in the core are too high, the compositional term
is still too low to sustain the geodynamo, particularly observed in cases F3 and F4. These cases
refer to a stagnant D” layer bearing rates of internal heating required by the geochemical models
with ’isolated’ reservoirs [e.g., Tolstikhin and Hofmann, 2005]. However, they are less plausible,
as the quiescent period for magnetic field of about 1.5 Gyr, is not supported by paleomagnetic

evidence. In addition, the thermal parameters computed on the basis of the inner core constraint
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(e.g., Griineisen parameter ) are slightly lower than the ones indicated by ab initio calculations.
These scenarios may follow a totally different core thermal evolution, however, in that a significantly
lower rate of cooling may generate a stratified thermal layer at the top of the core [e.g., Braginsky,
1991; Lister and Buffett, 1998]. This possibility is not accounted for in the present formulation for

core evolution.

With a stagnant layer bearing no additional heating (model FF), an old inner core and a contin-
uously generated dynamo are made possible without appealing to core potassium, a still disputed
issue [McDonough, 2004]. The age of the inner core predicted from the models with a stagnant layer
exceeds 2.6 Gyr, comparable to predictions from isotopic models and higher than those from ana-
lytical or numerical models. Similar ages are obtained by Nagakawa and Tackley [2005] when using
100 ppm “°K in the core and a dense mantle basal layer, and by Davies [2007] by re-formulating
the parameterized schemes for the CMB heat flow in an attempt to model complexities known to
occur in D", such as a thermal boundary layer with compositional variations and a post-perovskite
phase. Lastly, this novel approach for heat transport at the base of the mantle generates models for
Earth’s thermal history that yield final core temperatures in the range of mineral physics estimates,

without starting with a very high initial core temperature.

The analysis for the thermal and magnetic history in the core favors a stagnant, thermally
conductive lowermost region in the mantle, with a chemically-distinct signature, where a hidden
reservoir bearing no more than twice the background mantle concentration in radioactive elements
may reside (case F1). For this scenario, the age of the inner core is around 2.74 Gyr and the magnetic
field is generated for 80% of the Earth’s history, with onset of 'modern’ field in the Proterozoic.
A weak, early magnetic field would have been responsible for magnetizing mid-Archean rocks,
consistent with paleointensity analyses that have shown dipole moments lower by up to a factor
of four in the distant past [e.g., Tarduno et al., 2006; Yoshihara and Hamano, 2004]. The modern
CMB temperature in model F1 is 3946 K. The stagnant layer in D" is an appealing mechanism to
maintain a high core temperature and produce an old inner core; it can only be weakly enriched in

radioactive elements, however.
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Figure 4.4: Evolution of heat fluxes for a stagnant layer in D”that breaks up after 2.0 Gyr
of evolution (T1 and T2). Surface heat flow - solid lines. Advected heat at 660-km phase
transition - dashed lines. CMB heat flow - dash-dotted lines. Thicker profiles represent a
depleted D"”layer (T1), thinner lines represent a D”layer enriched in internal heating, with 1
TW final rate (T2).

4.4 Thermal and Magnetic Consequences of Entraining the
Stagnant Basal Layer in Mantle Circulation

Several studies have shown that a density contrast of ~ 2 — 6% is sufficient to maintain a stable
layer at the base of the mantle for geologically significant lengths of time [e.g., Montague and
Kellogg, 2000; Sleep, 1988; Hansen and Yuen, 1989], though the estimates vary slightly due to the
geometry of the models employed and the viscosity contrast. Montague and Kellogg [2000] suggest
that it may have been easier to preserve a dense layer in D”in the past, when the mantle was much
hotter and had a lower viscosity. Experimental work has shown that for a low density contrast
(~2%), the layer could break after 2.0 —2.5 Gyr of evolution and be entrained in the whole mantle
convection due to instabilities that develop at the layer interface [Davaille and Arndt, 2007]). The
entrainment occurs when the thermal heterogeneities at the interface induce circulations in the two
layers; later, the viscous drag is strong enough to entrain thin tendrils of dense material. After
a while, the entire chemical layer becomes eroded until B = 0 and a complete mixing is achieved

[Davaille, 1999, Davaille et al., 2003].
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Figure 4.5: Time evolution of the modeled magnetic field and growth of the inner core
for a stagnant layer in D”’that breaks up after 2.0 Gyr of evolution. Magnetic field - solid
lines. IC radius - dash lines. Thicker profiles represent a depleted D" layer (T1), thinner lines
represent a D”layer enriched in internal heating, with 1 TW final rate (T2).

To study the effects of convection penetrating to the bottom of the mantle after a period of
evolution with a stagnant layer, I have performed a set of simulations corresponding to cases with a
depleted lowermost mantle (stagnant case F0) and a slightly-enriched lowermost mantle (stagnant
case F1). For these cases, I have performed the first run with a conductive regime at the base of the
mantle and have stopped the simulations after 2.0 and 2.5 Gyr of time evolution. Subsequently, the
simulations were switched from stagnant to mobile D” by using the final temperature distribution
of the stagnant case as an initial condition for the new simulations. From this point on, the method
was identical with all the other simulations with a mobile D”. The first simulation was run until
the present time without IC formation and subsequently a second run was performed to grow the
correct size of the inner core (T series, see Tables 4.1 and 4.2). The results from T series models are
plotted in Figures 4.4, 4.5, and 4.6, 4.7 for the layer break-up after 2.0 and 2.5 Gyr, respectively.

To estimate B for these two cases, we can use a scaling law for the erosion rate for a dense layer

[e.g., Jellinek and Manga, 2002], of the form,

C? Kk Ra'/?

20272 H /\dB/\i/i*

q

In (4.6), H is the combined height of both layers, x is the thermal diffusivity, C = 0.6 is a
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Figure 4.6: Evolution of heat fluxes for a stagnant layer in D”that breaks up after 2.5 Gyr
of evolution (T3 and T4). Surface heat flow - solid lines. Advected heat at 660-km phase
transition - dashed lines. CMB heat flow - dash-dotted lines. Thicker profiles represent a
depleted D"layer (T3), thinner lines represent a D”layer enriched in internal heating, with 1
TW final rate (T4).

scaling constant, A\g = pic/fa, Aa = phe/n, and pe, pg, pp, are the viscosity in the ambient fluid,
at the interface and in the denser layer, respectively. For a 200 km-thick layer that is completely

L whereas if the entrainment occurs

entrained after 2.0 Gyr, the erosion rate is ¢ = 100 m Myr™
after 2.5 Gyr, ¢ = 80 m Myr~—!. Typical values for the Earth are Ra = 107 — 103, x = 1076 m s=2
and H = 3 x 105 m [Jellinek and Manga, 2002]. Using these values, B = 0.4089 for a layer that is
completely mixed after 2.0 Gyr, whereas B = 0.5111, for a transition which occurs after 2.5 Gyr of

evolution. Further, the density contrasts are 1.09 % and 1.28 %, respectively.

When the thermally conductive layer is allowed to enter the whole mantle convection, the mantle
can remove heat from the core more efficiently. The CMB heat flow increases as the more effective
convective heat transport penetrates the bottom of the mantle, allowing more heat to cross the
boundary. There is also a higher variability in the CMB heat flow after the layer break-up, as the
filtering effects of the thermal diffusion in the basal layer are removed. Also, convection in the
mantle is affected, and it can be observed that intense avalanches occur, as evidenced by spikes
in the heat flow at the surface and at 660-km phase depth. These spikes occur after the layer is

de-stabilized, reflecting the increased heat transport at the CMB, suddenly received from the core,
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Figure 4.7: Time evolution of the modeled magnetic field and growth of the inner core for
a stagnant layer in D”that breaks up after 2.5 Gyr of evolution T3 and T4). Magnetic field -
solid lines. IC radius - dash lines. Thicker profiles represent a depleted D”layer (T3), thinner
lines represent a D"layer enriched in internal heating, with 1 TW final rate (T4).

which is decreasing the viscosity in the lower mantle. The time lag between the layer rupture and
the heat flow spikes is roughly 0.5 Gyr, probably reflecting the characteristic timescale of mantle
overturn combined with phase boundary effects. This result is consistent with the paper by Condie
[2000], who suggests that the change in pattern of mantle convection, from layered to whole-mantle
convection, would trigger a mantle superevent responsible for increased crustal production and
formation of supercontinents.

Additionally, the results show that the events at the 660-km phase transition are more intense
for the cases when the layer that breaks-up is enriched in radioactive heating (i.e., T2 and T4), and
it is expected that this phenomenon will be even stronger for cases with higher additional internal
heating (> 1 TW, not studied here). The surface heat flows at the end of the simulations tend
to be higher for the case of layer break-up at 2.5 Gyr (T3 and T4), compared to the cases with
break-up at 2.0 Gyr (T1 and T2). This could be a consequence of the fact that the mantle cools
more efficiently for a longer period of time in the latter calculations.

In contrast with cases with a stagnant layer throughout the Earth’s lifetime, for the cases where
the stagnant layer is entrained in mantle convection, the age of the inner core decreases significantly.

The inner core solidification is delayed for about 0.5 Gyr in the case of a transition at 2.5 Gyr (cases
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Figure 4.8: Summary plot for evolution of CMB temperatures for the nominal case BO and
T series, representing transition from stagnant to convective regime in D”.

T3 and T4 and Figure 4.7) and by 1 Gyr for the case with a transition at 2.0 Gyr (cases T1 and T2
and Figure 4.5). This is a direct consequence of the efficiency with which heat is removed from the
core. The sooner the mantle becomes wholly-convective, the less time is required to grow an inner
core the size of the present-day radius. It can be observed from the plots that the earlier the layer
is entrained in whole mantle convection, the younger the inner core becomes. The simulations do
not account for the possibility of an inner core that starts to freeze prior to the break-up of the
layer, however, in none of these simulations is nucleation required to occur before break-up, due to
the mechanism explained above.

At the time of the layer break-up, a sudden increase in magnetic field intensity can be observed
for the cases with un-interrupted magnetic field (T1 and T3). A similar effect was seen in the model
of Stegman et al. [2003], who suggest that a transient increase in core heat flux after an overturn
of an initially stratified lunar mantle might explain the short existence of an early lunar dynamo.
For the cases where there is no magnetic field prior to the layer break-up, a complete regeneration
of the magnetic field is observed (T2 and T4). These effects are due to the increase of the CMB
heat flow, which triggers a re-vitalization of the magnetic field by increasing the contribution of
the core secular cooling to the entropy of ohmic dissipation. This is an interesting observation, as

the magnetic field re-activates prior to the inner core inception, showing that there are possible
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Figure 4.9: Summary plot for evolution of ICB temperatures for the nominal case BO and
T series representing transition from stagnant to convective regime in D"

scenarios where the resurgence of the magnetic field is not necessarily related to the supplementary
contribution of latent heating and potential energy release.

A second, sudden increase in the magnetic field intensity can be observed at the time of the onset
of the IC solidification, due to the additional energy sources that enter the system (latent heating
and release of gravitational potential). This effect is observed in all of the simulations performed
without a stagnant layer at the base of the mantle. For the cases with a stagnant layer, this effect
is diminished by the low-pass filter action of the diffusive process. The magnetic phenomena can be
observed happening in the core almost concomitantly with the layer break-up or beginning of inner
core freezing, owing to the very short characteristic time scales in the core. The energy required to
maintain an active dynamo for the cases with a transition from stagnant layer to mantle convection
in D”, is significantly increased, as can be seen from Table 4.2. The highly dissipative dynamo
could be explained by the fact that after the layer break-up the mantle becomes more active and
therefore the heat flux across CMB is increased and this leads to a more dissipative regime in the
core.

I note that for the case with 1TW additional internal heating in the layer, the ’quiet’ period,
with no magnetic field generation, is increased from ~ 1 Gyr for the stagnant case to more than

1.5 Gyr when the layer breaks up. This is due to the steeper adiabat (e.g., I' = 1.44 for break-up
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Figure 4.10: Geodynamo regime diagram as a function of buoyancy number and internal
heating in the core. Blue color indicates a final CMB temperature lower than ~ 3800 K.
Red color indicates a final CMB temperature in excess of ~ 3800 K. Stars indicate a quasi-
continuous magnetic field generation, whereas open circles indicate an interrupted magnetic
field generation. A continuous magnetic field and high CMB temperatures are predicted for
regimes delineated by ADC.

at 2 Gyr, as opposed to I' = 1.38 for the stagnant case) used to constrain the growth of the inner
core, which causes a higher entropy of the heat conducted down the core adiabat, hence decreasing

the entropy available for Ohmic dissipation.

Figures 4.8 and 4.9 display the final temperatures at the CMB and ICB for the transition cases,
along with the nominal case B0, for comparison. The final temperatures at the CMB decrease as
the layer breaks up earlier, because the convection regime is more efficient in transporting heat
from the core to the surface. Additionally, the final CMB temperature decreases if less internal
heating is present in the layer. The cooling rate at the CMB horizon for the cases with a layer
break-up is very close to that for the cases with whole-mantle convection, as shown from Table 4.2.
The initial temperatures at the centre of the Earth, required to end up with ~ 5700 K at the ICB
and a inner core radius of the present-day value, decrease significantly from the nominal case to

the case with additional internal heating in the layer, showing that the presence of a conductive

95



layer has a "blanketing” effect on the core cooling.

Figure 4.10 shows the dynamo regime diagram for the cases that have been studied in this
chapter, in the Buoyancy number-internal heating in the dense layer parameter space. Although an
exhaustive study was not performed, it can be seen from the regime diagram that a high modern-day
CMB temperature and a quasi-continuous magnetic field is only achieved for a layer that remains
un-entrained in the mantle flow for the most part of the Earth history. If the layer is not stagnant
over the Earth’s lifetime, due to instabilities which may entrain the layer in mantle convection, a
more active mantle will render final CMB temperatures which are less than 4000 K, with much
younger inner cores and models of magnetic field that have survived for around 3.5 Gyr. It can also
be seen that the internal heating in the layer must not exceed 1 TW final rate. The ADC region
delineated in the regime diagram is a prediction of the conditions that could lead to a successful
magnetic history and a high final CMB temperature. Namely, from the regime diagram we may
envisage a scenario of a layer that breaks very late in the Earth’s history, such that the temperature
at the CMB doesn’t drop too much due to vigorous convection and for which the magnetic field
will not be interrupted as the inner core may start initiating soon after the layer break-up. In
addition, the persistence of a stagnant layer over most of the geological time would not conflict
with seismological observations, as these only give us a snapshot of the present mantle structure.
However, the predicted successful regime (ADC area) shows that the amount of internal heating in
the layer is still low compared to the global mass balance requirements [e.g., Boyet and Carlson,
2005].

From this analysis, it can be concluded that for maintaining modern core temperatures around
4000 K and an almost continuous magnetic field the long-standing and thermally conductive layer

at the base of D" appears to be a successful scenario.
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Run | Mechanism | H inD” 70 . T35 r Griineisen ~ Thermal
in D” (final rate) () exp. (ae)
[TW] K] [K] [107° K~ 1]
BO mobile 0.5 4300 3505 1.556 1.438 1.100
D7 mobile 2.0 4300 3583 1.524 1.398 1.070
D5 mobile 4.0 4300 3676  1.483 1.429 1.095
FO stagnant 0.0 4300 3834 1.424 1.403 1.074
FF stagnant 0.5 4300 3900 1.401 1.402 1.073
F1 stagnant 1.0 4300 3946 1.384 1.393 1.067
F2 stagnant 2.0 4300 4030 1.354 1.361 1.049
F3 stagnant 3.0 4340 4153  1.320 1.354 0.991
F4 stagnant 4.0 4510 4355 1.264 1.295 0.889
T1 trans@2.0 0.0 4300 3662 1.491 1.399 1.0716
T2 trans@2.0 1.0 4300 3696  1.477 1.4159 1.084
T3 trans@2.5 0.0 4300 3723 1.473 1.352 1.035
T4 trans@2.5 1.0 4300 3790 1.441 1.399 1.07

Table 4.1: Summary of the thermal parameters of the core. Comparison between results and
parameters for purely thermal conduction in D” (F cases), whole-mantle convective regime
(B and D cases) and mixed heat transport, with transition from purely thermal conduction
to whole-mantle convection (T cases). The nominal run is represented by B0. Superscripts
O and %% refer to the beginning and the end of the simulation (starting from 4.55 Gyr ago

to present).
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Run Cooling Age of IC 4.59 Total Omnset of  Duration of
rate @ CMB dissipation modern B B
[K Gyr™'] [Gyr]  [TW] [J] [Gyr] [Gyr]
B0 175 1.756 5.07  1.45x 10%° 0 4.550
D7 158 1.884 5.88  1.22 x 10% 0 4.550
D5 137 1.679 8.37  9.52 x 108 2.131 3.821
FO 102 2.323 4.84  6.22 x 10%® 0 4.550
FF 89 2.682 4.35 5.16 x 10%® 1.658 4.139
F1 78 2.742 3.73  4.43 x 10?8 1.808 3.534
F2 59 3.145 3.58  3.95 x 1028 1.676 3.105
F3 42 4.272 3.49  2.71 x 1078 1.683 2.987
F4 34 4.550 3.07  2.64 x 10?8 1.744 2.961
T1 140 1.305 6.72  2.76 x 10%° 0 4.550
T2 133 1.317 6.70  2.75 x 10%° 1.997 3.050
T3 128 1.410 6.29  2.26 x 10%° 0 4.550
T4 112 1.515 5.71  1.93 x 10%° 2.542 2.642

Table 4.2: Summary of core energetics and magnetic field evolution. Comparison for results
and parameters for purely thermal conduction in D” (F cases ), whole-mantle convective
regime (B and D cases) and mixed heat transport, with transition from purely thermal
conduction to whole-mantle convection (T cases). The nominal run is represented by BO.
Superscripts ¢ and #5° refer to the beginning and the end of the simulation (starting from

4.55 Gyr ago to present).
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CHAPTER 5

SUMMARY OF RESULTS AND DISCUSSION

The aim of this chapter is to summarize the various scenarios that were considered for the
thermal and magnetic history of the Earth, implementing new geochemical models, related to the
lowermost mantle and the composition of the core. The Earth’s core is a heat reservoir cooling at
a rate controlled by the overlying mantle. Understanding the energy budget of both the core and
the mantle and studying the contributing factors is important for several reasons, of which some
are enumerated here. First, the nature of heat transport in the mantle, the vigor of convection,
the amount and distribution of internal heating are affecting the thermal history of the mantle,
which is responsible for surface processes such as plate tectonics, mountain building and large
igneous provinces. The surface heat flow is also strongly affected by the underlying convection in

the mantle.

Second, the viability of the magnetic field is determined by the thermal history of the Earth.
If the mantle cools the core at a sufficient rate as to create thermal convection in the core, the
buoyancy sources may in turn generate a magnetic field. Slowing the rate of the core cooling can

allow the core to cool only through thermal conduction, which cannot sustain a dynamo.

Third, it has been shown that implementing present-day constraints on the thermal and mag-
netic evolution of the core proves a difficult task. The magnetic field has existed for most of the
Earth’s lifetime, hence the necessity to maintain proper conditions for a working dynamo. Another
complication arises from recent studies that require high modern-day CMB temperatures, which
unavoidably lead to initial CMB temperatures above the solidus point of lower mantle materials.
However, very recently, a scenario was proposed where the mantle starts to crystallize from a basal

magma ocean |[Labrosse et al., 2007]. It was not possible in this study to take into account for such
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a scenario, as a molten state for the mantle would significantly change the physics of the mantle,
and these effects are not accounted for in the mantle numerical model.

Finally, understanding the thermal history of the mantle and core and the magnetic field on
Earth will help in constructing viable evolution models for other solar system bodies which posses
or have once possessed a magnetic field [e.g., Acuna et al., 1999].

The study of the thermal evolution of the Earth has been carried out by coupling a 2D axi-
symmetric model for mantle convection with a parameterized model for the Earth’s core, by re-
quiring continuity of heat flow at the core mantle boundary, which allows for feed-back between
the two models at each time step. The main findings revealed by the entire analysis and the most

successful models will be discussed below.

5.1 Omnset and continuity of the magnetic field

Among the models presented in this thesis, those that have a continuous magnetic field for the past
3.5 Gyr in agreement with the PSV, or with minor interruptions (which can be resolved within the

error margins for various physical parameters of the core), are the following:

e Core potassium. A concentration of 300 ppm of K in the core, resulting in a final rate of
internal heating of 2 TW was sufficient to maintain a magnetic field over the age of the Earth
(case B2). This model displays a strong, stable magnetic field throughout the geologic time,
with small intensity variations. Case B1, with a final rate of 1 TW also yields a continuous
magnetic field. This scenario corresponds to a concentration of 150 ppm K in the core, which
cannot be ruled out by geochemical constraints [e.g., Nimmo, 2007; Lassiter, 2006]. However,
for this case, the magnetic field displays more pronounced time dependence than for the case

B2.

e A soft layer in D” bearing no more than 2-3 TW additional internal heating in D”, assuming
the presence of U, Th and K radioactive isotopes (e.g., case D7). The magnetic field intensity

for this case displays high variability compared to the case B2. Model D5, consistent with
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the geochemical model of Tolstikhin and Hofmann [2005] is only marginally included in this
category, because it requires tuning in parameter space (e.g., lower thermal conductivity). In
addition, short-term fluctuations in the modeled field intensity are significant (may vary by a
factor of 3). Higher concentrations of radioactive elements render models where the magnetic

field cannot be continuously sustained (series D models).

A stagnant, ’blanketing’ layer in D", provided it bears only reduced amounts of additional
internal heating (e.g., case F1). The layer may also be depleted in radioactive elements or
have the same concentration as the lower mantle background (F0 or FF). The stagnant layer
(in D) scenario brings a new feature in the magnetic evolution, in that the diffusive process
in the lowermost mantle imposes a reduced variability of the magnetic field intensity. Another
distinctive feature observed in these models is that a transient field is present for about 0.5 -
1 Gyr, followed by an intensity 'low’ or 'quiet’ period, and lastly, a modern, stronger field is
re-activated. This evolution pattern is however decoupled form the onset of the IC nucleation,

which happens very early in the Earth’s history.

A stagnant layer which becomes entrained in convection. Cases T1 and T3, where the stagnant
basal layer is allowed to enter convection after 2.0 or 2.5 Gyr are also displaying a continuous
magnetic field throughout time. The presence of additional heating in such a mixed scenario
(T2 and T4) is unlikely. The CMB cooling history and the constraints imposed by growing a
correct size of the modern-day IC require a higher value for the adiabatic parameter I' than
for the cases without internal heating. This increases the value of the adiabatic entropy term,
and therefore the magnetic history for cases that allow the presence of additional heating in

the layer, renders larger gaps in the magnetic field.

The nominal case. Model B0, which has been considered the reference case, is also able to
produce a continuous magnetic field. The modeled field displays large fluctuations in the field

intensity.
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5.2 Trends in modeled magnetic field intensity

Most of the models of magnetic field intensity presented in this thesis are highly time dependent.
These fluctuations may be superimposed on a declining, increasing or almost steady trends. In
addition, an interesting remark regarding big swings in modeled field intensity is worth noting.
The classical view expressed in many studies [e.g., Stevenson et al., 1983; Tarduno et al., 2006] is
that the onset of inner core solidification triggers a sudden increase of the magnetic field intensity,
due to the energy terms released by the IC freezing. This is often seen in the models presented in the
thesis. Moreover, there seem to be other causes that trigger significant and sudden magnetic field
intensity swings, demonstrating that a favorable entropy production for magnetic field generation
can be attained through other mechanisms as well. The summarizing remarks on the trends in

magnetic field are listed below.

e Declining intensity trend, followed by increasing trend. This feature is encountered in most of
the models, including B0, D5, D6, F series and T series. The initial declining trend is reflecting
a dynamo that is sustained from secular cooling alone, which diminishes in time, to the point
that the magnetic field can disappear. This is consistent with evidence in favor of low intensity
during the Precambrian [e.g., Macouin et al., 2003; Valet, 2003]. Once the available entropy
for the dynamo overcomes the adiabatic sink (most of the times due to entropy produced by
compositional buoyancy), the magnetic field displays a steady increase in intensity, yielding
the strongest magnetic field in modern times in most cases. Undoubtedly, this evolution
pattern is the most often seen in models of magnetic field evolution based on theoretical
studies of core energetics [e.g., Nimmo, 2007; Davies, 2007; Labrosse, 2003; Stevenson et al.,

1983).

e Steady trends. A stable and robust geodynamo action is present throughout the entire evo-
lution for cases B2, B4 and C series. For these cases, there is significant entropy produced by
the buoyancy generated by either radioactive heating in the core (B2, B4), or rapid secular

cooling of the core due to high initial temperatures (C0, C6), which render a strong dynamo
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action at all times; in addition, there is a smaller jump when the IC starts to freeze, since the

latent heat and gravitational energy decrease the secular cooling.

Intensity swings due to the IC nucleation. The increase in magnetic field intensity at the
moment of the onset of IC freezing is observable in the nominal model B0, as well as in all of
the D series and most of the F series and is less noticeable in T models. This can be related to
the additional compositional buoyancy that is generated with the IC solidification, which has
a positive effect on magnetic field generation. For the cases where there is significant entropy
produced by the buoyancy generated by other sources as explained above (B2, B4, C0, C6),
the effect of IC solidification is quite obscure, and cannot be identified in the evolution of

model magnetic field, unless additional information is available.

Intensity swings due to changes in the lowermost mantle thermal regime. When a stagnant
layer becomes entrained in whole mantle convection (T series) and convection is allowed to
penetrate to the bottom of the mantle, there is a sudden increase in the efficiency with which
the mantle removes heat from the core. This sudden pattern change is noted in the magnetic
field and with some delay, in the heat flows at the surface and 660-km depth. Studies of
Dawaille and Arndt [2007] and Montague and Kellogg [2000] have discussed the implications
on mantle convection for such scenarios, but did not extend their analysis on the on magnetic

field evolution.

Intensity swings due to intense mantle events at the surface and 660-km depth. This is another
novel feature that has not been previously discussed, except in Costin and Butler [2006]. This
situation is illustrated by models D2, D5 and possibly D4. The revival of the magnetic field,
often of short duration, is solely due to the increase in CMB flow as a consequence of peaks
in 660-km depth and surface heat flows, which enable the mantle to episodically increase the
amount of heat that it is able remove from the core. There is usually a time lag of around
50-60 Myr between the two events, when the descending cold plume is felt at the CMB.
Increased heat flow at the CMB produces more thermal buoyancy in the core, which creates

available entropy for the dynamo.
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5.3 Age of the inner core

The age of the inner core is a critical parameter for constructing thermal and magnetic evolution
models. Some attractive, but highly contentious suggestions have proposed observational con-
straints for the age of the inner core [e.g., Brandon et al., 2003]. These models predict that the IC
formation began ~ 3.5 Gyr ago. The geochemical arguments for these models have been strongly
contested [e.g., Luguet et al., 2008]. Nonetheless, the idea of obtaining constraints on the IC age
from geological observations, which can otherwise be addressed only by theoretical modeling, is
intriguing [Nimmo, 2007]. So far, the great majority of the theoretical models for a core that is
radionuclide-free, have predicted an age of the IC anywhere from 0.3 to 2.0 Gyr. An increased age
of the inner core is obtained by Gubbins et al. [2004] when using internal heating in the core, with
a concentration of 400 ppm of “°K. Lassiter [2006] and Davies [2007] obtain an age for the IC that
exceeds 2.5 Gy, using various schemes for CMB heat flow and boundary layer parameterization.
The models analyzed in this study predict the IC age as a corollary to the constraints imposed
on growing an inner core that ends up with a correct radius. In turn, this affects the slope of the
adiabatic temperature increase and consequently the moment in time when the adiabatic temper-
ature equals the solidification temperature. Therefore, the age predicted from the models covers a
wide range, from ~ 1.2 billion-year old to virtually the age of the Earth. An interesting remark will
be noted for the cases with old inner cores. Due to the shallow adiabat required to start freezing
an inner core early, the efficiency of producing dynamo action is also reduced, as there is only a
small temperature difference between different horizons in the outer core. As such, the models have
yielded scenarios where the IC starts to grow, but the dynamo is not operational. In the previous
paragraph we have seen the magnetic field re-instated without the onset of the inner core; from

this observation, inner cores without magnetic field can be envisaged.

Based on the age of the IC, the models are grouped as follows:

e Young inner core (< 2.5 Gyr). The models with young inner cores include the nominal case

B0, the B series, C series and T series. The young IC age predicted from these models is
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consistent with previous analyses [Labrosse et al, 2001; Nimmo et al., 2004; Aubert,2005]. All
of these cases are characterized by a fast cooling of the core, which requires a short time to

grow an IC of the size inferred from seismological observations.

e An IC older than ~ 2.5 Gyr. An older age for the inner core is achieved in most of the D
series and all of the F series. These models contain additional internal heating at the base of
the mantle, in a mobile or stagnant layer. These scenarios were constructed based on the new
hypotheses of the existence of an early isolated reservoir, enriched in incompatible elements.
This formulation for the thermal history of the mantle has been previously envisaged by
Buffett [2002], but no detailed analysis has been previously carried forward. Therefore, the
new formulation represents a starting point for more refined models. The increased age of
the inner core is due to the ’blanketing’ effect of a hot layer at the base of the mantle, which
only allows low rates of core cooling. Consequently, a modern-sized inner core needs a longer
time to crystallize. These models require the IC to start solidifying in Archean or early
Proterozoic time, and are consistent with some suggestions from paleointensity data [e.g.,
Tarduno et al., 2006; Yoshihara and Hamano, 2000], and with theoretical models of Davies
[2007] and Lassiter [2006] and are reminiscent of the geochemical models which predict old
inner cores. Analytical models that do not include the effects of additional internal heating at
the base of the mantle [e.g., Labrosse, 2003; Roberts et al, 2003; Nimmo et al., 2004] predict
much younger inner cores. It is also to be noted that for the sake of reducing the CMB
heat flow over geological time and thus obtaining an old inner core, a stagnant layer, with no
additional internal heating, or even one depleted in internal heating (FF and FO cases), have

sufficed.

5.4 Modern-day CMB temperature and CMB heat flow.

The final temperature at the CMB is an important parameter, and the understanding of the value of
the modern-day CMB temperature has changed in time. In view of recent calculations, the predicted

of modern-day temperature at the CMB horizon, obtained by extrapolating the melting temperature
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at the ICB, is around 4100 K [e.g., Alfé et al., 2007]. Such a high final temperature is hard to
achieve in thermal models, in the context of starting with a mantle temperature near or at the
solidus point. This can be seen from the nominal model, which ended up with a CMB temperature
of 3505 K. Most of the B, C, D and F series models presented have CMB final temperatures around
4000 K, in agreement with recent calculations, as seeking high final temperatures was one of the
goals in this study. The mechanisms that have rendered final CMB temperatures around 4000 K
(starting from the solidus temperature for the mantle) include the presence of core potassium (B
series), or additional internal heating in the basal layer in excess of 4 TW (D series), or a stagnant
layer in D”(F series). Cases where the stagnant layer becomes entrained in convection render final
temperatures around 3700 to 3800 K, still higher than predictions from the nominal case.

Modern-day CMB heat flow in the models presented in this study ranges from ~ 4 TW to ~ 10
TW, in agreement with the current estimates which suggest a value of 10 £4 TW [e.g., Nimmo,
2007]. The CMB heat flow shows some degree of variability in most models presented in this thesis.
Generally, the heat flow at the CMB follows the same trends with the modeled heat flow at the
surface and at 660-km depth. Thermal models that account for a stagnant layer on top of the
liquid core, display reduced fluctuations, due to the diffusive processes in the D’ layer which tend
to smooth out the effects of the phase boundary and surface heat flow variations.

Models that have a significant additional amount of radioactive elements at the base of the
mantle (exceeding 4 TW final rate) show a reversed direction for CMB heat flow at the beginning
of the simulations, which leads to core heating at early times (D1, D2, D4, F4). Models that contain
a stagnant layer in D” end up with the lowest values for CMB heat flow, because the amount of
heat extracted by the mantle is limited by the thermal conduction in the layer. The analysis shows
that the lower bound for modern-day CMB heat flow which renders a continuous magnetic field

throughout the Earth’s life time is roughly 4 TW.

5.5 Mantle evolution and present-day surface heat flow

Among the simulations, few models end up with the heat flow suggested by observations [e.g.,
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Pollack, 1993]. Modeling has suggested that obtaining the correct present-day value is a mere
coincidence and is probably strongly dependent on the initial temperature distribution, which is
a free parameter. Hence, the modern-day surface heat flow cannot be in itself a viable criterion
in deciding the success of a model. The surface heat flow obtained from the simulations shows a
long-term variability, displaying around 5 to 6 spikes in the heat flow over the entire geological
time. The duration of these spikes is short, of order 100 Myr or less. These spikes correspond
to mantle overturns, when the upper mantle is replaced by hot material from the lower mantle.
Simultaneously, the lower mantle is replaced by the cool material from the upper mantle. The
average period of time between two spikes is around 600 to 700 Myr, however the frequency of
overturns decreases towards the end of the evolution, due to the decline of radioactive heating in
the mantle. The mantle evolution from the simulations is consistent with suggestions that crustal
production and continental growth at 2.7, 1.9, and 1.2 Gyr ago are caused by short (70 to 80 Myr)
superevents in the mantle [e.g., Condie, 1998; 2000]. Simulations show that if a spike in the heat
flow occurs in the last billion years or so, the surface heat flow at the end of the simulation is

increased.

5.6 Preferred scenarios

From the analysis of all the simulations performed in this study, a number of cases stand out as
possible viable scenarios for the evolution of the Earth, consistent with the criteria for a successful
model, i.e., correct radius of the inner core, a magnetic field operating for at least the past 3.5
Gyr, that has not fluctuated in intensity more than by a factor of 5 [Valet, 2003], a final CMB
temperature around 4000 K, and desirably, a mantle contribution to the surface heat flow at
present times around 36 TW [e.g., Pollack et al., 1993]. The preferred scenarios include: a scenario
with radioactive potassium in the core [e.g., Murthy et al., 2003] (e.g., B2, with 300 ppm or Bl1,
with 150 ppm); a scenario for which the initial core temperature is in excess of the solidus point
for mantle silicates at CMB pressures (e.g., C0); a scenario with an early-isolated, incompatible-

element enriched layer in D” [e.g., Boyet and Carlson, 2005], mobile or stagnant, bearing reduced
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amounts of additional internal heating, with trade-off between the mobility of the layer and the
amount of additional internal heating (e.g. D7 or F1); lastly, a dense layer in D", as a possible

outcome of iron-enrichment, that has been immobile over most of the Earth’s lifetime (e.g., FF).

Each of these scenarios are attractive from the standpoint of the success of thermal and mag-
netic history modeling. Additionally, scenarios D7 or F1 could alleviate the geochemical paradox
and hence bring an agreement between geochemical requirements for an apparently isolated man-
tle reservoir and geophysical evidence for mantle convection [e.g., Tolstikhin and Hofmann, 2005;
Lassiter, 2006]; a solution to the geochemical paradox could also be resolved by scenario CO, if ac-
counting for the possibility that incompatible-elements have been sequestered in the magma ocean
at the bottom of the mantle [e.g., Labrosse et al., 2007]. Scenario FF does not contain any en-
hancement in heat-producing elements in the immobile layer, rather it emulates a denser layer, due

to iron-enrichment [e.g., Mao et al., 2006], that has persisted over much of the geological time.

All of the scenarios brought forth contain implementations of recent geochemical and dynamical
suggestions, and thus, the future will reveal if they continue to stand up to scrutiny. Further analyses
of the Earth’s thermal and magnetic evolution will benefit from advancements in various disciplines.
There are still uncertainties in the thermal parameters of the core such as thermal expansivity, heat
capacity or thermal conductivity. Improving the knowledge of these parameters will help future
models to better constrain the core thermal evolution and implicitly the age of the inner core. The
melting behavior of the iron-light element system is not yet sufficiently well understood, as well
as there are still few constraints on the light element core composition. New constraints on the
light element in the core could possibly lead to binary, tertiary or quaternary systems, which would
affect the melting curve of the core alloy or the density contrast across the ICB [e.g., Vocadlo et
al., 2007]. These advancements from mineral physics could help constrain the temperature at the
inner core boundary and implicitly the temperature at the CMB. Likewise, a better calibration of
the heat flow at the CMB becomes crucial in in determining the age of the inner core. Estimates
for this quantity vary by at least a factor of 2, and its evolution in time remains unknown [e.g.,

Nimmo, 2007].
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All of the above could provide better estimates of the energy flow required to maintain a geo-
dynamo. Improvements are also expected in convection modeling and in the imaging resolution of
the D” layer, which could bring new evidence of the dynamics of the lowermost mantle. Evidence
of the presence of heat producing elements in the core and the distribution of the internal heating
throughout the mantle, radially and laterally, could be expected from geo-neutrino detection in
future experiments [e.g., McDonough, 2007]. Lastly, modeling the magnetic evolution could ben-
efit from more secure evidence of the strength of the magnetic field throughout Earth’s history
[Davies, 2007], for instance, if constraints on the field intensity will be obtained from the amount

of cosmonuclides sequestered in the Earth’s rocks [e.g., Valet, 2003].

Taking into account all constraints known to date, the most successful scenario for thermal and
magnetic evolution is represented by a long-standing, ~ 5% denser layer in the lowermost 200 km
of the mantle, which may be enriched in incompatible-elements, but only slightly enriched in the
heat-producing elements U, Th and K (at most 1 TW final rate, representing ~ 5% in excess of the
BSE). This scenario yields a quasi-continuous magnetic field, generated by a moderately-dissipative
dynamo, which was functional for at least 3.5 Gyr. The modeled magnetic field for such a scenario
has less short-term fluctuations, but its intensity would vary on a billion-year timescale by a factor

of 4.

The initial CMB temperature is at the solidus point for the lower mantle silicates, the core is
cooling at the rate of 141 K/Gyr, and the predicted modern-day CMB temperature is 3946 K. As
a consequence of the reduced heat flow at the CMB, the inner core has started to solidify after 1.8
Gyr of evolution (Proterozoic) and has grown to the present-day size of 1220 km with a rate of 270

km/Gyr.

This scenario is attractive from the geochemical, paleomagnetic and high pressure mineral
physics perspectives and does not rely on still debated assumptions, i.e., core potassium or ex-
tensive lower mantle melting in the distant past. The increment of the adiabatic temperature,
constrained by the cooling history for this model (i.e., I' = 1.384), yields a thermal expansivity

value of a, = 1.067 x 107° K~!, and a value for the Griineisen parameter of 1.393, in excellent
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agreement with the values employed in other studies.

5.7 Relevance of the project

The dissertation has presented an analysis for the thermal and magnetic evolution of the Earth’s
core and mantle, by implementing recent results from experimental and theoretical high-pressure
mineral physics, rare gases and Sm-Nd systematics, and geodynamics. Therefore, most of the
scenarios analyzed in this paper have not been evaluated in previous published work.

The study has employed a fully-dynamical model for the mantle convection, which is closer to
the real Earth, but has been less utilized in other studies, due to the time required for computa-
tions. The analysis of the conditions that can maintain an active dynamo has been performed in a
more detailed and systematic fashion than in other studies. As a consequence of using numerical
simulations, the models take into account the time dependance of the CMB heat flow and the
time evolution of core temperatures at various horizons, which determine the efficiency factors that
govern the entropy production in the core.

The project proposes a new approach for constraining the rate of growth for the inner core,
such that the models achieve the correct size of the inner core each time, and hence, the analysis
of the effects of the IC growth on magnetic field generation can be carried out more readily. The
models studied in this thesis reveal new mechanisms that affect the intensity of the core magnetic
field (besides the IC nucleation), thus suggesting a wider range of interpretations of the PSV data.
The thesis also brings to attention alternate scenarios for the Earth evolution, which better meet

the constraints known to date (e.g., present-day CMB temperatures and magnetic field history).
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