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Abstract
The core and mantle of the Earth are known to be chemically and physically distinct, espe-

cially since the outer core is composed of a liquid iron alloy while the mantle is largely made

of rocks containing silicates and oxides. As a result, many questions have been raised re-

garding the extent of chemical and physical interactions between these two domains at the

core mantle boundary (CMB), as well as the connections with seismic anomalies that have

been detected around the region. Recent detection of chemical signatures from the CMB

have been thought to provide an unprecedented glimpse into the Earth’s deep interior and

ancient past. Although several isotopic and elemental anomalies in ocean island basalts

(OIBs) have been proposed as core tracers, the process(es) by which particular chemical

signatures from the core are conveyed into the mantle still remains uncertain.

To establish a broader framework for understanding the connection between potential pro-

cesses operating at the CMB, proposed geochemical tracers of core-mantle interaction

(such as µ182W, 3He/4He, and D/H) and their dependence on physical properties at CMB

conditions, a comprehensive review of the geochemical evidence, mineral physics, and pre-

viously proposed core-mantle interaction mechanisms are presented in the first chapter.

Numerous core-mantle interaction mechanisms have been proposed to date, but not many

have been able to explain the accompanying geochemical evidence satisfactorily. Hence, a

new emergent mechanism for core-mantle interaction is proposed that results from a non-

linear combination of mechanisms that can operate in the deep mantle. This new hybrid

mechanism termed “soft CMB" results from collaborative feedback between dynamic to-

pography, porous infiltration of liquid metal into submerged rock, gravitational collapse of

weakened metal-silicate mush, and draw-down of additional rocks from the mantle above in

the induced small-scale mantle circulation.

Subsequent chapters delve deeper into the equations modelling this hybrid mechanism,

followed by investigating the impacts on mantle dynamics using mantle convection models

coupled to gravitational spreading of a thin layer at the CMB. The second chapter describes

a basic illustrative model where the mechanism operates in the context of an isoviscous

mantle, and results show that the induced mantle circulation due to the gravitational collapse

of the layer becomes comparable to buoyancy-driven mantle flow when the viscosity of the

mushy layer is almost 105 times smaller than the overlying mantle. In addition, enhanced

flow into the layer becomes weaker with increasing convective strength of the mantle.

The next chapter looks at the hybrid mechanism in context of a variable viscosity mantle

where viscosity depends on temperature, and results show that increasing both the strength

of temperature dependence of viscosity and the reference viscosity reduce the efficiency of

the “soft CMB" mechanism. This suggests that it is unlikely for the mechanism to be the

dominant interaction mechanism in the early Earth when temperatures in the mantle were

much higher, resulting in lower viscosities and more vigorous convection. Only after the

mantle has cooled further and increased its viscosity will the mechanism be more efficient.

Moreover, to understand the implications this new mechanism has on the composition of
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the lower mantle, numerical simulations of thermochemical convection are performed where

discrete tracer particles are used to track compositional changes of material that has under-

gone exchange within the mushy layer. The flux of particles that emerge from the exchange

can serve as a proxy for the expected amount of mantle material that undergoes significant

chemical interaction with the core. Numerical calculations were performed for reacted tracer

particles with positive, neutral and negative buoyancy.

Finally, the limitations of the mechanism, a quick summary comparing the different core-

mantle interaction mechanisms so far, as well as potential ideas and future research direc-

tions that can extend the ideas presented in this dissertation are discussed.
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1 | Introduction

1.1 Background

Ever since the beginning of early human civilisation, philosophers, scientific scholars, and

religious institutions have been intrigued by the Earth. Even though this planet has always

been what we call home, questions regarding its origins, composition, and evolution have

been constantly pondered by mankind over millennia. We have come a long way since then,

from the development of creation and cosmological myths in the beginning to extraordinary

advances in scientific methods and technology that have allowed us to probe the secrets of

the Earth over space and time with increasing precision. However, despite the vast amounts

of knowledge that has been discovered and gathered over the past century, there are many

important questions that are still unanswered, especially when new discoveries seek to chal-

lenge our current perception of how the Earth “works" so far.

In this introductory chapter, a brief history of the Earth’s formation will be presented first to

provide a background for the thesis topic. This will be followed by a description of unique

chemical signatures detected from lavas around the world that have been alluded to core-

mantle interaction, followed by a discussion of the various core-mantle interaction mecha-

nisms that have been presented in the literature so far. Finally, an introduction of a new

hybrid core-mantle interaction mechanism will be presented.

1.1.1 Earth: The Beginning

With incredibly powerful telescopes we have today, astronomical observations of active star-

forming regions and protoplanetary disks have allowed us to piece together a theory of how

the solar system and planets like the Earth came about. It is hypothesised that the solar

system originated from a giant nebula of gas and dust, which gradually collapsed under its

own gravity. Mass falling towards the centre of the nebula accompanied with increasing tem-

perature and pressure eventually formed the protosun, while other material with sufficient

angular velocities began to orbit around it. The material surrounding the protosun eventually

created a proptoplanetary disk of dust and gas which contained the building blocks of the

planets in the solar system.
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All terrestrial planets, including the Earth, are believed to have been built from planetesimals

that have aggregated within the protoplanetary disk through a process called accretion. The

entire accretion mechanism of planets is still not well understood, largely due to the com-

plex dynamics involved in the aggregation of particles and the complicated gravitational

interactions that are involved, but it is likely that the terrestrial planets were formed within

the timescales of the order of 107 − 108 years (Wetherill, 1986). A survey of a group of T

Tauri stars (stars with ages < 10 Ma) has shown that the amount of disk material decreases

exponentially over time (Mamajek, 2009) and by the time the host star is ∼ 10 Ma old, much

of the dust and gas in the disk has disappeared due to the formation of gas giant planets

and absorption by the host star. Since the composition of the Earth is mostly rocky with the

presence of some volatiles, it is likely that most of the Earth’s growth occurred after 106 to

107 years when much of the nebular gas has already disappeared (Haisch Jr et al., 2001).

This is further supported by the composition of Earth’s volatile elements, where correlations

are observed with CI chondrites and the pronounced depletion of noble gasses like helium

and neon relative to solar composition (Halliday, 2013). Despite the observed correlations,

Earth’s volatiles were not acquired in chondritic proportions as seen from the strong deple-

tion of major volatiles H, C, N, and Xe and comparatively milder depletion of noble gases

(2013). This depletion could also be a result of atmospheric erosion due impacts by plan-

etesimals (Cameron, 1983; Ahrens, 1993; Schlichting & Mukhopadhyay, 2018). Some

noble gas signatures that seem solar-like have been found in lavas on Earth, but their ori-

gins are still actively debated. These observations and the implications they have on Earth’s

deep interior will be discussed further in subsequent sections. Isotopic studies of iron me-

teorites (Halliday & Kleine, 2006) and detrital zircons (Valley et al., 2002; Harrison, 2009)

have shown that the timescale Earth’s accretion was rather protracted ∼ 50 Ma, giving rise

to the possibility that towards the end of Earth’s formation, the planet was blanketed by hot

dense atmosphere of remnant nebular gas. Should this atmosphere be optically opaque,

most of the heat radiated from the planet will be retained, leading to magma oceans on

Earth (Hayashi et al., 1979; Abe & Matsui, 1985; Zahnle et al., 1988; Sasaki, 1990).

1.1.2 Magma Ocean

Several lines of geochemical evidence point to the existence of a terrestrial magma ocean

or occurrences of some large-scale melting events during the history of Earth’s formation

(Urey, 1955; Lee et al., 1976; LaTourrette & Wasserburg, 1998; Rizo et al., 2013). One

of which is the chemical differentiation of Earth’s mantle where the major element composi-

tion of the upper mantle is different from that of the lower mantle, in particular the ratios of

Mg/Si and Mg/Fe. With the definition of the boundary between the upper and lower mantle

being the spinel-perovskite transition, it has been well known that the upper mantle is su-

perchondritic based on elevated Mg/Si ratios found in peridotitic rocks (Jagoutz et al., 1979;

Ringwood, 1979; McDonough & Sun, 1995). This was initially thought to have been caused

by fractional crystallisation of deep magma ocean, resulting in perovskite and silicate melts

enriched with Mg-olivine being the major components in the lower and upper mantle respec-

tively (Ohtani, 1985; Ohtani & Sawamoto, 1987; Agee & Walker, 1988). High pressure and
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FIGURE 1.1: A cartoon depicting the processes that occur within the magma ocean during
Earth’s accretion and the main sources of heat that drive melting of the planet. As the
silicate melts and liquid metal undergo segregation, chemical equilibration can occur during
the liquid metal’s descent into the core of the Earth. At the same time, the amount of
gravitational potential energy released from segregation can heat significant portions of
the mantle and create melts.

temperature experiment results have shown that in order to be consistent with the chondritic

amount of refractory lithophile elements in the upper mantle, the amount of perovskite frac-

tionation in the lower mantle is constrained between 5% to 17% with Ca-perovskite being

the major host for rare earth elements and large ion lithophile elements (Corgne & Wood,

2002; Hirose et al., 2004; Corgne et al., 2005).

Another evidence that indicate the possibility of the existence of magma oceans during

Earth’s early history lies in the 142Nd/144Nd and 143Nd/144Nd isotope ratios of crustal rocks.

These rocks obtained from different terrestrial sources, such as kimberlites, mid-ocean ridge

basalts (MORBs), carbonatites, and Archean cratons have shown both Nd ratios to be larger

than chondritic values (Harper & Jacobsen, 1992; Boyet & Carlson, 2005; Caro et al.,

2006). To explain this observation, either the Earth was non-chondritic to begin with, or

there is a hidden reservoir that is enriched somewhere in the mantle containing specific

Nd ratios such that the overall value of the Earth is actually chondritic (Boyet et al., 2003;

Caro et al., 2003; Boyet & Carlson, 2006). Geochemical models have also shown that it

is possible for the continental and oceanic crusts to be derived from a reservoir depleted in

incompatible elements that was formed by silicate differentiation in a magma ocean (Carlson

& Boyet, 2008).

In order to form a magma ocean, there has to be sufficient heat available that can melt

significant portions of the planet (Fig 1.1). Thus, there are 3 possible heat sources that can

potentially generate significant melting: (1) heat from radioactive decay, (2) impacts with

planetary embryos and Moon- to Mars-sized planets, and (3) core formation.
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FIGURE 1.2: Earth’s radiogenic heat production from the decay of long-lived radionucldies
as a function of time. Figure modified from Arevalo Jr et al. (2009).

Radioactive Heat Decay

During the early history of the solar system, it is likely that there have been an abundance

of short-lived radiogenic isotopes that produced various amounts of heat during its decay.

Although most of these primordial isotopes do not exist today due to their relatively short

half-lives, the nature of these isotopes can be identified from their daughter products found

today. One of these important radiogenic isotopes is 26Al, which decays into 26Mg with a half-

life of ∼0.7 Ma (MacPherson et al., 1995). Based on the the excess amount of 26Mg found

in meteorites, it is believed that the early Earth would have contained an abundant amount

of 26Al (Gray & Compston, 1974; Lee et al., 1976). This would have been in addition to

the long-lived radiogenic heat-producing isotopes that still exist today – 238U, 235U, 40K, and
232Th – but more abundant in the early solar system (Arevalo Jr et al., 2009). As a result,

the amount of heat that was available from radioactive decay during the early Earth would

have been much higher (fig 1.2).

Impact-Induced Heating

While the Earth was growing from a protoplanet, heat that was transformed from kinetic

energy during accretionary impacts was also a significant heat source that could create

melt ponds and magma oceans on the surface (Davies, 1985; Melosh, 1990b; Tonks &

Melosh, 1993). Compared to the short timescales of heat producing radioactive isotopes,

accretionary impacts can occur over significantly longer timescales (∼10-100 Ma) (Wether-

ill, 1980; Chambers, 2004). One of the most important impact events is the formation of

the Earth-Moon system, where a giant impact is estimated to have melted the Earth any-

where from ∼30% to 100% and created a protolunar disk (Tonks & Melosh, 1993; Canup

& Asphaug, 2001; Canup, 2012; Ćuk & Stewart, 2012; Nakajima & Stevenson, 2015)

from which the Moon formed. With these energetic impacts being more enhanced in the
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late stages of planet formation (Agnor et al., 1999), the geochemistry of the mantle and core

could be altered should materials from impactor be incorporated into the protoplanet. How-

ever, the amount of incorporated material which subsequently undergoes chemical equilibri-

ation as it sinks into the Earth depends on parameters such as the impactor’s size, velocity,

and impact angle (Dahl & Stevenson, 2010; Deguen et al., 2014; Landeau et al., 2021).

Core Formation

Another heat source associated with magma oceans is from the formation of the core.

During the accretionary phase, metals would have physically separated from silicates in

a process known as metal-silicate differentiation. Although liquid metal can separate from

silicates that are either in the liquid or crystalline phase (Melosh, 1990a), it is quite likely

that the former occurred in the presence of a magma ocean. As mentioned in the previous

section, while it is possible for kinetic energy from accretionary impacts to create magma

oceans on Earth, the heat released can also go into melting the impactor’s body which un-

dergoes mixing with the molten surface of the Earth (Tonks & Melosh, 1993). Any metallic

iron that was part of the impactor would have descended through the magma ocean and

create metal ponds at the boundary between the magma ocean and crystalline silicate (Ru-

bie et al., 2003; Wade & Wood, 2005) (fig 1.1). However, this is not a gravitationally stable

configuration and the metal will descend further, past the crystalline silicate, towards the

centre of the Earth. Regardless of the mechanism of metal transport from the shallower

parts of the Earth to the core region, this process results in changes in the initial and final

density distribution of the planet. In other words, metal-silicate differentiation releases grav-

itational potential energy which is being converted to heat that increases the temperature

of the metal and surrounding mantle. Estimates of the temperature increase due to core

formation from an undifferentiated Earth is on the order of ∼1000 K (Gubbins et al., 1979;

Solomon, 1979; Sasaki & Nakazawa, 1986; Šrámek et al., 2012; Rubie, Nimmo, et al.,

2015).

1.1.3 The Core-Mantle Boundary

The onset of gravity-driven segregation within the Earth during its formation gave rise to

two distinct regions in the Earth’s interior – the metallic core in the centre and the surround-

ing rocky mantle comprised largely of silicates and oxides. The depth of the core-mantle

boundary (CMB) was first determined by Beno Gutenberg in 1913, and it was only until

later that the outer core was demonstrated to be a fluid by Harold Jeffreys. Pressures and

temperatures at the CMB are estimated to be around 136 GPa and ∼4000 K respectively,

with the density of the outer core and bottom-most rocky mantle expected to be 9900 kg

m−3 and 5500 kg m−3 respectively (Dziewonski & Anderson, 1981). In addition to the large

density contrast, significant differences in transport properties such as dynamic viscosity,

thermal conductivity and electrical conductivity are expected especially since one side of
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the boundary is largely solid rock while the other side is a liquid metal. Hence, the dynam-

ics that govern both regions of the Earth’s interior are very different with the CMB being an

important interface where heat, mechanical and chemical exchange occur.

The CMB is one of the most dynamically interesting regions to study in the Earth but mul-

tiple challenges arise because: (1) it is physically inaccessible, (2) extreme pressure and

temperature conditions make it difficult to ascertain accurate material properties and their

behaviour in labroratory experiments, and (3) data obtained from indirect sensing methods

such as seismic waves, electromagnetic and gravity surveys have to be carefully decon-

volved from structural complexities that exist in the crust and upper mantle. Despite these

challenges, improvements in data collection, experimental methods and data analysis have

managed to broaden our understanding of the CMB, especially so when different disciplines

of Earth sciences come together to tackle problems using a multidisciplinary approach. Seis-

mological studies of the CMB region tell us that the bottom of the lowermost mantle is home

to a variety of unique features and interesting phenomena, with major features that have

been interpreted at the CMB include: Large Low Shear-wave Velocity Provinces (LLSVPs),

Ultralow Velocity Zones (ULVZs), and outer core stratification, among others. These fea-

tures have been studied extensively as they are potentially important in facilitating chemical

and heat exchange between the core and mantle, while also influencing the evolution of the

planet and even life on the surface.

1.2 Interactions at the Core-Mantle Boundary

Chemical fingerprints of core-mantle interaction have long been sought. Signs of such a

process might show up in ocean island basalt (OIB) lavas that are hypothesized to be gen-

erated by partial melting of hot upwelling rocky mantle plumes that rise up from the CMB

(Morgan, 1971). A variety of past studies have reported on isotopic and elemental anoma-

lies in connection with core-mantle interaction, such as high 186Os/188Os and 187Os/188Os

(Walker, 2000; Brandon & Walker, 2005), low 182W/184W (Mundl-Petermeier et al., 2017;

Mundl-Petermeier et al., 2019), reduced D/H (Hallis et al., 2015; Wu et al., 2018), elevated
3He/4He (Bouhifd et al., 2013), high δ56,57Fe (Konter et al., 2016; McCoy-West et al., 2018;

Soderman et al., 2021), and Fe/Mn (Humayun et al., 2004). Various mechanisms that

may involve core-mantle exchange include expulsion/crystallisation of solids from the core

(Kellogg & King, 1993; Manga & Jeanloz, 1996; Buffett et al., 2000; Badro et al., 2016;

O’Rourke & Stevenson, 2016; Hirose et al., 2017; Helffrich et al., 2018), metal infiltration

via capillary action (Poirier et al., 1998), poroviscoelastic entrainment (Petford et al., 2005),

interaction with a basally molten mantle in the early Earth (Labrosse et al., 2007), pressure-

driven infiltration of metal into pore spaces at CMB topographic lows (Kanda & Stevenson,

2006), ingestion of∼ µm-scale metal blebs via morphological instabilities (Otsuka & Karato,

2012; Yoshino, 2019), and thermodiffusion (Lesher et al., 2020). However, there is little con-

sensus around the robustness of proposed CMB tracers, nor the mechanisms that could be

involved.
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The most promising approach at present is to combine constraints from a variety of disci-

plines in order to arrive at a coherent framework that relates potential tracers of core-mantle

interactions with candidate processes operating at the CMB, their dependence upon ma-

terial properties at CMB pressure and temperature (P-T), and testing against other vari-

eties of observations from geodesy, seismology, and geomagnetism. The inherently inter-

disciplinary nature of the problem is apparent when one considers that it is not possible to in-

terpret geochemical data without reference to the generating processes, while the processes

themselves must also be constrained by the geochemical data. The candidate mechanisms

that may be responsible for core-mantle interactions are not necessarily mutually exclusive.

In fact, all of the potential mechanisms could operate in parallel with one another, produc-

ing diverse signatures as a consequence. Combined multiple mechanisms could also have

a non-linear outcome that is different from the sum of their effects considered in isolation.

Such emergent behaviors are a hallmark of the myriad collaborative natural processes that

shape our planet.

This section aims to establish a broader framework for understanding the connection be-

tween potential processes operating at the CMB, proposed geochemical tracers of core-

mantle interaction, and their dependence on physical properties at CMB P-T. An overview

of core-mantle interactions and previous studies are presented first, followed by a survey of

potential CMB interaction mechanisms, and consider their connections to physical proper-

ties.

1.2.1 Motivation

Metal-silicate core-mantle boundaries are thought to be one of the oldest persistent features

in solar system bodies, having formed inside planetary embryos and planetesimals within

the first ∼1 Myr (Baker et al., 2005). Thus, core-mantle boundaries are formed during the

early accretion of the Earth, and the segregation of elements and isotopes into metallic and

silicate domains is an ancient process that may have been ongoing before the clearing of

the nebular cloud. A combination of heat and a large density difference facilitated separation

even inside smaller bodies with low gravity. The last major event that was energetic enough

to have a significant influence on the core-mantle scale system is thought to be the Moon-

forming event ∼4.4–4.5 Gyr ago (Nakajima & Stevenson, 2015; Landeau et al., 2016).

Thus, the state of the core and its relation to the mantle was largely established during

Earth’s accretion. Post-accretion, the metal-silicate CMB is the most stable interface inside a

terrestrial planet owing to the large density difference. The dissipation of gravitational energy

as heavy metals sank to the center of planetesimals, embryos, and accreted proto-planets

was more than sufficient to melt the entire body (Stevenson, 1981; Rubie, 2007), and is

irreversible in the absence of new energy sources that are capable of paying the substantial

cost to lift metals back up into the mantle. Furthermore, the persistently molten state of

the outer core, maintained by the heat insulating effects of the surrounding mantle, endows

core metals with a low viscosity that raises serious difficulties for mechanical coupling and

upward entrainment of fluid into the mantle (Poirier & le Mouël, 1992).
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It is therefore natural to suspect that primordial isotopic characteristics observed in OIBs –

particularly those possibly dating to the period prior to the formation of the Moon – could be

sourced in the CMB region, even if the mechanisms involved are poorly known. The core

itself may be an ideal reservoir for preserving such signatures over billions of years, even

if the overall concentration of species involved is only present in trace amounts. Given its

ancient lineage, its relatively low abundance of radioactive elements that would otherwise

pollute the core with daughter products, and lack of confounding processes such as volcanic

degassing and surface recycling, the core has long been considered a potential reservoir

for sequestering primordial isotopic signatures of our planet (Touboul et al., 2014; Mundl-

Petermeier et al., 2017; Mundl-Petermeier et al., 2019; Mundl-Petermeier et al., 2020).

The promise of the core for explaining some recent isotopic anomalies in OIBs has increased

pressure on our understanding of the processes taking place at the CMB which might be

capable of conveying these signatures. While some efforts have been made along these

lines in the past, we still lack a comprehensive picture for how the core and mantle could be

on speaking terms with one another.

1.2.2 Geochemical Observations

Five isotopic systems and one transition element ratio are considered here whose detection

in OIBs might be considered promising candidates for core-mantle isotopic and chemical

interactions: 186Os/188Os–187Os/188Os, 3He/4He, 2H/1H (or simply D/H), µ182W, δ56,57Fe and

the Fe/Mn ratio. Correlations between the abundances of some of these isotopic systems

and those we expect to find in the core support the idea of some degree of entrainment

and/or chemical interaction.

Osmium

Studies examining the 187Re-187Os and 190Pt-186Os systems in plume-derived magmas have

long provoked the idea of core-mantle isotopic exchange and the intriguing possibility of ob-

serving fractionation patterns due to inner core solidification (Brandon et al., 2003; Brandon

& Walker, 2005). Samples retrieved in proximity of the Hawaiian plume (Brandon et al.,

1999), the Siberian plume (Walker et al., 1997), and on Gorgona Island (Brandon et al.,

2003) display coupled enrichments of 186Os/188Os and 187Os/188Os. These correlated os-

mium signatures are believed to indicate the presence of material derived from the outer

core as a result of chemical interaction with the lowermost mantle. 187Os is produced from

the β− decay of 187Re with a half-life of ∼41.6 Gyr, while 186Os is obtained from the α decay

of 190Pt with a half-life of∼489 Gyr. Measurements of partition coefficients in iron meteorites

indicate that Re and Pt are more incompatible in hcp-iron relative to Os (Morgan et al., 1995;

Walker et al., 2002; Cook et al., 2004), which leads to a gradual enrichment of 187Os/188Os

and 186Os/188Os in the outer core fluid as the inner core crystallises. The abundances of Re,

Pt and Os are thus sensitive to the inner core growth rate and age.
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Due to limited experimental data regarding the partitioning of Re, Pt and Os between solid

and liquid metal at CMB pressures, it has usually been assumed that their partitioning be-

haviour is similar to that of asteroidal cores (2004; Brandon & Walker, 2005). However,

partition coefficients at higher pressures could be substantially different. Recent results

from high pressure experiments at 22 GPa (Van Orman et al., 2008) indicate that the parti-

tion coefficients become smaller and more similar to one another at these pressure ranges.

If this trend continues at higher pressures and temperatures of the core, more Os is likely to

remain in liquid the outer core, leading to a 186Os/188Os ratio which will be too low to explain

the observed isotopic anomalies. The uncertainties associated with the partition coefficients

for Re, Pt, and Os at Earth’s core pressures are, however, quite large. Further studies of

the partitioning behaviour at high pressure and temperature conditions are thus required.

Additional complexities due to the effect of light alloying components in the core (e.g., sul-

fur, silicon, oxygen, carbon, and potentially hydrogen) on the partitioning behaviour of the

radioactive species in the core is also warrants further investigation.

While material carrying core isotopic fingerprints must travel a long distance before man-

ifesting at Earth’s surface, it is generally thought that it is not be impacted by solid-liquid

fractionation processes in the mantle during ascent. However, some suggest that it is pos-

sible for the outer core liquid to undergo further fractionation at the CMB (Humayun, 2011).

This is thought to occur in compacting cumulate piles of Fe-rich nonmetallic precipitates on

top of the core, where liquid metal is trapped and crystallised into solid metal grains while

the residual metal liquid is drained back into the core. The crystallised metal grains are

then subsequently entrained into mantle upwellings and be picked up on the surface. This

process would require a strong thermal gradient across the CMB and take into account the

timing of the formation of the inner core and its effects on the Os isotope ratios.

Although other processes like contamination of the magma source by oceanic crustal recy-

cling has been suggested explain the anomalous signatures in Os (Lassiter & Hauri, 1998),

the resulting enrichment would be insignificant (Puchtel et al., 2020) and the hybrid source

(comprising mantle and crustal material) will need to have suprachondritic Re/Os and Pt/Os

ratios (Puchtel et al., 2005).

If these signatures are derived from the core, then the growth rate and the age of the inner

core play key roles in influencing these signatures. Previous studies (e.g. Brandon et al.,

1999) have investigated different core thermal histories and found that the observed osmium

abundances are best explained by an early onset (i.e., prior to 3.5 Ga ago) and gradual inner

core crystallisation (Brandon et al., 2003), which would lead to increasing Pt/Os and Re/Os,

and suprachondritic 187Os/188Os and 186Os/188Os abundances in the liquid outer core. While

the partition coefficient for Pt was kept constant, Brandon et al. (2003) adapted the partition

coefficients of Os and Re to fit the present 186Os/188Os ratio of the outer core (186Os/188Os

= 0.11987), which is thought to lie at the intersection between the regression lines of OIB

sample abundances.

Recent discoveries on a number of processes and material properties of Earth’s core have
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challenged the current knowledge on the age and the crystallisation rate of the inner core.

Mineral physics experiments and ab initio simulations have argued that the core has a much

greater thermal conductivity than previously thought (Pozzo et al., 2012; Gomi et al., 2013),

and thus a younger inner core that grows faster in recent geological history. Due to the long

the half-lives of 187Re and 190Pt, the concentrations of Os, Re, and Pt stay almost constant

before inner core formation. However, the partition coefficients needed to fit the present core

isotopic ratios might be substantially different than the ones obtained in past experimental

studies (Walker, 2000; Van Orman et al., 2008).

Tungsten

Lithophile 182Hf indirectly decays into moderately siderophile 182W with a half-life of ∼9 Myr,

separated by the short-lived intermediate isotope 182Ta (Halliday, 2000). This geologically

short half-life and the lithophile-siderophile duality of the isotope pair make the 182Hf-182W

system attractive for core chronometry, as residual 182W is interpreted to reflect the cessa-

tion of metal-silicate interaction at the end of core formation. However, as a result of in-

creasing precision in trace element analyses, heterogeneous 182W abundances have been

reported across the spectrum of mantle-derived source material (Mundl-Petermeier et al.,

2017; Mundl-Petermeier et al., 2019). Variations in 182W are reported as µ182W, which

are deviations of 182W/184W of a given sample with respect to a laboratory W standard.

Recently, Mundl-Petermeier et al. (2020) reported µ182W as low as -25.6 (25.6 ppm lower

than mantle standard as inferred by chondritic abundances due to the relative incompatibility

variations between Hf and W; Kleine and Walker, 2017) in a large suite of OIBs including

Samoa, Hawaii and the Galapagos. These samples are negatively correlated with measured
3He/4He abundances (see below) and suggest the existence of chemically distinct mantle

reservoirs.

Altogether, the study found three distinct He-W trends and hypothesised to originate from at

least three separate geochemical reservoirs – two of which are primordial and one similar to

the depleted MORB mantle. The primordial reservoirs are characterised by little or almost

completely undegassed components where 3He/4He is very high (∼ 50 times higher than

the present day atmosphere). However, the main difference between these two reservoirs

are the µ182W values, where one is suggested to have µ182W ≈ 0 while another is assumed

to be strongly negative. The former might reflect remnants of early crystallisation products

of a basal magma ocean (BMO) that can exist as an isolated reservoir if it was formed after
182Hf ceased to exist (> 60 Myr after formation of the solar system).

As for the latter, there are a few potential sources for a separate undegassed reservoir to

possess strongly negative µ182W values, with one possible source being the core. If the

silicate Earth is on average µ182W = 0 and assuming that the bulk Earth has a chondritic

µ182W, a mass balance would indicate the core to have µ182W = −220 (Touboul et al., 2014).

Since most mantle plumes originate from somewhere close to the CMB, the core can impart

its negative µ182W values directly to such plumes if there is significant core entrainment.

However, a process that allows physical incorporation will strongly enrich the plumes in
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FIGURE 1.3: Plot of 3He/4He versus µ182W showing three separate He-W trends repro-
duced from Mundl-Petermeier et al. (2020). R/RA is the measured 3He/4He normalized to
the atmospheric ratio of 1.384× 10−6 (Mabry et al., 2013).

highly siderophile elements (HSEs) which is not observed in the OIBs. Hence, a more

likely source would be a reservoir where mantle material has chemically and isotopically

equilibrated with the outer core. Mundl-Petermeier et al. (2020) suggest this material to be

partially molten based on estimated diffusion rates of W at present day oxygen fugacity of

the lower mantle. Nevertheless, if isotopic signatures of the core could be imparted to the

mantle at the CMB, but without actually carrying a significant amount of metal up into the

mantle, core-mantle interactions could represent an explanation for this observation.

Helium

While nearly all 3He is primordial, 4He is produced from the decay of 238U, 235U and 232Th.

Since the discovery of excess 3He dissolved in Pacific deep water (Clarke et al., 1969), high
3He/4He ratios in OIBs have been well documented (e.g. Lupton and Craig, 1975; Kaneoka

and Takaoka, 1978; Kurz et al., 1982), with some 3He/4He as high as 40 R/RA (R/RA is the

measured 3He/4He normalised to the atmospheric ratio of 1.384× 10−6; Mabry et al., 2013),

suggesting the existence of an undegassed mantle reservoir enriched in primordial 3He

(Allègre et al., 1983). If such distinct reservoirs exist, it would imply long term preservation of

chemically heterogeneous domains that have been isolated from the MORB source reservoir

over the Earth’s geologic history. The possibility that these domains still exist today has

spurred heated debates about the Earth’s interior, specifically whether the mantle is distinctly

layered (e.g. 1983; Kellogg and Wasserburg, 1990; Porcelli and Wasserburg, 1995;
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Hofmann, 1997) and, as a consequence, if mantle convection is layered too (e.g. Galer and

O’nions, 1985; Kellogg et al., 1999). On the other hand, geophysical evidence from seismic

tomography has traditionally favored whole mantle processes based on the penetration of

subducted slabs into the lower mantle and rising mantle plumes (e.g. Creager and Jordan,

1986; van der Hist et al., 1991; van der Meer et al., 2010).

Layered mantle models were of interest as they proposed that the mantle is divided into

two distinct regions – the upper mantle that is mostly depleted and degassed due to crustal

formation, and the lower mantle that is relatively undegassed containing primordial material

such as 3He (e.g. Allègre et al., 1983). To account for the observed 3He/4He ratio and

other noble gas isotopes, a “steady state" upper mantle was suggested where the rare

gas reservoir in the upper mantle is able to interact with that of the atmosphere and lower

mantle such that rare gas concentrations in the upper mantle remained constant over time

(Kellogg & Wasserburg, 1990; Porcelli & Wasserburg, 1995). These models were somewhat

controversial initially as they do not seem to explain how such large primitive reservoirs can

be preserved without extensive degassing during planetary accretion, core formation and

large scale mantle convection since the latter provides significant mixing of material over

geological time scales. However, recent geodynamical models suggest that large scale

heterogeneities composed of bridgmanite with larger viscosities can resist mantle mixing for

very long periods of time (Ballmer et al., 2017; Gülcher et al., 2020). Thus, they can be

potential reservoirs for primordial chemical signatures.

An alternative way to account for the high 3He concentrations in OIBs is to have the outer

core be that reservoir which subsequently chemically equilibrates with the mantle. During

the early stages of core formation, uranium and thorium are strongly partitioned into the

mantle as they are highly lithophile (Wheeler et al., 2006; Bouhifd et al., 2013; Faure et al.,

2020), and although 3He has low solubility in the core (Bouhifd et al., 2013), it is not zero.

Hence, it is possible that the early core began with a high He/U ratio and by extension, high
3He/4He ratio from the radioactive decay of U. If the core is able to equilibrate with some

mantle material, it is entirely possible for a mantle plume to sample such sources to give

basalts with high 3He/4He ratios.

Hydrogen

Most of the hydrogen present on Earth today is thought to be acquired as a result of ac-

cretion of chondritic material during planet formation in protoplanetary disks (Lécuyer et al.,

1998; Alexander et al., 2012). The amount of hydrogen supplied from this process amounts

to 5-25 Earth oceans of water (Wu et al., 2018). Since protoplanetary disks are thought to

dissipate on timescales of a few million years (∼3 Myr; Haisch Jr et al., 2001), gas giant

planets would have already formed by then and retain a significant fraction of nebular gas.

On the other hand, rocky planet formation in the inner solar system is still ongoing, but Mars-

sized planetary embryos containing around 7-8 Earth’s oceans of water may exist before the

disk has completely disappeared (Raymond et al., 2006). The gravity of these bodies is not
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high enough for them to attract much gas from the accretion disk; however, a small yet non-

negligible amount of nebular hydrogen is expected to be incorporated within their primordial

atmospheres (surface pressures of 1-10 bar for a 0.3-0.4 MEarth planet; Stökl et al., 2016)

and interiors, along with other gases such as helium and neon (Harper & Jacobsen, 1992;

Pepin, 1992; Marty, 2012). If the mantles of these bodies are partially or fully molten due

to energetic impacts and/or radioactive decay of short-lived isotopes, hydrogen gas is highly

soluble in, and expected to penetrate into, the existing magma ocean (Hirschmann et al.,

2012; Pahlevan et al., 2019).

The solar nebula could hence be the source of some of the hydrogen present in Earth’s

lower mantle (Sharp, 2017; Olson & Sharp, 2018; Wu et al., 2018). Besides the one

present at Earth’s surface, considerable amounts of hydrogen (and perhaps even most of it)

are expected to be contained inside Earth’s core, with fractions reaching to up to 0.1 wt.%

(Wood et al., 2006; Zhang & Yin, 2012; McDonough, 2014), corresponding to around 10

oceans of water. The presence of hydrogen inside the core, along with other light elements

such as Si, O, S, and C, has been suggested in the past as a way to account for the density

deficit of the core, which does not correspond to the one of a pure iron-nickel alloy. As

discussed below, mineral physics theoretical calculations and experiments seem to show

an even larger affinity for metals at high pressure and temperature, such that the core may

contain more than several dozen ocean equivalents of hydrogen (Li et al., 2020; Yuan &

Steinle-Neumann, 2020; Tagawa et al., 2021).

The hydrogen content of the core should reflect partitioning into metals sinking to the Earth’s

center during metal-silicate differentiation (Wu et al., 2018). In this scenario, the light hydro-

gen isotope (1H) will preferentially partition into the sinking metal to form iron hydrides, while

the heavier one (2H or deuterium) will remain enriched within the residual melt.

This leads to a high D/H ratio inside the mantle (D/H = 150e-6; Hallis et al., 2015; Wu et al.,

2018), and a reduced one within, and in proximity of, the core (D/H = 130e-6; 2018). The

recently observed low D/H ratio of Baffin Island basalts (D/H = 122e-6; Hallis et al., 2015)

could thus be associated with an origin consistent with the core or the core-mantle boundary,

where material exchange between core and mantle might have occurred. Plumes rising from

the lower mantle to Earth’s surface could thus sample material with hydrogen isotope ratios

similar to the ones found in the core.

Iron Isotope Fractionation

Variations in a number of stable isotope fractionations have been detected across a wide

suite of lavas (e.g. Richter et al., 2003; Teng et al., 2008; Schuessler et al., 2009; McCoy-

West et al., 2018) and it is thought to illustrate the complex effects arising from the interplay

between partial melting, fractional crystallisation of melts and subsequent heterogeneities

of the source regions (e.g. Konter et al., 2016). One of these stable isotope ratios of interest
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is δ56,57Fe, where

δ56,57Fe =

[ (56,57Fe/54Fe
)

sample

(56,57Fe/54Fe)standard
− 1

]
× 1000 (1.1)

Elevated δ56,57Fe have been found in OIBs originating from hotspots including Samoa,

Hawaii, and Azores, with some samples in the Azores exceeding 0.25h (2016; Soder-

man et al., 2021). It has been suggested that processes resulting in the enrichment of

heavier iron isotopes in residual melts include: olivine accumulation, fractional crystallisa-

tion, and geochemical heterogeneities arising from mantle mineralogy such that melting of

peridotites and pyroxenites can potentially produce significant isotope fractionation (2021).

However, melting models that consider these post-emplacement processes seem unable

to reproduce the observed heavy δ57Fe in melts, indicating that additional processes that

affect the source δ57Fe composition has to be considered as well. While it is possible for

processes that occur at subduction zones and the lithosphere to impart heavy iron isotopes

to the OIB melts (2021), it has been proposed that the high δ56,57Fe might have originated

from the core where isotopic fractionation occurs at the lower mantle (close to the CMB)

due to thermodiffusion (or Soret diffusion) (Lesher et al., 2020). In the presence of a steep

thermal gradient (such as the thermal boundary layer), it is believed that iron isotopes in the

core fluid will undergo kinetic fractionantion, thereby creating a region of heavy δ56,57Fe liq-

uid metal closest to the mantle side that is subsequently incorporated into upwelling plumes

via entrainment. As the plume rises, the core fluid will freeze and preserve the isotopic

anomaly while being surrounded by ambient mantle, and the magma that erupts on the

surface will contain heavy δ56,57Fe. If this process of obtaining heavy δ56,57Fe in OIBs via

the incorporation of core liquids is true, there should be correlated enhancements in HSEs,

µ182W, ratios of 3He/4He and Fe/Mn. However, as we have seen in the previous section on

tungsten there is no observed enrichment of HSEs in numerous OIBs. In addition, there

has also been no correlations observed between δ56,57Fe with µ182W, and ratios of 3He/4He

and Fe/Mn (McCoy-West et al., 2018; Soderman et al., 2021). Even if the heavy δ56,57Fe is

inherited from the core, calculations have shown that this value is still much smaller than the

heaviest observed value. Overall, these evidence suggest that the link between observed

heavy δ56,57Fe and plume-entrained core liquids is rather weak, and instead is more likely to

have originated from other processes happening in the mantle and possibly the lithosphere.

Fe/Mn ratio

A large proportion of Fe in the mantle exists as Fe2+ (e.g. Canil et al., 1994), while all

the Mn exist as Mn2+. Due to their similar ionic radii and charge, both elements have

similar partitioning behaviour between solids and liquids (Humayun et al., 2004). This results

in an approximately constant Fe/Mn during magmatic processes such as partial melting

and fractional crystallisation, as seen in measurements of peridotites (Fe/Mn = 60± 10;

McDonough and Sun, 1995) and terrestrial basalts (Fe/Mn = 59± 9; Ruzicka et al., 2001).
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However, measurements of Fe/Mn in OIBs associated with the Pacific and African su-

perswells have yielded higher values (> 65) than MORBs (∼ 54) and Icelandic picrites

(∼ 58− 61) (Humayun et al., 2004; Qin & Humayun, 2008), indicating that there are signif-

icant chemical variations in the mantle source regions. Although the Icelandic OIBs exhibit

higher Fe/Mn than MORBs as well, they show different trends of µ182W vs. 3He/4He and
206Pb/204Pb from Haiwaiian and Samoan OIBs (fig 1.3) (Mundl-Petermeier et al., 2019). Fur-

thermore, it was found that radiogenic 186Os/188Os is absent in the Icelandic lavas (Brandon

et al., 2007), indicating that the Iceland plume might be sampling a different mantle reservoir

compared to the other OIBs (e.g. Wolfe et al., 1997; Montelli et al., 2004; Mundl-Petermeier

et al., 2020).

Estimates of element concentrations of the Earth’s core based on data for the Earth’s mantle

and carbonaceous chondrites have shown Fe/Mn ratios to be on the order of ∼ 102 (Mc-

Donough & Sun, 1995; McDonough, 2014), much higher than any of the OIBs. Assuming

that oxygen in the form of FeO is the most abundant light element in the core, the exchange

of FeO at the CMB can impart high Fe/Mn ratios to melts in the lower mantle which are then

sampled by the hotspot volcanoes. The rate of FeO transfer would depend on the solubility

of O in Fe metal at CMB pressure and temperature (e.g. Ohtani and Ringwood, 1984; Rubie

et al., 2004; Takafuji et al., 2005). Hence, if the core is under-saturated in O, core-mantle

interaction could remove FeO from mantle material preferentially to Mn and hence decrease

Fe/Mn. The opposite would be true if the core becomes over-saturated in O.

Additionally, since the melt-solid partitioning behaviour of transition metals (Fe, Mn, Ni etc.)

can be affected by electronic spin transitions at high pressures (e.g. Tsuchiya et al., 2006;

Komabayashi et al., 2010; Piet et al., 2016), there is also a possibility that deep man-

tle fractionation via basal magma ocean crystallisation or other melting/freezing processes

might create pockets of Fe-rich primoridal reservoirs at the CMB where distinct signatures

are imparted to the source (Lee et al., 2007).

Other Noble Gases

Apart from He, other noble gas systems have been used to differentiate MORB and plume

sources, as well as characterising individual plume sources (e.g. Honda et al., 1993; Raquin

and Moreira, 2009; Mukhopadhyay, 2012; Vogt et al., 2021). Ratios between primordial

Ne isotopes (20Ne/22Ne) can reveal the accretion process of volatiles in the early Earth as

the main sources of volatiles are: (1) the nebular gas, (2) irradiated dust particles by the

solar wind, and (3) CI chondrites. Ne isotopes in plume-derived magmas from places such

as Iceland and the Galapagos show high 20Ne/22Ne ratios that lie between the solar nebular

and irradiated material by the solar wind (Sarda et al., 2000; Yokochi & Marty, 2004;

Mukhopadhyay, 2012; Péron et al., 2016), indicating that the remnants of the Earth’s early

accretion are probably present in the deep mantle. Recent experiments using laser heated

diamond anvil cells (LHDAC) have shown that the partition coefficient of Ne between Fe-

rich alloys and silicate melts has very little pressure dependence with increasing pressure
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(Bouhifd et al., 2020). Since the partition behaviour is similar to He, the core might also be

a reservoir of primordial Ne based on estimated concentrations of the primordial mantle.

Some OIBs also exhibit less radiogenic Ar in the form of low 40Ar/36Ar ratios, where 40Ar is a

decay product of 40K. Although this further implies a source that underwent little degassing

and processing, calculations show that the core is unable to support a large 36Ar flux to the

mantle based on estimated upper and lower bounds of primordial volatiles that have been

degassed, in addition to results from high pressure experiments on liquid iron-silicate melt

partitioning (Xiong et al., 2021).

129Xe is produced by the radioactive decay of iodine-129 (129I) with a half-life of 15.7 Myr that

is presently extinct, while 130Xe is primordial. LHDAC experiments have shown that at high

temperatures and pressures (> 2000 K and > 20 GPa), I is siderophile (Armytage et al.,

2013; Jackson et al., 2018) and hence can sequester in the core if core formation occurred

while 129I was still extant (before 4.45 Ga). Calculations have also suggested that up to 85%

of the Earth’s iodine could have been sequestered in the core (McDonough, 2014). It is

then natural to expect that the core has a higher 129Xe/130Xe ratio than the ambient mantle

and, by extension, any mantle reservoir that has chemically and isotopically equilibrated

with the core. This is assuming that both the reservoir and ambient mantle are undegassed

or have undergone the same amount of degassing. Although Xe isotope measurements

from hotspots such as Iceland, Hawaii, Réunion, and Samoa have shown high 129Xe/130Xe

ratios relative to the atmosphere, they appear to be lower than MORB values (e.g. Poreda

and Farley, 1992; Trieloff et al., 2000; Trieloff et al., 2002; Hopp and Trieloff, 2005;

Mukhopadhyay, 2012; Pető et al., 2013). The difference in ratios has been interpreted as

different I/Xe ratios between MORB sources and plume sources for OIBs.

1.2.3 Mineral Physics Constraints

A large number of mineral physics experiments have been conducted to characterise the

partitioning behaviour of different trace elements between silicate and metallic melts at high

pressure and temperature conditions. This is usually represented by the partition coefficient

DX which is defined as the ratio of the concentration of some chemical species X in the

metal to the concentration of the same chemical species in the silicate.

Noble Gases

One of the earliest experiments looking into noble gas partitioning was performed by Mat-

suda et al. (1993). Results from this study indicated that for all noble gases, partitioning into

the metallic component becomes less favorable with increasing pressure. They reasoned

that the solubility of a noble gas depends on the surface tension of the melt such that larger

surface tension reduces solubility. Thus, the preferential partitioning of noble gasses into

the silicate melt at increasing pressures could be due to the surface tension of iron melts

increasing faster than that of silicate melts. This led them to conclude that the Earth’s core

could only hold negligible amounts of noble gases.
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However, LHDAC experiments conducted at higher pressures and temperatures with sam-

ples loaded under helium-saturated conditions found that although the partition coefficient of

He (DHe) is still much less than unity, rather than decreasing with increasing pressure, DHe

stays relatively constant for pressures ≥6 GPa (Jephcoat et al., 2008; Bouhifd et al., 2013)

with DHe ranging from 4.7× 10−3 to 1.7× 10−2. In addition, the same study found that the

composition of the metal has little effect on the partitioning behaviour of He as well. Molec-

ular dynamic simulations at ∼40 GPa and 3200 K support similar values of DHe (Zhang &

Yin, 2012), and the combination of this result with experiments seem to support the idea

that large amounts of primordial helium could have been incorporated into the Earth’s early

core (Bouhifd et al., 2013). The same partitioning behaviour has been observed in neon

as well (Bouhifd et al., 2020) but with slightly larger coefficient values than that of helium

(10−2 < DNe < 10−1). This implies that neon might actually partition more favourably into

the core than helium, resulting in lower 3He/22Ne values in the core than the mantle.

Similar partitioning experiments conducted with iodine as the trace element of interest has

shown that iodine is highly siderophile, with DI ranging from just below 1 to as much as ∼5

(Jephcoat et al., 2008; Armytage et al., 2013). These studies have shown that although DI

does not seem to depend very much on pressure, the partition coefficient is actually quite

sensitive to the composition of the metallic component. The same experiments have shown

that if iron is alloyed with nickel and some amounts of sulfur and silicon, the siderophile

behaviour of I is enhanced and partitions more into the iron alloy than pure iron (Jephcoat

et al., 2008; Armytage et al., 2013). This observation might be explained by the chalcophile

behaviour of iodine (e.g. Goles and Anders, 1962; Fuge and Johnson, 1984). Depending on

the estimate amounts of iodine is present in the bulk silicate Earth, the amount of radiogenic
129I that goes into the core during the Earth’s early core formation can result in ∼ 10− 1000
times more radiogenic Xe in the present day core after going through radioactive decay

(Armytage et al., 2013). Additional experiments have shown that it is highly unlikely for Xe

to form an alloy with iron at CMB pressures (e.g. Caldwell et al., 1997; Nishio-Hamane et

al., 2010) despite evidence of Xe becoming more metallic at higher pressures (e.g. Jephcoat

et al., 1987; Eremets et al., 2000). Hence, any Xe that has formed in the core after core

formation could have been easily lost to reactions at the CMB (Armytage et al., 2013).

Hydrogen

Unlike noble gases that are believed to reside as trace amounts in the core, hydrogen is

hypothesized to be one of the major core light elements that can actually contribute to the

observed density deficit and anomalies in seismic wave speeds of the core (e.g. Umem-

oto and Hirose, 2015; Tagawa et al., 2021). As such, there has been increasing interest

in investigating the partitioning behaviour of H between metal-silicate and stability of iron

hydrides at core-forming conditions. However, experimental results (e.g. Okuchi, 1997;

Shibazaki et al., 2009; Iizuka-Oku et al., 2017; Clesi et al., 2018; Malavergne et al., 2019;

Tagawa et al., 2021) and theoretical calculations (e.g. Zhang and Yin, 2012; Li et al., 2020;

Yuan and Steinle-Neumann, 2020) of hydrogen partitioning have been rather controversial.
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Some experiments have shown that H seems to be more lithophile (DH < 1) during core

segregation, suggesting that the core holds < 1 wt % of H and that the magma ocean could

store significant amounts of water relative to the core (Clesi et al., 2018; Malavergne et al.,

2019). The low concentrations in the metallic components reported in these experiments,

however, could be due because the experiments were conducted in carbon-saturated envi-

ronments hence reducing the ability of H to be incorporated an already C-enriched metal.

Moreover, it is possible that hydrogen might have escaped from the samples during decom-

pression before measurements were taken as iron hydrides can decompose into Fe and

molecular H2 (Fukai & Suzuki, 1986; Iizuka-Oku et al., 2017).

To prevent hydrogen escape and ensure that accurate hydrogen concentrations in metal

alloys are obtained, recent experiments conducted at much higher temperature and pres-

sure conditions (up to 4650 K and 60 GPa) were able to perform in-situ measurements of

hydrogen concentration (Tagawa et al., 2021). Results from this study found DH ≥ 29 and

that hydrogen is actually strongly siderophile at core forming conditions, disagreeing with

the findings of previous experiments. The strongly siderophile nature also agrees with theo-

retical calculations (Li et al., 2020; Yuan & Steinle-Neumann, 2020) and that the core might

actually contain 0.3–0.6 wt % of H (Hirose et al., 2021; Tagawa et al., 2021), approximately

the amount of hydrogen in 37–73 ocean mass of water (2021). This amount of hydrogen

in the outer core is also shown to be able to account for the seismically observed density

deficit and excess sound velocity of the outer core by 30%–60% (Umemoto & Hirose, 2015;

2020).

1.3 Physical Mechanisms of Core-Mantle Exchange

In this section, various mechanisms of core-mantle exchange that could accommodate mass

transfer, chemical reactions, and/or isotopic exchange are considered (fig. 1.4). As men-

tioned above, an important requirement is that the isotopic flavor of the core be imparted to

silicates, but the conveyance of this material cannot permit carriage of a significant volume

of metal. A summary of the key points of each core-mantle interaction mechanism is shown

in Table 1.1.

1.3.1 Transfer Process from the Core to the Surface

For each mechanism, the general transfer process from the initial source of the hetero-

geneity to the final basalt product as well as the events that occur along the way that can

influence the final outcome of the measurement in the lab is illustrated in figure 1.5. Prior

to the interaction between the metal and silicate, the origins of the chemical and isotopic

heterogeneities for each mechanism is largely similar and have been described in the pre-

ceding section. The main parameter controlling the initial concentrations of the chemical

species of interest in the core is the metal-silicate partition coefficients and the degree of

isotope fractionation for each element at P-T conditions during the Earth’s accretion and

differentiation phases. Depending on the interaction mechanism that is taking place at the
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FIGURE 1.4: (a) Cartoon of the cross section of the Earth depicting how mantle plumes
can incorporate material at the CMB and carry unique chemical signatures from the core to
the surface. This material might be a result of chemical and isotopic equilibration between
the liquid outer core and silicate mantle and the physical mechanisms for this equilibration
is shown in panel (b). (b) A cartoon showing core-mantle exchange mechanisms that have
been currently proposed in literature. Underlined text refer to the physical mechanisms that
are described in the text. Ppv: Post-perovskite.
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CMB, the relative mass of silicate and core material interacting with each other will be differ-

ent, but the concentration of the chemical species at the end of the interaction will be largely

determined by the metal-silicate partition coefficient at CMB P-T conditions. Subsequently,

the processes that can occur post-reaction and prior to plume entrainment will depend on

the interaction mechanism since additional effects on the concentration of heterogeneity in

the reacted rock can occur.

Regardless of the interaction mechanism however, once the reacted rock begins to accumu-

late as a chemically distinct layer on the mantle side of the CMB, the entrainment efficiency

of a thermal plume will dictate how much of the reacted rock from the layer travels up to

shallower depths of the mantle via a thinner chemical plume. Thermal plumes originating

from the CMB are formed from the upwelling of the thermal boundary layer which creates

a cusp in the chemical boundary layer. This is from which the chemically distinct material

is entrained into and transported upwards within the plume (Sleep, 1988). The rate of en-

trainment as well as the thickness of the chemical plume has been shown to depend on

factors such as convection intensity, the geometry of the interface between the layers, the

viscosity ratio, and the buoyancy ratio B (Davaille & Limare, 2015). B is defined as the ratio

of chemical density contrast to thermal density contrast as follows:

B =
∆ρC

∆ρT
(1.2)

where ∆ρC is the density contrast due to composition and ∆ρT is the density contrast due

to temperature. Several studies from experiments and numerical models have reported

scaling laws regarding the entrainment rate and thickness of the chemical plume in relation

to parameters such as B and the viscosity ratio between the two layers (e.g Sleep, 1988;

Davaille et al., 2002; Zhong and Hager, 2003; Jellinek and Manga, 2004). Although

there have been differences between some scaling equations (2004), high resolution 2D

numerical models from Zhong and Hager (2003) have shown that the entrainment rate Q is

largely controlled by B and the radius of the thermal plume rT as such

Q ∼ B−2.48r3.80
T (1.3)

This equation shows that the entrainment efficiency increases with smaller buoyancy ratio

and a wider thermal plume, and is also independent of the thickness of the chemical layer.

The thickness of the compositional plume was also found to be proportional to B−2 (Sleep,

1988; Davaille, 1999b).

As the plume carrying the chemically entrained material rises to the shallow mantle, the

reduction in pressure will result in partial melting of the rock. Minerals such as garnet and

clinopyroxene have lower melting temperatures than olivine at shallower depths, enabling

major and trace elements to undergo further partitioning as the melts segregate from the

bulk rock. For a given concentration of a trace element of interest C0 in the bulk system, the
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FIGURE 1.5: A flowchart describing the general process of transferring the original hetero-
geneity from the beginning of Earth’s accretion to the final basalt product that appears on
the surface of the Earth and the various events occurring in between that can affect the
final measurement. Since the origins of the heterogeneities and the process of transferring
them via plume entrainment onwards to the surface is largely the same for all interaction
mechanisms, the main factor that can affect the final outcome is the interaction mechanism
and the processes that occur before and after the interaction. These are marked in red.

equilibrium concentration in the melt Cm is given by

Cm =
C0

F + d(1− F)
(1.4)

where F is the melt fraction and d is the partition coefficient (Shaw, 1970). If d � 1, this

means that the element is compatible and stays in the solid, but if d� 1, the element is very

incompatible and prefers to enter the melt. Since most OIBs are enriched in incompatible

trace elements, this means: (1) d � 1 for these elements, and (2) they are generally

produced by lower degrees of partial melting than MORBs.

Since the segregated melts are more buoyant, they will ascend further into the lithosphere

and crust where they can erupt on the surface through volcanism or be stalled at depth

through plutonism. However, before these hotspot volcanic rocks can reach the surface and

be sampled in the lab, there are additional processes that can still act on the magma-derived

rock and further affect its final composition. Such processes include: post-emplacement al-

teration, magmatic degassing, crystal-liquid fractionation, and crustal and lithospheric man-

tle contamination (Day, 2013).

Since OIBs usually erupt at locations far away from plate boundaries and continents, they

are assumed to undergo relatively minimal contamination by the lithosphere. However, pre-

vious studies have shown this is not the case (e.g. Reisberg et al., 1993; Lassiter and

Hauri, 1998; Gaffney et al., 2005) especially since Os isotopes can be sensitive to crustal

contamination. The lithosphere tends to have a higher concentration of Os relative to the
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volcanic rocks and as the concentration of Os decreases in the basalt, the high unradiogenic
187Os/188Os can potentially come from incorporation of oceanic crusts with high Re/Os and
187Os/188Os (Reisberg et al., 1993). This is especially so if the magma has sufficient time

and heat to melt the surrounding rocks as it is stalled in the lithosphere. Hence, it is impor-

tant to remove any crustal components from the OIB to obtain a more realistic value of the

primary chemical composition.

While volatile elements such as noble gases are prone to magmatic degassing leading

to volatile loss and reduced concentrations in the erupted basalt (e.g. Gonnermann and

Mukhopadhyay, 2007), some of the HSEs can actually exhibit volatile behaviour as well.

Studies have found Re compounds (e.g. Hinkley et al., 1999) and Os enriched sulphate-

dominated condensates at volcanic vents (Crocket, 2000; Yudovskaya et al., 2008), but the

extent of osmium isotope fractionation during degassing is relatively unclear. If there is sig-

nificant fractionation effects, the Os isotope ratios obtained from laboratory measurements

might lead to different interpretations of the HSE content of the core and hence, the degree

of reaction between the core and mantle.

The erupted OIBs exhibit a wide range of compositions due to fractional crystallisation pro-

cesses that occur prior to eruption. Apart from decompression melting that accompanies the

magma as it rises to shallower depths, cooling of the magma as it stalls in the lithosphere

can create further fractionation of isotopes and elements as it crystallises. The crystal-liquid

fractionation in magmas usually involves the removal of different mineral phases at different

depths and temperatures (Day et al., 2010), and the compatibility of different trace elements

and their isotopes with the different mineral phases can potentially affect the chemical signa-

tures inherited from the CMB. This is especially so when the abundances of some of these

elements are quite low (Day, 2013). Studies have also shown that depending on the sulfur

content of the melt, magmatic sulphides are generally rich in Os relative to coexisting silicate

phases (e.g. Hart et al., 1996; Burton et al., 1999). Hence, the degree of crystallisation and

sulfide content of the magma can provide uncertainties in some of the geocchemical and

isotopic data.

Finally, after the magma crystallises, any post-emplacement alteration can potentially con-

taminate the volcanic rock. Such modifications can include natural processes such as hy-

drothermal alteration and metamorphism, to anthropogenic effects such as contamination

from saw blades during sample preparation in the lab. To reduce the alterations that occur

naturally, it is ideal to obtain ‘fresh’ samples that have erupted recently as they have the least

exposure to the natural processes that can leach some of the metals or degassing of certain

volatiles, thereby changing the chemical abundance in the rock. It is also worth mentioning

that even after considering all these process that can affect the inherited core signatures

after interaction at the CMB to eruption of the basalt product at the surface, uncertainties

in the final result can also arise during measurements in the lab since there will always be

uncertainties associated with the analytical measurements.
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1.3.2 Diffusion Across a Sharp CMB

The simplest case of interaction between a liquid outer core and a solid crystalline mantle

is the case where the CMB is a sharp interface. Although it initially appears simple, this

basic case introduces a range complexities that are also relevant to all other mechanisms

discussed further below, particularly the potential role of stable stratification in the shallow

core and/or deepest mantle.

Stratification Atop the Core

Thermodynamic models have shown that for an expected mantle composition of Fe/(Fe +

Mg) = 0.2 and assuming O is the sole light element in core, the liquid core can hold as much

as 15 wt % of O at CMB conditions (Frost et al., 2010). Since this value is much higher than

current estimated light element abundances (Badro et al., 2015), the chemical disequilibrium

between the core and mantle sets the stage for interactions at the CMB. One of the ways in

which this interaction has been expected to manifest is through a stable stratification on top

of the core below the CMB. Buffett and Seagle (2010) modeled the evolution of a stratified

layer at the top of the core where excess oxygen from the mantle (in the form of FeO) diffuses

along the compositional gradient while taking into account inner core growth. In their model,

the growth of the stratified layer is determined by the difference between the rate of change

of concentration in the layer and well-mixed region, as well as the concentration gradient at

the boundary between the two regions. The evolution of concentration in the stratified layer

is a competition between two diffusive fluxes: barodiffusive and compositional, where the

former depends on pressure gradients and the latter depends on concentration gradients.

It can be expected that shortly after core-mantle segregation where temperatures are much

higher, the initial compositional gradient at the CMB is much steeper, thereby driving a large

oxygen flux into the topmost layer in the outer core. However, with secular cooling of the

core and thickening of the stratified layer overtime, the compositional component of the

diffusive flux weakens over time due to the decreasing gradient, whereas the barodiffusive

component is expected to weaken only slightly. The combined effects results in a decrease

in the oxygen flux to the core over billions of years with the thickness of the stratified layer

predicted to be between 60− 70 km at present.

Although there have been some arguments against the existence of a stratified layer (e.g.

Alexandrakis and Eaton, 2010; Irving et al., 2018), evidence from geomagnetic (Whaler,

1980; Braginsky, 1993; Buffett, 2014; Buffett et al., 2016) and seismic observations (Lay

& Young, 1990; Souriau & Poupinet, 1991; Tanaka, 2007) have generally supported its

presence. It has been known that if stable stratification at the top of the Earth’s core exists,

radial motion close to the CMB is suppressed. However, it is still possible for weak radial

motion to exist due to MAC waves (Braginsky, 1993) arsing from the interplay between mag-

netic, Archimedes and Coriolis forces, and the period which these waves propagate depend

largely on the Brunt-Väisälä frequency and thickness of the layer. Observations of magnetic

field fluctuations were found to have dominant periods of ∼ 60 years (Roberts et al., 2007;

Jackson & Mound, 2010) and numerical calculations have shown that these waves can not
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only provide a good description of these fluctuations (Buffett, 2014), they can also account

for fluctuations in the dipole field (Yokoyama & Yukutake, 1991) and zonal flows at the top

of the core (Jackson, 1997) inferred from secular variations in the geomagnetic field (Blox-

ham & Jackson, 1992). Moreover, numerical studies have found that the stably stratified

layer can also account for observed changes in the length-of-day via a hybrid mechanism

for momentum transport between the core and mantle (Glane & Buffett, 2018).

Even though there has been some agreements between geomagnetic and geodetic data

with numerical models of the stratified layer, the origins of the layer is still a mystery. With

different mechanisms of producing this layer proposed over the years (e.g. Fearn and Loper,

1981; Braginsky, 1993; Gubbins and Davies, 2013), some have suggested that its exis-

tence dates back to the early formation of the Earth (Landeau et al., 2016). Given that the

Earth’s magnetic field has existed for at least 3.45 billion years (Tarduno et al., 2010) and if

the layer is primordial to begin with, vigorous convective motions in the outer core could po-

tentially erode it overtime. To determine how much erosion could have potentially occurred,

Bouffard et al. (2020) derived a scaling law that relates the erosion rate to the local Richard-

son number E ∝ Ri−1.7, where E is the erosion rate and Ri is a nondimensionless number

measuring the buoyancy associated with a density jump across the interface of the layer

versus the flow strength respectively, and found that stronger convection results in faster

erosion rates. Based on estimates of present day convective power of the core (1-3 TW;

Christensen and Aubert, 2006; Davies et al., 2015; Labrosse, 2015) and density anomaly

of the stratified layer (0.01%-3%; Landeau et al., 2016; Jacobson et al., 2017), they calcu-

lated an erosion of less than 100 m over 4.5 Ga and suggested that a primordial stratified

layer can still exist today.

Diffusion on the Mantle Side

The previous section discusses molecular diffusion on the core side assuming the mantle

region adjacent to the CMB has the same concentration as the bulk mantle. This implies

that there are no concentration gradients in the mantle while oxygen is fluxing into the core.

However, it is not possible for chemical gradients to disappear instantaneously as lattice

diffusion and grain boundary diffusion timescales in silicates are significant. Therefore, dif-

fusion processes in the mantle are just as important and have to be considered as well

since the diffusion process could have begun as far back as 4.5 Gyr when the mantle has

fully crystallised from the magma ocean.

High pressure and temperature experiments using multi-anvil press were conducted by

Yoshino et al. (2020) to determine the diffusivities of W and Re along the grain bound-

aries of post-spinel at shallow upper mantle conditions. They concluded that grain boundary

diffusion for W in post-spinel is quite fast and under oxidized conditions, it becomes increas-

ing lithophile and allows a large flux of W from the core to the mantle, assuming the core

contains a large reservoir of W (specifically depleted with respect to 182W). Due to the strong

temperature dependence of diffusion observed in the experiments, the diffusion lengthscale

of W is expected to increase towards the CMB such that within a span of 4.5 Gyr, W can
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penetrate ∼ 100s km into the lower mantle purely through grain boundary diffusion. While

this lengthscale is incidentally the same order of magnitude as estimated heights of ULVZs

(Yu & Garnero, 2018), the diffusion of W into subducted slabs is believed to be much quicker

due to the smaller grain sizes and larger oxidation gradient. Although this mechanism can

alter the chemical composition of the ULVZs and hence its seismic signature, it is not the

only factor that can contribute to the seismically slow signature of the ULVZs. For instance,

a dense and seismically slow domain can also be attributed to an iron-enriched silicate melt

(Williams & Garnero, 1996) or iron-rich ferropericlase or bridgmanite (Mao et al., 2006;

Wicks et al., 2010) at the CMB. With residence time of ∼ 100 Myr, the diffusion lengthscale

on the order of hundreds of metres can provide significant alteration of W isotope compo-

sitions in recycled crustal material provided that there is significant grain boundary volume.

This mechanism can also in theory increase the concentration major or trace elements (in-

cluding W) in the whole rock, but measurements of W, Ir and Os concentrations in OIB lavas

have not found any distinct correlations with µ182W (Mundl-Petermeier et al., 2020), sug-

gesting that this mechanism might not be effective in enriching the rock with additional trace

elements that might come from the core.

1.3.3 Interaction with Basal Mantle Magma

Interactions between a liquid outer core and a partially or fully molten mantle are considered

in this section. The main mechanism considered here is elemental exchange between a

BMO and the top of the core during the early Earth. Equilibration between two large

liquid bodies should be more efficient than interactions between a solid mantle and liquid

core, and there would be no excess metal residue in the silicates because heavy metal

droplets rapidly settle from the magma. Diffusive exchange occurs on each side of the

interface up to a thickness of≈
√

4Diτr where τr is the residence time of fluid at the interface

and Di is the effective diffusivity of species i. In laminar flows the relevant value for Di is

thermal diffusion, whereas in turbulent flows the relevant value of Di will be similar to the

turbulent viscosity. If the compositionally distinct LLSVPs or thin ULVZs detected today

represent the residue of a BMO, then they may carry some isotopic characteristics of the

core. However, additional considerations have to be given to the chemical fractionantion that

occur during the freezing of the magma ocean over billions of years. As the magma ocean

begins to cool and crystallise, incompatible trace elements will preferentially partition into the

residual melt according to the existing pressure and temperature conditions. These melt-

rich regions that occur in the lower mantle would be enriched in certain radioactive trace

elements, such as U and Th, and if these elements undergo α-decay, they can potentially

increase the concentration of 4He in these regions such that any 3He/4He signal inherited

from the core will be suppressed and appear to have undergone degassing. Some of the

OIB samples have shown 3He/4He close to MORB values (Mundl-Petermeier et al., 2017;

Mundl-Petermeier et al., 2020) which could suggest contamination from the radioactive

decay of such elements in the source region.
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Oxygen Exchange with a Basal Magma Ocean

Different 1-dimensional time-dependent models of FeO exchange between the outer core’s

stratified layer and BMO were developed by Davies et al. (2020) to investigate how coupled

FeO concentrations between the bulk mantle and top of the core are affected by magma

ocean crystallisation, according to different partition coefficients and initial concentrations

of Fe and O in the magma ocean. In cases where the magma ocean does not crystallise,

the oxygen concentration and thickness of a stably stratified layer at the top of the core

grows according to
√

t where t is is the diffusive timescale. Although this scenario gives a

layer thickness of 120-150 km by the end of 4 Ga, it is unlikely that the magma ocean has

remained uncrystallised for so long.

When crystallisation of the magma ocean from the middle is considered, the concentration

of FeO in the magma ocean changes with the rate of freezing and FeO flux across the CMB.

The former results in FeO enrichment of the magma ocean, while the latter depletes it if the

core is undersaturated in O. Although losing FeO into the core can slow down the cooling

rate of the BMO by buffering the decrease of the liquidus, the overall effect of FeO loss

is actually an increase in the solidification rate of the BMO such that the BMO completely

freezes within 3 Gyrs of core formation. It is also important to note that if FeO gradually

depletes from the BMO during its existence, the density of the magma can be reduced to

the point where it is lower than that of the overlying mantle, thereby inducing overturns that

further hastens the solidification of the BMO.

Many studies have considered oxygen to be one of the major light elements in the outer

core (e.g. Jeanloz and Ahrens, 1980; Alfè et al., 2002; Rubie et al., 2004; Badro et al.,

2015) and calculations from ab initio molecular dynamics have shown that oxygen strongly

partitions into the liquid phase as the core crystallises (Alfè et al., 2002; Ozawa et al., 2008).

Although calculations show that it might be possible for oxygen to be the sole light element

(Badro et al., 2014), this is only true if the resultant changes in density and bulk sound

velocity is compared with PREM (Dziewonski & Anderson, 1981). Instead, the velocities in

the stratified layer have been found to be slower than PREM (e.g. Tanaka, 2007; Helffrich

and Kaneshima, 2010; Kaneshima and Matsuzawa, 2015) which suggests that any addition

of light elements in the outer core should create a buoyant layer that is seismically slower

(Helffrich, 2012). Hence, even though oxygen is likely to be the major component of light

elements in the core, it is highly probable that there is more than one light element (e.g. C,

H, Si, S) (e.g. Stevenson, 1981; McDonough, 2014).

Oxygen and Silicon Exchange

There have been studies that look into the creation of the stratified layer by concurrent O

enrichment and Si depletion relative to the vigorously convecting outer core (Hernlund &

Geissman, 2016; Brodholt & Badro, 2017). One possible mechanism for this to happen

is to have an Si-enriched outer core (Fischer et al., 2015; Rubie, Jacobson, et al., 2015)

react with a pyrolitic lower mantle that is driven by chemical disequilibrium. However, this
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mechanism can only work for relatively low CMB temperatures of ∼4000 K (Brodholt &

Badro, 2017). Another possible mechanism is for the core to react with material that is

FeO-enriched and SiO2 poor at the CMB. This can occur through either the fractional crys-

tallisation of a BMO (Labrosse et al., 2007) or accumulation of a Fe-rich component at the

CMB (Dobson & Brodholt, 2005; Wicks et al., 2010; Muir & Brodholt, 2015a; 2015b). As

the BMO begins to cool, the melt can become relatively depleted in SiO2 due to the crystalli-

sation of bridgmanite while simultaneously enriched in FeO due to melt fractionation. The

chemical disequilibrium that is established between the residual melt and outer core will re-

sult in FeO being diffused into the top of the outer core while Si diffusing into the melt that is

sitting on the CMB. The resultant exchange of chemical species across the CMB therefore

creates a light and slow layer at the top of the core which would be able to satisfy seismic

observations of the outer core (e.g. Lay and Young, 1990; Tanaka, 2007; Helffrich and

Kaneshima, 2010). However, in order to produce thicknesses of ∼100 km, diffusion would

require the reaction to happen with mantle melts (or partial melts) instead of a fully solid

mantle since diffusion rates are very slow in solids (Ammann et al., 2010).

1.3.4 Liquid Metal Intrusion at Mantle Downwellings “Suction”

Intrusion of core fluid into mantle rock at the grain scale, and subsequent drainage of the

metal back into the core provides another mechanism for imparting core isotopic ratios to the

mantle, so long as return of the metal back to the core is efficient and leaves little residual

metal in the rock. A mechanism for intrusion of iron into mantle rocks via decompaction and

grain scale percolation has been considered by (Kanda & Stevenson, 2006). The driving

force for metal intrusion is the excess pressure created by pushing the mantle down into a

higher density fluid in the presence of gravity, and the intrusion of metal works by deforming

individual grains to open porosity that facilitates grain-scale intrusion of liquid into the rock.

The duration of this decompaction is much shorter than mantle convection time scales, and

is expected to proceed up to a porosity at which the grains are only loosely aggregated

and further grain-scale deformation to open porosity is no longer possible. The thickness

of the intruded region is expected to be of the same order of magnitude as the dynamic

topography induced by mantle convection, ∼1 km (Olson et al., 1987). The motivation of

the study by Kanda and Stevenson (2006) was to explain a high electrical conductivity layer

at the CMB that could couple Maxwell stresses from the radial magnetic field in the core and

mantle such that angular momentum exchange is allowed to explain observed variations

in the length of day based on observations from very long baseline interferometry (VLBI).

The amplitude of Earth’s nutation are out of phase with tidal forcings due to dissipative

processes originating from oceans and mantle anelasticity, however theoretical calculations

of these amplitudes have shown some discrepancies with estimates from VLBI (Herring et

al., 1991). If this discrepancy was to be accounted for by an electrically conductive layer at

the base of the mantle, calculations suggest that this layer can have a conductivity ranging

from ∼ 5× 105 − 108 S m−1 with a thickness of about 200 m (Buffett, 1992; Holme, 1998).

However, mantle conductivity and magnetic energy cannot be uniquely resolved by VLBI

observations, implying there exists trade-offs between these two parameters. Nevertheless,
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this mechanism also works great for chemical reactions between the core liquid metal and

silicate mantle, and occurs relatively recently in the context of geological timescales.

Constraints on Iron-Silicate Grain Boundary “Wetting”

The efficiency of liquid metal intrusion into a silicate matrix as well as the subsequent

drainage via percolative flow is highly dependent on the permeability of the matrix. This

is largely controlled by the dihedral angle θ between liquid metal and solid silicate which

determines how well the silicate grain boundaries are “wetted” by the liquid metal. The di-

hedral angle is formed where a crystalline-crystalline interface intersects with a liquid and is

mathematically defined as

cos
θ

2
=

γss

2γsl
(1.5)

where γss and γsl are the solid-solid and the solid-liquid interfacial energies respectively.

Theoretical calculations of simple grain boundary topologies have shown that melts can

form an interconnected network of channels that favours fluid percolation regardless of melt

fraction if θ < 60◦. However, if θ is larger than 60◦, melts will exist as isolated pockets

at grain corners and be impermeable to percolative flow unless the melt fraction exceeds

a certain threshold (von Bargen & Waff, 1986) (fig 1.6). Experiments to determine the

percolation threshold of liquid iron alloy in silicates via electrical conductivity have found

that the threshold ranges from around 5% to 17.5% (Jurewicz & Jones, 1995; Yoshino

et al., 2003; 2004; Bagdassarov et al., 2009; Watson & Roberts, 2011), well below the

disaggregation limit of ∼ 20% (McKenzie, 1984). Theoretical calculations on the other hand

have shown that melt networks can still remain interconnected at low melt fractions of ∼ 1%
through hysteresis in melt connectivity (Ghanbarzadeh et al., 2017).

Dihedral angles between iron-rich metallic liquids and olivine have been experimentally de-

termined to be somewhere between 65◦ to 115◦ (Ballhaus & Ellis, 1996; Minarik et al.,

1996; Shannon & Agee, 1996; Gaetani & Grove, 1999; Yoshino et al., 2004; Terasaki

et al., 2005), suggesting that they form isolated pockets of melt that make intrusion of liquid

iron alloys into silicates very difficult. However, most of these experiments were conducted

at around upper mantle P-T conditions as these studies were investigating whether core for-

mation could have occurred in the Earth via percolative processes. Experiments performed

at higher pressures actually indicate that the dihedral angle decreases, ranging from val-

ues below 60◦ (Takafuji et al., 2004; Shi et al., 2013) to around 70◦ (Shannon & Agee,

1998; Sakai et al., 2006). This suggests that silicates at the CMB are potentially permeable

enough for liquid metal to flow within interconnected networks, especially so should the frac-

tion of liquid metal go above ∼ 5% (von Bargen & Waff, 1986), and the enhanced wettability

would allow for more efficient chemical interaction between the outer core and lower man-

tle. Draining of the liquid metal from the silicate matrix through processes such as viscous

compaction would be rather effective at the lower mantle as well, but it should be noted that

there is still a possibility for isolated pockets of melt to be trapped when dihedral angles

are larger than the critical value of 60◦ and sufficient liquid has been drained until the liquid

fraction goes below the percolative threshold. These experiments have also shown that the
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𝜃

Silicate grains

Liquid metal

𝜃 > 60° 𝜃 < 60°

FIGURE 1.6: An illustration of the dihedral angle θ between the liquid metal and two silicate
grains. At θ > 60◦, the liquid metal will exist as isolated pockets. But if θ ≤ 60◦, an
interconnected network will form and percolation of liquid metal can occur.

composition of the iron alloy affects the dihedral angle: increasing the oxygen content of the

alloy decreases the dihedral angle (Sakai et al., 2006), while having an Si rich creates very

large dihedral angles (Mann et al., 2008). Hence, the composition of the liquid metal is an

important parameter in determining the wettability of the silicate grain boundaries.

Isostatic Protrusion of Dense Rock

In addition to dynamic topography, isostatic topography can also exist at the CMB. Since

ULVZs are ∼10% denser than the ambient mantle but less dense than the outer core, parts

of it can protrude into the core (just like how icebergs are partially submerged in seawater)

and react with the liquid metal of the outer core (Hernlund & Tackley, 2007). Depending

on how large the density contrast is between the ULVZ and the lower mantle, protrusions

into the outer can be large enough to potentially overwhelm contributions from dynamic

topography (2007). Furthermore, stirring of ULVZ by viscous coupling to overlying mantle

flows (Hernlund & Jellinek, 2010) will cyclically dredge ULVZ material into the core, and

if metal is able to wet the grain boundaries then metal-silicate interaction could extend a

significant distance into the ULVZ. However, if the ULVZs are FeO rich and in direct contact

with the stratified layer in the outer core, they can come into chemical equilibrium with the

outer core relatively quickly which reduces the chemical flux out of the core over time. The

time it takes for the ULVZs to reach chemical equilibration with the stratified layer will largely

depend on the age of the ULVZ. If they originate from residual melts during the crystallisation

of the BMO, the ULVZs can be as old as the Earth itself. However, this might present

another issue if the viscosity of the ULVZs are much lower than the ambient mantle as
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this reduces the viscous coupling and hence, the ability for plumes to entrain the core-

equilibrated material. In addition, these ULVZs will have to be within close proximity of the

hot spot plumes in order to transport material to the surface. Seismic studies have not found

and clear relationships between the locations of hot spots and seismically detected ULVZs

(Yu & Garnero, 2018).

1.3.5 Upward Sedimentation

Another grain-scale mechanism that could pass on isotopic signatures of the core into the

mantle is upward sedimentation of solids from the core that can happen any time throughout

Earth’s history (Buffett et al., 2000). Metal intrusion at the CMB topographic low and upward

sedimentation were originally proposed in order to yield a high electrically conducting layer

that could explain core-mantle angular momentum exchange as evidenced by decadal vari-

ations in the length of day (e.g. Buffett, 1996; Mound and Buffett, 2006). However, they

both share some similarities in that they move from a state in which silicates are immersed

in metal to one in which the metal is eventually squeezed out of the sediment and returned

to the core by viscous compaction. In either case, this compaction should be very rapid and

efficient for grain sizes of ∼1 mm or larger (Buffett et al., 2000). In fact, the sedimentation

mechanism has been criticised because it requires unusually small grain sizes (∼1 µm or

smaller) in order to retain enough metal to attain the requisite electrical conductivity (Kanda

& Stevenson, 2006). Should a layer of sediments exists at the top of the outer core, the de-

gree of compaction and efficiency of expelling liquid metal out of the matrix will influence the

density, seismic velocity and electrical conductivity of this layer. Reduction in P and S veloc-

ities calculated by Buffett et al. (2000) were shown to be as large as deviations from ULVZs,

but a reduction in velocity is not unique to the existence of this sediment layer and the region

where the greatest seismic velocity reduction occurs is too thin to be resolved (∼1-2 km).

Rather than relying on seismic observations alone, the data can be combined with observed

discrepancies in the Earth’s nutation to better constrain the existence of this mechanism, but

this depends on the electrical conductivity of the sediment layer. Estimates of conductivity

are usually derived from Archie’s Law, but it is uncertain if the exact relationship holds for

P-T conditions at the CMB.

Isotopic equilibration between intruded metal and rock proceeds at the grain scale with a

a characteristic diffusion time l2
g/Di, where lg is the grain size and Di is the diffusivity of

species i. If lg ∼1 cm, then soaking of grains in metallic fluid for mantle convection time

scales of ∼ 107 years will yield complete equilibration for every species i having Di > 10−18

m2/s. Since this is a rather slow diffusivity for the mantle at these conditions (Van Orman &

Crispin, 2010), it is expected that most species will achieve a high degree of equilibration.

Even if compaction efficiently drains metal for reasonably modest grain sizes, it may still be

possible for some small fraction of metal to remain trapped in the rock if there is a fraction

below which it fails to wet the grain boundaries. In other words, if there is a critical wetting

fraction φwf below which metal does not form an inter-connected network through which it
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may readily flow between grains, then the compaction and removal of metal will cease with

φ ≈ φwf amount of metal trapped inside the rock.

Rayleigh-Taylor Instability of Core-Derived Sediments

During the Earth’s early history when the primitive core has segregated from the magma

ocean, experiments have shown that at the pressure and temperature conditions associated

with the base of the magma ocean and core, Si becomes increasingly soluble in liquid metal

(Hirose et al., 2017). With the subsequent onset of core cooling, the decreased solubility of

Si would have supersaturate the core, resulting in the exsolution of Si. However, since the

Si is chemically bonded with dissolved O in the liquid metal, the actual exsolved component

is SiO2. With SiO2 being less dense than liquid metal, it is expected to rise to the top

of the core and accumulate as a layer due to the sharp viscosity contrast with the solid

silicate mantle (Helffrich et al., 2018). However, since the density of SiO2 is still lower than

that of seismologically determined values of the present-day mantle (Hirose et al., 2005),

the growth of the more buoyant layer at the CMB creates a Rayleigh-Taylor instability with

a growth time of τRT that is proportional to µ/∆ρgh, where ∆ρ is the density difference

between the overlying mantle and SiO2 layer, and µ and h are the viscosity and thickness

of the layer respectively. As the SiO2 rises into the lower mantle in the form of diapirs, they

detach to form blobs with diameters estimated to be the same as the thickness of the Si

layer (Helffrich et al., 2018). The blob size determines how fast it ascends in the mantle, at

least until it reaches a point of neutral buoyancy that might be somewhere in the middle of

the lower mantle (assuming suitable values of the Grüneisen parameter and SiO2 equation

of state). If this velocity is 10-1000 times smaller than mantle convective speeds, it can be

expected that the SiO2 blobs will be entrained by mantle flow instead of rising through it

passively (2018). Conditions that favour fast mantle ascent include lower ambient mantle

viscosities due to higher temperatures and large core cooling rates. The former acts by

directly reducing the viscous drag on the blob, while the latter acts to increase the size of

the blob and hence reduce drag. Such conditions were likely to have happened in the early

Earth, where cooling with the rapidly convecting magma ocean above might have given

rates of 300-2000 K/Gyr (Solomatov & Stevenson, 1993; Lebrun et al., 2013). Although

the SiO2 rich domains can exhibit strong velocity contrasts with the ambient lower mantle to

create seismic scattering (Helffrich et al., 2018), these are non-unique features that can be

attributed to other heterogeneities in the lower mantle (e.g. Kaneshima, 2016).

1.3.6 Poro-Elastic Entrainment

Petford et al. (2005) suggested a poro-viscoelastic entrainment mechanism in the D" layer,

where dilatancy instabilities caused by deviatoric shear stresses drive liquid metal upwellings

at the CMB during geologically recent times. Their results showed that in order for this mech-

anism to transport significant liquid core metal upwards, the D" layer needs to experience

strain rates larger than 10−12 s−1. However, it remains unclear if such high strain rates

are possible in the lower mantle or that the elastic dilatant properties of materials at the D"
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allow for such mechanism to occur over geologic time. This mechanism can also produce

an electrically conductive layer at the CMB on the mantle side which can, in theory, create

variations in the length-of-day. However, there are also other mechanisms mentioned in this

chapter that can create such a conductive layer without resorting to high strain rates at the

CMB.

1.3.7 Thermodiffusion

Another proposed mechanism for core-mantle exchange is the thermodiffusion of iron iso-

topes at the CMB that can occur any time throughout Earth’s history. Lesher et al. (2020)

recently investigated the fractionation of 56,57Fe in pure Fe and FeNi alloy liquids over steep

thermal gradients at 2 GPa, as they believed that this mechanism can explain the iron en-

richment of ULVZs and possibly lead to high 56,57Fe/54Fe ratios in OIBs. Even though the

experimental conditions were far from CMB pressure and temperature conditions, they used

the Chapman-Enskog kinetic theory of thermodiffusion to estimate the magnitude of isotope

fractionation α0 in core liquids and extrapolated it to the relevant conditions. They subse-

quently modelled the enrichment of 57Fe within a basal thermal boundary layer using the

extrapolated fractionation factor which then allows heavy iron isotopes to be entrained in up-

welling plumes, thereby carrying the unique isotopic signal into upper mantle and beyond.

Based on their estimates, they believed that the asthenosphere can inherit a positive 57Fe

anomaly by as much as 0.05h over geologic time.

However, as seen from the data collected from different OIBs (Konter et al., 2016; McCoy-

West et al., 2018; Soderman et al., 2021), a number of samples have δ56,57Fe values that

are significantly higher than 0.05h, indicating that this mechanism might not be very effec-

tive in imparting heavy δ56,57Fe to mantle rocks. Instead, some other processes occurring

in the mantle might be affecting the δ56,57Fe values of OIB magmas prior to their eruption

such that the lavas have δ56,57Fe ≥ 0.05h. This is further supported by the unobserved

correlation between δ56,57Fe and other geochemical tracers such as 3He/4He and µ182W

(McCoy-West et al., 2018; Soderman et al., 2021).

An important point to note about this mechanism is that there is no indication of the process

of liquid iron infiltrating into the lowermost mantle in order for iron isotopes fractionation

across a basal thermal boundary above the CMB. In addition, the amount and type of light

elements in the core fluid might have an influence on the magnitude of isotope fractionation

since it has been suggested that light alloying elements can accumulate at the top of the

outer core to create a gravitationally stratified layer (Fearn & Loper, 1981).

Their models also assume that the metal remains inter-connected in the silicate matrix of the

mantle. In such a state, large pressure gradient differences arise between the liquid metal

and mantle solids, which would lead to compaction/closure of the pore spaces. This would

severely limit the maximum column height of metal that can be supported in the mantle as

shown in the calculations of Poirier and le Mouël (1992). Detection of this mechanism using
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other means would be rather challenging since iron isotope fractionation will not significantly

alter the physical properties of the whole rock.

1.3.8 Morphological Instabilities and Surface Tension

One of earliest mechanism proposed for core-mantle exchange was via capillary action

(Poirier & le Mouël, 1992), where liquid metal infiltrates and wets the grain boundaries while

dissolving the adjacent silicate material. This mechanism can occur as long as penetration

of liquid iron along silicate grain boundaries is energetically favourable. Based on their

estimates, the liquid is only able to penetrate up to a height of at most 100 m that is far

smaller than the lengthscales of low velocity patches in the D” (Williams & Garnero, 1996).

In a more recent study, high pressure and temperature experiments were conducted to

investigate the penetration of liquid iron into (Mg,Fe)O caused by morphological instabilities

(Otsuka & Karato, 2012; Yoshino, 2019). The instabilities are a result of a gradient in

FeO concentration, where FeO content increases with distance from an interface between

(Mg,Fe)O and an iron-rich melt. The wavelength grows as a function of both capillary length

and FeO gradient concentration and, with some extrapolation, it was predicted that an iron-

enriched layer could grow up to 100 km after 4 billion years. Even though this mechanism

seems to provide a chemically (and possibly isotopically) altered layer that is significantly

thicker, it has to be emphasised that the mineralogy of the lower mantle is largely dominated

by bridgmanite and post-perovskite (Irifune & Tsuchiya, 2015) and that iron diffusion in these

minerals are much slower (Holzapfel et al., 2005). Hence, if morphological instability is the

dominant mechanism for iron enrichment near the CMB, the extent of the thickness will be

largely dominated by the volume fraction of (Mg,Fe)O.

The plausibility of liquid iron infiltration via morphological instabilities can also be analysed

simply from energy considerations. For simplicity, we assume that the metal drops are

spherical with diameter r0 and changes in chemical potential energy across the interface

can be used to do the following work : (1) increasing the gravitational potential energy, and

(2) increasing the surface energy of the drop.

The change in gravitational potential energy ∆U to raise a drop by height ∆h is given by

∆U = ∆ρVg∆h where ∆ρ is the density contrast between the liquid metal and solid silicate,

V is the volume of a drop, and g is the acceleration due to gravity. For a spherical drop,

V ∝ r3
0 and if ∆h is recast as cr0 where c is a constant, substituting these two values back

into ∆U will show that ∆U ∝ r4
0. This means that with increasing drop size, the energy

required to do work against gravity becomes disproportionately larger, specifically with a 4th

power.

Similarly, the change in surface energy ∆S related to increasing (or decreasing) the surface

area of a single drop ∆σ is given by ∆S = γ∆σ where γ is the surface tension, which is

also sometimes known as the interfacial energy or grain boundary energy, and is usually

assumed to be constant within a certain range of P-T conditions. The change in surface

area can be approximated to scale according r2
0 (i.e. ∆σ ∝ r2

0) which also implies that the
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energy required to change the surface area does not scale linearly as well. It is important

to note that while changing the surface area does not necessitate a simultaneous change in

volume, for a given volume of metal drop, there is a fundamental limit to which how much

the surface area can decrease to. Since the most compact 3D shape is a sphere, where

the sphere has the smallest surface area-to-volume ratio, for a given volume V the minimum

surface area a metal blob can take is 3
√

36πV2.

Hence, if we are to consider that there is a much larger number of liquid metal drops ris-

ing above from the outer core into the ferropericalse component of the mantle (like what

is shown in Otsuka and Karato, 2012), there must be significant chemical disequilibrium

between the mantle and outer core to provide the energy cost to not just work against grav-

ity but as well as creating discrete pockets of metal blobs of different surface topologies.

Moreover, as more metal blobs react with the ferropericalse matrix and rise against gravity,

there will be lesser amounts of chemical potential energy left for the remaining metal blobs

to do work with. This mechanism may become less effective over time to a point where

the ferropericlase becomes completely chemically equilibriated with no available chemical

potential energy available left in the system.

Finally, it must be emphasised that geochemistry constraints require highly efficient com-

paction of rock and expulsion of almost all metal back to the core, and the only way for this

to work is if the wetting fraction of metal in the rock is very small. This means that the drops

in the mantle from the morphological instability would have to be at a concentration lower

than permitted by the geochemistry such that no excess siderophiles can be detected in the

rocks (e.g. Ireland et al., 2009; Ireland et al., 2011; Mundl-Petermeier et al., 2017).
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Core-Mantle Interaction Mechanisms

Diffusion across CMB Chemical Exchange

with BMO

Liquid Metal Intrusion Isostatic Protrusion Upward Sedimenta-

tion

Timing of interaction After magma ocean

solidification

During the first billion

years

Recent Ancient Recent

Mantle volume About 1% As much as 25% About 1% About 1% About 1%
3He/4He Small He concentra-

tion in the core

U+Th enrichment in

residual melts can

suppress signal

Small He concentra-

tion in the core

Small He concentra-

tion in the core

Small He concentra-

tion in the core

µ182W Small volumes Depends on original

Hf/W in BMO

Small volumes Small volumes Small volumes

D/H S-L fractionation L-L fractionation S-L fractionation S-L fractionation S-L fractionation

Os isotopes Small volumes and S-

L fractionation

Depends on original

Pt/Os and Re/Os in

BMO and core

Small volumes and S-

L fractionation

Small volumes and S-

L fractionation

Small volumes and S-

L fractionation

Excess siderophile

elements

Very little None expected Depends on com-

paction

Depends on com-

paction

Depends on com-

paction

Advantages Can transfer core sig-

nals if mantle is under-

saturated and/or core

is saturated

Higher diffusivities

can occur in magma

ocean

Isotope ratios from

core can be trans-

ferred without excess

siderophiles

Material might be-

come chemically

equilibrated if remain

undisturbed

Can possibly ac-

count for variations in

length-of-day

Disadvantages Very inefficient in sili-

cates. Highly depen-

dent on grain bound-

ary volumes

Secondary fractiona-

tion effects can oc-

cur during freezing of

BMO

Residence time of

mantle material at

CMB unconstrained

ULVZs not detected

at every OIB location.

Unconstrained plume

entrainment efficiency

Mixing of exsolved

SiO2-rich domains

from the core will

dilute isotope signals
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Core-Mantle Interaction Mechanisms

Poroelastic Entrainment Thermodiffusion Morphological Instabilities Surface Tension

Timing of interaction Recent Any time Any time Any time

Mantle volume About 1% About 1% About 1% Less than 1%
3He/4He Small He concentration in the core

µ182W Small volumes

D/H S-L fractionation

Os isotopes Small volumes and S-L fractionation

Excess siderophile

elements

Somewhat significant, de-

pends on compaction

Depends on liquid iron

entrainment process into

lower mantle

Significant Significant

Advantages Can possibly account for

unique isotope and chem-

ical ratios found in OIBs

Iron isotope fractionation

can be potential signal

from the core

Can possibly account for

unique isotope and chem-

ical ratios found in OIBs

Can possibly account for

unique isotope and chem-

ical ratios found in OIBs

Disadvantages Requires high strain rates

at the CMB. Physical en-

trainment of core liquid

Iron isotope fractionation

does not correlate with

other isotope tracers

Energetically unfeasible.

Physical entrainment of

core liquid

Very inefficient. Physical

entrainment of core liquid

TABLE 1.1: A table that compares and summarises the key aspects of each core-mantle interaction mechanism that has been discussed in existing
literature and the associated uncertainties of each isotope tracer. S-L: Solid-liquid. L-L: Liquid-liquid.
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FIGURE 1.7: (a) Schematic illustration of the hybrid mechanism. h represents the thickness
of the mushy layer, which is similar to the amplitude of dynamic topography. Black arrows
illustrate downwelling mantle flow that induces dynamic topography. (b) Flow chart of the
soft CMB mechanism explicitly showing the feedback loop.

1.4 New Hybrid Mechanisms for Core-Mantle Chemical Exchange

While it is useful to consider isolated mechanisms for core-mantle exchange, in reality there

may be a large suite of mechanisms that are operating in parallel. This is how natural

processes often work, and one of the intriguing possibilities is that different mechanisms

may combine to produce emergent behaviors owing to feedbacks between different parallel

processes. Such emergent behavior is a common theme in planet science, ranging from

composite processes like sand ripples, mantle convection, the geodynamo, plate tectonics,

and life. In any case, we see that nature may find additional degrees of freedom, or new

ways of operating, when multiple degrees of freedom and mechanisms become available.

1.4.1 Gravitational Collapse of Metal-Silicate Mush

In the vicinity of mantle downwelling flows, the CMB is depressed into the core as a con-

sequence of deviatoric stresses derived from buoyancy-driven mantle convection. The ex-

pected dynamic topography at the CMB is of order ∼1 km (Olson et al., 1987). At CMB

pressure-temperature conditions, a liquid iron-alloy is expected to “wet” solid grain bound-

aries and intrude between the grains to form an inter-connected network (Takafuji et al.,

2004; Mann et al., 2008). Combined with the excess fluid pressure head induced in topo-

graphic lows, this drives intrusion of metal upward into submerged basal mantle rock (Kanda

& Stevenson, 2006). The amount of metal that may be ingested into the mushy region is

limited to the disaggregation fraction since solids must maintain a continuous touching net-

work in order to transmit a contrasting pressure gradient relative to liquid metal, and may

only penetrate into the mantle by an amount similar to the magnitude of CMB topography

(i.e., ∼1 km).
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A metal mush mixture formed in CMB topographic lows will be buoyant with respect to

the underlying core, and may become rheologically weakened, thus raising the possibility of

gravitational collapse. Lateral spreading of metal mush draws more mantle down from above

to maintain the dynamic topography dictated by large scale mantle convection (fig 1.7a). By

creating a non-linear feedback in the system, such collapse enhances circulation of mantle

rock into and through the mushy layer (fig 1.7b). The combined effects result in a “softening”

of the lower boundary condition for mantle convection in downwelling regions. As the metal

mush spreads laterally and migrates away from mantle downwellings, the layer undergoes

viscous compaction, squeezing liquid metal out from pore spaces that subsequently drains

back into the liquid outer core. Efficient compaction in principle allows for rocks with core-

like isotopic signatures to be transported to the surface without bearing excess siderophile

elements (Puchtel et al., 2005; Ireland et al., 2011).

The “soft CMB” mechanism considered here is based on the action of dynamic topography,

and may operate continuously throughout Earth’s history. However, dense (e.g., iron oxide-

enriched) structures in the deep mantle may also depress into the core as the CMB analogue

of “isostatic” topography (Hernlund & Tackley, 2007; Lassak et al., 2010; Hernlund & Mc-

Namara, 2015). Infiltration of metal and interaction in these kinds of dense rocky structures

is also possible, and such materials may be sequestered over geologically long time scales

prior to upward entrainment by mantle convection into the shallow mantle. Dense chem-

ical structures may be stirred by viscous coupling to larger scale mantle convection flows

(Hernlund & Jellinek, 2010), leading to extensive mixing between metals and rocks over

time. The situation may be even more complex, as deeply subducted lithospheric rocks that

have chemically reacted with liquid metal in dynamic topography lows may become denser

as a consequence, and as a result accumulate beneath upwelling regions. Other possibili-

ties can include being entrained into other compositionally dense structures whose origin is

distinct from core-mantle interaction. Even though the range of possibilities is very broad,

such diversity may help explain the range of core-mantle interaction ages suggested by geo-

chemical studies (Brandon et al., 2007; Mundl-Petermeier et al., 2019; Mundl-Petermeier

et al., 2020). Just like flowchart that is shown in figure 1.5, the transfer process associated

with this mechanism from the original heterogeneity to the basalt product is shown in fig-

ure 1.8. Apart from the processes that occur prior to and after the interaction as discussed

in section 1.3.1, additional factors that can affect the isotopic ratios in the reacted rock in-

clude the degree of metal intrusion in the mushy layer, the flux of rock reacting with the core

liquid, and the compaction efficiency once the reacted rock leaves the mushy zone. The

uncertainties in the data that can arise from these processes have to be taken into account

when considering whether the isotope data has been generated via this interaction mecha-

nism. To better understand the physics of this mechanism, a basic illustrative model with an

isovisocus and temperature dependent rheology will be described and discussed in Chapter

2 and Chapter 3 respectively. This will be followed by a thermochemical model in Chapter 4

where buoyancy effects associated with compositional changes are studied.
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Magma fractionation

Original Heterogeneity
during Accretion

Core

Metal-Silicate partitioning 
at lower P-T conditions

Metal-silicate mush

Plume entrainment

Metal-Silicate partitioning 
at CMB P-T conditions

Core stratification 
and light element 
concentration

Flux of unreacted 
rock into mush

Flux of reacted 
rock out of mush

Plume melting

Degree of 
intrusion

Melt partitioning

Entrainment efficiency

Basalt product

Crust/Lithosphere

Shallow mantle

Further melt 
partitioning and 
processing at 
shallower depths

Compaction 
efficiency

Crust contamination

Degassing

Start End

FIGURE 1.8: A flowchart describing the transfer process of the original heterogeneity to
the final basalt product that appears on the surface of the Earth and the various events
occurring in between that can affect the final measurement for the new hybrid mechanism
involving the gravitational collapse of a metal-silicate mush.

1.5 Summary

This chapter has provided a summary of the present geochemical evidence and mineral

physics constraints on core-mantle interaction, a review of existing interaction mechanisms

that have been proposed in the literature, as well as the motivation for understanding the

processes happening at the CMB. In light of how different natural mechanisms and pro-

cesses can operate in parallel, a new emergent mechanism for core-mantle interaction is

proposed. This new hybrid mechanism is termed “soft CMB" and will be investigated using

different mantle convection models to study the effects on mantle and chemical dynamics in

the lower mantle. Chapter 2 will introduce a basic model using isoviscous and isochemical

mantle convection, followed by the additional complexity of temperature-dependent viscosity

in Chapter 3. Chapter 4 then studies the effects of this mechanism in the context of ther-

mochemical convection, and Chapter 5 will reiterate the limitations of this mechanism and

future research directions.
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2 | The Hybrid Mechanism in an Iso-
viscous Mantle

2.1 Basic Illustrative Model

Although the dynamics of mantle convection can be highly complex, this chapter is focused

on building a basic illustrative model by assuming isoviscous mantle convection of an incom-

pressible Boussinesq fluid in a Cartesian geometry. At the limit of infinite Prandtl number,

the governing equations of motions in Cartesian coordinates are as follows (e.g. Schubert

et al., 2001):

η0∇2~v−∇Pv = ρ0[1− α(T − T0)]gẑ (2.1)

∇ ·~v = 0 (2.2)

where η0 is the mantle dynamic viscosity, ~v is the velocity field, Pv is the pressure, ρ0 is

the reference density, α is the thermal expansivity (which is assumed constant), g is the

acceleration due to gravity, T is temperature, and T0 is the reference temperature.

Normal stresses σzz exerted by the convective flows ~v on the CMB raise a dynamic topog-

raphy h given by,

h(x, y) =
σzz(x, y, z = 0)

∆ρg
(2.3)

The density contrast ∆ρ is defined as:

∆ρ =

ρm − ρmix = (1− φ)(ρm − ρr) if σzz < 0

ρm − ρr if σzz ≥ 0
(2.4)

where φ is the volume fraction of liquid metal (assumed to be constant) intruded into the

submerged portions of the metal-rock mush (i.e., where h < 0), and ρm and ρr are the

densities of liquid metal (≈ 9900 kg m−3) and mantle rock (≈ 5500 kg m−3), respectively.

The quantity ρmix is the density of the mushy metal-rock mixture and for a given φ is defined

as ρmix = φρm +(1− φ)ρr. It is assumed that only large-scale buoyancy forces from mantle

convection are responsible for creating dynamic topography at the CMB and assuming that
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the mantle follows a Newtonian rheology, the vertical stress is

σzz = 2η0
∂vz

∂z
(2.5)

Since only the dynamic topography that intrudes into the core is of concern (i.e. when

h < 0), the positive values of σzz at the CMB are ignored and by combining equations (2.4)

and (2.5) with (2.3), the dynamic topography can be re-expressed as

h(x, y) =
2η0

(1− φ)(ρm − ρr)g
∂vz

∂z

∣∣∣∣
z=0

(2.6)

It is assumed that decompaction and infiltration of metal into submerged rock occurs on time

scales much shorter than the residence time of mantle rocks at the CMB. In other words,

the vertical component of the Darcy velocity for upward metal percolation is assumed to be

large enough to keep up with the rate of mantle material being drawn down into the mushy

region such that the depth of the dynamic topography h is equivalent to the thickness of the

mushy layer. This assumption can be written as,

uD
z (z = 0) + vz(z = 0) = 0 (2.7)

where uD
z is the Darcy velocity and vz is the mantle flow velocity just above the mushy layer.

In addition, the reverse process of compaction and expulsion of metal back to the core as

the mush moves laterally away from depressions occurs on similarly short time scales. Vari-

ations in the mushy layer are expected to occur over lateral length scales L that are much

larger in comparison to h. In other words, since h/L � 1, the “thin-layer approximation"

from lubrication theory can be applied to describe gravitational collapse of the mushy layer

(Reynolds, 1886; Hier-Majumder & Revenaugh, 2010; Hernlund & Bonati, 2019). Gravita-

tional collapse of the mushy layer can be approximated as a diffusion process with

∂h
∂t

=
∆ρg
12µ
∇2

H h4 (2.8)

where t is time, µ is the (assumed constant) viscosity of the mushy layer, and ∇2
H is the

horizontal Laplacian operator (∇2
H = ∂2/∂x2 + ∂2/∂y2).

Mantle viscous forces are assumed to maintain the equilibrium dynamic topography de-

scribed by equation (2.3), keeping h constant for a given buoyancy-driven convection flow.

Therefore, the effect of lateral spreading in the layer is to draw down solid mantle from above

to maintain the topography h that is dictated by the large-scale buoyancy-driven flow. Since

the rate of change of the mushy-layer thickness ∂h/∂t has contributions from both the sil-

icate and metallic components, the combined vertical velocity of both components at the

mantle-mushy layer interface can be expressed as Ūz(x, y) such that

∂h
∂t

= Ūz (2.9)
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However, with only the silicate component being exchanged across this interface, the metal-

lic component has to be subtracted from the total velocity to obtain the induced draw-down

velocity of silicate solids from above at the top of the mushy layer, which is called uz+. As a

result,

uz+ = (1− φ)Ūz (2.10)

where the factor (1− φ) accounts for the solid flux into the mushy region that is a mixture of

both solids and metals. By combining equations (2.8), (2.9) and (2.10) together, an equation

relating the induced draw-down velocity with the gravitational collapse of the mushy layer is

obtained:

uz+ =
∆ρg(1− φ)

12µ
∇2

H h4 (2.11)

A secondary collapse-driven flow ~u thus develops in the mantle that is coupled to gravi-

tational spreading of the mushy layer described by equation (2.11) at the lower boundary.

With the assumption of a linear rheology, the collapse-driven flow ~u can be solved separately

from buoyancy-driven convection ~v at each time step by solving the following Stokes’ and

continuity equations:

η0∇2~u−∇Pu = ρ0gẑ (2.12)

∇ · ~u = 0 (2.13)

where Pu is the pressure field arising from the flow of ~u. These two equations have to be

solved with the the inhomogeneous boundary condition given by equation (2.11) at each

time step. ~u is then combined with ~u obtain a total effective velocity ~veff = ~v +~u that is used

to advect temperature in the mantle according to the following equation:

∂T
∂t

+~veff · ∇T = κ∇2T (2.14)

where κ is the thermal diffusivity.

Small variations in boundary topography are neglected when solving for~v, for which free-slip

(i.e., tangential stress-free) and impenetrable (i.e., vz(x, y, z = 0) = 0) boundary conditions

at the CMB are assumed. However, an estimate of the vertical velocity due to buoyancy-

driven flow by itself (independently of collapse-driven flow) at the top of the layer is still

needed. To do this, vz(x, y, z) is approximated about the point z = 0 using the Maclaurin

series

vz(x, y, z) ≈ vz(x, y, 0) +
∂vz

∂z

∣∣∣∣
z=0

z +
∂2vz

∂z2

∣∣∣∣
z=0

z2

2!
+ . . . (2.15)

Since the boundaries are said to be impenetrable, the first term on the right side disappears.

Ignoring the terms z2 and larger, the vertical velocity at h can be approximated as

V̄z(x, y) ≈ ∂vz

∂z

∣∣∣∣
z=0

h (2.16)

where V̄z(x, y) = vz(x, y, z = h). Since V̄z contains contributions from both silicate and

metallic components as well, the latter has to be subtracted from V̄z to obtain the velocity of
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the silicate component vz+. Hence,

vz+ ≈ (1− φ)
∂vz

∂z

∣∣∣∣
z=0

h (2.17)

where the same ∂vz/∂z is used to compute h in equation (2.3). This will be used to measure

the relative contributions of solid flux through the metal-rock mush due to buoyancy-driven

convection in order to compare it to collapse-driven flux.

The above assumptions are made in the context of considering the onset of small-scale

collapse-driven flow as the viscosity of the mushy layer is reduced from ambient mantle

values. However, these assumptions may not be suitable for the more general case in which

the viscosity of the mush is even smaller, a topic that will be re-visited in the discussion.

2.2 Methods

Although the equations in the preceding section describe a 3D Cartesian geometry, they are

equally applicable in 2D. A variety of numerical methods and tools are widely available to

solve the Stokes’ equations in 2D, but this section will describe the main method that is used

in this study.

Equations (2.1) and (2.2) are firstly discretized using the finite difference approximation.

The velocity fields ~v and pressure Pv from buoyancy-driven flows are subsequently obtained

by solving the equations iteratively using the SIMPLE (Semi-Implicit Method for Pressure-

Linked Equation) method (Patankar, 2018) which further mathematical details can be found

in Ismail-Zadeh and Tackley (2010). The dynamic topography h at the CMB is evaluated from

vz using equation (2.6), which is then used to calculate uz+ in equation (2.10). This becomes

the lower boundary condition in equation (2.12) which is solved with equation (2.13) using

the same SIMPLE method to obtain the velocity fields ~u and pressure Pu associated with the

collpase-driven flows. Lastly, ~v and ~u are summed together to obtain an effective velocity

veff to advect the temperature field as in equation (2.14). This concludes one timestep and

the process repeats again. To minimise numerical diffusion when solving the temperature

equation (2.14), a flux conservation scheme is used with superbee (Roe, 1986) as the slope

limiter function of choice.

To ensure that the initial conditions have no significant impact on the final behaviour of the

system, the model is initiated from a quasi-steady convection solution with a downwelling in

the middle of the domain and upwellings at the edges.

2.3 Results

We solved for mantle convection flow in 2D Cartesian geometry over a domain measuring

2000 km by 1000 km (length by width) and grid resolution of 81 by 41 with a Rayleigh number

Ra =
ρrgα∆TH3

η0κ
, (2.18)
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Parameter Value Unit

ρr 5500 kg m−3

ρm 9900 kg m−3

φ 0.2 –
α 2.5× 10−5 K−1

T0 2500 K
g 10 m s−2

κ 10−6 m2 s−1

η0 1.375× 1021 − 1.375× 1023 Pa s

ξ
(
= µ

η0

)
10−6 − 10−5 –

TABLE 2.1: List of parameters and values used in the numerical calculations.

for Ra = 104− 106, where ∆T is the super-adiabatic temperature change across the mantle,

and H is the mantle thickness. Ra is varied by changing η0 while holding other quantities

constant. The values used for the parameters are described in Table 2.1. Two different vis-

cosity contrasts ξ = µ/η0 are considered here: 10−5 and 10−6. The top and bottom bound-

aries are free slip and are kept at 2500 K and 3500 K respectively, while the vertical sides

are periodic. Larger values (i.e., higher mushy layer viscosities) do not yield any significant

collapse-driven flow. These ratios capture the behavior at the point where collapse-driven

flux through the mushy layer becomes comparable in magnitude to buoyancy driven-flux due

to large-scale convection.

The temperature field, mushy layer thickness, and streamlines for both buoyancy-driven

flow Ψv and flow due to the gravitational collapse of the mushy layer Ψu for Ra = 104 and

ξ = 10−6 are shown in Figures 2.1a, 2.1b, 2.1c, and 2.1d, respectively. The buoyancy-

driven flow follows typical convective flow patterns, whereas for the collapse-driven flow, a

secondary circulation pattern is observed in the vicinity of the downwelling just above the

CMB. The secondary circulation arises from gravitational collapse of the mushy layer and it

can be seen from the streamlines (Fig. 2.1d) that downwelling flows are indeed enhanced,

especially close to the CMB.

The pattern of ~u and ~v (Fig. 2.1c-d) do not change significantly over the parameter ranges

considered here. However, their amplitudes are sensitive to the input parameters. This

leads to an enhancement of solid flux through the mushy layer that can be quantified as a

“gain” G defined as:

G =
Fcd

Fbd
=

∫
S

ρr
2 (|uz+| − uz+)dS∫

S
ρr
2 (|vz+| − vz+)dS

(2.19)

where Fcd and Fbd are the mass fluxes due to the collapse-driven and buoyancy-driven flows

respectively, and S is the mantle-mushy layer interface. The fluxes in equation (2.19) is

written with a “rectified” velocity because the flux into the layer is only non-zero when vz+

and uz+ is less than 0. A plot of G as a function of Ra for two viscosity ratios are shown in

Figure 2.2. The gain decreases moderately as Ra increases, while an order of magnitude

decrease in ξ leads to an order of magnitude increase in G.
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FIGURE 2.1: Results for Ra = 104 and ξ = 10−6 at steady state. (a) Temperature field. (b)
Mushy layer profile and thickness induced by deviatoric stresses at the CMB. (c) Stream-
lines of buoyancy-driven flow with black arrows indicating the direction of the flow. (d)
Streamlines of collapse-driven flow at the CMB with black arrows indicating the direction of
the flow.
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FIGURE 2.2: Plot of G against Ra in log scale. Lines show the least squares linear fit
of log10 G with log10 Ra. The slope m represents the exponent in the following expres-
sion G ∝ Ram. Black circles and blue circles correspond to ξ = 10−6 and ξ = 10−5

respectively.

2.4 Discussion

The models show that collapse-driven flux reaches parity with buoyancy-driven flux through

the mushy layer for ξ ∼ 10−5. As shown in Figure 2.2, there is a modest decrease in G
with increasing Ra, such that this basic conclusion is unlikely to change significantly (at the

order of magnitude level) even allowing for broad uncertainties in lowermost mantle proper-

ties. G decreases with Ra because mantle viscosity (η0) is used as the control variable for

convective vigor, thus a reduction in viscosity (increase in Ra) decreases the magnitude of

deviatoric stresses acting on the CMB topography more so than flow velocities increase with

Ra (v ∝ Ra2/3) (Fig. 2.3a). This reduction in topography has a strong effect on gravitational

collapse due to the non-linear dependence upon h4 in the diffusion operator of Equation

(2.8). The value of ξ is also an important variable that determines which type of flow domi-

nates the system. The mass flux of each flow-type according to the velocities near the CMB

can be scaled as such: u ∼ ∆ρgh4/(µL2) and v ∼ δρgHh/η where δρ is the density

variation caused by buoyancy forces inside the mantle. Comparing the two velocities gives

G ∝
u
v
∼
(

∆ρ

δρ

)(
h3

HL2

)(
1
ξ

)
(2.20)

From Equation (2.3), a scaling for h according to the densities is obtained as follows: h/H ∼
δρ/∆ρ. This is plugged back into Equation (2.20) to eliminate the density ratio and H which
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finally gives the following scaling for G

G ∼
(

h
L

)2 (1
ξ

)
(2.21)

Equation (2.21) tells us that the gain depends largely on the aspect ratio of the mushy layer

and the viscosity contrast between the two domains. A preliminary estimate can be made

to determine at which value of ξ the collapse-driven flow becomes dominant (i.e., u/v ≥ 1)

by estimating the order of magnitude for each term. Previously h was estimated to be ∼ 103

m, while in the numerical models, L ∼ 106 m. Combining these values together, it can be

see that flow due to the collapse of the mushy layer becomes dominant when ξ ≤∼ 10−6,

in good agreement with the results. This implies that once the mushy layer becomes rheo-

logically weak past a certain threshold, the positive feedback on the downwellings begins to

dominate flows in the CMB region.

Figure 2.2 shows a clear negative trend between log10 G and log10 Ra that indicates a

reduced enhancement of flow into the mushy layer with increasing convective strength of

the mantle. In the calculations, the half-width at half the maximum amplitude of the layer

was used to approximate the horizontal length scale L. From the numerical models, the

mushy layer becomes smaller and narrower with increasing Ra. The following relations de-

scribing the dimensions of the mushy layer with Ra were obtained: h ∼ HRa−0.2325 and

L ∼ HRa−0.1750 (Fig 2.3a and 2.3d). Plugging these values into Equation (2.21) shows that

for a constant ξ, G ∼ Ra−0.1150. This exponent is similar, though slightly larger, than what is

obtained in the numerical models (Fig. 2.2). The numerical models also show that a wider

mushy layer seems to correlate with weaker collpase-driven flows (Fig. 2.3c).

The efficacy of the soft CMB mechanism as measured by G dominantly depends on the

viscosity ratio ξ between the metal mush and the solid mantle. The viscosity of the mush

mixture is expected to decrease as metal fraction increases and drops to values similar to

liquid metal above the disaggregation limit (when grains are no longer forming a continuous

skeletal touching network). However, the ability for metal to intrude into the pore spaces de-

pends on the existence of a grain-touching network and therefore this limit is never reached

under the present assumptions. The key factor is the decrease in mixture viscosity µ corre-

sponding to the maximum infiltration capacity for the mush, at the point where it is no longer

able to draw in additional metal. While a ξ of order 10−5 or smaller is certainly plausible in

this scenario, the grain scale dynamics of this process and the effects on mixture viscosity

are complex and difficult to constrain, even within several orders of magnitude.

The model presented here is relatively simple and is intended to introduce the basic idea

of the soft CMB mechanism. The assumptions behind the hybrid model may break down

as the liquid fraction approaches the disaggregation limit and/or the viscosity of the mushy

layer becomes very low (on the same order of magnitude as the liquid metal) or the liquid

fraction in the mushy layer is greater than or equal to the disaggregation limit. These can

affect the model in two ways: (1) stresses from the gravitational collapse of the mushy layer

become significant at the CMB, and (2) the Darcy velocity in the layer is unable to keep up
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FIGURE 2.3: In the numerical calculations, the topographic depressions produced by buoy-
ancy forces in the mantle are symmetric about the mid-point. L is used to quantify the value
of the half width at half the minimum amplitude of the topography. Prime notation indicates
nondimensional variables. (a) A plot of log10 L′ against log10 Ra where L′ = L/H. The
results indicate that L′ ∝ Ra−0.1750. (b) Plot of the logarithmic root-mean-square (rms) ve-
locities against log10 Ra. The velocities are multiplied with a normalization factor H/κ. The
best-fit line for log10 v′rms has a slope close to 2/3 which agrees with boundary layer theory.
The slope of log10 u′rms against log10 Ra is gentler and does not seems to vary significantly
with different ξ. (c) Plot showing the relationship between the width of the topography with
the collapse-driven flow. (d) Plot of maximum amplitude of dynamic topography with Ra.
The amplitude is normalized by H.

with the rate of mantle material being replenished by downwellings. When the viscosity of

the mushy layer is greatly reduced compared to the overlying mantle, secondary flows due

to the gravitational collapse of the mushy layer can become comparable or even greater than

large scale buoyancy-driven flows in the mantle, especially at the CMB. This implies that the

vertical stresses creating dynamic topography will contain significant contributions from the

collapse-driven component which was ignored in equation (2.3).

As mushy layer viscosity decreases below values considered in this study, the assumption of

equation (2.7) may no longer be appropriate because upward liquid metal percolation needs

to increase in proportion to the collapse-driven flow speed. The Darcy velocity of metal uD
z

may saturate at a maximum limiting value uD
z,lim, and as a consequence liquid metal in the

pore spaces will no longer be able to rise up quickly enough to match the downward flux

of solid rock from above. In this situation it is expected that the top surface (i.e., z = 0)

of the mushy layer will fall and the collapse-driven flow will weaken as the mushy layer

becomes thinner. A new equilibrium may be reached if mantle downwelling decreases to



52 2. The Hybrid Mechanism in an Isoviscous Mantle

|vz| ≈ |uD
z,lim|, in which case the mushy layer will assume a new thickness given by:

hlim ≈
(

∆ρg
3µL2uD

z,lim

)1/4

(2.22)

The details of the mushy layer dynamics at low viscosity and higher rates are likely to be

more complex than considered here, and the scenario of a constant limiting Darcy velocity

should be considered approximate.

Numerous other complications are expected to influence the efficacy of this mechanism.

Variable viscosity, particularly temperature dependence, can have a strong influence on the

lower boundary layer for mantle convection and needs to be considered in future studies.

Furthermore, chemical reactions between rock and metal following exchange in a mush can

change their densities and lead to enhanced convection and/or accumulation of layers on

either side of the CMB, depending on whether reactions decrease or increase their densities.

Finally, the long time evolution with these and other effects also needs to be studied in

greater detail, rather than simply considering a snapshot.

Seismological detection of metal-rock mushy regions caused by dynamic topography alone

is challenging owing to the small (∼1 km) thickness expected in this scenario. The mushy

layer itself is not straightforwardly compatible with other kinds of features in the CMB region

such as ultralow-velocity zones (ULVZ) or large low shear velocity provinces (LLSVP), which

are one and two orders of magnitude thicker (respectively) than features considered in this

scenario (Hernlund & McNamara, 2015). Use of high frequency peaceful nuclear explosion

data to profile the CMB has revealed a thin slow layer that is compatible with the kind of

mushy layer considered here (Ross et al., 2004), although this interpretation is not unique.

In summary, the soft CMB mechanism, whereby chemical interaction in a metal-rock mushy

layer induced by CMB dynamic topography is enhanced by gravitational collapse, appears

to be a viable mechanism for increasing core-mantle chemical exchange. Further study of

this mechanism may generate new predictions that can be tested against seismological and

other observations. The possibility that hybrid processes like these, which are produced by

collaboration of simpler processes occurring across a broad range of scales, additionally

serves to illustrate the capacity for nature to find degrees of freedom that often escape our

attention.



53

3 | The Hybrid Mechanism in a Vari-
able Viscosity Mantle

3.1 Introduction

From the scaling law that was obtained in equation (2.21) of Chapter 2, the geometry of the

dynamic topography at the CMB, and as such the mushy layer, shows that it exerts a strong

influence on the enhancement of material fluxing into the dynamic topography. The CMB

dynamic topography is important in geophysics as it has important implications on phenom-

ena such as mechanical core-mantle coupling (e.g. Jault and Le Mouël, 1990; Hide et al.,

1993; Asari et al., 2006), outer core stratification (e.g. Braginsky, 1999; Glane and Buffett,

2018), secular variations of the magnetic field (e.g. Bloxham and Gubbins, 1985; Kuang

and Bloxham, 1997; Kuang and Chao, 2001), heterogeneities in the lower mantle (e.g.

Yoshida, 2008; Lassak et al., 2010; Heyn et al., 2020), and variations in both the Earth’s

gravity field and geoid (e.g. Hager et al., 1985; Hager and Richards, 1989). Obtaining

accurate measurements of CMB topography have been quite a challenge in seismology due

to trade offs with mantle structures and, possibly, the outer core (Deschamps & Li, 2019).

Nonetheless, several estimates have been obtained using a variety of methods (e.g. Morelli

and Dziewonski, 1987; Sze and van der Hilst, 2003; Tanaka, 2010; Koelemeijer et al.,

2012; Colombi et al., 2014; Schlaphorst et al., 2016) and a majority of these models show

amplitudes on order of ∼ 1 km.

It is well established that large-scale mantle flows can induce topography at the CMB and

thus, properties in the deep mantle can have direct effects on the amplitudes. Since the

properties important to mantle flow include viscosity, density and their distributions, the to-

pography is also sensitive to the same properties and variations that can arise from temper-

ature and compositional changes. Hence, it is possible for CMB topography to bring about

some constraints on the structures in the deep mantle in conjunction with seismic data.

While several numerical modelling studies have looked at how different compositions, rhe-

ology, and convective vigor of the mantle affects CMB topography in the context of LLSVPs

and plumes in the lower mantle (Lassak et al., 2007; Lassak et al., 2010; Deschamps

et al., 2018; Deschamps & Li, 2019; Heyn et al., 2020), not much work has been done
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to define scaling laws for the CMB dynamic topography amplitude at the moment. Hence,

this chapter has two main goals: (1) to look at how does the hybrid mechanism changes

in a mantle with variable viscosity, and (2) to provide a preliminary scaling law for the CMB

dynamic topography.

3.2 Numerical Model

In this chapter, the mantle will have a viscosity η that varies with temperature T that is given

by:

η(T) = η0 exp
(

E
RT
− E

RT0

)
(3.1)

where η0 is the reference viscosity taken at the reference temperature T0, E is the activation

energy in kJ/mol and R is the molar gas constant. To quantify the strength of the temperature

dependence, we introduce a new quantity β such that the viscosity becomes β times larger

than the reference viscosity η0 at temperature Tβ i.e. η(Tβ) = η0 · β. If this condition is

plugged into equation (3.1), the following equation is obtained:

E′ =
ln β

1
Tβ
− 1

T0

(3.2)

where E′ = E/R. It is possible to re-express the viscosity with just T, β, and η0 by plugging

equation (3.2) into equation (3.1):

η(T) = η0 · β f (T) (3.3)

where

f (T) =
(

T0 − T
T

)(
Tβ

T0 − Tβ

)
(3.4)

With η varying throughout the domain, the equation describing the conservation of momen-

tum for ~v becomes

∇ ·
[
η
(
∇~v + [∇~v]T

)]
−∇Pv = ρ0[1− α(T − T0)]gẑ (3.5)

where superscript T denotes transpose. Similarly, the equation describing the conservation

of momentum for ~u is

∇ ·
[
η
(
∇~u + [∇~u]T

)]
−∇Pu = ρ0gẑ (3.6)

The other equations such as the conservation of mass, gravitational collapse of the mushy

layer, temperature advection-diffusion, and gain remain the same.

When viscosity begins to depend on temperature and the maximum viscosity contrast across

the mantle becomes > 3000 (Solomatov, 1995), laboratory experiments (e.g. Booker and

Stengel, 1978; Nataf and Richter, 1982; Richter et al., 1983; Davaille and Jaupart, 1993)

and numerical models (e.g. Christensen, 1984; Ogawa et al., 1991; Moresi and Soloma-

tov, 1995; Solomatov, 1995; Trompert and Hansen, 1998) have shown that a cold and
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Calculate Tamb and ΔTmax

Check if t1 > tslab

Yes

Perform random walk to find new x0

Calculate ΔTanom with x0 
and adjust temperature at 
the top boundary

t1= t1 + dt

x0 does not 
change

No

x0 changes

t1= 0

Solve Stokes’ 
equation for 𝑣⃗

Calculate dynamic 
topography and 𝑢!"

Solve Stokes’ 
equation for 𝑢

Solve temperature 
equation

FIGURE 3.1: Flow chart of the computation that is carried out during one time step.

rigid stagnant lid forms at the surface that only transfers heat by conduction, while an ac-

tive convecting layer is present underneath this lid. This convection regime is commonly

referred to as the stagnant-lid regime where convection in the active layer is driven by a

rheological temperature difference scale Trh instead of the temperature drop across the en-

tire fluid layer (e.g. Morris, 1982; Morris and Canright, 1984; Davaille and Jaupart, 1993;

Moresi and Solomatov, 1995). For a fluid that is heated from the base, there will be two

thermal boundary layers present, one at the bottom of the convecting region and the other

below the stagnant lid. The upper thermal boundary layer exerts a stronger influence on

the mantle thermal evolution (e.g. Schubert et al., 2001) and since only the dynamics of

the deep mantle are of interest at the moment, the additional effects that can arise from the

presence of the stagnant lid is removed by adjusting the boundary condition on top. This is

accomplished by keeping the top boundary of the model permeable to flow and introducing

a cold downwelling “slab" from the top. This boundary will be kept permeable to allow the

“slab" and upwelling plumes to enter the and escape the domain respectively.

3.2.1 Boundary Conditions

The boundaries on the vertical sides of the model domain are set to be periodic, while the

bottom boundary is kept at the reference temperature T0 and free slip. The top boundary is

insulating and permeable, but a Gaussian temperature anomaly ∆Tanom is imposed at the

top of the domain. In a 2D Cartesian geometry, the equation is:

∆Tanom(x) =

−∆Tmax exp
[
− (x−x0)

2

2σ2

]
, |x− x0| ≤ w

0 , |x− x0| > w
(3.7)
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Parameter Value Unit

ρr 5500 kg m−3

ρm 9900 kg m−3

φ 0.2 –
α 2.5× 10−5 K−1

T0 4000 K
Tβ 3000 K
g 10 m s−2

κ 10−6 m2 s−1

σ 42466.1 m
w 100 km

TABLE 3.1: List of parameters that are kept constant in the numerical calculations.

where ∆Tmax is the temperature difference between the ambient temperature at the top

boundary Tamb and the coldest portion of the anomaly that is set at Tβ (i.e. ∆Tmax = Tamb−
Tβ), x0 is the position of the coldest portion of the anomaly, σ is the standard deviation of

the Gaussian curve that also determines the half-width of the thermal anomaly, and w is the

total width of the “slab". In the calculations, Tamb is obtained from the median temperature

at the top of the domain and once ∆Tanom(x) is calculated, it is superimposed on to the

horizontal temperature profile at the top.

To imitate the randomness of downwellings in the lowermost mantle, the location of the

coldest portion of the downwelling x0 is made to execute a random walk with a shift of

δx in either the positive or negative x-direction with equal likelihood of staying or moving.

However, the random walk is only performed once the total time elapsed from the previous

walk exceeds a certain threshold tslab. Figure 3.1 shows a flow chart of the structure of

the code with the implementation of the temperature anomaly at the top boundary. The

constants that are used in the numerical model are shown in Table 3.1.

3.3 Results

The equations of momentum conservation and temperature are discretised over a rectan-

gular domain measuring 4000 km (width) by 1000 km (height) that is divided into 101×51

grid points. The parameters varied during the calculations are η0, β, and ξ with the range

of values for each parameter shown in Table 3.2. Note that when β = 1, the mantle is es-

sentially isovsicous. The velocity fields ~v, ~u and pressure Pv, Pu from both buoyancy-driven

and collapse-driven flows are obtained by solving the mass and momentum conservation

equations (2.1, 2.2 , 2.12, and 2.13) iteratively using the SIMPLE method (Patankar, 2018).

For convection involving variable viscosity, the proper definition of the Rayleigh number can

be somewhat arbitrary in comparison to isoviscous convection. In this study, two different

definitions of Rayleigh number will be used, Ra0 and Ra〈T〉, which are defined as follows

Ra0 =
ρrgα∆TH3

η0κ
(3.8)
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Parameter Value Unit

β 1, 10, 100, 1000 –
η0 1020, 1021, 1021.5, 1022, 1022.5, 1023 Pa s
ξ 10−6, 10−5 –

TABLE 3.2: List of parameters that are varied in the numerical calculations.

Ra〈T〉 =
ρrgα∆TH3

η (Trms) κ
(3.9)

Ra0 is the Rayleigh number that is calculated from the reference viscosity η0 while Ra〈T〉
is calculated using viscosity that is defined from the root mean square temperature Trms.

The numerical calculations are run until a steady state is observed to have been reached

by the models. The temperature field, viscosity field, mushy layer thickness and streamlines

for both buoyancy-driven flow Ψv and flow due to the gravitational collapse of the mushy

layer Ψu for η0 = 1021, β = 100 and ξ = 10−6 are shown in Figures 3.2a, 3.2b, 3.2c, 3.2d,

and 3.2e respectively. Similar to the results observed in the isoviscous study, the stream-

lines representing buoyancy-driven flows follow the typical convective pattern, whereas the

streamlines representing collapse-driven flows show more than one smaller-scale circulation

patterns interacting with the CMB (figure 3.2e). The arrows indicate that there is material

flowing in and out of the mushy layer close to the base of the “slab". The viscosity plot in

figure 3.2b shows the “slab" as a trail of high viscosity material on the left side of the domain

that is coming from above. Comparing with the horizontal profile of the mushy layer in figure

3.2c, the maximum thickness corresponds to where the high viscosity material is thickest

and closest to the CMB.

To calculate the G due to the collpase-driven flows, the mass fluxes associated with the

different flows are computed and plugged into the same equation (2.19). Figure 3.3 shows

G against Ra〈T〉 for all 48 cases and it can be seen that the factors that contribute to larger

values of G (and thus flow enhancement) are lower Ra〈T〉, β and ξ values. The plots show

that the dependence of G on Ra〈T〉 does not seem to change drastically with different ξ. In

addition, only cases with low Ra〈T〉, ξ = 10−6 and β = 1 seem to favour G > 1 (which

indicates the mass flux into the mushy layer due to the gravitational collapse exceeds that

of flows driven by large scale buoyancy forces in the mantle). It can also be seen that the

effect of increasing β while keeping the other parameters constant reduces G, suggesting

that stronger temperature dependence does not favour the enhancement of core-mantle

interaction.

3.4 Discussion

To understand how variable viscosity affects the enhancement of downwellings, we can

use the scaling equations (2.20) and (2.21) as a starting point. Equation (2.21) shows

that G largely depend on three variables: h, L and ξ. Figure 3.4a and 3.4b show the

plots of the nondimensionalised quantities h′ and L′ against Ra〈T〉 respectively, with H as

the representative length scale. Both parameters show a decreasing trend with increasing
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(a)

(b)

(c)

(d)

(e)

FIGURE 3.2: Results for η0 = 1021, β = 100, ξ = 10−6. (a) Temperature field. (b) Vis-
cosity field. (3) Horizontal profile of the dynamic topography induced by deviatoric stresses
at the CMB. Solid lines and dashed lines indicate topography created by downwellings
and upwellings respectively. Positive values indicate topography towards the core. (d)
Streamlines of buoyancy-driven flow with black arrows indicating the direction of flow. (e)
Streamlines of collpase-driven flow with black arrows indicating the direction of flow.



3.4. Discussion 59

(b)(a)

FIGURE 3.3: (a) Plot of G against Ra〈T〉 for ξ = 10−5. Slopes of the black, blue, red and
pink best fit lines are−1.2124,−0.6416,−0.5036 and−0.3635 respectively. (b) Similar plot
for ξ = 10−6. Slopes of the black, blue, red and pink best fit lines are −1.1635, −0.6975,
−0.4686 and −0.5655 respectively. Red lines on both plots indicates where G = 1.

convective strength of the mantle, but figure 3.4a shows the effect for β much clearer where

distinct trends can be identified. If the role of larger β values is to decrease the thickness

of the mushy layer, equation (2.3) implies that stronger temperature dependence acts to

decrease vertical stresses and thus, vertical strain at the CMB. This is clearly shown in figure

3.5 where a change in β by 3 orders of magnitude reduces ∂vz/∂z by approximately an

order of magnitude. This likely because increasing the temperature dependence of viscosity

acts to increase the overall viscosity of the domain, as seen from figure 3.6a where the

average viscosity normalised to η0 increases with larger β, thus reducing the magnitude

of the velocity gradients. This is despite the fact that the the viscosity of the downwelling

“slabs" become significantly larger with increasing β, but since the coldest and most viscous

portion of the “slab" takes a significantly longer time to travel towards the CMB, it would have

gained sufficient heat from the ambient mantle in that time and reduced its viscosity (figure

3.7).

It is possible to characterise the magnitude of the local deviation of strain rates, independent

of the coordinate system, in the domain by calculating the second invariant of the strain rate

tensor ε̇ I I that is defined as

ε̇ I I =
√

ε̇2
xx + ε̇2

xz (3.10)

where ε̇xx and ε̇xz are the normal strain rate and shear strain rate respectively. Figure 3.7

shows the temperature field and ε̇ I I contour plots for a group of runs with η0 = 1021.5 and

ξ = 10−5. It is apparent in all the contour plots that the largest strain rates within the domain
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(b)(a)

FIGURE 3.4: (a) Plot of h′ against Ra〈T〉. The slopes of the pink, red, blue, and black lines
are −0.3523, −0.4069, −0.5389, and −0.8061 respectively. (b) Plot of L′ against Ra〈T〉.
The width of the mushy layer does not seem to depend on β, but shows a decrease with
Ra〈T〉. The slope of the best fit line in black is −0.2033.

are found close to where the hot upwellings are, whereas for downwellings the strain rates

becomes much weaker relative to where the upwellings are. The plots also show that the

lower boundary layer increases in thickness with larger β, which might also be contributing

to the smaller strain rates at the CMB.

We can attempt to quantify the effect of β on the effect of flow enhancement at the CMB by

looking at the scaling law and the parameters involved. In this case, the same numerical

definition of L is used as in Chapter 2 where the full length at half maximum at the thickest

portion of the mushy layer is the representative horizontal length. Figure 3.8 compares the

calculated values with the estimations and they seem to be in rather good agreement, which

shows that the scaling law is rather accurate at predicting G for both isoviscous and variable

viscosity scenarios. However, figure 3.3 also shows G varying significantly with β which is

not shown explicitly in the scaling equation. This might be because the β dependence is

“hidden" in either h or L, or both at the same time. To identify what kind of dependence h
and L have on β, a plot of h′ and L′ against Ra〈T〉 is shown in figure 3.4. h′ and L′ are the

nondimesionalised versions of h and L respectively using height of the model domain H as

the lengthscale. Figure 3.4a shows h′ decreases in amplitude with increasing Ra〈T〉 and β

implying that the thickness of the mushy layer decreases with increasing convection vigor

and temperature dependence of viscosity. Meanwhile, figure 3.4b also shows L′ generally

decreasing with increasing Ra〈T〉 but no clear dependence can be seen with β. Hence,

we shall assume for now that G depends on β only through h and attempt to express the

relationship explicitly.
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FIGURE 3.5: Plot of the vertical strain rate ∂vz/∂z at the CMB against β for different η0.

(b)(a)

FIGURE 3.6: (a) Plot of normalised viscosity η/η0 against β. The normalised viscosity
increases with larger β, suggesting that increasing temperature dependence of viscosity
increases the overall viscosity of the domain. (b) Points on the plot are average values that
plot on the same β on the left graph. The slope of the best fit line in black is 0.5735.
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(b)(a)

(c) (d)

FIGURE 3.7: Plot of temperature field and second invariant of strain rate ε̇ I I for η0 = 1021.5

and ξ = 10−5. (a) β = 1, (b) β = 10, (c) β = 100, (d) β = 1000.

The equation for the the mushy layer thickness is given by equation (2.3) and if ∂vz/∂z is

assumed to scale as follows
∂vz

∂z
∼ δρgH

η0
, (3.11)

This can be plugged into equation (2.3) to obtain a scaling for h such that

h ∼ δρ

∆ρ
H (3.12)

This scaling implies that h depends on the ratio of the buyoancy-induced density difference

to the density jump between the core and mushy layer, and it does not depend on viscosity.

Figure 3.4a shows that the latter is not true as h decreases with increasing Rayleigh number

and because mantle viscosity is used as the control variable for convective vigor in the

calculations, the data implies that h increases with increasing η. This suggests that either

the scaling used in equation (3.11) is wrong or it is not applicable at the CMB and a different

scaling should be used. Suppose that v ∼ η−m where is a constant. The nondimenisonal

scaling of v thus follows as

v′ ∼
(

δρgH3

ηκ

)m

(3.13)

and if we let v = v′ κ
H , the dimensional scaling for v will be

v ∼
(

δρg
η

)m H3m−1

κm−1 (3.14)
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(b)(a)

(c) (d)

FIGURE 3.8: A comparison between G calculated from mass fluxes and estimations using
the scaling law. (a) and (b) shows G calculated from mass fluxes using equation (2.19). (c)
and (d) shows G estimated from the scaling law in equation (2.21).

and the vertical strain rate at the CMB is

∂v
∂z
∼
(

δρg
η

)m H3m−2

κm−1 (3.15)

A scaling for h is then obtained by plugging equation (3.15) into equation (2.3)

h ∼ (δρg)m

∆ρg
H3m−2

κm−1
η0

ηm (3.16)

Considering the isoviscous case, this means η = η0 and if equation (3.16) is divided by H,

we get

h′ ∼ (δρg)mH3m−3

∆ρg (η0κ)m−1 =
δρ

∆ρ
Ram−1

0 (3.17)

From equation (3.17), it is possible to place some constraints on what values m can possibly

take. Figure 3.4a shows that h′ decreases with increasing Ra and thus m − 1 < 0. We

also know that the flow velocities increase with convection vigor and thus from equation

(3.13), we can conclude that m has to be positive. These combined constraints tell us that

0 < m < 1.

According to boundary layer theory, m is calculated to be around 2/3 (e.g. Turcotte and

Schubert, 2002). If this value is plugged into equation (3.17), this means that theoretically
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FIGURE 3.9: Plot of v′rms against Ra〈T〉. Each data point is an average of runs with different
ξ values but the same η0 and β values. The black line shows the best-fit line through the
data points with a slope of 0.5525.

h should go as Ra−1/3
0 which agrees with numerical calculations that show dynamic topog-

raphy decreasing with increasing convective strength. Figure 3.9 shows the nondimension-

alised rms velocity of the buoyancy-driven flows from the numerical models. Interestingly,

the plot shows that β does not have a significant effect on v. The slope of the best-fit line

is calculated to be 0.5525 and if this value is taken to be m, according to equation (3.17)

h′ ∼ Ra−0.4475
0 . This value is slightly larger in magnitude that the isoviscous slope in figure

3.4a. To account for the effects of temperature dependent viscosity, we can refer to equation

(3.3) and presume that

η = η0 · βq (3.18)

where q is a constant to be determined and η is some average viscosity value that represents

the whole domain. This can be plugged into equation (3.17) to get

h ∼ (δρg)m

∆ρg
H3m−2

(η0κ)m−1 β−mq (3.19)

and after dividing both sides by H,

h′ ∼ δρ

∆ρ
Ram−1

0 β−mq (3.20)

From equation (3.18), it can be seen that

log10
η

η0
= q log10 β (3.21)
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FIGURE 3.10: Plot of Trms normalised with the maximum temperature difference across
the domain ∆T against Ra〈T〉.

and by plotting log10 η/η0 against log10 β, q can be obtained by measuring the slope of the

best fit line. Theoretically, equation (3.21) shows once the mantle viscosity is normalised by

the reference viscosity, they should all converge on the same value for the same β. This

plot is shown in figure 3.6a where η is obtained from using the rms temperature Trms of

the entire domain. Contrary to the theoretical predictions, the plot shows the normalised

viscosity diverging with increasing β. This might be because for q to be constant, it would

imply that Trms is constant regardless of η/η0 which is not true as Trms depends on η0. This

is further evidenced by figure 3.10 where the average temperature in the domain seems

to drop with increasing convection vigor which is controlled by viscosity. However, figure

3.6a shows that increasing β generally increases η/η0 and for the sake of argument, we

presume that q can be calculated by taking the average value of each group of β points and

calculating the slope from this average. The result is shown in figure 3.6b and the slope

gives q = 0.5735. Now with m = 0.5525, the scaling law for h′ which takes into account

temperature dependent viscosity is

h′ ∼ δρ

∆ρ
Ra−0.4475

0 β−0.3169 (3.22)

Equation (3.22) can be converted to the dimensional form by multiplying both sides by H
and if the result is substituted back into equation (2.20), a new scaling for G with Ra is

obtained

G ∼
(

δρ

∆ρ

H
L

)2 (1
ξ

)
· Ra−0.8950

0 · β−0.6338 (3.23)

It has to be noted that this is still not the true scaling relation as figure 3.4b shows that
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L decreases with increasing Rayleigh number. The best fit line gives the following scaling

relation for the horizontal length scale of the mushy layer: L/H ∼ (Ra0 · β)−0.2033 and

suppose this is somewhat true, plugging this back into equation (3.23) gives us the actual

scaling of G with Ra0 and β:

G ∼
(

δρ

∆ρ

)2 (1
ξ

)
· Ra−1.3016

0 · β−1.0404 (3.24)

Comparing with figure 3.3 however, we see that the scaling law predicts a much stronger

relationship with Rayleigh number.

One reason for the uncertainty of L in the results of this study is because of the purposeful

removal of the top boundary layer from the models. Although this gets rid of the influence of

the stagnant lid from the dynamics, the self-consistency of the downwelling “slab" is affected

as well which is why the downwelling is actively imposed in the models. Hence, the width of

this downwelling is also a parameter that could be varied that has a direct influence on the

CMB dynamic topography and L too. Future studies might be required to take into account

this parameter as well.

When considering the implications of these results on Earth, since more vigorous convec-

tion reduces core-mantle interaction via the “soft CMB” mechanism, flows driven by the

gravitational collapse of mushy layer is most likely to have been very weak during the early

Earth when temperatures in the mantle were much higher, resulting in lower viscosities and

thus high convective vigour (e.g. Karki and Stixrude, 2010; Solomatov, 2015). Hence, it is

only very likely that once the mantle begins to further cool and viscosity in the lower man-

tle starts to increase, the “soft CMB” mechanism will begin to become more effective since

larger amounts of stresses can be supported in the mantle to create larger amplitudes of

CMB dynamic topography. Another point of consideration is that during the crystallisation

of the magma ocean in the early Earth, residual melts in the basal magma ocean will be

enriched in incompatible elements and further cooling will lead to fractional crystallisation

of increasingly Fe-enriched solids (Labrosse et al., 2007). These can be deposited on the

mantle side of the CMB and create dense melts which might exert their own influence on

the CMB topography.

Lastly, one of the most difficult parameters to constrain in the model is the rheology of the

lower mantle. To begin with, obtaining a realistic value for β is rather challenging, and it

might be even possible for the activation energy E to vary with depth (e.g. Karato, 2008;

Matyska et al., 2011). In this study, the lower mantle is assumed to be a Newtonian fluid,

but experimental studies have suggested that at regions with high strain rates, the viscosity

will be largely dominated by ferropericlase because it is rheogologically the weakest lower

mantle phase (Yamazaki & Karato, 2001). This increases the likelihood of forming an inter-

connected network of weak layers (Yamazaki et al., 2009; Thielmann et al., 2020) which

might result in a lower mantle with strain dependent rheology. The weakened layers will

create regions of localised strain and potentially decouple the lower boundary layer from the

lower mantle, thereby reducing the dynamic topography further.
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3.5 Summary

This chapter builds on the preceding chapter by investigating the effects of the “soft CMB"

mechanism on mantle convection where viscosity is temperature dependent. The main

aim is to understand how this change in rheology affects the enhancement of downwelling

flows in the lower mantle and to derive a preliminary scaling law for the CMB dynamic

topography. Using numerical models, the results have shown that increasing the strength

of temperature dependent viscosity reduces the dynamic topography and collapse-driven

flows, which means the efficacy of the “soft CMB" mechanism is reduced as well. The final

scaling law that was derived indicates that the CMB dynamic topography depends on three

parameters: (1) the ratio of the density difference due to buoyancy effects δρ in the mantle to

the density contrast between the outer core and mushy layer ∆ρ, (2) the Rayleigh number,

and (3) the strength of temperature dependent viscosity in the mantle, of which increasing

the latter two reduces the topography. Despite the unconstrained rheology of the real mantle,

the basic models here serve to build an intuition of the mechanism so that an understanding

of different processes occurring can be slowly developed with increasing complexity. The

next chapter will add on another layer of complexity by considering the effects of composition

on the mechanism.
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4.1 Introduction

After examining the “soft CMB" mechanism operating under different mantle rheologies,

understanding the behaviour of chemically distinct material that emerge from the mushy

layer is equally important as well. Up until now, chemical variations have been neglected in

the numerical models but since it is an important aspect in corroborating with geochemical

evidence, this chapter aims to introduce a basic thermochemical model where chemical

variations can give rise to buoyancy forces as well.

Modelling thermal convection for a mantle with heterogeneous composition has been of

great interest as it provides valuable insights into chemical and thermochemical anomalies

that potentially reside in the lower mantle (e.g. Lenardic and Kaula, 1993; Tackley, 1998;

Davaille, 1999a; Kellogg et al., 1999; Zhong, 2006; Lassak et al., 2007). Several tech-

niques have been developed to represent compositional fields as accurately as possible.

This is largely because compositional diffusivity in the mantle is assumed to be negligible

and as a result, numerical methods that are implemented have to reduce numerical diffu-

sion as much as possible to ensure accurate results from long time integrations. Numerical

methods that have been used include: continuum field techniques (e.g. Ten et al., 1997;

Ogawa, 2000), marker chain method (e.g. Christensen and Yuen, 1985; Van Keken et al.,

1997; Zhong and Hager, 2003), and particle tracer methods (e.g. Weinberg and Schmeling,

1992; Gerya and Yuen, 2003; Tackley and King, 2003; McNamara and Zhong, 2004), most

of which have been reviewed by Van Keken et al. (1997). In this study, tracer particles will

be used to track the composition of the chemically reacted material. The reacted material

can represent a whole host of unique isotope ratios such as the high 3He/4He ratios, low

µ182W, noble gases like Ne or even FeO-rich material. In addition, depending on the degree

of chemical disequilibrium, P-T conditions and the chemical species involved in the chemical

reaction, the buoyancy of the reacted rock can be negative, positive or neutral compared to

the ambient material at the lower mantle. For instance, the following equation proposed by

Knittle and Jeanloz (1991) transfers Fe from perovskite (Pv) to metal (M):

(Mg, Fe)SiO3
Pv + FeM −−→ FeOM + FeSiM + MgSiO3

Pv (4.1)
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Since the Fe component is removed from the silicate, this potentially creates a positively

buoyant perovskite product. However, it is also possible to have reactions that create a

negatively buoyant silicate product through the addition of Fe from the core. One potential

reaction could be the exchange of Si and Fe as such (Ricolleau et al., 2011):

SiO2
Sil + 2 FeM −−⇀↽−− SiM + 2 FeOSil (4.2)

where Sil refers to the silicate and the forward reaction increases the Fe content of the

silicate. Similarly, it is also possible for Fe and O to be transferred between the core and

ferropericlase (Fp) as follows (e.g. Frost et al., 2010):

FeM + OM −−⇀↽−− FeOFp (4.3)

to create a Fe-enriched ferropericalse. Similar to how ULVZs might be iron-enriched do-

mains (e.g. Knittle, 1998; McNamara and Zhong, 2004; Muir and Brodholt, 2020), increas-

ing the Fe content of the silicates in the lower mantle will increase the overall density of

the rock. Finally, if there is no exchange in major elements between the silicate and metal

and instead just the trace elements, we can expect for the reacted rock to have a neutral

buoyancy.

4.2 Method

With the inclusion of a compositional field, the mass conservation equation (eq. 2.2) for

buoyancy-driven flows ~v does not change, but the momentum conservation equation now

becomes:

∇ ·
[
η
(
∇~v + [∇~v]T

)]
−∇Pv = ρ0[1− α(T − T0) + γC]gẑ (4.4)

where C is composition and γ is the expansion coefficient due to composition effects. With

two scalar fields that are subject to advection, an additional equation similar to equation

(2.14) is required to describe the evolution C:

∂C
∂t

+~veff · ∇C = 0 (4.5)

From equation (4.4), it can be seen that if γ > 0, any chemical stratification that occur will

be stabilised by the density difference while thermal density differences does the opposite

by destabilising the stratification. The competition between these two buoyancy forces can

be characterised using a nondimensional number known as the chemical buoyancy ratio B
(e.g. Hansen and Yuen, 1988; Davaille, 1999a):

B =
γ∆C
α∆T

(4.6)

where ∆C is the maximum compositional difference in the domain. The boundary conditions

in this model are identical to the variable viscosity model in Chapter 3 i.e. horizontally

periodic, permeable on top, free-slip and isothermal at the bottom.
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Parameter Value Unit

β 1, 10 –
η0 1022, 1022.5, 1023 Pa s
ξ 10−6, 10−5 –
γ 1.1, 0, −0.25 –

TABLE 4.1: List of parameters that are varied in the numerical calculations for thermo-
chemical convection.

4.2.1 Tracer Advection

The tracers are advected using a 4th order Runga-Kutta scheme. To ensure that no artificial

local convergence or divergence of tracers and that the continuity equation is well respected

at all times, a continuity-based higher order velocity interpolation scheme is adopted (e.g.

Jenny et al., 2001; Meyer and Jenny, 2004; Pusok et al., 2017; Gerya, 2019). Since

the top boundary is permeable, any tracer that is advected out of the domain, regardless of

its composition, will be artificially moved to a downwelling zone on top of the domain with

an ambient mantle composition to ensure that no tracers are lost during the time integra-

tion. This means that if any material is advected out of the domain via upwellings, they

are assumed to proceed to the shallower mantle and thus to balance this loss of material,

“fresh" ambient mantle material will replenish the model at downwellings. Similarly, the bot-

tom boundary is only permeable at where the mushy layer is present. Hence, any tracer

that is advected into the mushy layer will have its composition changed, while also artificially

moved back into the domain close to the CMB but away from the mushy layer. This is to

ensure that additional complications that may arise from the effects of compositional den-

sity difference on the dynamic topography are avoided. Although the artificial placement of

tracers back into the domain is rather crude, it ensures that no tracers are lost during the

numerical simulations.

4.2.2 Obtaining C from Tracer Distributions

With the compositional field C now needed, in addition to T, to compute the velocity and

pressure fields associated with the buoyancy-driven flows, the composition of every tracer

has to be interpolated to the appropriate grid points. In this model, C is defined at the centre

of the cells just like T and Pv. To calculate C, the ratio method is adopted (Tackley & King,

2003), where in a given cell measuring δx by δz, C is proportional to the ratio of chemically

altered tracers to the total number of tracers in the cell:

Ci =
Xdiff

i

Xdiff
i + Xsame

i
(4.7)

Xdiff
i and Xsame

i are the number of chemically altered tracers and non-chemically altered

tracers respectively inside cell i. This ensures that 0 ≤ C ≤ 1 and hence, ∆C = 1 in

equation (4.6).
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(a) (b)

(c) (d)

(e) (f)

FIGURE 4.1: Plots of tracer concentration evolution through time until 1 Gyr grouped ac-
cording the pairs of β and γ values. β determines the strength of temperature-dependent
viscosity while γ is the expansion coefficient due to composition effects.
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(b)(a)

FIGURE 4.2: (a) Distribution of tracers and (b) temperature field around the upwelling
plume for the case where η0 = 1023, β = 1, ξ = 10−6, and γ = 1.1. Yellow tracers repre-
sent the chemically altered material while blue tracers represent ambient mantle material.
The chemcially alter tracers are shown to leave the domain via plume entrainment.

4.3 Results

Numerical calculations for thermochemical mantle convection were performed in both isovis-

cous and temperature dependent viscosity domains for the parameters shown in Table 4.1.

The equations of momentum conservation and temperature are discretised over a rectangu-

lar domain measuring 4000 km (width) by 1000 km (height) that is divided into 101× 51 grid

points. Meanwhile, the boundary conditions are kept the same as what has been described

in Chapter 3. The parameters that are kept constant in the calculations are the same as

those listed in Table 3.1. The value if γ determines the strength of the chemical buoyancy,

and whether it enhances or counteracts the thermally-induced buoyancy in the system. A

total of three γ values - 1.1, 0, and −0.25 - are tested in this model to investigate the effects

of negative, neutral and positive chemical buoyancy respectively. Although γ = 1.1 is rather

large, it approximates the expected density anomaly of ULVZs (Rost et al., 2006). The dif-

ferent values of γ enables us to study how different buoyancy effects of the reacted rock the

study of the entrainment characteristics of the plume as well as the change in concentration

of the reacted material in the modelling domain. The total number of tracers in the numerical

modelling domain is 3.2× 105.

The numerical calculations were run until 1 Gyr and figure 4.1 shows the evolution of tracer

concentration in the domain for both isoviscous and temperature dependent viscosity mod-

els. It can be seen from figure 4.1a, c, and e that for cases with smaller ξ values, the

concentration of chemically distinct tracers tends to become larger over a given time period

for an isoviscous lower mantle. However, the trend is not as clear in figure 4.1b, d, and f

where the tracer concentrations for variable viscosity cases are depicted. In the case of an

isoviscous mantle with positive chemical buoyancy (fig 4.1), the numerical models with lower

reference viscosities (η0 = 1022, 1022.5) become increasingly difficult to proceed in time as
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(a) (b)

(c) (d)

(e) (f)

FIGURE 4.3: Plots of the cumulative amount of chemically distinct tracers expressed as a
percentage of the total number of tracers in the modelling domain. Models with smaller ξ
values (dashed lines) process more tracers through the mushy layer than those with larger
ξ values (solid lines), agreeing with previous isochemical modelling results.
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the accumulation of positively buoyant material at the CMB amplifies the instabilities arising

from temperature deviations. The concentration curve for a number of cases show a peak in

concentration followed by a dip (e.g. fig 4.1b, c, d, f). This is because on top of the addition

of tracers that emerge from the mushy layer, the tracer concentration is also affected by

tracers leaving the domain via the permeable boundary above. This has the overall effect

of reducing the tracer concentration within the domain. Since the tracers can only leave the

domain through plume entrainment, an example of this is illustrated in figure 4.2a where

yellow particles represent the chemically distinct tracers that have reacted with the core fluid

in the mushy layer. The yellow particles are observed to have accumulated in a specific

region, followed by a trail that reaches the top of the modelling domain. When compared

with the temperature field in the same region (figure 4.2b), we see an upwelling plume at

exactly where the chemically distinct material are accumulating and the plume of composi-

tionally distinct material is much thinner than the thermal plume. This shows that a portion

of such tracers are being entrained out of the modelling domain via the plume. Therefore,

to accurately gauge the degree of material exchange between the core and mantle via the

mushy layer, looking at the cumulative number of chemically distinct tracers over time is a

more reliable indicator instead.

Figure 4.3 shows the cumulative amount of chemically distinct tracers expressed as a per-

centage of the total number of tracers in the domain over time. The figure shows that the

isoviscous cases produce more chemically distinct tracers than the variable viscosity ones,

agreeing with the results obtained from previous isochemical studies (figure 3.3). Moreover,

lower ξ values have a higher cumulative number which is expected based on previous stud-

ies as well. On the contrary, the effect of different reference viscosity is somewhat different

from what is expected, and this might be because the models have not reached a steady

state yet.

Figures 4.1 and 4.3 show that tracers leaving the domain via upwellings can significantly

change the concentration present in the domain at any given time. Indeed, figure 4.4 shows

the cumulative amount of chemically distinct tracers entrained out of the domain, expressed

as a percentage of the total number of tracers in the domain over time, and it can be seen

that the for the same η0 and β values, tracers leave the domain earlier if ξ is smaller. Fur-

thermore, figure 4.4a shows that for some models, the rate of chemically distinct tracers

leaving can change significantly. For the case where η0 = 1022, β = 1, ξ = 10−6, γ = 1.1,

it can be seen that this rate is initially fast, but soon becomes zero after ∼ 350 Myrs, in-

dicating that the amount of chemically distinct tracers leaving the domain is close to zero.

This suggests that these tracers are actually accumulating in the domain instead and the

consequences will be discussed in the following section. Figure 4.4 also seems to show that

with decreasing γ, both the rate at which the chemically distinct tracers leave the domain

and total cumulative amount increase as well. This is quite apparent when comparing the

results of the isoviscous cases.
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(b)(a)

(d)(c)

(f)(e)

FIGURE 4.4: Plots showing the cumulative amount of chemically distinct tracers leaving the
domain via plume entrainment expressed as a percentage of the total number of tracers in
the modelling domain.
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(b)

(a)

(c)

(d)

(e)

(f)

FIGURE 4.5: Concentration of chemically distinct tracers that are transported into the upper
mantle within the last 200 Myrs.
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4.4 Discussion

Although the numerical models only run up to 1 Gyr in time, studying the influence of the

chemically reacted material on mantle dynamics and the rate of changes in concentration

can lend some insight into the interesting behaviours that may arise from the “soft CMB"

mechanism in the lower mantle. One of which is the accumulation of chemically distinct

material at the CMB.

In the previous section, we have seen how the chemically reacted tracers travelling along

the CMB towards upwelling plumes and accumulate into a pile-like structure for γ = 1.1.

For the models with tracers that are denser than ambient material, these “piles" act to in-

crease the local density which can subsequently affect the buoyancy-driven flows in the

mantle. Figure 4.6 illustrates this phenomenon where in figure 4.6a, the accumulation of the

chemically distinct material leads to a pile-like structure at the CMB. Referencing this with

temperature field in figure 4.6b indicates that this dense “pile" is situated at the base of the

upwelling plume and is presumably very warm. This is similar to the modelled behaviour

of ULVZs in a study by Hernlund and Bonati (2019) where they were observed to gather

beneath long-lived plumes. The velocity plots from figures 4.6c and 4.6d seem to show dif-

ferent flow patterns compared to the large scale mantle flows at where the pile is located.

Since the viscosity of the chemically distinct material is the same as the ambient mantle in

the numerical models, there will be viscous coupling of large scale flows from the mantle

with internal flows within the denser material, very much similar to stirring motions men-

tioned in Hernlund and Jellinek (2010). The composition field (figure 4.6a) also shows the

composition of the “core" of the pile is slightly depleted compared to the surrounding, and

this is because ambient mantle material has been entrained within the pile while the chem-

ically distinct material began to accumulate around the base of the plume. Future studies

might look into the compositional gradients within such structures and its influence on the

chemical dynamics at the CMB. Moreover, if the dense piles are to remain at the CMB for

extended periods of time, they can gradually become chemically equilibrated with the outer

core, especially if the material is in direct contact with the stratified layer on top of the outer

core. This can for instance reduce the uptake of tungsten isotopes and result in a weakened

µ182W signature. In addition, it would be expected that as γ decreases from positive to neg-

ative, the increasing buoyancy of the chemically distinct material makes it more susceptible

to being entrained in upwelling plumes. Figure 4.7 shows the effect of γ on the temperature

and composition fields for models with the same η0, β and ξ, and it can be seen that the

composition plume is more pronounced and continuous with decreasing γ. Interestingly, the

width of the thermal plume becomes thinner as well. This might be attributed to the larger

buoyancy forces experienced by the plume as the reacted rock is being entrained, which

also allows a larger flux of reacted material to be brought to shallower depths of the mantle.

We can track the concentration of reacted rock in the plume as it exits the modelling domain,

and Figure 4.8a shows how the the concentration changes within the last 200 Myrs for the

same models shown in Figure 4.8. If the average value over this time period is computed,

figure 4.8b shows that lower γ values tend to have a higher average concentration of reacted



4.4. Discussion 79

(b)

(a)

(c)

(d)

FIGURE 4.6: (a) Composition field, (b) temperature field, (c) vx, and (d) vy associated
with buoyancy-driven flows for the case β = 1, η0 = 1022.5, ξ = 10−6 and γ = 1.1.
Accumulation of compositionally distinct material creates a pile-like structure at the CMB
at the base of plumes. Internal flows are also possible due to stirring motion from the
overlying mantle flows.



80 4. Tracking Composition

(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 4.7: Contour plots of temperature and composition for η0 = 1023, β = 1 and
ξ = 10−6. The influence of different γ values are shown in these plots.
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(b)(a)

FIGURE 4.8: (a) Concentration of chemically distinct tracers that are transported into the
upper mantle within the last 200 Myrs. (b) Average tracer concentration within the last 200
Myrs for different γ.

material in the plume.

To a first approximation, it can be assumed that each individual tracer represents the same

mass regardless of composition since the total mass of the system has to be conserved.

As such, the tracer concentrations in the previous section can be interpreted to be roughly

equivalent to weight percentages of the lower mantle. Going along with this assumption,

results have show that after 1 Gyr, the amount of chemically distinct material can be as much

as 3.7 wt % (fig 4.5). If this material is assumed to be compositionally similar to LLSVPs,

it might be possible for the total concentration to reach similar estimates obtained from

seismology (Cottaar & Lekic, 2016) if the “soft CMB" mechanism operated for a significant

period of time.

The numerical models here assume that the tracers that are entrained in the upwelling

plumes are transported to the upper mantle and do not mix back into the lower mantle.

However, if these plumes were to hypothetically extend all the way to the crust and erupt to

the surface in the form of hotspot volcanism, these chemically distinct tracers can be a proxy

for chemical signatures detected in OIBs originating from the deep Earth. These chemically

distinct tracers that are transported out will be mixed with tracers of regular composition,

and we can obtain a sense of the expected concentrations based on the tracer proportions.

When we track the concentration of the reacted material that is leaving through the top of the

domain over the last 200 Myrs for all cases (as was done in fig 4.8), we can see from fig 4.5

that the concentration values tend to oscillate significantly over time to produce a rather
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(a)

(c)

(b)

FIGURE 4.9: Concentration of chemically distinct tracers averaged over the last 200 Myrs
against reference viscosity for (a) γ = 1.1, (b) γ = 0, and γ = −0.25.

“spiky" temporal profile, indicating that the flux into the upper mantle is not consistent. This

might be attributed to the oscillating strength of the plumes caused by the accumulation of

hot, chemically distinct material at the base and the effects on the lower thermal boundary

layer. If the chemically distinct material is dense (γ = 1.1) and accumulates at the CMB

faster than the rate it is being entrained away, a thermally stratified layer that is gravitationally

stable can form at the CMB that acts like a “blanket" on the outer core. This can effectively

reduce the heat flux out of the core and significantly reduce the power to the geodynamo.

However, if the material is neutrally buoyant (γ = 0), the difference in composition will not

affect the buoyancy field and if it accumulates at the CMB, a layer of compositionally stratified

layer will not have any influence on the buoyancy-driven flows. Finally, if the material is

positively buoyant (γ = −0.25), any accumulation into a layer at the CMB will enhance the

Rayleigh-Taylor instability due to the combined effects of thermal- and composition-induced

buoyancy. This might promote the upwelling of compositionally distinct material from the

lower mantle towards the shallow Earth. If we calculate the average concentration for all

cases over the last 200 Myrs, fig 4.9 shows that the concentration can range from more than

10−4 wt % to slightly more than 1 wt %, essentially spanning over 4 orders of magnitude.

However these concentration values are not final and will be subject to multiple changes as

the rock encounters additional process such as melting and contamination as described in

Chapter 1. It is difficult to understand the extent to which these processes can affect the

final concentration of the reacted rock, nevertheless these numerical models can provide

some relative bounds of the expected concentration values.
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5.1 Summary

Amongst many outstanding questions regarding the Earth’s interior, one of which that has

intrigued scientists since the last century has been whether reservoirs containing primordial

material exist inside the Earth and if so, how and where? Despite numerous discussions on

this topic have stemming from different perspectives such as numerical modelling, laboratory

experiments, seismic tomography and field evidence from basalts of different origins, there

is still no conclusive answer to this question at the moment. Information about these hid-

den reservoirs is crucial in understanding issues such as the circumstance around Earth’s

formation and the origin of Earth’s volatiles, but to physically travel into the deep Earth for

the purpose of collecting rocky evidence is an impossible feat. Therefore, with the recent

detection of anomalous isotope signatures from OIBs at different locations on Earth, there

has been renewed interest in whether this primordial reservoir could actually be the core it-

self. However, in order for signatures from the core to manifest on the Earth’s surface, there

has to be some mechanism(s) that enable some sort of interaction between the core and

mantle, followed by transport over a distance of ∼ 3000 km that encompasses significant

contrasts in temperature, viscosity, and composition. Several mechanisms for interaction

between the core and mantle have been proposed over the years that are built on the basic

principles of physics and chemistry, and although they provide interesting perspectives on

core-mantle interaction individually, it is more likely for multiple mechanisms operating in

parallel to facilitate the transfer of chemical signatures from the core to the mantle.

The closest we can probably get to visualise the processes and scales involved in core-

mantle interaction is through studying stony-iron meteorites such as pallasites. These me-

teorites originate from larger asteroids that have underwent similar processes of interior

differentiation much like the Earth during the early solar system, but they tend to occur on

much smaller length and timescales since these bodies are usually much smaller than the

present Earth. Nevertheless, stony-iron meteorites still offer a glimpse into the processes

happening in the deep interior of the Earth (and possibly other terrestrial planets). The most

abundant group of stony-iron meteorites are pallasites and are composed of approximately

equal amounts of silicate (usually olivine), metal, and troilite. When olivine is found together

with Fe/Ni metal in these pallasites, this assemblage is usually expected to occur at the
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CMB of asteroidal bodies and might potentially contain some signs of chemical interaction

between these two components.

In Chapter 1, an overview of the present geochemical evidence, mineral physics constraints,

and existing core-mantle interaction mechanisms from the literature is given, followed by the

introduction of the new hybrid mechanism. One of the key elements of this hybrid mecha-

nism is the creation of a thin metal-rock mushy layer at the CMB that can induce secondary

flows in the mantle via gravitational collapse. Chapter 2 provides a more in depth description

and introduces a basic illustrative model with the help of equations to provide some math-

ematical rigour in explaining the operation of the mechanism. The mechanism was then

implemented in an isovisocus and isochemical convection model to study how much down-

wellings are enhanced based on different mantle viscosities and viscosity contrast between

the mushy layer. A simple scaling law that estimates the enhanced material flux into the

mushy layer is derived (eq. 2.20), and it was concluded that induced mantle circulation due

to the gravitational collapse of the mushy layer becomes comparable to buoyancy-driven

mantle flow when the layer’s viscosity is reduced to values ∼ 105 times smaller than the

overlying mantle.

In Chapter 3, the basic illustrative model is extended by implementing the “soft CMB" mech-

anism in the mantle with variable viscosity, more specifically a viscosity that is temperature

dependent. The results have shown that with increasing convective vigour of the mantle

and temperature dependent viscosity, the induced mantle circulation from the gravitational

collapse of the mushy layer becomes weaker. This is found to be largely due to the reduc-

tion vertical stresses at the CMB with increasing temperature dependent viscosity, which in

turns reduces the CMB dynamic topography and hence, the mushy layer thickness. Lastly, in

Chapter 4, thermochemical mantle convection calculations were performed with the tracking

of compositionally distinct particles that emerge from the mushy layer after going through

chemical reactions with the outer core fluid. The chemically distinct material is modelled

with positive, negative and neutral buoyancy to investigate the entrainment behaviour of the

material. Interesting dynamical behaviours may also arise when the reacted material nega-

tively buoyant and accumulate into pile-like structures around upwelling plumes, mimicking

predicted behaviours of ULVZs.

The objective of this dissertation is to study a new core-mantle interaction mechanism that

combines existing ideas and knowledge of the subject area. This process attempts to mimic

the way natural processes work whereby a number of smaller scale processes are com-

bined to create a single process that can operate on a larger scale with an output larger

than the sum of the individual inputs. Hence, the “soft CMB" mechanism was created with

this idea in mind that can hopefully offer fresh insights into core-mantle interaction while

taking into consideration existing geochemical constraints. This new mechanism has a few

main advantages over some of the existing mechanisms: Firstly, the viscous compaction of

the silicate rock as it leaves mushy layer guarantees significant expulsion of liquid metal back

into the core which ensures the absence of siderophile enhancement in the bulk rock. Al-

though this feature is not unique, it is still an important geochemical constraint that has to be
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fulfilled. Secondly, the non-linearity of the process arising from the gravitational collapse of

the metal-silicate mush provides a positive feedback on mantle downwellings that amplifies

the flux of silicate rock reacting with the liquid outer core. This allows more silicate rock to be

chemically processed than other mechanisms occurring in the modern day and depending

on the residence time of these rocks at the lower mantle, this mechanism can provide a

way to explain the wide range of data observed (Mundl-Petermeier et al., 2020). Moreover,

should these reacted rocks become dense and seismically slower than the ambient lower

mantle due to their change in composition, their accumulation into relatively thin layers can

provide an alternative explanation to the origins of ULVZs (e.g. Brown et al., 2015).

5.1.1 Limitations

It has to be emphasised that this newly proposed mechanism does not claim to be the

only way for the core and mantle to interact at the CMB, partly because as of yet there is

no conclusive evidence of the existence of mushy zones beneath descending slabs at the

CMB, but mostly because of the assumptions made in order for the model to work. Hence,

it is worthwhile to reiterate some of these assumptions and uncertainties that exist in the

model so that potential studies in the future can address them and improve on the existing

model.

One of the biggest uncertainties in the model is with regards to the viscosity of the metal-

rock mushy mixture µ. As highlighted in Chapter 2, ξ is an important parameter that controls

the efficacy of the mechanism which in turn depends µ. It is expected that as liquid metal

begins to intrude in between the silicate pore spaces, the overall viscosity of the mixture

will decrease until it is approximately on the same order of magnitude of the liquid metal

when the mixture is above the disaggregation limit. Constraining the viscosity of the outer

core is incredibly difficult as seen from the estimates spanning over 14 orders of magnitude

(Secco, 1995), partly due to the different techniques used to obtain them, and it is also not

entirely clear how the mixture viscosity varies with liquid fraction. Some recent estimates

have suggested that the outer core viscosity is ∼ 10−2 Pa s (e.g. Mathews and Guo, 2005;

Deleplace and Cardin, 2006; Mound and Buffett, 2007) and if the lower mantle’s viscosity

is ∼ 1021 Pa s (Yuen et al., 1982), ξ can span over 23 orders of magnitude. This viscosity

contrast makes it extremely challenging to study using numerical models. Hence, any future

work that can constrain the viscosity of the mushy mixture would definitely provide better

estimates on the flow enhancement via the “soft CMB" mechanism.

In this study, it has been mainly assumed that the mushy layer thickness is equivalent to

the dynamic topography created by large scale deviatoric stresses, and this is because

decompaction and infiltration of metal into submerged rock has been assumed to occur on

time scales much shorter than the residence time of mantle rocks at the CMB. However, if the

residence time of the mantle rocks become significantly shorter than the rate of infiltration

and decompaction instead, the liquid metal can only percolate up to a shallower height

where the condition dictated by equation (2.7) is fulfilled at h < z < 0. This means that the

amount of rocky material that is able to interact with the outer core liquid is greatly reduced
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but at the same time, the amount of chemical exchange that occurs will also depend on the

reaction time scales in comparison to the residence time of the mantle rocks. Should the

reaction time scale be much longer than the residence time, very little chemical exchange

can occur before the submerged rocks flow back into the mantle. Another factor that can

influence the percolation height of the liquid metal is the viscosity of the mushy layer. As

we have seen in Chapter 2, if this viscosity continues to decrease relative to the mantle

viscosity, it is predicted that with decreasing ξ the velocity from collapse-driven flows will be

so great that the rate of mantle material going through the mushy layer becomes too large

for the infiltration rate to keep up. Hence, determining how much metal infiltration can occur

in the layer stresses the importance of constraining the layer viscosity.

Finally, it is important to reiterate the additional processes that can affect the final chemical

and isotopic composition of the rock during its journey from the CMB to the surface of the

Earth. As discussed in Chapter 1, multiple melting and crystallisation events at different

P-T conditions along the way, as well as magma degassing and crustal contamination can

give rise to significant fractionation of isotopes and new partitioning of elements, thereby

obscuring the rock’s original chemical signal from the interaction at the CMB. Although ac-

counting for all these addition effects can be highly complicated, it is still crucial to at least

account for relevant processes that can provide the significant sources of uncertainty in the

final measurement so that more reliable interpretations of the data can be obtained. A sum-

mary of the key points of this new hybrid mechanism in comparison with the other existing

mechanisms are shown in Table 5.1.
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Core-Mantle Interaction Mechanisms

Diffusion across CMB Chemical Exchange

with BMO

Liquid Metal Intrusion Isostatic Protrusion Upward Sedimenta-

tion

Timing of interaction After magma ocean

solidification

During the first billion

years

Recent Ancient Recent

Mantle volume About 1% As much as 25% About 1% About 1% About 1%
3He/4He Small He concentra-

tion in the core

U+Th enrichment in

residual melts can

suppress signal

Small He concentra-

tion in the core

Small He concentra-

tion in the core

Small He concentra-

tion in the core

µ182W Small volumes Depends on original

Hf/W in BMO

Small volumes Small volumes Small volumes

D/H S-L fractionation L-L fractionation S-L fractionation S-L fractionation S-L fractionation

Os isotopes Small volumes Depends on original

Pt/Os and Re/Os in

BMO and core

Small volumes Small volumes Small volumes

Excess siderophile

elements

Very little None expected Depends on com-

paction

Depends on com-

paction

Depends on com-

paction

Advantages Can transfer core sig-

nals if mantle is under-

saturated and/or core

is saturated

Higher diffusivities

can occur in magma

ocean

Isotope ratios from

core can be trans-

ferred without excess

siderophiles

Material might be-

come chemically

equilibrated if remain

undisturbed

Can possibly ac-

count for variations in

length-of-day

Disadvantages Very inefficient in sili-

cates. Highly depen-

dent on grain bound-

ary volumes

Secondary fractiona-

tion effects can oc-

cur during freezing of

BMO

Residence time of

mantle material at

CMB unconstrained

ULVZs not detected

at every OIB location.

Unconstrained plume

entrainment efficiency

Mixing of exsolved

SiO2-rich domains

from the core will

dilute isotope signals
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Core-Mantle Interaction Mechanisms

Poroelastic Entrain-

ment

Thermodiffusion Morphological Insta-

bilities

Surface Tension Gravitational Collapse

of Metal-Silicate Mush

Timing of interaction Recent Any time Any time Any time Recent

Mantle volume About 1% About 1% About 1% Less than 1% More than 1%
3He/4He Small He concentration in the core

µ182W Small volumes

D/H S-L fractionation

Os isotopes Small volumes and S-L fractionation

Excess siderophile

elements

Somewhat signifi-

cant, depends on

compaction

Depends on liquid iron

entrainment process

into lower mantle

Significant Significant Depends on com-

paction

Advantages Can possibly account

for unique isotope and

chemical ratios found

in OIBs

Iron isotope fractiona-

tion can be potential

signal from the core

Can possibly account

for unique isotope and

chemical ratios found

in OIBs

Can possibly account

for unique isotope and

chemical ratios found

in OIBs

Can possibly account

for unique isotope and

chemical ratios found

in OIBs and enhance

metal-silicate interac-

tion

Disadvantages Requires high strain

rates at the CMB.

Physical entrainment

of core liquid

Iron isotope fraction-

ation does not corre-

late with other isotope

tracers

Energetically unfeasi-

ble. Physical entrain-

ment of core liquid

Very inefficient. Phys-

ical entrainment of

core liquid

Viscosity of mushy

layer unconstrained.

Depends on metal

intrusion height

TABLE 5.1: A table that compares and summarises the key aspects of each core-mantle interaction mechanism including the new hybrid mechanism
proposed in this thesis and the associated uncertainties of each isotope tracer. S-L: Solid-liquid. L-L: Liquid-liquid.
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5.2 Future Outlook

In light of renewed interest on core-mantle interaction and its implications on phenomena

in the deep mantle such as the existence of primordial reservoirs and seismically detected

structures, possible ideas that extend from the “soft CMB" mechanism are described below.

5.2.1 Two-phase Flows within the Mushy Zone

The mushy layer in this model is treated as a single phase due to the large scale flows that

operate in the overlying mantle in comparison with the small scale flows that are expected

to occur within the layer. However, this approximation neglects the physical and chemical

dynamics that can happen between the core liquid and silicate rocks which have important

effects to be considered as well. Modelling the two-phase flows within the mushy layer can

provide useful constraints on percolation and compaction timescales, which can be com-

pared with the timescales of other important processes such as the enhanced downwellings

into the layer. Moreover, since chemical exchange is occurring between both phases, ad-

ditional complexities that arise from chemical buoyancy and chemical disequilibrium can

develop reaction-driven convection of core liquid within the mushy layer itself. For instance,

if the core liquid is undersaturated in oxygen, FeO can be transferred from the rocky compo-

nent which can lower the density of the liquid metal and contribute to the stratified layer at

the top of the core. The rate and efficiency of chemical exchange would depend very much

on several crucial factors including: solid grain sizes, wettability of the solid grain bound-

aries, the relative diffusivity of the chemical species of interest along grain boundaries and

within the liquid, the surface area in contact with the liquid, etc. These parameters can be

potentially constrained by experimental and molecular dynamical studies in the future.

5.2.2 Isostatic Topography vs Dynamic Topography

In this study, only the effects of dynamic topography at the CMB are considered but from the

thermochemical convection models in Chapter 4, it can be seen that if the reacted rocks are

assumed to become denser after undergoing chemical exchange with the core fluid, they

can accumulate near upwellings plumes to create dense piles. These dense piles would

produce isostatic topography on the CMB, as described in Chapter 1 and can remain at

the CMB for extended periods of time if they are resistant to entrainment. It would also

be important to consider whether the viscosity of the chemically reacted material would be

different from the ambient mantle because the degree of viscous coupling between the piles

and surrounding mantle material can determine whether internal flows are produced or not,

much like what is described in (Hernlund & Jellinek, 2010). Moreover, should internal flows

be present within the dense piles, it might be possible for stresses from these flows to create

dynamic topography as well on top of the isostatic topography that already exists. Hence,

investigating the relative contributions of isostatic topography and dynamic topography at

the CMB, as well as the different interaction mechanisms that can subsequently arise from
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them might shed some light on the complicated dynamics that are playing out at the CMB

across different scales.

5.2.3 Effects on the Outer Core

This dissertation has mainly discussed and investigated the phenomenon of core-mantle in-

teraction via the perspective of the mantle. However, in order to have a greater understand-

ing on this topic, the perspective of the core has to be included as well. It is well understood

that the dynamics of the core are fundamentally different from that of the mantle, since core

processes operating on timescales much shorter than mantle dynamics timescales (∼days

to 103 years) (Olson, 2015) and lateral density variations are predicted to be smaller that

10−8 (Stevenson, 1987). Nevertheless, the CMB has been facilitating “communication" be-

tween the core and mantle since core formation through the exchange of heat, momentum,

mass and charge, with each of these interactions having profound consequences on core

evolution and dynamics. Potential future research directions can include investigating how

topography at the CMB affects the core magnetic field and its secular variation and accel-

eration through the influence on fluid flow and stratification at the top of the core. This can

be referenced and compared with existing geomagnetic data of the Earth to see whether it

is possible to detect topography at the CMB in addition to seismic methods. In addition, it

would be interesting to look at the potential effects of core-mantle electromagnetic coupling

on length-of-day variations especially since liquid metal percolation can create regions of

high electrical conductivity on the mantle side of the CMB. Lastly, it must be emphasised

that for any material on the mantle side that is interacting with the outer core at the CMB, the

chemical reactions taking place is only with the stratified layer rather than the outer core as

a whole. Hence, if the material from the mantle were to come into chemical equilibrium with

the stratified layer, there will be less transfer of chemical species such as tungsten across

the CMB over time and there will a gradual decrease in the strength of the isotopic signal

detected over time. It will be important to consider into how the core accommodates chem-

ical exchange across different parts of the CMB where for instance a descending slab with

different oxidation state from the equilibrated material comes into contact and react with the

outer core’s stratified layer.
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