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Abstract

In this study a physical mechanism and geochemical parameters have been examined in high
pressure and high temperature experiments in order to place constraints on the conditions and
the manner by which core-mantle differentiation occurred on Earth and terrestrial planets.

The wetting characteristics of liquid Fe-Si alloys in a matrix of the respective predominating
stable silicate mantle mineral (forsterite or silicate perovskite) at pressures of 2-5 and 25 GPa and
temperatures of 1600-2000 °C were studied by determining the liquid metal-solid silicate contact
angles. The median angle values from texturally-equilibrated samples were found to be
independent of pressure, temperature, silicate mineralogy and the Si content in the metal fraction
and range between 130° and 140° which is far above the critical wetting boundary of 60°. This
shows that within the studied range of conditions dissolved Si does not lower the surface energies
between Fe-rich liquids and silicate mantle grains. As a consequence, under reducing conditions
the presence of Si in the metal phase of planetary bodies would not have induced or aided

percolative flow as the metal-silicate separation process.

Liquid metal - liquid silicate partitioning experiments for the elements Ta, Nb, V, Cr, Si, Mn,
Ga, In and Zn have been performed over a wide range of high-pressure and high-temperature
conditions of 2 -24 GPa, 1750 - 2600°C and at low oxygen fugacities of -1.3 to -4.2 log units
below the iron whustite buffer. The effects of pressure, temperature and oxygen fugacity on the
partitioning behaviour have been separated and the derived relationships have been applied to
test the respective element depletions in the mantle under various conditions suggested in core
formation models. These data indicate that Nb can serve as an important constraint on oxygen
fugacity and pressure for metal-silicate equilibration. Ta is less siderophile than Nb and its lack of
depletion in the mantle places a hard constraint on the minimum fo, encountered during core
formation. Moreover, core formation must have occurred at conditions significantly greater than
20 GPa in order for Nb not to have been massively depleted under conditions necessary to
deplete the weakly siderophile element V. Moreover, our study shows that the volatile elements
Mn and Ga, would experience strong fractionations in any core-mantle equilibration scenario at
pressures below 60 GPa and temperatures at least as high as the peridotite liquidus, which is
inconsistent with their observed near-chondritic abundances in the mantle. The same observation
has been made for the elements Zn and In though to a more extreme extent such that pressures
over 80 GPa may be required to explain their near-chondritic ratio in the mantle. Based on these
observations we find strong support for the existence of a deep magma ocean during metal-
silicate separation, which is an essential component in current polybaric multi-stage core
formation models. Although these models succeed in reproducing the observed mantle
abundances of many siderophile elements, and can be constrained based on the partitioning
behaviour of elements such as Nb, the observed behaviour of the volatile elements Mn, Ga, Zn

and In may call for an additional process. Such a process may be the late accretion of volatiles in



material that did not undergo core-mantle separation or strong fractionation processes in the

condensing nebula that are reflected in the meteorite record.

In the third part of this study, the first liquid metal-liquid silicate partitioning data at high
pressures up to 18 GPa and high temperatures up to 2500 °C have been obtained for the highly
siderophile elements (HSE's) Ru, Rh, Pd, Re, Ir and Pt. This group of elements presents a
number of experimental and analytical difficulties, mainly due to their extreme metal-silicate
partition coefficients. In addition to refining the experimental technique we have also succeeded
in producing suitable standards for trace analysis of these elements in quenched silicates using
LA-ICP-MS. This study shows that both increasing pressure and temperature would decrease the
partition coefficients of all HSE's examined in a way similar to the pressure effect observed for
the siderophile elements Ni and Co. This involves two pressure regimes with a strong decrease of
the partition coefficients at < 6 GPa, but only a weak pressure dependence at higher pressures.
This difference in pressure effect can most likely be assigned to structural changes in the silicate
melt. In order for the determined partition coefficients to be used quantitatively in models for the
Earth the data would have to be corrected from the wt % concentrations in the experiments to
the ppm levels relevant for core forming alloys using data on HSE activities in the alloy phase.
Using Rh as an example for which data exist to perform such a correction, it can be shown that
the principal pressure and temperature trend does not change significantly once the correction
for dilution is performed. From this we can conclude that the pressure effect would not be
sufficient to decrease the partition coefficients to a degree that the mantle concentrations of the
HSE's could be explained. Therefore, a process such as the accretion of an undifferentiated late

veneer seems to be necessary.



Zusammenfassung

Gegenstand dieser Arbeit war die Untersuchung eines physikalischen Prozesses und die
Bestimmung verschiedener geochemischer Parameter, die dazu dienen kénnen, die Bedingungen
und Mechanismen einzugrenzen, die bei der Kernbildung der Erde und anderer terrestrischer

Planeten eine Rolle spielten.

Mit der ersten Studie wurde die Benetzungseigenschaft von Fe-Si-Legierungen in
verschiedener Matrix aus Mantelmineralen unter Bedingungen von 2-5 und 25 GPa und 1600 -
2000°C untersucht. Dies erfolgte mittels Bestimmung des Kontaktwinkels zwischen
Metallschmelze und Silikatkérnern, fur die, abhidngig vom Druckregime, Forsterit oder
Silikatperowskit verwendet wurden. In Proben, fur die texturelles Gleichgewicht angenommen
werden kann, wurden die Medianwerte fir die jeweils beobachtete Winkelpopulation bestimmt.
Mit Werten von 130 - 140° liegen diese weit oberhalb von 60°, des kritischen Winkels fur die
Benetzung. Dies zeigt, dal3 die Oberflichenspannung zwischen eisenreichen Schmelzen und
Kornern aus Mantelsilikaten unter den untersuchten Bedingungen durch die Beimischung von Si
nicht reduziert wird. Perkolation als Separationsmechanismus fiir metallische Kernschmelzen im
Innern von Planeten wurde deshalb unter reduzierenden Bedingungen durch die Anwesenheit
von Si in der Legierung nicht ausgel6st oder begtinstigt.

In der zweiten Studie wurden die Verteilungskoeffizienten zwischen Metall- und
Silikatschmelze fur die Elemente Ta, Nb, V, Ct, Si, Mn, Ga, In und Zn mit Hochdruck-
Hochtemperaturexperimenten im Bereich von 2 - 24 GPa, 1750 - 2600°C und unter

Sauerstofffugazititen von -1.3 bis -4.2 A IW bestimmt. Gleichungen fiir die Einflisse von Druck,
Temperatur und Sauerstofffugazitit auf das Verteilungsverhalten dieser Elemente wurden
abgeleitet, um anschlieBend die Konsequenzen fir ihre theoretische Verarmung unter
verschiedenen Bedingungen zu testen, wie sie in Modellen zur Erdkernbildung vorgeschlagen
werden. Die Ergebnisse zeigen, dall das Verhalten von Nb eine bedeutende Einschrinkung fiir
die Sauerstofffugazitit und den Druck wihrend der Aquilibrierung von Metall- und
Silikatschmelze liefert. Unter relativ reduzierenden Bedingungen, die notwendig sind, um V mit
einer Kernschmelze teilweise aus dem Mantel zu entfernen, miiten Dricke von deutlich
> 20 GPa vorherrschen, da andernfalls eine gleichzeitig starke Verarmung von Nb im Mantel die
Folge wire. Die Studie zeigt auBerdem, dal3 bei Dricken < 60 GPa und Temperaturen am
Peridotitliquidus die volatilen Elemente Mn und Ga wihrend der Aquilibrierung zwischen Kern
und Mantel eine starke Fraktionierung erfahren hatten, was nicht mit dem annihernd
chondritischen Verhiltnis der beiden Elemente im Erdmantel vereinbar ist. In noch stirkerem
MaBe trifft dies auch fir die volatilen Elemente Zn und In zu, indem Dricke von deutlich
> 80 GPa erfordetlich wiren, um ihr nahezu chondritisches Verhiltnis im Mantel zu erkliren.
Diese Beobachtungen unterstiitzen das Konzept der Existenz eines tiefen Magmaozeans

wihrend der Abtrennung des Erdkerns vom silikatischen Mantel, welches Grundbestandteil



vieler moderner, polybarischer Kernbildungsmodelle ist. Obwohl es mit diesen Modellen gelingt,
die Haiufigkeiten vieler siderophiler und miBig siderophiler Element im Erdmantel zu
reproduzieren, ist dennoch vermutlich ein zusitzlicher Prozel3 anzunehmen, mit dem das
beobachtete Verhalten der volatilen Elemente Mn, Ga, In und Zn erklirt werden kann. Einen
solchen Prozell konnte die spite Hinzufiigung volatiler Elemente darstellen, enthalten in
Material, welches keine Differentiation aufgrund von Kern-Mantelbildung oder starke

Fraktionierung durch Kondensationsprozesse im solaren Nebel erfahren hat.

In dieser Arbeit wurden auflerdem erstmals unter hohen Driicken bis zu 18 GPa und
Temperaturen bis zu 2500 °C die Verteilungskoeffizienten zwischen Metall - und Silikatschmelze
fir die extrem siderophilen Elemente (HSE) Ru, Rh, Pd, Re, Ir und Pt bestimmt. Vor allem
aufgrund ihrer hohen Metall/Silikat-Verteilungskoeffizienten, ergeben sich fir die
Untersuchungen zu dieser Gruppe von Elementen einige experimentelle und analytische
Schwierigkeiten. Neben einer Verbesserung der experimentellen Technik ist es in dieser Arbeit
gelungen, geeignete Glasstandards herzustellen, die fur die Analyse von Spuren dieser Elemente
in Silikatmaterialien mittels LA-ICP-MS dienen konnen. Es konnte gezeigt werden, daf} die
Verteilungskoeffizienten aller dieser HSE sowohl mit zunehmendem Druck als auch
zunehmender Temperatur verringert werden. Die Form dieser Abnahme dhnelt dem Verhalten,
der siderophilen Elemete Ni und Co. Dabei konnen zwei Bereiche mit unterschiedlich starkem
Druckeffekt unterschieden werden: bei geringen Driicken < 6 GPa kann eine rasche Abnahme
der Verteilungskoeffizienten beobachtet werden, wahrend bei hohen Driicken nur noch eine
schwache Abnahme erfolgt. Dieser Effekt ist sehr wahrscheinlich auf Anderungen in der
Silikatstruktur in diesem Druckbereich zurtickzufithren. Um die Verteilungskoeffizienten, die mit
dieser Studie bestimmt wurden, fir quantitative Modellrechnungen verwenden zu koénnen,
mifiten zunichst Korrekturen vorgenommen werden. Dies ist notwendig, um die Ergebnisse
dieser Experimente, bei denen Konzentrationen einiger Gewichtsprozent fur die HSE in der
Metallegierung verwendet wurden, mit den Konzentrationen weniger ppm, wie sie fiir die
Legierung des Erdkerns relevant sind, vergleichen zu kénnen. Am Bespiel von Rh, fiir das die
notigen thermodynamischen Daten (konzentrationsabhingige Aktivititen des Elements in der
Legierung) verfiigbar waren, wurde eine solche Korrektur durchgefithrt. Dabei zeigte sich, daf3
fiir diesen Fall unbegrenzter Mischbarkeit keine wesentliche Anderung des beobachteten Druck-
und Temperaturtrends zu erwarten ist. Es ist deshalb anzunehmen, daf3 der Einflul3 von hohem
Druck nicht ausreichen wirde, um die HSE-Verteilungskoeffizienten gentigend stark zu
verringern, so daf} die Konzentrationen der HSE im Erdmantel erklirt werden kénnten. Ein
zusatzlicher Prozel3, beispielsweise die spite Hinzufligung von undifferenziertem Material,

scheint deshalb zur Erklirung notwendig zu sein.









Chapter 1

Introduction

The formation of the Earth’s metallic Fe-rich core as it separated from the silicate mantle was
one of the most important differentiation events in Farth’s history. The partitioning of elements
between the mantle and core determined the concentrations of many important elements in both
reservoirs. In particular core formation dictated the concentration of Fe in the mantle and
resulted in the presence of one or more light alloying elements in the Earth's core, which
influence the density of the core and may drive the geodynamo through compositionally-driven

convection.

Ratios of many elements in the Earth’s mantle indicate that the Earth likely formed from
material that was chemically similar to carbonaceous chondritic meteorites. However, in
comparison to such meteorites, the Earth’s mantle is depleted in many of the so-called
siderophile elements that are known to favourably partition into metallic Fe. Depletions of
siderophile elements in the mantle occurred as a result of core-mantle equilibration as the core
separated. Studies of short-lived isotopes indicate that this process occurred at about 30 million
years after the beginning of the solar system and over a time span of < 20 million years (Kleine et
al., 2002; Yin et al., 2002). For core formation to have been completed so quickly would have
required particular conditions favourable to the rapid separation of the metal from the silicate,
such as high temperatures and the formation of a significantly-molten mantle. The extent to
which certain siderophile elements were depleted from the mantle would have depended on the
conditions under which core formation occurred. An idea of these conditions can be obtained by
experimentally reproducing the partitioning of elements between metal and silicate under
controlled conditions and using these data to build models that simulate element depletions in
the mantle. In addition further information as to the likely speed and efficiency of core formation
and conditions of equilibration can be gained by examining the mechanism of metal-silicate
separation both theoretically and experimentally.

Understanding accretion and core formation on the Earth is key to explaining the diversity
between terrestrial planets and is crucial for determining the route by which Earth-like planets
evolve. It also sheds light on the nature of material from which the Earth formed, the
homogeneity of the solar nebula and the timing by which material was supplied to the Farth.
Core formation models can be broadly divided into two types. Homogeneous models propose
that the Earth formed from material which on average remained constant with time (i and Agee,
1996; Wade and Wood, 2005), whereas heterogeneous models argue for a change in the
composition of material as the Earth formed. Heterogeneous models therefore infer that changes

in composition due to nebula condensation processes were at least as important as the



1. Introduction

compositional implications derived from core-mantle partitioning. Whether the Earth formed
homogeneously or heterogeneously has many important implications for mantle geochemistry
and accretion conditions. If the Earth formed homogenously, for example, it becomes much
easier to estimate concentrations of volatile elements that are otherwise hard to estimate in the
Earth as a whole. The conditions implied by core formation also provide a starting point for
examining the early development of the Farth.

In this work metal-silicate element partitioning and mechanical separation mechanisms have
been studied experimentally in order to evaluate and test core formation models. Rather than
proposing a specific set of conditions under which the core and mantle fractionated, of which
there may be a great range, the data collected in this thesis are employed to place constraints on
conditions and processes that could have been important during the development of the core and
the mantle. In turn, this helps to identify processes and related core formation models that are

realistic.

1.1 The Geochemical Signature of the Earth

A number of studies have proposed an average bulk composition of the silicate part of the FEarth
derived from analyses of mantle xenoliths and mid ocean ridge basalts (Allegre et al, 1995;
McDonough and Sun, 1995). Based on mantle concentrations of elements that do not partition
into the core and were not lost from the Earth as a result of volatility, (i.e. lithophile, non-volatile
or refractory elements), it appears that the silicate portion of the Earth is chemically similar to
carbonaceous chondrites. Carbonaceous chondrites also display a range of volatile depletions and
fractionations due to nebular processes. However, the least-fractionated meteorites are CI
chondrites which have element ratios very similar to those of the solar photosphere. The ratios of
refractory lithophile elements in the Earth are also considered to be similar to those of CI
chondrites (Palme and O’Neil, 2003).

Fig. 1 shows the relative abundances of elements in the Earth’s mantle normalized to CI
chondrite and Ti, plotted against their condensation temperatures which were thermodynamically
determined by Wasson (1985). Several groups of elements can be distinguished that show
different degrees of depletion in the Earth's mantle. Elements such as Al, Ca, Ta and rare earth
elements are lithophile, i.e. partition preferentially into silicates over metallic or sulphide phases,
and are non-volatile or refractory. Consequently, these elements were not removed from the
mantle by a core forming liquid or by volatility and their concentrations are very similar to those
in the CI chondrites. Volatile elements on the other hand are depleted from the mantle in
comparison to CI either by fractionation as a result of partial condensation from the solar nebula
ot due to volatility during high temperature accretion. The degree to which volatile elements have

been lost from the mantle has been considered to be reflected by their 50 % condensation
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temperatures (Wasson 1985; Lodders, 2003). Plotting the element concentrations, as in Fig. 1, a

trend of increasing depletion is formed that is called the volatility trend (O'Neill and Palme, 1998;

Palme, 2000;).
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Fig. 1: Element abundances of the Eatth's mantle normalized to CI chondrite and Ti (data from Palme and

O'Neill, 2003). In general, siderophile elements have metal-silicate partition coefficients that are > 1 and were

therefore depleted from the mantle during core formation. They can be divided into three basic groups,

weakly siderophile (green symbols), siderophile (grey symbols) and highly siderophile (orange squares). All

blue symbols are lithophile elements. Transposed upon the effects of siderophile behavior is an additional

depletion trend resulting from volatile behaviour (all circle symbols), which is considered to be a broad

function of the 50 % condensation temperature (data from Wasson, 1985).

A large proportion of both refractory and volatile elements, however, are siderophile and have

been depleted from the mantle as a result of core formation. Refractory siderophole elements

such as W and Re are depleted from the mantle only as a result of core formation, while a large

number of elements are depleted as a result of being both volatile and siderophile. Many elements

are also indicated in Fig. 1 as transitional in character between refractory and volatile meaning

that a minor degree of their depletion from the mantle may result from volatility. Siderophile

elements are also divided into three groups based on their 1 bar metal/silicate partition

coefficients: weakly siderophile (e.g. V, Cr and Mn), siderophile (e.g. Ni, Co, W) and highly

siderophile (e.g. Pt, Ir). Weakly siderophile elements will partition into metallic Fe but only at

very reducing conditions where the equilibrium silicate phase will be strongly depleted in Fe.
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Siderophile elements, such as Ni and Co, are depleted from silicates even at redox conditions
where the silicate retains a significant portion of Fe, such as that found in the present day mantle.
Highly siderophile elements (HSE's) are strongly depleted from silicates under all redox
conditions where Fe-rich metals are stable.

The depletions of siderophile elements in the mantle are not compatible with metal-silicate
element partitioning at a single set of conditions at low pressure (Ringwood, 1979; Winke 1981;
O’Neill, 1991; Wade and Wood, 2005). The mantle depletions of weakly siderophile elements,
such as V or Cr for example, would have required core-mantle equilibration at very reducing
conditions where siderophile elements such as Fe, Ni and Co would have been much more
depleted from the mantle than they actually are. In addition, Ni and Co 1 bar partition
coefficients should have resulted in much more Ni being depleted from the mantle in
comparison to Co, whereas they are present in the mantle in a nearly unfractionated chondritic
ratio. Core-mantle equilibration should have also depleted highly siderophile elements from the
mantle to a greater extent and by differing degrees when compared to each other. HSE's are not
only overabundant in the mantle when compared to their 1 bar partition coefficients but are
present in broadly chondritic relative proportions. The disagreement between 1 bar partition
coefficients and siderophile element concentrations in the mantle is often referred to as the
"excess siderophile element problem". Resolving this paradox is the main challenge of the models

that have been developed to describe core formation.

1.2 Core Formation Models

A number of models have been proposed to explain the depletions of siderophile elements in the
mantle. A successful model of core formation needs to also explain the presence of
approximately 10 % of light alloying elements in the Earth's outer core that are known to exist
from geophysical observations (Birch, 1964; Jeanloz, 1979, Mao et al. 1990). While many early
models were developed only to address the geochemical aspects of core formation (Wanke,
1981), more recent models (Righter, et al., 1997; Wade and Wood, 2005) have also attempted to
consider constraints from geophysical modelling of giant impacts, mantle melting and melt
separation (Wetherill, 1985; Stevenson, 1990; Chambers, 2003; Rubie et al, 2003; Canup, 2004)

Core formation models can be categorised into two end member types. Hetrogeneous models
argue that the material from which the Earth formed changed with time from initially very
reducing to more oxidised. Homogeneous models, on the other hand, argue that the Earth
formed from material of constant composition and redox state but that equilibration at high
pressures and temperatures at the base of a deep magma ocean rendered metal-silicate partition
coefficients suitable for the attainment of the present day mantle abundances. Early

heterogeneous models employed low pressure metal-silicate partitioning data as high pressure

10



1. Introduction

data were not available. Many of these models therefore ignored the possibility that a deep
magma ocean may have formed. The latter is an important component of homogeneous models,
a number of which were proposed in the 90s (Li and Agee, 1996; Righter and Drake, 1997;
Righter et al., 1997) as high pressure and temperature experiments started to be performed in this
field.

Heterogeneous accretion models suggest a multi-stage equilibration process during which the
composition of the accreting material changes in oxygen content, presumably as a result of
different reservoirs within the accretion disk being tapped at different times. In the 2-stage core
formation model of Winke (1981) a period of early accretion occurs involving volatile-poor,
reduced material (component A in Fig. 2) from which all elements more siderophile than Fe
would have been completely extracted to the core. Moreover, even some slightly siderophile
elements would have partitioned into the metal, thus explaining the depletions of V, Cr, Mn and
also Si from the mantle. Si is then the major light element in the core. In the second stage,
oxidised and volatile-bearing material (component B) that contained no metallic Fe was accreted
to the mantle. As a result of the material being so oxidised that it contained no metal, no core
formation takes place but the pre-existing reduced mantle and the accreting oxidised material mix
efficiently to form the present day mantle. In the first stage of the model the siderophile elements
are almost completely extracted from the mantle and even the weakly siderophile elements
experience some depletion. The siderophile abundances of the mantle are then established by
mixing in the oxidised Cl-like material in the second stage that undergoes no core formation and

thus retains chondritic relative proportions of the siderophile elements Ni, Co and also W.

Component A Component B (Cl)
reduced oxidized +
volatile free volatile elements
® @
® ® ()
®
@ .
O} * . .
®
® ®
® @
© o ® o
© ()
Courtesy of Dan Frost

Fig. 2: Schematic diagram showing the two major steps of the low pressure accretion process as

proposed with the heterogeneous core formation model of Winke (1981). For details see text.
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1. Introduction

O’Neill (1991) recognised that the model of Winke (1981) would have left HSE's overly
abundant in the mantle and he therefore proposed a modified model in which two final steps in
the heterogeneous process were added (Fig. 3). In the second oxidised stage (B) of the model,
which O’Neill (1991) associated with the moon forming-impact, the accreting Cl-type material
contains no Fe metal but does contain sulphide which separates to the core (C). The proportion
of the sulphide phase, which O’Neill (1991) termed the "Hadean Matte", is not sufficient to
fractionate siderophile elements but does effectively extract HSE's from the mantle. In a final
stage, a so-called "late veneer" of highly oxidised material that contained no core-forming metal
nor sulphide accreted and mixed with the mantle providing HSE's in broadly chondritic relative
proportions.

Heterogeneous models are quite robust as they have a number of steps that can be adjusted in
terms of proportions of material and redox state until a satisfactory match to the mantle is
achieved. These models are pootly constrained by the observations, however, and therefore their

ability to predict conditions during core formation is limited.

A Accretion of reduced (B) Large impact event
volatile free material Cl material added
®
®@ © ° o
® .
Siaaed ® ,
® Qi
. (I ®
o Soietesi) o Moon
® ®
©
®
(C) “Hadean Matte”: (D) Late veneer
Sulphide liquid 1 % chondritic material

separates to the core

Courtesy of Dan Frost

Fig. 3: Core formation model of O’Neill (1991). The first two stages are similar to the model of
Winke (1981) except that component (B) is associated with the accretion of matetial during the
impact that formed the moon. In stage (C) sulphide liquid termed the Hadean Matte separates
to the core removing HSEs from the mantle. In the final stage (D) approximately 1 %

chondritic material is added to the mantle to provide the present day mantle HSE abundances.
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Homogeneous models, on the other hand, propose that the Earth accreted from material with a
broadly constant composition and redox state, but argue that core-mantle equilibration occurred
at high pressures and temperatures where element metal-silicate partition coefficients can explain
mantle abundances (Li and Agee, 1996; Righter and Drake, 1997). Such models draw support
from a number of geochemical and geophysical arguments. Accretion is considered to occur
from a well-mixed reservoir of material that therefore will have retained a constant composition
over time (Righter et al., 1997). Some geophysical studies have predicted extreme temperatures at
the Earth's surface during the sustained bombardment of accretion (Stevenson, 1990; Abe, 1993).
High temperatures would have substantially melted the Earth's interior producing a deep magma
ocean. Metal and silicate melts are assumed to have equilibrated at the base of the magma ocean

at high pressures and temperatures (Fig. 4).

Proceeding accretion - depth of the magma ocean remaining constant

Magma Ocean

Courtesy of Dan Frost

Fig. 4: Homogeneous core formation model of Righter et al. (1997) proposing the accretion of
material of constant composition and the existence of a deep magma ocean. As the Earth
grows, lower mantle minerals crystallize at the bottom of the magma ocean forming a solid
lower part whereas continuing bombardement and related heat supply preserve the magma
ocean. The metal portion of the accreted material rains out through the magma ocean and
ponds at its base where it equilibrates with the silicate melt before sinking as large diapirs

through the solidified lower mantle without further chemical re-equilibration.

The main geochemical evidence in support of homogeneous accretion comes from the effect of
pressure on the partition coefficients of Ni and Co. At room-pressure metal-silicate equilibration
would extract far more Ni from the mantle than Co, which is inconsistent with their
unfractionated chondritic ratio in the mantle. However, high pressure experiments have shown
that Ni becomes less siderophile with increasing pressure to a greater extent than Co and that the
Ni and Co partition coefficients would converge at high pressure to a value consistent with the
Ni/Co ratio in the mantle. Li and Agee (1996) proposed this would be at approximately 25 GPa,
however other studies have argued for substantially higher pressures (Gessmann and Rubie, 2000;
Chabot et al., 2005; Kegler et al., 2007) and all studies to date require extrapolation of data to
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determine the convergence pressure of Ni and Co partitioning. The partitioning behaviour of Ni
and Co lead to the proposal of the existence of a magma ocean with pressure and temperature at
its base remaining relatively constant throughout accretion (Li and Agee 1996; Righter and Drake,
1997). The metal component of accreting material rained out through the magma ocean, and
accumulated and equilibrated at its base, before descending as diapirs through the remaining solid
silicate mantle underneath (Fig. 4). The diapirs were of sufficient size that further chemical re-
equilibration with the solid mantle was minimal (Karato and Murthy, 1997; Walter et al., 2000).

Instead of basing their core formation model only on Ni, Co and Fe concentrations in the
mantle, Wade and Wood (2005) tried to additionally match the concentrations of Si, V, Mn and
W. They found that a single set of pressure, temperature and redox state could be identified for
core-mantle equilibration that produced the required mantle element concentrations but the
required temperature was far above the peridotite liquidus, meaning that these conditions could
not correspond to the base of a magma ocean. They also argued that a magma ocean of constant
depth was quite unlikely during core formation. They reasoned that as the Earth grew the bodies
colliding with the Earth also increased in size. The more energetic collisions would have led to a
magma ocean which increased in depth with time and resulted in an increase in the pressure and
temperature of metal-silicate partitioning. They then modelled the effects of core-mantle
equilibration at conditions of increasing pressure along the peridodite liquidus. The Earth was
considered to form by 100 accretion steps where the accreted metals equilibrated at the base of a
magma ocean that increased in depth with time. However, in this model it was impossible to
match mantle concentrations of weakly siderophile elements such as V and Cr at the same redox
conditions at which the mantle Ni and Co abundances were attained. A satisfactory match to the
mantle concentrations of all elements could only be obtained if the oxygen fugacity of
equilibration increased from initially reducing conditions to more oxidising conditions towards
the end of core-mantle equilibration. In this respect, this concept is similar to the traditional
heterogeneous models (Winke, 1981; O’Neill 1991).

Existing models therefore seem to indicate that mantle depletions of weakly siderophile
elements such as V and Cr could not have resulted from metal-silicate equilibration at the same
redox conditions as siderophile element depletions. This seems to be a strong argument in favour
of heterogeneous accretion. In addition, to date the existing experimental studies seem to indicate
that HSE abundances in the mantle cannot be explained by high pressure and temperature
equilibration in a magma ocean (Holzheid et al., 2000) and a late stage accretion of material that

did not separate to the core, termed the 'late veneer', seems to be required.
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1.3 Geochemical Constraints from Liquid Metal - Liquid Silicate

Partitioning Behaviour

The compositional variables in heterogeneous core formation models are pootrly constrained by
the observed element depletions in the mantle. Testing the likelihood that the Earth formed from
heterogeneous material rather than from a homogeneous composition at a specific set of as yet
undetermined pressures and temperatures is difficult. However, a major implication of most
heterogeneous models is that an initial reducing stage of core-mantle equilibration occurred
where V, Cr and Si were extracted to the core. If some independent method can be found to test
the most reducing conditions plausible for core-mantle equilibration then some constraints can
be placed on the effectiveness of heterogeneous models in explaining Earth’s composition.
Placing such constraints is important for a number of other reasons. Several particularly
significant elements, such as U or Hf, could have potentially entered the core at very reducing
conditions. In addition, the nature of the light element in the core will have been influenced by
the redox state of core formation with Si being favoured at reducing conditions and O at more
oxidizing conditions. Some heterogeneous models also propose that metal-silicate partitioning
occurred only in smaller planetisimals at lower pressure and they do not require the existence of a
deep magma ocean. For this to have been the case, however, particulatly reducing conditions

would have been required.

The minimum fo, attained during core formation can be determined by examining the

partitioning behaviour, principally as a function of fo,, of elements that have cleatly not been
depleted from the Earth's mantle as a result of core formation. Among the lithophile elements
the element with the most siderophile tendency therefore places the tightest constraints on the
redox state during core formation. Refractory elements are preferable in this respect because the
bulk Earth concentration of volatile elements is more uncertain. Identifying such element
behaviour can be enormously guided by examining thermodynamic data on metal-oxide
reactions. The partitioning of Fe and an element M between metal and silicate melt can be

described using the redox exchange reaction:

MOn+%Fe=M+gFeO (1]

2

where n is the valence of the element M. The free energy change of the reaction which is zero at

equilibrium is written:

metal silicate metal silicate >
AGpr =AG’ + RT In [X“ InSat + RT ln[ = Jlvics ]2 2]
[t ][ it e I

)=
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AG'is the free energy change of the reaction involving the pure components at 1 bar and the
temperature of interest and is calculated from the free energy of formation (AfGo) of each metal

oxide from the elements by:
AGongfGO(FeO) - AG (MO,) 3]

Moreover, a distribution coefficient K, (Righter and Drake, 2003) can be defined for the redox
exchange reaction of equation [1] from the mole fractions X of the elements and the oxides in
the metal and the silicate phase respectively:
metal silicate >
Xreo |?
o, = D |
[l ] [ ]2

In this way K, can be predicted using thermodynamic data for the pure oxides and data on the

activity coefficients y of the elements and the oxides in liquid alloys and silicate melts. The
activity coefficients account for the difference in atomic environment in the liquid silicate or
metal alloy compared to the pure components and will ultimately account for the differences
between measured partition coefficients and those estimated with equation [4]. In Fig. 5 K, has
been estimated for a range of metal oxides using thermodynamic data from the literature (Chase
et al. 1998) and setting all activity coefficients to 1. When compared to available experimental
data Fe-metal/silicate pattitioning behavior is well predicted by equation [3] with known
siderophile elements having K, > 1, weakly siderophile elements having K, < 0.1 and lithophile

elements < 107,

In general, thermodynamic data for the oxides predicts that siderophile character increases
across each transition metal row. The first weakly siderophile element appearing on the first row
is V, which is in the same column as Nb and Ta. Nb is also known to be weakly siderophile and
is also slightly depleted from the mantle and Ta and Si are predicted to be the next most
siderophile elements. Figure 5 shows that elements to the left (T1, Zr and Hf) and right (Cr, Mo,
W) of this column are both more lithophile and more siderophile respectively. Lanthanide and
actinide elements are all predicted to be strongly lithophile and metals in groups 3 and 4 are
generally quite volatile except for Al which is shown in Fig. 1 to be more lithophile than Si or Ta.
Therefore, based on 1 bar thermodynamic data, Ta is predicted to have the largest siderophile
tendency of any element that is clearly not depleted as a result of core formation or volatility
from the Earths mantle. Ta is also of interest because it is predicted to have similar siderophile
tendencies to Si, which is often proposed as a light alloying element in the core. Core formation
models that propose conditions where Ta is depleted from the mantle while extracting slightly
siderophile elements such as V and Cr can therefore be excluded. Similarly, as depletions of Nb
in the mantle are relatively small (< 15 %) any conditions that result in strong depletions of Nb

can also be discounted.
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The least depleted volatile elements might also be used to constrain core formation conditions.
As shown in Fig. 1, Li, Ga, Na, F, Zn follow a broad trend of increasing depletion with 50 %
condensation temperature which is often taken to indicate that these elements were also only
depleted from the mantle as a result of volatility. Thus, conditions where any of these elements
would be strongly depleted from the mantle during core formation can also be excluded. In
heterogeneous models volatile elements are also considered to accrete in later, more oxidised
stages. Examining likely fractionations of volatile elements as a result of core formation can place
constraints on the timing of volatile element accretion and be used to evaluate the degree to

which volatile elements accreted heterogeneously.
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Fig. 5: Comparison of the liquid metal - liquid silicate distribution coefficient Kp of
Fe relative to several elements considered to be lithophile (Kp < 10-), weakly
siderophile (Kp < 0.1) and siderophile (Kp > 1) at 1 bar plotted as a function of
temperature. Exceptions like Pb and K are discussed in the text. All activity

coefficients are set to 1.

17



1. Introduction

1.4 Mechanical Separation Processes of Core Forming Liquids

A central issue in the context of planetary core formation is the mechanism by which core
forming Fe-rich metal separated efficiently from the silicate mantle. The nature of this process is
important because it will have influenced the time duration of core formation and the

geochemical signatures of the two resulting reservoirs (Stevenson, 1990; Poirier, 1994).

A number of arguments support the idea that metal-silicate separation occurred through the
formation of a terrestrial magma ocean that allowed metal to pond at its base and sink through
the underlying solid mantle as diapirs (Stevenson, 1990; Li and Agee, 1996; Righter and Drake,
1997; Rubie et al., 2003). In such a model, metal-silicate equilibration would occur at the base of
the magma ocean but reequilibration during the passage of the liquid metal through the
underlying solid mantle would be minimal (Karato and Murthy, 1997). A further mechanism that
may have significantly aided the relatively rapid process of core formation on terrestrial planets is
the percolation of liquid metal through solid silicate mantle (Stevenson, 1990). Percolation is an
attractive mechanism to explain core formation on small bodies where temperatures during
accretion may be below the silicate liquidus and for larger bodies, such as the Earth, in the later
stages of accretion, when a significant portion of the mantle may have been crystallised. In both
cases percolation could have drastically influenced the geochemistry of the core and mantle
because in contrast to liquid metal separating as large diapirs, percolative flow would allow re-
equilibration of core forming liquids during their entire transit through the solid mantle.

In texturally-equilibrated solid-liquid systems the occurrence of percolative flow is largely
controlled by the melt fraction and the solid-solid (y,,) and solid-liquid (y,) interfacial energies of
the phases involved (von Bargen and Waff, 1986). The ratio of the interfacial energies determines
the geometry of a melt pocket in a solid matrix by controlling the contact angle between the melt
and the confining grains (Fig. 6), known as the dihedral angle 8 (Bulau et al., 1979; Laporte and
Provost, 2000):

T = 2 cos % [5]

If the dihedral angle 0 is below the so-called wetting boundary of 60° an interconnected melt
network can be formed and melt can migrate through the solid matrix independently of the melt
fraction. If, on the other hand, 0 > 60°, melt will be confined to disconnected pockets unless a
critical melt fraction (approximately 6 %) is exceeded. In the latter case, percolation can occur;
however, the melt will not be completely removed from the matrix because a pinch-off melt
fraction will be reached where a certain quantity of melt, slightly below the critical melt fraction,
is trapped at grain boundaries (von Bargen and Waff, 1986; Yoshino et al., 2003). Therefore, only
in cases where 8 < 60° can core separation by percolation through a solid silicate matrix be

completed efficiently.
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Fig. 6: Sketches illustrating the definition of the dihedral

angle 0 and the wetting boundaty (from Stevenson,
1990).

a) In a 2 D section across a melt pocket 0 is the contact

angle between the melt and two confining grains.

b) 3 D view of single grains, the neighbouring grains
removed: below the critical value of 60° for 0 the melt
is distributed along grain edges forming an inter-
connected network, whereas above this wetting

boundary the melt is trapped in pockets at three grain

contacts.

1.5 High Pressure - High Temperature Experimental Techniques

The major method employed for high-pressure experiments for both the wetting behaviour and
the metal-silicate partitioning studies is the multi-anvil technique. Details on this well-established
high-pressure technique, pressure calibrations for different systems and temperature
measurement can be found in Kawai and Endo (1970), Walker et al. (1990), Rubie (1999), Frost
et al. (2004) and Keppler and Frost (2005). The apparatus works with a hydraulic press that
generates a large uniaxial force which is transformed to a quasi-hydrostatic pressure by a system
of 6 outer steel and 8 inner tungsten carbide anvils of cubic shape (Fig. 7). The cubic
arrangement of the 8 inner anvils which are each truncated to form a triangular face at the corner
pointing towards the centre of the cubic set, leaves an octahedron-shaped gap in which the
pressure cell is placed. This octahedral pressure medium consits of MgO doped with 5 wt%
Cr,O; which becomes mechanically weak at high temperatures thus producing a quasi-hydrostatic
pressure on the sample at its centre. It also contains a LaCrO; heating element and a
thermocouple.

By applying different endloads with the hydraulic press and combining different edge
truncations of the cubic anvils with various octahedral edge lengths, a broad pressure range up to
26 GPa can be covered. In this study, presses capable of producing maximum endloads of 500,
1000, 1200 and 5000 tonnes have been used. The typical configuration for the inner pressure cell
and the cubic anvil truncation was a so called 18/11 assembly, meaning a 18 mm edge length for
the octahedron and a 11 mm edge length for the triangular truncation, which was employed to
attain pressures of 6 and 18 GPa in the 500 and the 5000 tonne presses respectively. For higher
pressures of 20 and 24 GPa, 10/5 and 10/4 assemblies were used. For this study the routinely-
used pressure calibrations for the different presses at BGI were employed. Such calibration

curves are based on univariant phase transitions at known pressures and temperatures that are
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observed in test runs and that can be related to the applied load of the press. In the temperature
range of 1000-1900°C well defined phase transitions in SiO,, Mg,SiO,, CaGeO,, and MgSiOj; ate
typically employed for calibrations. In Frost et al. (2004), details of the pressure calibration of the

5000 tonne press can be found.

While the maximum pressure on the sample cannot be increased using the higher load of the
5000 tonne press (18 GPa with a 18/11 asembly), the advantage of this press is that it allows a
larger assembly and thus a larger sample volume to be used at a given pressure when compared
to the 1000 and 1200 tonne presses. In this way the same 18/11 assembly could be used for
experiments at 6 and 18 GPa, providing the same sample environment and enhancing
consistency between the experiments. The larger volume additionally provides the possibility to
reduce thermal gradients within the sample and increases the accuracy of the temperature
measurement (Frost et al., 2004). This can also be improved with the stepped LaCrO; heaters
(Rubie, 1999) of the 18/11 assemblies.

WC cubes

AN

pyrophyllite
gaskets

courtesy of BGI

the octahedral sample
cell is placed in the centre
of the set of cubes

Fig. 7: The 1200 tonne multi-anvil press at BGI (right side). The image to the left displays a set of
tungsten carbide cubes (corners are truncated), where one has been removed to show where the
octahedral pressure cell is placed in the centre, sealed with the pyrophyllite gaskets that also work as

spacers between the cubes.
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The cross section of Fig. 8 gives details of the internal structure of the pressure cell. It consists of
an array of cylindrical-shaped pieces made of different materials in order to fulfill different
functions. In this study the samples were contained in graphite or MgO single crystal capsules
(see below) of 2.3 -2.5 mm length and with outer diameters of 1.6 - 2 mm. In some cases the
graphite capsules were wrapped in Re foil for protection on recovering the run products and in
all cases capsules were insulated from the electrically conducting parts by an MgO sleeve and
MgO spacers at the top and the bottom. For heating, the sample is surrounded with a tubular
resistance heater of LaCrO; which is connected by Mo disks with the WC cubes. Electrical power
is connected to the outer steel anvils but guided through the cubic anvils along the sample axis
only. A ZrO, sleeve around the LaCrO; heater serves as thermal insulation. When placing the
pressure cell within the cubic WC anvil set, it is sealed with pyrophyllite gaskets that help in
confining the pressure medium under high pressures and temperatures (Fig. 7).

In a typical experiment, the assembly is slowly brought to the desired pressure at room
temperatute, then heated at a rate of about 100°C/min. Above 2000°C the heating rate was faster
in order to avoid too much reaction of the sample with the capsule material (see below) before
reaching the final temperature. An experiment is quenched rapidly by switching off the electrical

power to the furnace. Decompression was performed gradually over a period of 15-17 hours.

Alumina cement
and pyrophyllite

4:::::::{: J\ Iml

Thermocouple

MgO + 5 wt% Cr,0,
pressure cell
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T Molybdenum

ZrO,
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Fig. 8: Schematic cross-section of a typical pressure cell for multi-anvil experiments

(18/11 assembly). See text for details. Modified image, couttesy of Dan Frost.
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To monitor temperature during each experiment, a thermocouple is inserted axially at one end of
the capsule (Fig. 8). For experiments where high temperatures of 2000 - 2600 °C are employed,
Wy;Re; - WosRe,; thermocouples (type D) with high melting points are most suitable. The effect
of high pressures and temperatures on the electromotive force (emf), on which the calibration of
the thermocouples is based, is not well known and temperature readings at such conditions could
underestimate the real temperature. In this study no corrections of the thermocouple emf have

been performed.

Employing run temperatures < 1850°C using 18/11 assemblies, as in the study of chapter 2,
we found the precision of the thermocouple temperature reading within < 100 °C. At
temperatures above 2000°C applied for the liquid metal - liquid silicate partitioning experiments
(chapters 3 and 4) the thermocouple reading is usually less reliable. For isothermal experiments
we therefore always employed the same power value. At maximum temperature the
thermocouple reading usually starts dropping after the first 10 s whereas power and voltage
stayed constant indicating stable conditions. One reason for this effect could be that Re starts to

diffuse between the two thermocouple wires at these temperatures thus lowering the emf and

consequently the indicated temperature. By extrapolation for temperatures = 2300°C and in cases
where thermocouples failed the temperature was estimated from the temperature versus power
relationship derived from the most stable thermocouple readings. The temperature - power
calibrations for the 18/11 assemblies from experiments at 18 GPa in the 5000 tonne press ate
shown in Fig. 9. According to the observed temperature ranges the uncertainty on the run
temperature is about = 150 °C. The same value for the uncertainty was also observed applying
this method on runs in 18/11 assemblies at 6 GPa, and on those using 10/4 and 10/5 assemblies.
For the latter, two results from previous experiments performed at BGI using the same cells were
included due to the small number of experiments of this study. One should note that in the
smaller 10/5 and 10/4 assemblies with a straight LaCrO; heater the thermocouple reading
represents the temperature at a certain position along the thermal gradient rather than at where
the sample is placed. Previous studies have shown that for the 10/4 assembly the thermal
gradient is about 170 °C/mm at 1650°C. For the much higher temperatures involved in our

experiments (> 2000°C) we therefore have to assume thermal gradients of at least 200 °C/mm.
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Fig. 9: Temperature versus electrical power relationship for experiments
run in 18/11 assemblies at 18 GPa in the 5000 tonne press. Experiments
from liquid metal - liquid silicate partitioning studies of chapter 3 (run

numbers A) and chapter 4 (run numbers D) are included.

For experiments performed at 2 GPa, piston cylinder apparatus has been employed. A review of
this high pressure technique is given in Keppler and Frost (2005). Pressure was applied according
to the routinely used pressure calibrations at BGI. A cylindrical sample cell assembly is placed
into a steel ring (bomb, inner ring WC), covered on top, that holds the sample in place while an
uniaxial force is applied with a hydraulic pump by pushing a piston (WC) from the bottom into
the ring. In order to achieve high pressures of 2 GPa an endload additionally compresses the
bomb from the top. The cell assembly (1/2 inch diameter, 35 mm long) contains several
concentric tubes that, going from outside to the centre, serve as pressure medium (talk and pyrex
in this study), heating element (graphite in this study) and a holder that insulates the sample inside
from the heater (crushable alumina or MgO). In all cases the same capsules as in the multi-anvil
experiments were used (see below and the following chapters). As they deviate in size and
material from routinely used welded Pt capsules, the sample holders had to be adjusted. Details
of this can be found in chapter 3. Inside the sample cell (within the heater tube), two plugs of
crushable alumina on top and bottom work as pressure transmitting medium. The graphite heater
tube has a larger wall thickness in the middle part that helps reducing the thermal gradient along
these, compared to multi-anvil cells, relatively large assemblies. The thermocouple in these
systems is inserted from the top and placed deep into the cell, close to the sample. Both type B
(Pt-Pty;Rh;5) and type D (see multi-anvil experiments) thermocouples have been employed. As
reference and control for the temperature, previously-performed temperature - power

relationships for the same conditions (2 GPa, 1600-1750°C, 1/2 inch assembly) were used.
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High pressure and temperature experiments can be used to measure the partitioning of elements
between silicate melt and liquid Fe-rich metal. In this way core formation conditions can be
identified at which appropriate concentrations of siderophile elements in the Earth’s mantle
would have been obtained. In order to build and test models of core-mantle equilibration in a
magma ocean, element partition coefficients need to be determined as a function temperature,
pressure and oxygen fugacity; however, additional chemical variables such as S content and melt
composition may also be important.

The metal-silicate partitioning experiments use synthetic starting powders of suitable
composition to produce an ultramafic peridotitic melt with a composition similar to that of the
bulk silicate Earth and an Fe-Ni rich metal. Minor amounts of siderophile elements are then
added such that their partitioning between final metal and silicate can be measured. Due to
detection limits of analytical techniques minor elements must be generally added in much greater
quantities than their concentrations in the mantle. If very high concentrations of such elements
are dissolved in Fe metal their activities may influence the partition coefficients and the "Henry's
Law" region of compositionally-independent partitioning may no longer apply. For this reason it
is appropriate to examine siderophile element partitioning in a series of experiments where only a
few siderophile elements (4 -5) are doped at the 1 % level in each composition. The oxygen
fugacity of an experiment is varied by reducing the FeO content of the silicate melt to achieve
very reducing conditions by adding Si as metal rather than SiO,. Oxygen fugacity can also be
varied by employing variable amounts of the highly siderophile elements in the metal, as has been

done in the study of chapter 4.

A major problem in metal-silicate partitioning is encapsulating the liquids. Metallic liquids
react with metal capsules that are used in many other types of high-pressure experiments and
silicate liquids react with ceramic capsules. Graphite has been frequently used as it has limited
reaction with silicates and metals. However the solubility of C in Fe metal is still high and can
influence partitioning of some siderophile elements by affecting their activities in Fe metal (Wade
and Wood 2005). Ceramic capsules, such as Al,O; and MgO, result in increased levels of these
oxides in the silicate melt. In addition, silicate melts can wet and percolate through polycrystalline
ceramic capsules. One technique is to employ a single crystal MgO capsule which has no grain
boundaries along which melts can percolate. Although MgO will still dissolve in the silicate melt,
the effect on partitioning can potentially be quantified. The use of both MgO and graphite
capsules at similar conditions can help to identify the contamination problems of both types of

capsules.
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1.6 Aims of this Study

By experimentally addressing several aspects and processes relevant to core formation the aim of

this study was to test and evaluate different accretion scenarios for the Earth.

If the surface tension of Fe-rich melts in a matrix of solid silicate minerals was significantly
lowered by the presence of an alloying component, this would give support to the idea that
percolative metal separation could have played a role during differentiation of some planetary
bodies without employing large-scale melting processes. Among the proposed light elements in
the core which could possibly have concentrations in the metal high enough for percolation to
become effective, the influence of S, O and C has been studied but data on Si are missing so far.
As a significant amount of Si can enter the Fe-rich metal melts at low oxygen fugacities, the
wetting characteristic of such alloys in a typical mantle mineral matrix has been studied for a
range of Si concentrations and high pressures and temperatures in order to evaluate percolation

as a relevant core formation process under reducing conditions (Chapter 2).

A plausible core formation model should be consistent with all element abundances observed
in the mantle. According to many proposals, this signature is set by the metal -silicate partitioning
behaviour of the elements while both phases were in the molten state thus assuming larger
melting events and the existence of magma oceans during accretion and core formation on
planetary bodies. While these models work with various pressures and temperatures, most of
them have to employ quite reducing conditions at least for some period during metal-silicate
equilibration to explain the depletions of weakly siderophile elements like V, Cr or Si. However,
such conditions could also result in the preferred metal-partitioning of elements that are not or
are only weakly-depleted in the mantle, like Ta and Nb. Moreover, this could lead to the
additional extraction of several elements that are assumed to have experienced volatile depletion
like Mn, Ga, In or Zn. Though the latter group is less well defined in their actual mantle
concentrations, significant deviations from the required partition coefficients should be identified
for all these elements and they can therefore be used to set constraints on the reducing stage of
core formation models, because any conditions that would lead to their strong depletion can be
excluded. The number of high-pressure, high-temperature experimental data for such indicator
elements, especially for Ta, Nb and Ga, and their relative partitioning behaviour in comparison
with weakly siderophile elements is very low and to date no data exist for Zn and In. The aim of
this study was to extend the existing data base for the partition coefficients of these elements and
to examine their behaviour relative to the weakly siderophile elements Cr, V, Si and Mn. Defining
relationships for the dependence of the partitioning of each of these elements on pressure,
temperature and oxygen fugacity allows us to simulate their behaviour under conditions
suggested by the respective core formation model. Finally, this enables us to critically evaluate

such models and place constraints on certain parameters that they involve. (Chapter 3).
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The metal-silicate partition coefficients of the highly siderophile elements, experimentally
determined at 1 bar, are extremely high which is inconsistent with their presence in the mantle.
By determining their partitioning behaviour at high pressures and temperatures this study has
tried to evaluate whether metal-silicate equilibration in a deep magma ocean is a plausible
explanation for their apparent overabundance. This is one possible theory which has to date not

been extensively tested due to the experimental and analytical difficulties involved (Chapter 4).
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Chapter 2

The Wetting Ability of Si-bearing Liquid Fe-alloys in
Solid Silicate Mantle Matrix

2.1 Previous Work
Pure liquid Fe has a high dihedral angle (> 100°) in silicate assemblages (Jurewicz and Jones,

1995). However, in addition to Ni it is known that the Earth’s core also contains approximately
10 % of