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ABSTRACT

From the Earth to asteroids, numerous rocky bodies in our solar system are believed
to have a metallic core at their center. However, due to the inaccessibility of these cores,
fundamental issues, such as the composition of the cores or the processes of core
formation and core evolution, are not well known. I have conducted both theoretical and
experimental geochemical studies which have improved our understanding of the cores
of terrestrial planetary bodies.

The radioactive decay of K is an important planetary heat source, but the
distribution of K in terrestrial planetary bodies has been debated. My experimental
work, which examined the solubility of K in metal, shows no evidence for K to be an
important heat source in metallic cores.

The element pairs of Ag, Pd and Re, Os have been used to date core formation and
core evolution events in our solar system. My experimental determination of the
partitioning behavior of these important elements can be used to better understand their
distribution in iron meteorites, our only samples of planetary cores.

Simple fractional crystallization of a metallic core cannot explain the elemental
trends observed within iron meteorite groups. I have developed a crystallization model
which suggests slight inhomogeneities and mixing in the molten core were important
during core evolution.

As a metallic core crystallizes, liquid immiscibility may be encountered, which

could significantly affect the subsequent evolution of the core. My experimental work
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suggests the role of liquid immiscibility during the crystallization of a metallic core is
significantly smaller than the published phase diagram implies.

These four topics, though each an independent project, together provide insight into
the nature of the cores of terrestrial planetary bodies and the processes which affect

those cores.
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CHAPTER 1

INTRODUCTION

1.1 Cores in our Solar System

The term terrestrial planetary bodies is used to refer to objects which resemble
Earth. Like the Earth, a significant portion of a terrestrial planetary body is composed of
silicate rocks. Also like the Earth, most terrestrial planetary bodies are believed to have
metallic cores at their centers.

Information about the cores of terrestrial planetary bodies is significantly limited
due to the inaccessible location of the cores. The majority of the information about the
Earth's core comes from seismic studies. By observing how waves are reflected and
refracted, one can determine various properties about the material through which the
waves are propagating. Using seismology, a core's size, structure, and density can be
determined. Information about the state of the core, whether it is solid or liquid, can also
be obtained. Although seismic studies could also be used to determine the interior
structure of other terrestrial planetary bodies, the majority of information about the
cores of other planetary bodies comes from spacecraft missions. By noting the effect
that a body's gravity has on the spacecraft, information can be deduced about the
distribution of mass within the planetary body. This method has been used to determine
the presence of metallic cores in other terrestrial planetary bodies, along with the

approximate sizes of these cores.



15

Though the generation of planetary magnetic fields is not fully understood, the
presence, or lack, of an internally-driven magnetic field has also been used to infer
properties of the cores of planetary bodies (e.g. Stevenson et al., 1983). The Earth has a
magnetic field which is believed to be powered by convection in the outer molten
portion of the metallic core. It has been argued that without an actively growing solid
inner core, convection, and consequently the magnetic field, would not currently be
maintained. In the past, when the planets were hotter, thermal convection could be
maintained in a fully molten core and a magnetic field could be produced (Lister and
Buffett, 1995; Buffett et al., 1996). However, the interior temperature of a terrestrial
planet is believed to no longer be high enough to drive convection by itself. Thus,
planetary bodies which are observed to have cores but no magnetic fields are often
believed to have cores which are either entirely molten or lack a significant molten
portion.

The other information we have about the cores of terrestrial planetary bodies comes
from iron meteorites, some of which are believed to be samples of the disrupted
metallic cores of asteroid-sized bodies (Scott, 1972). Iron meteorites thus offer a unique
opportunity as the only samples we have from any planetary cores. Studies of iron
meteorites indicate cores formed in asteroid-sized bodies early in the history of the solar
system, ~4.56 billion years ago (Horan et al., 1998). After ~100 million years, all the
cores which the iron meteorites represent had completely solidified (Smoliar et al.,

1996; Shen et al., 1996). As will be discussed later in this chapter in more detail, iron



16

meteorites have provided much insight into the composition and evolution of planetary
cores.

Figure 1.1 shows the interior structures of the terrestrial planetary bodies in our
solar system to scale. Table 1.1 lists the radii of the cores as well as the strength of any
detected magnetic fields. References are also listed at the bottom of Table 1.1. The size
and structure of the Earth's core is well known from seismology. The inner core is solid
with a density consistent with Fe-Ni. The outer core is liquid and requires a composition
of Fe and Ni along with ~10 wt% of a light element to explain the inferred density. The
light element in the core is debated, with popular choices being S, Si, C, and O
(MacDonald and Knopoff, 1958; Murthy and Hall, 1970; Newsom and Sims, 1991;
Wood, 1993).

Mariner 10 provided the most precise measurement of Mercury's mass and density
and also detected a magnetic field. Models suggest Mercury’s core is now almost
completely solid, with the thin molten layer maintaining the observed magnetic field.
The sizes of the cores of both Venus and Mars have been determined from spacecraft
data, and neither of the planets is observed to have a present-day magnetic field. The
cores of both planets have thus been suggested to be fully molten. The Martian core is
suggested to have a high S-content, which requires a lower temperature to begin
crystallizing solid metal. As for Venus, the slightly lower central pressure than the
Earth, the slow rotation rate, and a higher interior temperature due to the lack of heat
transport from plate tectonics have all been offered as explanations for how a planet so

similar to the Earth in size and density can currently have a fully molten core.
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FIG. 1.1. The interior structures of terrestrial planetary bodies in our solar system are
shown on the same scale. There is evidence from IIIAB iron meteorites that asteroids as
small as 25 km in radius can have metallic cores. The size of the cores of the moons of
Jupiter have only been estimated in the last few years, and modeling of the solid or
liquid state of these cores has yet to be reported. The existence of a small metallic core
in the Moon is only recently proven, and the solid or liquid state of the cores of the
terrestrial planets, other than the Earth, are based on model results. Cores that have been
thermally modeled are not represented by question marks in this figure, even though the
state of their cores is known only from modeling. We have much yet to learn about the
cores of terrestrial planetary bodies. Table 1.1 lists the numbers and references on
which this figure is based.



TABLE 1.1. Terrestrial planetary bodies in our solar system.

Inner Core Surface

Planetary Body  Radius Core Radius Radius Magnetic Field

(km) (km) (km) (Gauss)
Earth 6378 * 3485°¢ 1250 ¢ 031*
Venus 6052 * 3200°¢ <2x10%*
Mars 3396 * 1780 ¢ <3x10**
Mercury 2440° 1750 ¢ 1500 ¢ 3x 107"
Moon 1738 ° 220-4501 <3x10%*
Io 1821° 660 —-950 © 1.3x 107f
Europa 1565 * 470 -9408 <24x10°"
Ganymede 2634°  400-1300° 7.5x 10%

MMIAB asteroid 25° 10°
References: (a) Beatty et al. (1999). (b) Rasmussen (1989). (c) Jacobs (1992).
(d) Konopliv et al. (1998). (e) Anderson et al. (1996b). (f) Kivelson et al.
(1996b). (g) Anderson et al. (1997). (h) Kivelson et al. (1997). (i) Anderson et
al. (1996a). (j) Kivelson et al. (1996a).
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Recent data about the Moon indicate that a small lunar core does exist with a
maximum radius of ~400 km. The lack of much metal in the Moon is consistent with
the theory that the Moon was formed from a dust cloud which resulted from a giant
impact on the Earth (Cameron, 1986). Though the Moon has no intrinsic magnetic field
today, many lunar samples show evidence of cooling in the presence of a magnetic
field. As for other moons in the solar system, recently, the Galileo spacecraft has
provided some unanticipated information about the moons of Jupiter. Gravity data are
consistent with Io, Europa, and Ganymede all having metallic cores. Furthermore,
internal magnetic fields have been detected for both [o and Ganymede. Although
detailed thermal models have not been conducted, it has been suggested that, though
these are small planetary bodies, their cores are still partially molten (Schubert et al.,
1996).

Cooling rates determined from the largest iron meteorite group suggest asteroids as
small as 25 km in radius may have metallic cores. Many asteroids have been identified
which are spectrally consistent with being composed of Fe-Ni metal (Gaffey et al.,
1989), and radar observations of a 2 km near-Earth asteroid suggest it has a metallic
composition (Ostro et al., 1991). Some stony meteorites have also been interpreted as
coming from an asteroid which contained a metallic core, such as the eucrite meteorites
which appear to be derived from the 275 km radius asteroid Vesta (Consolmagno and

Drake, 1977; Binzel and Xu, 1993).
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1.2 Core Formation

Though it has been debated, the terrestrial planets are largely believed to have
accreted hot from planetesimals composed of metal and silicate. After accretion, the
interior of the planet was warm enough to allow the denser metal to coalesce and sink
through the silicates to the center of the planet. The resulting structure of the planet was
a central metallic core surrounded by a silicate mantle. Radiometric dating indicates
core formation in the Earth concluded 4.45 billion years ago (Oversby and Ringwood,
1971), very early in the history of the solar system.

Most studies aimed at trying to learn about core formation in terrestrial planetary
bodies attempt to understand the formation of the Earth's core. While the Earth's core
may be inaccessible, we have numerous samples of the Earth's mantle (Morgan et al.,
1980; Jagoutz et al., 1979). The segregation of metal and silicate during core formation
will affect the composition of both the core and the mantle. The mantle abundance of
many siderophile elements, elements which prefer to be in a metallic state, have
frequently been used to understand the process of core formation since the
concentration of these elements is believed to have been established early in the history
of the Earth. Examination of natural samples and experiments suggest the concentration
of many siderophile elements in the Earth's mantle is many orders of magnitude higher
than would be produced by equilibrium between metal and silicate at low pressures and
temperatures (e.g. Ringwood, 1966; Murthy, 1991; Capobianco et al., 1993).

One theory used to explain the abundance of siderophile elements in the Earth's

mantle is heterogeneous accretion of the Earth (Winke, 1981), illustrated in Fig. 1.2. In
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the heterogeneous accretion theory, the material from which the Earth is growing
becomes more oxidized as accretion proceeds. Initially, core formation proceeded in a
manner similar to that suggested by equilibrium calculations. However, as more
oxidized material accreted to the Earth, siderophile elements became oxidized and
remained in the silicate mantle rather than being segregated to the core. Eventually, the
material falling to the Earth was so oxidized, metal was no longer stable, and core
formation ceased. This last influx of material to the Earth which was essentially
uninvolved in core formation is often referred to as the late veneer.

The step-like pattern in the mantle's siderophile concentrations is often cited as
evidence of the addition of material to the mantle by heterogeneous accretion. In the
Earth's mantle, most moderately siderophile elements are similarly depleted relative to
their primitive abundances; most highly siderophile elements also have similar
depletions to each other but are more depleted than the moderately siderophile
elements. However, the depletions of the moderately and highly siderophile elements
are not as large as equilibrium between metal and silicate would suggest because,
according to the heterogeneous accretion theory, the elements were added to the mantle
in an oxidation state such that they were not segregated to the core. There are
exceptions to the stepped pattern, such as the element Ga, which is moderately
siderophile but shows no depletion in the Earth's mantle after volatility corrections are

applied (Newsom and Sims, 1991). It has also been argued that the extensive amount



/

© /"'/
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F1G. 1.2. This cartoon illustrates the theory of heterogeneous accretion. In the theory,
the material being added to the Earth was not constant over the entire growth of the
Earth. The first material added contained metal and silicate, and the metal segregated to
the core, carrying with it the siderophile elements. This constituted the majority of the
material which was accreted to the Earth. The material added towards the end of the
Earth’s growth was more oxidized than the initial material, and this caused moderately
siderophile elements, which had previously segregated to the core, to be concentrated in
the mantle. The final material which accreted to the Earth, referred to as the late veneer,
was effectively not involved in core formation, enriching the mantle in all types of
siderophile elements.
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of mixing required to produce homogeneous mantle samples around the world from an
influx of oxidized material is difficult at best (Jones and Drake, 1986).

Data from experiments at near surface conditions cannot account for the Earth's
siderophile element pattern, but it has been suggested that equilibrium at a higher
pressure and temperature might be able to explain the concentrations (Murthy, 1991).
Experimental data have shown that the partitioning of elements between metal and
silicate is significantly different at different thermodynamic conditions. Using
parameterizations of experimental data and giving consideration to the volatility of each
element, the mantle's concentrations of moderately siderophile elements Ni, Co, Mo, W,
P, Ga, Cu, and Sn and the highly siderophile element Re can be explained by
equilibrium between liquid metal and liquid silicate at a pressure of ~250 kbars and a
temperature of ~2200K using an oxygen fugacity and compositions relevant to the early
Earth (Li and Agee, 1996; Righter et al., 1997; Righter and Drake, 1997; Righter and
Drake, 1999). There are insufficient experimental data to try and explain the abundance
of other siderophile elements.

Figure 1.3 shows the core formation scenario suggested by equilibrium between
liquid metal and liquid silicate at ~250 kbars. Molten melt coalesces and ponds at the
base of a ~1000 km deep magma ocean where it equilibrates with the liquid silicate.
Diapirs from the ponded metal then descend through the solid mantle and form a fully
molten metallic core. Interestingly, the depth of the magma ocean corresponds roughly
to the current day boundary between the upper and lower mantle. A mineral transition

marks the boundary between the upper and lower mantle and may also explain how the
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upper mantle could be moiten while the lower mantle remained solid. This core
formation scenario has also been shown to be consistent with our limited information
about the Moon, Mars, and the asteroid Vesta (Righter and Drake, 1996).

Experiments conducted at pressures applicable to the Earth's lower mantle suggest
that any equilibration between the metal and the solid mantle as the metal descends to
the core will influence the observed mantle siderophile abundances (Tschauner et al.,
1999). Thus, if the siderophile element pattern of the mantle is already matched well by
equilibrium between liquid metal and liquid silicate at the base of a deep magma ocean,
the metal diapirs cannot react at all with the solid mantle as they sink. Alternatively, the
compositions of the upper and lower mantles are different or the equilibrium core
formation scenario has to be revised to include the effects of both the liquid and solid
portions of the mantle.

In the past, previous core formation models, which at first also looked promising,
have proved to be unsuccessful once they attempted to explain the concentration of
more elements in the Earth's mantle (e.g. Jones and Drake, 1986). To better determine
the relative roles of the late veneer and metal-silicate equilibrium, more experimental
data for more elements are still needed. Thermodynamic conditions can significantly
affect how an element will partition between metal and silicate and consequently how
the process of core formation will affect the distribution of elements in terrestrial

planetary bodies.
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Fi1G. 1.3. A theory of core formation which involves equilibrium between metal and
silicate at a high pressure and temperature is illustrated by this cartoon. In this theory,
the upper portion of the Earth is composed of a magma ocean with a depth of ~1000
km. Molten metal easily coalesces and sinks through this liquid portion of the Earth.
The metal ponds at the base of the magma ocean, where it equilibrates with the liquid
silicate in the magma ocean. Eventually metal diapirs form from the ponded metal and
sink through the solid lower mantle to form the core.
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1.3 Core Evolution

As discussed in the previous section, a core is believed to be fully molten just after
its formation. As the planetary body cools, so does the core. After some time, depending
largely on the size of the planetary body, the core will begin to solidify. The Earth's core
is currently in this state of its evolution, with the inner core solidifying from the molten
outer core. The Earth's core, however, is inaccessible, and consequently, iron
meteorites, as our only samples of planetary cores, have provided most of our insight
into the evolution of planetary cores.

The majority of iron meteorites are divided into two main classes: the magmatic and
non-magmatic groups (Scott and Wasson, 1975). Meteorites from both classes form
distinct clusters on element versus element diagrams, but the shapes of the clusters are
fundamentally different between the two classes. Figure 1.4 shows two magmatic and
two non-magmatic iron meteorite groups on a plot of Ir against Ni. The magmatic iron
meteorite groups show strong interelement correlations and define trends on element
versus element diagrams which are similar among all the magmatic groups. In contrast,
the elemental trends defined by the non-magmatic groups are more diffuse and trend in
different directions than the trends of the magmatic groups. In addition, the non-
magmatic groups contain abundant chondritic silicates and primordial noble gases, both
of which are very rare or absent in magmatic iron meteorites. The presence of silicates
with primitive compositions and the retention of gases which can be lost through
outgassing suggest that non-magmatic iron meteorites did not experience a prolonged

melting event. It has been proposed that non-magmatic iron meteorites represent
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numerous impact-generated melt pools which cooled rapidly enough to have incomplete
segregation of the melt from the nearby unmelted silicates (Choi et al., 1995).

Magmatic iron meteorites, on the other hand, are believed to be pieces of metallic
cores of asteroid-sized bodies (Scott, 1972). Each magmatic group represents the core
of a single parent body. The magmatic iron meteorite group with the most members is
the IITIAB group, which is composed of nearly 200 meteorites, and is, consequently,
well studied. The large number of [IIAB meteorites by itself suggests a large mass of
metal in the parent body. Cooling rate data for the IIIAB group also supports a core
origin for these meteorites. Due to the high thermal conductivity of Fe-Ni metal, a
planetary core is expected to be nearly isothermal, with the entire core cooling at the
same rate. Multiple IIIAB iron meteorites, which span the full range of elemental
concentrations in the group, yield the same cooling rate (Rasmussen, 1989). The [IIAB
cooling rate is consistent with the cooling rate expected for a metallic core of a parent
body with a radius of 25 km (Rasmussen, 1989).

As mentioned and shown on Fig. 1.4, magmatic iron meteorites, when plotted by
group, all display similar, well-defined trends on element versus element diagrams. The
elemental trends are attributed to the solidification of the once molten metallic core; as
the core cooled, Fe-Ni metal began to fractionally crystailize which created a range of
concentrations for each element in the solid metal (Scott, 1972). The process of
fractional crystallization occurs when the metallic liquid and the previously solidified
metal do not remain in equilibrium. The lack of equilibrium can arise if the

crystallization rate is much faster than the rate of diffusion in the solid metal or if the
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solid is physically removed from the liquid after it crystallizes. In either case, once the
solid is crystallized, it does not change its composition. Due to mass balance and
element conservation considerations, the liquid composition is continually changing
during the crystallization process, and consequently, the composition of the crystallizing
metal will be different than the previously solidified metal. Thus, the result of fractional
crystallization will be the formation of solids with a range of compositions.

Within a single magmatic group, the concentration of an element, such as Ir, can
vary by over three orders of magnitude. Fractional crystallization can generate large
fractionations in elements, and the elemental partitioning behavior suggested by the
fractionations in magmatic iron meteorites is also generally consistent with laboratory
partitioning studies (Willis and Goldstein, 1982; Jones and Drake, 1983).

Since the elemental trends observed in magmatic iron meteorite groups appear to be
caused by the solidification of a metallic core, understanding these trends provides
insights into the method of core evolution. Though the general process of fractional
crystallization can explain the large fractionations observed in the trends, understanding
the detailed shape of the trends can give information about the specific method of
crystallization. Did the cores of asteroid-sized bodies crystallize from the core-mantle
boundary inward or did they crystallize outward, as the core of the Earth is doing? Did
heterogeneities exist in the molten portion of the core or was the metallic liquid always
well mixed? Did the core crystallize in a planar, concentric manner or did large

dendritic structures form on the crystallization front? Insights into questions such as
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FI1G. 1.4. The majority of iron meteorites are divided into two classes, magmatic and
non-magmatic. Shown on this figure are two magmatic groups and two non-magmatic
groups. The magmatic iron meteorites are believed to be samples of the metallic cores
from asteroid-sized bodies. On element versus element diagrams, the magmatic groups
form distinct well-defined trends which are similar in shape between the different
magmatic groups. Non-magmatic groups exhibit more scattered trends, with two IAB
meteorites having a Ni concentration >30wt% and not shown on this diagram.
References for the IIIAB meteorite data are given in Table Al of Haack and Scott
(1993). The HAB meteorite data is from Wasson (1974), Kracher et al. (1980), Malvin
et al. (1984), and Wasson et al. (1989). The IAB and IIICD meteorite data is from Choi
et al. (1995).
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these and others regarding the evolution of planetary cores can be gained by

understanding the elemental trends in magmatic iron meteorites.

1.4 Dissertation Outline

As discussed above, detailed theoretical and experimental studies are required to
understand core formation and core evolution in terrestrial planetary bodies. These
studies include both performing laboratory experiments and interpreting meteorite data.
In this dissertation, I present my research which has involved the experimental
determination of the partitioning of trace elements and the modeling of iron meteorite
crystallization trends.

I begin in Chapter 2 by defining a partition coefficient, illustrating the need for
geochemical experiments, and introducing the different experimental and analytical
methods I have used in my research. The next four chapters, Chapters 3-6, each detail a
different study which has implications for the cores of terrestrial planetary bodies.
Chapter 3 investigates the role of radioactive heating from K in planetary cores.
Potassium is an important planetary heat source, and to understand the distribution of K
between the core and mantle, I have examined experimentally the solubility of K in
metal. Chapter 4 examines the partitioning of element pairs used as chronometers. Both
the pair of Ag and Pd and the pair of Re and Os have been used to date events which
occurred early in the solar system, and I have conducted experiments to better
understand the partitioning of these useful elements during core crystallization. Chapter

5 examines the effect that mixing in the molten core may have had on the partitioning of
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elements during crystallization of the core. Simple fractional crystallization of a
metallic core can not explain the observed elemental trends in magmatic iron
meteorites, and I have developed a mixing model which is able to better reproduce the
observed meteorite data. Chapter 6 investigates the role of liquid immiscibility during
core crystallization. The onset of liquid immiscibility could significantly affect the
subsequent evolution of a core, and I have determined the location of the liquid
immiscibility field at conditions relevant to terrestrial planetary cores. The final chapter,
Chapter 7, summarizes the major conclusions of these studies and discusses how the
results have added to our knowledge of the cores of terrestrial planetary bodies and the

processes which affect them.
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CHAPTER 2

USING EXPERIMENTAL GEOCHEMISTRY TO STUDY CORES

2.1 Understanding Trace Element Partitioning Behavior

The distribution of trace elements in a planetary body will be affected by the
planetary processes which have occurred. Processes such as core formation and core
evolution, which were just discussed in Chapter 1, cause elements to partition between
different portions of the planetary body. Understanding the distribution of trace
elements can be used to interpret how these processes have acted and to deduce the
composition of planetary cores.

However, it is first necessary to understand the partitioning behavior of the elements
of interest. The partitioning behavior of elements is known to be dependent on a number
of thermodynamic variables. Pressure, temperature, oxygen fugacity, and silicate and
metallic composition can have a large effect on the resulting partitioning behavior.
Systematic geochemical experiments which investigate the effect of a single variable
while holding the other thermodynamic conditions constant are used to determine the
partitioning behavior.

The quantity normally measured in the experiments is the partition coefficient. The
partition coefficient is simply the ratio of the concentrations of an element between two
phases. For example, during core formation, elements are believed to have partitioned

between the silicate mantle and the metallic core. Consequently, experiments which are
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frequently applied to understanding core formation involve metal/silicate partition

coefficients, defined as:

wt%E(metal)

De(met |/ sil) = —
wt% E(silicate)

Eq. 2.1

where E is the element of interest and D(met/sil) is the metal silicate partition
coefficient. Whether the metal and silicate are solid or liquid can affect the partitioning
behavior, and it is necessary to specify the state of each phase when defining a
metal/silicate partition coefficient. During the solidification of a metallic core, elements
will partition between the solid crystallizing metal and the remaining molten metal. The

partition coefficient used to understand this process is given by:

wt% E(solidmetal)
wt% E(liqguidmetal)

De(sol.met [ lig.met) = Eq. 2.2

where E is the element of interest and D(sol.met/liq.met) is the solid metal/liquid metal
partition coefficient. Both of these partition coefficients have been introduced as the
ratio of concentrations in wt%. However, molar partition coefficients which ratio the
atomic concentrations are also used. In this work I use the variable & to denote a molar
partition coefficient and the variable D to represent a weight partition coefficient.
Systematic experiments have shown the partition coefficients of elements can vary

by orders of magnitude with varying thermodynamic conditions. Also, different
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elements can exhibit very different partitioning behavior. As one example, Fig. 2.1 plots
the experimentally determined solid metal/liquid metal partition coefficients for Ir, Ge,
and Ag, three elements which exhibit very different partitioning behavior as a function
of the S concentration in the metallic liquid (Willis and Goldstein, 1982; Jones and
Drake, 1983; Chabot and Drake, 1997). As shown in Fig. 2.1, D(Ir) increases by over
two orders of magnitude from the S-free system to the Fe-FeS eutectic composition
while D(Ag) shows the opposite behavior, decreasing as the S-content of the metallic
liquid increases. The partition coefficient for Ge exhibits the interesting behavior of
changing from incompatible (D<) to compatible (D>1) in solid metal with increasing
S-content of the metallic liquid. This just illustrates the necessity of systematic
geochemical experiments since the manner in which the partitioning behavior is
affected by thermodynamic variables is significant but not the same for all the elements.

In the next sections, I introduce the three experimental methods I have used to
conduct partitioning experiments. The last section of this chapter describes the use of

the electron microprobe for analysis of my experiments.

2.2 Vertical Tube Furnace Experiments

A vertical tube furnace was used to conduct experiments at atmospheric pressure
and temperatures between 1050-1455°C. Because of the 1 bar pressure limitation of
these experiments, the experimental results are most applicable to small planetary

bodies rather than large planets. Thus, the experiments I conducted in the vertical tube
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F1G. 2.1. The partitioning behavior of elements can be significantly affected by
thermodynamic variables, such as pressure, temperature, oxygen fugacity, and
composition. To illustrate this point, the experimentally determined solid metal/liquid
metal partition coefficients (D) are shown for Ir, Ge, and Ag as a function of the S-
content of the metallic liquid (Willis and Goldstein, 1982; Jones and Drake, 1983;
Chabot and Drake, 1997). The effect of S on the solid metal/liquid metal partitioning
behavior can be quite different for different elements, illustrating the need for
experimental data to understand the partitioning behavior of each element.
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furnace were solid metal/liquid metal partitioning experiments, which were used to
understand magmatic iron meteorites and the evolution of planetary cores.

Figure 2.2 shows the general experimental assembly. The starting mixture, which
was usually some combination of Fe, FeS, P, and Ni doped with the trace element of
interest at ~wt% level, was contained in an alumina crucible and inserted into a high-
purity silica glass tube. The crucible rested on a "cushion” of silica wool to help keep
the crucible from moving during the remaining preparation of the assembly. After a
solid silica glass rod was placed on top of the crucible, a second, smaller diameter silica
tube was attached to the top of the original tube by melting the two tubes together and
forming a ring seal. The smaller diameter tube was attached to a vacuum, which then
evacuated the assembly. Once evacuated, the assembly was sealed by melting the
smaller diameter tube shut. The sealed tube was then formed into a curved shape to
facilitate hanging in the furnace. A ring seal was also created between the wider silica
glass tube and the solid silica glass rod, which minimized the volume containing the
sample without requiring any direct heating near the crucible. The assembly was then
lowered into the vertical tube furnace. The furnace was heated to the temperature of
interest and held at that temperature for a duration long enough for the sample to
achieve equilibrium. Consequently, run durations varied from many weeks to just a few
hours, depending inversely on the temperature. To complete the experiment, samples
were quenched by removing the silica tube from the furnace and immersing the tube in

water, preserving the compositions of the equilibrium phases that existed at the run
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FIG. 2.2. The assembly used to perform experiments in a vertical tube furnace is
illustrated. The sample is contained in an alumina crucible within an evacuated silica
tube. The entire assembly is hung in the furnace.
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conditions. After quenching, the assembly was broken open and the crucible was

mounted in epoxy in preparation for polishing.

2.3 Piston Cylinder Experiments

Using a piston cylinder apparatus, experiments were conducted at a temperature of
1900°C and a pressure of 15 kbars. Along with the ability to run at a higher pressure
and temperature than experiments conducted in a vertical tube furnace, the piston
cylinder assembly is still reliable and relatively easy to create. For these reasons,
experiments investigating the effects of composition on elemental partitioning between
metal and silicate were conducted in the piston cylinder.

Figure 2.3 shows the basic assembly used for the piston cylinder experiments. A
thermocouple is created by linking a W Re wire with a W,,Re wire at the top of a thin
alumina tube. The insulated thermocouple is then inserted through the support block
and base plug, as shown in Fig. 2.3. An insulator is placed atop the support block so the
only electrical path will be through the furnace of the experiment. A thin alumina disk is
situated between the sample capsule and the thermocouple; this serves to protect the
thermocouple from being damaged during the run but still allows the sample to be
located close to the spot where the temperature is being monitored. Crushable MgO
surrounds the capsule and the insulated thermocouple wires. For my experiments,
capsules were fabricated out of alumina or graphite. A furnace, which is composed of a
graphite tube covered by a graphite disk, sits on top of the base plug and encloses the

capsule and surrounding MgO. A tube of BaCO, is placed around the graphite furnace
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FIG. 2.3. The assembly used to conducted experiments in a piston cylinder apparatus is
shown. In my experiments, the sample was contained in either a capsule made of
alumina or graphite.
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and serves as the pressure medium for the experiment. A thin layer of Pb foil is
wrapped around the outside of the BaCOj, to provide lubrication while the experiment is
being pressurized.

Experiments were quickly brought to the pressure of interest and then heated for ~1
hour before reaching the desired temperature. Run durations varied from minutes to
hours, depending on temperature. Experiments were quenched by abruptly shutting off
the power. Even at the highest temperatures, after 20 seconds, the temperature had
dropped to below 500°C. It was necessary during the quench to manually adjust the

pressure to keep the run as isobaric as possible.

2.4 Multi-Anvil Experiments

With its pressure capabilities, the multi-anvil offers the opportunity to conduct
experiments which are relevant to larger planetary bodies. However, the procedure for
conducting experiments in the multi-anvil, unlike in the vertical tube furnace or the
piston cylinder, is still being developed in our laboratory. Using the multi-anvil, I have
conducted a number of exploratory metal/silicate partitioning experiments at
temperatures ranging from 1400-1900°C. Though the multi-anvil is capable of
achieving a maximum pressure of ~250 kbars, my experiments were conducted between
45-80 kbars.

Figure 2.4 illustrates a typical sample assembly. The multi-anvil uses eight W-C
cubes to compress the assembly, and consequently, the pressure medium is in the shape

of an octahedron. I used octahedrons which were cast out of predominantly a mixture of
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FIG. 2.4. The experimental assembly used for multi-anvil runs is illustrated. Though a
furnace fabricated from Re foil is shown, both graphite and Re furnaces were used in
my experiments. The materials located within the furnace also varied depending on the
details of each experiment. This figure shows the simplest assembly I used, where the
experimental sample is contained within an alumina capsule.
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MgO and Al,O;. Two holes are drilled in the octahedron. One hole is ~3mm in diameter
and contains the furnace and sample. The other hole, which is much smaller and
perpendicular to the first, allows the thermocouple to be passed through the octahedron
and positioned near the middle of the furnace, where the sample will be located. Like
the piston cylinder assembly, a thermocouple is created by linking a W,Re wire with a
W.Re wire. The portions of the wires which pass through the octahedron are protected
by mullite tubes. In some of the experiments and as shown in Fig. 2.4, the furnace is
made out of Re foil. A rectangle of Re foil is formed into a tube, with foil left at either
end to be folded to form a hollow cylinder of Re foil. In other experiments, a graphite
furnace was used, as is done in the piston cylinder experiments.

Once the thermocouple and furnace are in place, the material inside the furnace
varies depending on the experimental sample. The simplest experiments I conducted are
shown in Fig. 2.4. A capsule and lid are machined out of an alumina rod. The capsule is
designed so the experimental sample remains in the hotspot in the middle of the
furnace. This sample configuration worked well for experiments run at 1700°C and
lower. However, in experiments at higher temperatures, the experiment would suddenly
lose power and the temperature would drop. Examining these failed experiments
showed that the Re furnace had melted causing the furnace to become inoperative.
Although the capsules showed no leaks, it seems likely that the sample material
migrated to contaminate the Re furnace and caused it to melt. However, I did
successfully conduct multi-anvil experiments at 1900°C by using a graphite capsule.

With the graphite capsule, it was necessary to isolate the capsule from the furnace. In
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the experiments with graphite capsules, a thin tube of magnesia or alumina is used to
line the inside of the furnace. A complication encountered by using graphite, either for
the capsule or for the furnace, is the C phase transition which transforms graphite into
diamond. Using my usual preparation techniques, I was unable to cut and polish the
experiments in the graphite/diamond capsules due to the hardness of the diamond phase.
At 1900°C, this limits experiments to a maximum pressure of ~75 kbars. Creating
assemblies with capsules machined out of MgO or using a denser alumina lining
between the furnace and the capsule for all the experiments may allow me to conduct
future experiments at higher pressures and temperatures.

Once in the multi-anvil, the sample was slowly pressurized, usually overnight. After
achieving the desired pressure, the sample was heated for 25-45 minutes until the set
point temperature was reached. The run duration depended on the temperature, varying
from hours to minutes. The experiment was quenched by abruptly shutting of the power
used to heat the sample. The experiment was depressurized slowly over many hours,

and the entire octahedron was then mounted in epoxy.

2.5 Electron Microprobe Analysis

All my experiments were analyzed with an electron microprobe. In the microprobe,
the experimental sample is bombarded with a beam of electrons, which excites electrons
from the inner shells of the atoms of the sample. When the inner shells are refilled, the
transition of the electrons between different energy levels produces X-rays which are

characteristic of the elements undergoing the transitions. Spectrometers which use a
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crystal to disperse the emitted X-rays, much like a prism, are able to resolve the
different wavelengths of the X-ray lines from different elements. By scanning the
spectrometers over a range of wavelengths, an X-ray spectrum is generated. A
qualitative analysis of the composition of the sample can be obtained by identifying
which X-ray lines correspond to which elements. A quantitative measure of the
concentration of each element can be made by comparing the intensity of a line to a
standard of a known composition.

In preparation for microprobe analysis, the sample, which is mounted in epoxy, is
sliced in half. Often if a sample is fragile, it is then embedded with a layer of epoxy on
the newly cut surface. Polishing of the sample is done with diamond paste. Figure 2.5a
shows a typical vertical tube furnace experiment after being polished. For microprobe
analysis, it is necessary for the surface of the sample to create a path for the electrical
current in the electron beam. Consequently, a layer of carbon ~20 nm thick is coated on
the top of the polished surface, making the surface conductive without significantly
interfering with the X-rays generated.

Once in the microprobe, the sample can be viewed as a back-scattered electron
(BSE) image. Figure 2.5b, shown on the same scale as Fig. 2.5a, shows a BSE image of
a typical multi-anvil experiment. The electron microprobe beam can be focussed to a
diameter of ~1 pum, allowing analysis of the different phases present in the samples.
However, complications in the measurements can arise. Depending on the beam
conditions and the density of the sample, the electron beam can penetrate ~0.3-5.0 um

beneath the surface of the sample. If a different phase is present just below the phase
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being measured, X-rays may be generated from both phases, affecting the resulting
measurement. Secondary fluorescence effects, discussed in detail in Chapter 3, may also
compromise measurements. Silicate liquids which quenched to glasses and contain Na
and K require a defocused beam to avoid migration of these elements away from the
area of the sample being analyzed. My experiments also commonly contained a metallic
liquid phase with a dendritic texture, as shown in Fig. 2.5c. The metallic liquid, though
it was a single phase at run conditions, formed multiple phases during the quenching
process. The resulting quenched metallic liquid is composed of Fe dendrites surrounded
by interstitial material which is enriched in any light elements, such as C, P, and S.
Analysis of the bulk composition of a metallic liquid with a dendritic texture was done
by using a 10 um raster analysis, discussed in more detail in Chapter 4.

For each phase, multiple microprobe measurements were made and averaged. The
error of homogenous phases was computed as twice the standard deviation of the
multiple microprobe analyses. For heterogeneous phases, such as those with dendritic
textures, the variation between two microprobe measurements reflects the heterogeneity
of the phase, not how accurately the bulk composition can be determined.
Consequently, for these phases, twice the standard deviation of the mean was used as

the error.



F1G. 2.5. (a) A photograph of a typical run product from a vertical tube furnace
experiment is shown. This sample has been cut and polished. The two phases of solid
metal and liquid metal are clearly identifiable in the sample. (b) A back scattered
electron (BSE) image of a multi-anvil experiment was generated by the electron
microprobe. Note that (a) and (b) have the same scale bar. Piston cylinder experiments
produce a run product similar in size to that shown in (b). Experiments conducted
above atmospheric pressure in the piston cylinder or multi-anvil have much smaller
sample sizes. To generate the pressure in the experiments, the force is focussed to a
small area, while experiments conducted at atmospheric pressure in the vertical tube
furnace have no such limitations. (¢) In all of the types of experiments, the metallic
liquid did not quench to a single phase. Instead, a dendritic texture of Fe dendrites
surrounded by an interstitial phase enriched in light elements, such as C, P, or S, was
formed.
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CHAPTER 3

RADIOACTIVE HEATING FROM POTASSIUM IN CORES

To determine the role of radioactive heating as an energy source in planetary cores,
the solubility of K in metal has been examined experimentally. Two sets of systematic
experiments were conducted at 15 kbars and 1900°C which investigated the effects of
metallic and silicate composition on K partitioning between Fe alloys and silicate melts.
Experiments indicate S increases the solubility of K in metal, but the presence of C in
the metallic liquid, unlike S, does not increase K solubility in metal to a level detectable
with the electron microprobe. The silicate composition significantly affects the
solubility of K in S-rich metal, with the metal/silicate partition coefficient for K
increasing by nearly two orders of magnitude with increasing depolymerization of the
silicate melt.

Using an appropriate silicate composition for the early, differentiating Earth and
assuming S is a significant light element in the core, the metal/silicate partition
coefficient for K is 6*10~ at 15 kbars and 1900°C. Such a partitioning value, if
representative of the behavior of K at core formation conditions, suggests the presence
of less than 1 ppm K in the Earth’s core with a present day heat generation of 10'° W,
which is 2-3 orders of magnitude lower than estimates of the power necessary to drive
the Earth’s geodynamo. Other thermodynamic variables may also affect the solubility of
K in metal, but exploratory experiments, conducted at a variety of pressures and

temperatures, have shown no increase in the solubility of K in metal.



48

3.1 Motivation

The decay of K has long been considered an important heat source for terrestrial
planets. Generally, though, it is not considered a significant heat source for planetary
cores, due to the tendency of K to form oxides and silicates and thus have a low
solubility in metals. So it follows that K would be concentrated in the silicate mantle
and excluded from the metallic core during a core formation event.

However, the partition coefficients of elements are known to be dependent on a
number of thermodynamic variables. Pressure, temperature, oxygen fugacity, and
silicate and metallic compositions can have a large effect on the resulting partitioning
behavior. If the specific conditions of core formation did result in an increased
solubility of K in the metallic core, this would have implications for the thermal history,
geodynamo, and mantle dynamics of that planetary body. According to estimates of the
heat source necessary in the Earth’s core to maintain the observed magnetic field
(Gubbins et al., 1979), ~1000 ppm K in the core could supply enough energy by itself,
without any other radioactive heat sources such as U and Th, to drive convection and
power the geomagnetic dynamo.

The role of radioactive heating in planetary cores is not a new question (Hall and
Murthy, 1971; Lewis, 1971). Murrell and Burnett (1986) summarized the early
metal/silicate experimental partitioning studies (Goettel, 1972; Oversby and Ringwood,
1972; Goettel and Lewis, 1973; Oversby and Ringwood, 1973; Goettel, 1976; Ganguly

and Kennedy, 1977), the majority of which were conducted at low pressures. Upon






