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Abstract

As the solar nebula condensed, evaporated and fractionated to form the nascent
Earth, the bulk elemental composition of the Earth was established. To first order,
the Earth is a devolatilized sample of the solar nebula. Similarly, rocky exoplanets
are also likely devolatilized samples of the stellar nebulae out of which they and
their host stars formed. If this assumption holds, we can estimate the chemical
composition of rocky exoplanets by applying a devolatilization algorithm based on
the elemental abundances of their host stars. This thesis is an investigation of this
potentially universal devolatilization pattern, from which exoplanetary chemistry
and habitability are then derived.

To quantify (in broad terms) the chemical relationships between the Earth, the Sun
and other bodies in the Solar System, the elemental abundances of the bulk Earth are
required. The key to comparing Earth’s composition with those of other objects is
to have a determination of the bulk composition with an appropriate estimate of un-
certainties. We present concordance estimates (with uncertainties) of the elemental
abundances of the bulk Earth, by compiling, combining, and renormalizing a large
set of heterogeneous literature values of the primitive mantle and of the core. The
weighting factor for the concordance estimates comes from our new estimate of the
core mass fraction of the Earth: 32.54+0.3 wt% (weight percent). The uncertainties on
our elemental abundances usefully calibrate the unresolved discrepancies between
standard Earth models made under various geochemical and geophysical assump-
tions.

We then extend our assessment of terrestrial abundances to the modeling of pro-
tosolar abundances based on the latest estimates of solar photospheric abundances
and primitive meteoritic abundances. We compare our new protosolar abundances
with our estimates of bulk Earth composition, thereby quantifying the devolatiliza-
tion of the solar nebula that led to the formation of the Earth. As a function of
elemental 50% condensation temperatures (T¢c), we fit the Earth-to-Sun abundance
ratios f to the linear trend log(f) = alog(Tc) + B. The best fit coefficients are:
a = 3.676 £0.142 and B = —11.556 = 0.436. The quantification of the slope a provides
an empirical observation upon which modeling of the devolatilization processes can
be based. These coefficients determine a critical devolatilization temperature for the
Earth Tp(E) = 1391 4+ 15 K. The resultant devolatilization pattern allows inferences
to be made concerning the depletions of elements in the early solar system and is
potentially useful for estimating the chemical composition of rocky exoplanets from
their known host stellar abundances.

We apply the devolatilization pattern to nearby planetary systems to infer the
bulk elemental composition of rocky exoplanets — particularly those within the cir-
cumstellar habitable zones — from the known host stellar elemental abundances. The
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estimated bulk planetary composition (rather than the host stellar abundances) is
then used as a principal constraint to model the interior composition and structure
of such exoplanets. We apply these constraints to four planet host stars: Kepler-10,
Kepler-20, Kepler-21 and Kepler-100, to model the interiors including the mantle and
core compositions as well as core mass fraction for potential terrestrial exoplanets
orbiting these host stars. With respect to the estimates of the interiors, we conclude
that a potential terrestrial exoplanet orbiting Kepler-21 would be the most Earth-like
while one orbiting Kepler-10 would be the least.
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Chapter 1

Introduction

Life is only known to exist on a single planet, the Earth. For life-forms like us, the
most important feature of Earth is the fact that it is habitable — i.e. suitable for life
over geological time-scales. Understanding habitability and using that knowledge to
search for the nearest habitable planets may be crucial for our survival as a species in
the far future [Lineweaver and Chopra, 2012; Sagan, 1994]. Aside from other rocky
bodies in the solar system, exoplanet detection missions have discovered and con-
firmed over 3700 planets!, which likely represent a small sample of many billions of
planets yet-to-be found in our Galaxy. The discussion regarding what fraction of such
planets could be Earth-like and even habitable to life as we know it is intensive [e.g.
Kasting et al., 2014; Bovaird et al., 2015} Kane et al., 2016} Chopra and Lineweaver,
2016; Kaltenegger, 2017]. The near-future telescopes (e.g. JWST, WFIRST, LUVOIR,
GMT and ELT) will herald a new era of space-based and ground-based observations
capable of characterizing close-by habitable worlds like our own.

The principal planetary characteristics that govern the potential of a planet to
host a biosphere are aspects such as mass, radius, and orbital parameters (“phys-
ical characteristics”) and the composition of the atmosphere, surface, and interior
(“chemical characteristics”) [Meadows et al., [2009; [Hinkel and Unterborn, 2018]]. The
physical characteristics of a planet, in addition to the planet’s incident flux from its
parent star, can determine whether it is located in the (circumstellar) habitable zone,
which is usually defined as the region around a star where a planet can support
liquid water on its surface given sufficient atmospheric pressure [e.g. Huang, 1959;
Hart, |1979; Kasting et al., 1993; Lineweaver and Chopra, |2012; Kopparapu et al., 2013;
Kane et al.}, 2016]. A more definitive determination of whether a planet can support
liquid water and potentially harbor life on its surface requires the characterization of
the planetary atmosphere [Meadows et al., 2009; Kasting et al., 2014] and, if possible,
of the surface and interior.

Unlike the spectra of stars, the sensitivity of spectroscopic techniques to the spec-
tra of extrasolar planets is inadequate because of the much fainter luminosity of
rocky planets compared with their host stars. Some successful attempts to derive
the possible exoplanetary compositions from externally polluted white dwarfs have

INASA Exoplanet Archive, https://exoplanetarchive.ipac.caltech.edu, accessed March 15,
2018.
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2 Introduction

been reported in recent years [e.g. |Klein et al., 2011; Zuckerman et al., 2011} Xu et al.,
2014], but the observable types of exoplanets and the derivable number of elements
are still limited.

Promising methods have been developed to directly measure the atmospheric
composition of extrasolar planets by means of transmission spectroscopy [e.g. Char-
bonneau et al., 2002; Swain et al., 2009; Kaltenegger, |2017]]. This method is available
for those extrasolar planets that eclipse their host star, so that the planetary atmo-
sphere filters the starlight and the atmosphere’s composition can thereby be mea-
sured. However, an extrasolar planet’s atmospheric composition is not the same as
its overall, bulk, composition. The bulk composition of extrasolar planets can be es-
timated, for example, by combining planetary dynamical and chemical simulations
[Bond et al., 2010a,b; Carter-Bond et al., 2012], or by assuming that compositional
differences relative to exoplanet host stars are similar to those found between the
Sun and other solar system bodies [Lineweaver and Robles, 2009].

The chemical composition of the Earth is in some respects remarkably similar
to that of the Sun. This is especially true for the rock-forming elements, which are
expected to have solidified early on during the formation of the planetary system.
Volatile material (e.g. hydrogen, carbon, and oxygen) on the other hand is clearly
deficient in Earth’s composition, and the mechanism that caused the volatile ele-
ments to become deficient is called “devolatilization”. Understanding the physical
processes accounting for the volatile depletion is a hot topic that has been debated
for many decades. This debate initially focused on the origin and formation of chon-
drites starting from late 1950s through 1960s [e.g.|Urey, 1957, 1961, 1964, |1967; Wood,
1958, 11961, 1962, 1963, [1967; Ringwood, (1959, |1961, 1953, 1965, 1966; Mason, 1960a,b,
1963; [Fish et al., [1960; Fish and Goles, |1962; |Anders, 1960, [1963, (1964]. By now, a
variety of models/hypotheses — often distinct and sometimes conflicting - have been
proposed to explain the mechanisms of volatile depletion observed in various mete-
orites and in planetary bodies. Which of these will prevail will depend heavily on
our understandings of thermal histories in the early solar system (see[I.1.1]for further
discussion).

A related question is, to what extent can these sampled solar system bodies be
representative for the whole solar system and can the devolatilization processes in
the Solar System be a template for those that occurred during the formation of other
planetary systems. No one can answer this question precisely, due to our limited
knowledge of a complete picture of the formation of the Solar System, let alone that
of other planetary systems. However, using the samples that we have the most com-
prehensive and accurate information of, investigating potential relationships/pat-
terns between these samples should be a crucial step in understanding our planetary
system and, by extension, in constraining the characterization of our neighborhood
systems.

The main goal of this thesis is to analyze the compositional differences between
the Earth, Sun and other solar system bodies and from this comparison quantify the
devolatilization of material in the solar nebula that formed the rocky planets. The
resultant devolatilization pattern can act as a thermometer revealing conditions in the



early solar system and is potentially useful for estimating the chemical composition
of rocky exoplanets from the spectroscopic measurements of their host stars.
This chapter provides a background overview of the topics discussed in the thesis.
Section [L.1reviews the studies of the devolatilization from the solar nebula to the
Earth, including the compositional estimates of the proto-Sun and bulk Earth.
Section[1.2]sets the context for the formation of the terrestrial planets, particularly
from the perspective of chemical inheritance from the interstellar medium.
Section [1.3| discusses the prevalent studies of exoplanetary chemistry and interi-
ors: a growing pathway to characterize exoplanets and habitability



4 Introduction

1.1  From the Solar Nebula to the Planet Earth: Devolatiliza-
tion Matters

1.1.1 A snapshot of volatile fractionation in the early solar system

Astrophysical modeling of the relatively high temperatures in the inner solar nebula
(compared to the outer) [e.g.|Dullemond et al., 2002;|D’Alessio et al., 2006; Dullemond
and Monnier| 2010; Salmeron and Ireland, 2012a], combined with observations that
volatile fractionations in chondrites — the most common and primitive type of mete-
orites — are mostly related to volatility in some way [e.g.|O’D. Alexander, 2001; Bland
et al., 2005; Davis, 2006; Braukmdiller et al., 2018]], lead to the picture of a vaporized
early inner solar system.

Over the past 70 years, numerous models have been proposed to explain volatile
fractionation in planetary materials. Anders| [1964] reviewed the debate that started
in the 1950s regarding the formation of chondrites. He advocated the Wood model
[Wood, 1958,1961)1962,1963] that was further developed by him to a two-component
model. In this model, all chondrites accreted (i) a fine-grained, volatile-rich material
called “matrix” and (ii) a coarse-grained, refractory fraction that formed at high tem-
perature called “chondrules”. Melting and evaporative losses of volatiles during
chondrule formation account for the observed carbonaceous chondrite fractionation
[see|Larimer and Anders, 1967;|Alexander, 2005]. Localized heat sources — e.g. shock
waves and massive lightning discharges [Connolly and Love, 1998; |Desch and Cuzzi,
2000] — are thought to account for the evaporation [O’D. Alexander, 2001;|Alexander,
2005].

However, this two-component model has been criticized by [Palme and Boynton
[1993] and Cassen [1996], based on the following arguments against it: (i) chondrules
are, on average, too volatile rich, e.g. for Na and K [Rubin and Wasson, |1987; Spettel
et al., [1989], and matrix is not sufficiently enriched in volatile elements as expected
from this model; (ii) the fractionation patterns cannot be reproduced in experiments
in which meteoritic material is evaporated [Bart et al., 1980; Wulf et al., 1995]; (iii)
evaporative fractionation would have produced a mass-dependent isotopic fractiona-
tion, whereas, such a feature is absent in chondrites — e.g. for Si [Clayton et al., 1988]
and K [Humayun and Clayton, 1995]. The third argument has been challenged by
recent findings that evaporation could produce composition diversity of chondrules
while it is not accompanied by mass-dependent isotopic fractionation, if it took place
in a dense ambient gas [Alexander et al., 2000; |Ozawa and Nagahara) 2001; |Cuzzi
and Alexander, 2006; Nagahara et al., 2008].

Incomplete condensation from a hot solar nebula as the cause of volatile depletion
was first proposed by Wasson and Choul| [1974] to explain the decreasing volatile el-
emental abundances with decreasing condensation temperature2 [see also |Grossman
and Larimer, 1974; Wai and Wasson, 1977; |Wasson, 1985]. The key to properly un-
derstanding the “incomplete” condensation is the dissipation of the solar gas during

2The term “condensation temperature” or “50% condensation temperature” refers to the tempera-
ture at which 50% of an element is found in solid form under a certain nebular pressure.
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the progressive condensation of the gas phase containing the volatile elements (re-
fractory elements would have been completely condensed out). The incomplete con-
densation model has been a popular mechanism for explaining moderately volatile
element abundances observed in primitive meteorites since the 1990s [Cassen, 1996;
Palme and O’Neill, 2003; |Davis, |2006]. Regardless of the mechanism, elemental con-
densation temperatures have been widely used in meteoritics and terrestrial plane-
tary science [e.g. Kargel and Lewis, [1993; McDonough and Sun, [1995; Palme et al.,
2014; |Carlson et al., 2014] and even in stellar astrophysics [e.g. Meléndez et al., 2009;
Ramirez et al., 2009; Liu et al., 2016]. The calculation of condensation temperatures
is of broad interest to planetary science and astrophysics and has been regularly up-
dated over the decades [e.g. Grossman and Larimer, [1974; Ebel and Grossman), 2000;
Lodders, 2003; [Unterborn et al., 2016].

In spite of the popularity of the incomplete condensation model, fractionation
during chondrule formation has been revived regularly or at least has not been able
to be ruled out [O’D. Alexander, 2001; Bland et al., 2005; Braukmdiiller et al., 2018].
Huss et al. [2003] and Huss| [2004] even argued that condensation from a hot so-
lar nebula cannot be the primary mechanism for volatile element depletion, as a
completely vaporized nebula would have destroyed presolar grains (see details in
Section [1.2), which however are commonly found in chondrite matrices. It is note-
worthy that in the scenario of incomplete condensation, volatile depletion occurred
preceding chondrule formation [Bland et al., 2005]. Possibly, the incomplete conden-
sation may be superimposed by volatile fractionation during chondrule formation,
thus accounting together for the volatile depletion in the inner protoplanetary disk.

Other models proposed to explain volatile fractionation in planetary materials in-
clude the X-wind model [Shu et al., 1996, 2001], the disk-wind model [Blandford and
Payne, [1982; |Coffey et al., 2004; Salmeron and Ireland, |2012a)b] and the inheritance
model [e.g. Yin, 2005; Wang and Lineweaver, 2016]. The X-wind model suggests that
CAIs (calcium-aluminum-rich inclusions found predominately in particular types of
carbonaceous chondrites — e.g. CV3 chondrites and CM2 chondrites) and chondrules
formed very close to the proto-Sun (~ 0.06 AU), before being carried out by bipolar
jets to fall onto a “cold” disk. As opposed to X-winds, disk winds extend to ra-
dial distances of around a few astronomical units from the central proto-Sun [Coffey
et al., 2004; Salmeron and Ireland, 2012b|]. In this scenario, material may be pro-
cessed in a magnetically accelerated disk wind, even at distances out to the position
of the proto-asteroid belt. It can explain the basic properties of chondrules and chon-
drites - e.g. chondrule material generally dominates the constituents of chondrites
(except CI) and a relatively low initial ambient temperature (of order 400 K or less)
[Krot et al., 2009; Salmeron and Ireland| 2012b]. By comparing the volatile deple-
tion in chondritic meteorites and the refractory depletion in the interstellar medium
gas phase, |Yin [2005] observed the similarities of these depletions and proposed that
volatile depletion in chondritic meteorites is inherited from the interstellar medium,
instead of any nebula process. Wang and Lineweaver [2016] revisited this inheritance
model by extending it to the volatile depletion in terrestrial planets.

Primitive meteorites are thought to be the building blocks of the solar system,
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out of which the planets formed [Wood, 1962; Salmeron and Ireland, [2012b]]. Mech-
anisms accounting for volatile depletion in undifferentiated meteorites (i.e. chon-
drites) should have also contributed to the volatile depletion in Earth and other dif-
ferentiated terrestrial bodies. However, terrestrial planets may have also experienced
volatile loss through high-energy processes during planetary accretion and subse-
quent planetary evolution - e.g. melting and evaporative loss during impacts [e.g.
Poitrasson et al., [2004; O’Neill and Palme, 2008; Pringle et al., 2014, 2017; Hin et al.,
2017; Norris and Wood, [2017; Dhaliwal et al., 2018]. Then the question is: to what
extent has the volatile loss during the accretion and evolution of terrestrial planets
modified the volatile depletion (due to nebular and/or pre-nebular effects) on pre-
cursor materials that were later accreted to form these planets? An approach to find
the answer is to compare the bulk elemental composition of these terrestrial plan-
ets to the proto-nebular (or proto-Sun) composition. It is noteworthy that volatile
depletion/fractionation discussed here should not be confused with the elemental
fractionation/differentiation within a planet body. The “bulk” used here is particu-
larly important, since terrestrial planets are structurally differentiated bodies, while
elements are not evenly distributed in different compositional layers (e.g. crust, man-
tle, and core) of a terrestrial planet.

Opposite to devolatilization (or volatile depletion/fractionation), “volatile addi-
tion” through processes such as the late veneer and/or late accretion is thought to
account for much of the Earth’s volatile budget [Albarede, 2009; Wang and Becker,
2013]. In this scenario, Earth is thought to form “dry” and only became “wet” at
the late stage of its accretion. Or it may have formed “wet” with volatiles, which
were subsequently depleted immediately following the Moon-forming impact, and
regained volatiles later through accretion of wet material during the final stage
of accretion. Numerous studies, based on both dynamic modeling [Walsh et al.,
2012; Morbidelli and Wood, 2015] and geochemical and isotopic analysis[Drake and
Righter| 2002; |Dauphas et al., 2004; Alexander et al., [2012; Marty, 2012; [Saal et al.,
2013; Dauphas, 2017} |Fischer-Godde and Kleine, |2017; Brasser et al., [2018], have ar-
gued against the possibility that a dominant fraction of Earth’s volatiles could have
been delivered by the late veneer or late accretion. However, a detailed investigation
of “volatile addition” is beyond the scope of this thesis, while it is noted as a caveat
in relevant chapters.

This brief review of volatile fractionation in the early solar system is to introduce
various concepts as well as to set the context for the following discussion and sub-
sequent, quantitative analysis of devolatilization. Therefore, this review should not
be seen as a complete one covering all models/mechanisms/hypotheses related to
devolatilization (or volatile depletion/fractionation). It is also worth noting that the
language used in this thesis to describe the quantitative feature of volatile depletion
often involves the terminology related to the incomplete condensation model, but I
use this language out of convenience more than out of a conviction that this model
is the correct one (and others are not). Moreover, a variety of physical processes
— including both stochastic and non-stochastic ones — might have accounted for the
overall devolatilization in going from the solar nebula to the formation of rocky plan-
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ets like the Earth, but their average effect is often “non-random” and a pattern can
usually be identified in it — as discussed thereafter.

1.1.2 Volatility trends

Refractory elements
Proto-

Sun

=

0

Loss of
volatiles

Earth/Sun abundance ratio

Earth Increasing elemental condensation temperature

Figure 1.1: Schematic illustration of the devolatilization of the solar nebula that
formed the Earth: while refractory elements above a certain threshold condensation
temperature could form rocky material, volatile material was lost, with increasing
depletion corresponding to lower condensation temperature.

A characteristic feature of the comparison between solar and terrestrial abun-
dances, is the depletion of terrestrial abundances for elements with moderately low
condensation temperatures. This depletion is systematic: the lower the condensa-
tion temperature, the greater the depletion, as illustrated schematically in Figure
This depletion provides quantitative insights into the processes active in the early
solar system and the fractionation of elements between gas and solid phases.

This feature of volatile depletion has been previously investigated and is called
the “volatility trend” of the Earth in the literature [Kargel and Lewis, 1993; Mc-
Donough| 2003, 2014; Palme and O’Neill, 2003, 2014; |Carlson et al., 2014]. An exam-
ple is shown in Figure which compares the elemental compositions between the
bulk silicate Earth (i.e. the bulk Earth excluding the core) and CI chondrites, as a
function of the elemental 50% condensation temperature, Tc.

Previous studies on volatility trends set important constraints on the elemental
abundances of the Earth’s core. However, they do not give a complete picture of
the devolatilization processes that led to the formation of the planet Earth from the
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Figure 1.2: The volatility trend, illustrated by the wedge in gray, is shown as a com-
parison of the elemental abundances of the bulk silicate Earth (i.e. the outer part of
the Earth, essentially made by silicates) to CI chondritic abundances (normalized to
1) as a function of the 50% condensation temperature [Lodders, 2003]. The figure is
from Palme and O’Neill [2014]. The normalization-reference element is Mg. The leg-
end indicates the classification of elements according to their geochemical character:
lithophile (elements) preferring to be in the silicate shell/mantle rocks, siderophile
tending to be in the metal phase (i.e. core), chalcophile partitioning into sulfides.
Above the legend, "HSE’ is the abbreviation of ‘highly siderophile elements’. “Main
comp.” near the upper x-axis denotes ‘Main components’, which are elements abun-
dant in the Earth.

solar nebula, i.e., how the bulk Earth connects to the proto-Sun. First, instead of the
bulk Earth, only the silicate part of the Earth (called ‘bulk silicate Earth’) is used, and
thus the resultant trend is not appropriate to study the volatilization features of the
Earth as a whole relative to the solar nebula. Second, CI chondritic abundances are
used to represent the solar nebular or protosolar abundances, whereas CI chondrites
are depleted in highly volatile elements (e.g., noble gases as well as H, C, N, and O)
that are indispensable for fully understanding the devolatilization process that led
to the formation of rocky material of our solar system. Third, Mg or Si is typically
used as the reference element for normalizing the Earth to CI chondrites. However,
both elements are not strictly refractory and in fact are slightly depleted in the Earth
relative to CI chondrites, thus leading to the commonly misleading concept of re-
fractory lithophile enrichment (RLE) as discussed in Lineweaver and Robles| [2009].
Last but not least, these normalized abundance ratios are given without uncertainty
estimates. Uncertainties are required so that we can evaluate if models fit data. With-
out uncertainties, such a volatility trend is essentially drawn intuitively to indicate
the upper envelope of the depleted elements (relative to CI chondrites), while we do
not know if residuals between models and data are due to the shortcomings in the
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models, or in the data.

In order to establish a chemical relationship between the proto-Sun and the bulk
Earth to the highest precision possible, we need the best elemental abundance data
(with uncertainties) to compare and quantify the differences between the two bodies.

1.1.3 [Elemental abundances of the proto-Sun and the bulk Earth

For decades the combination of solar photospheric abundances and CI chondritic
abundances have yielded what are thought to be the best proxy for the protosolar or
solar system elemental abundances [e.g. |Anders and Grevesse, 1989; Grevesse and
Sauval, [1998; [Lodders, 2003; Lodders et al., 2009]. As an example, Figure shows
the widely used compilation of protosolar abundance estimates of Lodders et al.
[2009]. However, some information in their compilations needs to be readdressed
and updated. First, CI chondritic abundances have been updated since 2009, e.g.,
by Barrat et al. [2012], Pourmand et al. [2012], and |Palme et al. [2014]. Second, the
solar photospheric abundances that they compiled are outdated and based on a het-
erogeneous sample using different solar model atmospheres and radiative transfer
calculations. In particular, their compilation does not use recent results based on 3D
hydrodynamic solar models with radiative transfer calculations taking into account
non-LTE (local thermodynamic equilibrium). Third, their approach of applying dif-
fusion corrections to the combined solar abundances from both meteoritic and pho-
tospheric data is questionable, since atomic diffusion and gravitational settling affect
photospheric abundances, but not meteoritic abundances. Motivated by these issues,
we redetermine the protosolar abundances from the recently updated meteoritic and
photospheric data with an improved approach of combining the two data sets. This
work is presented in Chapter

For Earth, the estimates for its elemental abundances are not straightforward
and are in large part model-dependent. A major challenge to estimating the bulk
chemical composition of the Earth is that we can only sample the upper part of the
possibly heterogeneous mantle, and we have no direct access to its deep interior,
and even less to the core [Allegre et al., 2001]. But over the decades much progress
has been made in making more plausible models of both the primitive mantle and
the core, though usually separately. “Primitive mantle” or “bulk silicate Earth” are
synonymous referring to the mantle after core segregation but before the extraction
of continental crust. Thus, it is a reservoir equivalent to the combination of the
present-day mantle and crust of the Earth. Studies of primitive mantle elemental
abundances have been made based on a variety of models, e.g., Kargel and Lewis
[1993], McDonough and Sun [1995], |Lyubetskaya and Korenaga| [2007], O'Neill and
Palme [2008], and [Palme and O’Neill [2014]. Studies of the elemental abundances
of bulk Earth include Allégre et al. [2001], McDonough! [2003], and McDonough and
Arevalo [2008].

Over the past decade, our knowledge of Earth’s core (and therefore of the bulk
Earth) has increased: high pressure experiments yield improved estimates of parti-
tion coefficients of siderophile (iron-loving) elements [Siebert et al., 2013] and affini-
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Figure 1.3: Lodders et al. [2009]'s Solar System abundances (normalized to 10° Si
atoms), which are a combination of the elemental abundances of CI chondrites and
the solar photosphere.

ties of light elements for iron [Ricolleau et al., 2011; Mookherjee et al., 2011]. Seismic
velocities through the core provide increasingly precise constraints on densities and
on mineral physics models [Vocadlo, 2007; Li and Fei, 2014; Badro et al.,[2014]. At the
same time, better subduction models [Poitrasson and Zambardi, 2015] and estimates
of the degree of homogeneity of the mantle [Javoy et al., 2010; Nakajima and Steven-
son, 2015; McDonough, 2016] provide new constraints that are being included in the
upper and lower mantle abundance estimates. Better observations of geo-neutrinos
[Bellini et al., 2010; |Gando et al., 2011; Bellini et al., 2013} |Gando et al., 2013] also
provide new thermal constraints for the abundances of heat-producing elements in
the Earth [e.g. Sramek et al 2013; Huang et al., 2013].

Recent literature on elemental abundances of the Earth involving the analysis
of the primitive mantle and core (usually separately) is increasingly important and
when combined, can yield improved elemental abundances of the bulk Earth compo-
sition and more realistic uncertainties. The determination of uncertainties is essential
to the quantification of elemental abundances but has been missing in previous work.
Since the goal of this thesis is to analyze the compositional differences between the
Earth, Sun and other solar system bodies, it requires estimates of the bulk Earth
abundances with uncertainties. Motivated by this, we make a concordance estimate
of the bulk Earth elemental abundances and their uncertainties by calibrating the
discrepancies between various Earth models made under different geochemical and
geophysical assumptions and we use a new estimate of the core mass fraction (with
uncertainty). This work is presented in Chapter
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1.2 From the Interstellar Medium to Our Planetary System:
A Perspective of Chemical Inheritance

While planets form from stellar nebulae — i.e. the same material as the host star
forms from - the origin of that material in turn is the interstellar medium (ISM).
Interestingly, the interstellar medium exhibits a depletion of certain elements com-
pared to the chemical composition of nearby young stars. This is surprising since
these stars must have formed from the nearby interstellar medium, and exhibit very
homogeneous abundances. The cause of the depletion must therefore be a process
that occurs in the interstellar medium.

Investigations of UV spectra of stars since the 1970s have revealed interstellar
absorption features produced by atoms in their favored ionization stages in the inter-
stellar medium [Jenkins, [2009]. Atomic abundances of heavy elements relative to that
of hydrogen are found to be below the reference cosmic abundances (approximated
by solar abundances in our part of the Galaxy), to varying degrees. The reduction of
heavy elements represents the missing atoms in the ISM gas phase. This feature is
reinforced by the correlation of the abundance deficiencies of such elements with the
temperatures derived theoretically for particle condensation in stellar nebulae, sug-
gesting that these elements have condensed into dust grains [Field, (1974]. In a study
of abundances along 243 different sight lines from more than 100 papers, |Jenkins
[2009] characterized the systematic patterns for depletions of 17 different elements
(C,N,0O,Mg, Si, P, S, Cl, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Ge, and Kr), from which a unified
quantitative scheme was constructed to estimate dust compositions.

Similar to the interstellar medium, the chemical composition of the Sun (repre-
senting the ISM gas and solid phases) differs systematically from the composition of
the Earth [Kargel and Lewis, [1993] and indeed all terrestrial planets [Warren, 2011],
as well as so-called primitive meteorites [Davis, [2006]. The fact that this is seen in
primitive meteorites is important, as these meteorites are thought to be remnants of
the solar nebula, and indeed radioactive dating shows them to be about 4.56 billion
years old. One might then ask, where the volatile material that is missing from terres-
trial planets and primitive meteorites has gone— suggestions include a hypothetical
volatile-rich condensate termed “mysterite” [Higuchi et al.,1977] and missing planets
[Halliday and Porcelli,|2001]. It is also interesting that a search for the material that is
missing from the interstellar medium initiated by [Field, 1974] eventually led to the
discovery of different types of presolar grains inside carbonaceous chondrites [e.g.
Lewis et al., 1987; Ireland, 1990]. These presolar grains are thought to represent the
surviving condensates that are missing from the interstellar medium [Clayton), 1981}
Trivedi and Larimer, |1981} Clayton, 1982; Jones and Williams, 1987]. Since these dif-
ferent presolar grains can be destroyed at different temperatures [Huss et al., 2003;
Davis, 2006], they are quite diagnostic of nebular and parent-body thermal events.
The carbonaceous chondrites wherein the presolar grains have been found are a re-
markable but relatively rare type of meteorite that contains large quantities of volatile
elements, e.g., water and organic compounds. Their presence indicates that this type
of meteorite has not experienced significant heating (> 900 K) since its formation;
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otherwise these volatiles would have considerably evaporated. These carbonaceous
chondrites are subdivided into the sub-classes/groups, e.g., CI, CM, CV, CO, CR, and
CK [Weisberg et al., 2004], according to their chemical and mineralogy differences.
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Figure 1.4: (a) Interstellar gas phase abundances relative to solar and (b) primitive
meteoritic abundances relative to CI chondrites, as a function of the 50% condensa-
tion temperature [Lodders, 2003]. For these moderately volatile elements, the gas of
the interstellar medium and the meteorites show opposite abundance trends. The
figures are from |Yin [2005].

By comparing interstellar gas and dust composition with primitive meteoritic
data, Yin [2005] demonstrated a remarkable qualitative similarity in the depletion
patterns between the ISM and primitive meteorites for moderately volatile elements.
This similarity is further discussed in Wang and Lineweaver| [2016] and shown in
Figure

Note however that the depletion scales in the ISM gas phase and the meteoritic
data differ by orders of magnitude, despite the qualitatively similar (but opposite)
behavior. This can be explained if the depletion pattern found in the ISM gas phase is
due to the condensation of the depleted elements onto interstellar dust grains. These
dust grains with the condensed layer of volatiles are processed during the collapse
stage of the parent molecular cloud and in the early active solar nebula through the
processes such as shock-wave compression, vaporization and recondensation, and
then form the so-called primitive meteorites through further fractionation, accretion,
aerodynamic heating (when passing through the Earth’s atmosphere), and weather-
ing (on the surface of the Earth). Despite this multitude of processes, it is striking
how well the overall abundance pattern of the interstellar dust grains is preserved in
the primitive meteorites.

The important connection between the early solar nebula and the interstellar
medium was outlined in a model by [Yin [2005], which explains how interstellar
grains act to seed the formation of primitive meteorites. The schematic in Figure
illustrates this connection, and can be explained as follows.

(i) In the diffuse interstellar medium where elemental depletions are observed,
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Figure 1.5: Schematic processes of dust grains inherited from the interstellar medium
into the protoplanetary disk. This figure is adapted from Wang and Lineweaver
[2016].

the volatile elements (i.e. elements with low condensation temperatures) are in the
hot ionized gas phase, while the refractory elements (i.e. elements with high con-
densation temperatures) have condensed into dust grains.

(ii) In the cold and dense molecular cloud stage, the gas phase primarily con-
sists of hydrogen molecules and helium. Carbon-rich species condense with other
volatile elements onto the dust grain core. Accumulation of individual grains with
icy mantles may occur at this stage, leading to the growth of dust grains.

(iii) As the gas pressure increases, the densest molecular cloud cores collapse,
leading to the rapid formation of stellar nebulae. During the collapse of the cloud,
the conservation of angular momentum leads to the formation of a protoplanetary
disk. The disk rapidly flattens. The icy mantles (volatile compounds) on the surface
of grains vaporize or sublimate if grains experience sudden heating, due to either
adiabatic compression or shock waves.

In brief, the presolar grains inherited from the interstellar medium and then pro-
cessed in the solar nebula constitute the primordial rocky material of our planetary
system, from which terrestrial planets are formed through the progressive accretion
and collisions and the accompanying volatile loss and gain.
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1.3 Exoplanetary Chemistry and Interiors: A Growing Path-
way to Characterize Exoplanets and Habitability

With devolatilization likely to be an essential feature of terrestrial planet formation,
the bulk elemental composition of terrestrial planets orbiting other stars can be esti-
mated by devolatilizing the observed elemental abundances of those host stars. But
why and how is the planetary bulk composition important for characterizing exo-
planets and their habitability?

This question is pertinent to the prevalent modeling of exoplanetary interiors
including structure and mineralogy [e.g. Dorn et al., 2017b; Brugger et al., 2017;
Unterborn et al., 2018]. Exoplanetary interiors can influence mantle convection and
surface recycling, i.e. planet tectonics, which in turn affects the outgassing of a planet
and the formation of a secondary atmosphere [Noack and Breuer, 2014], thereby,
the habitability of an extrasolar planet. To model exoplanetary interiors, we need
two sets of principal observational constraints. One set is the planetary mass and
radius information, and the other is the host stellar abundances. With only mass and
radius measurements multiple solutions of interior composition and structure are
possible, thus the problem is highly underconstrained or degenerate [Seager et al.,
2007; |Rogers and Seager| 2010]. My study on this topic therefore focuses on the other
principal constraint — the elemental abundances of host stars, by taking into account
devolatilization (see the schematic in Figure .

Recent studies [e.g. Dorn et al., 2015; Santos et al., 2015] have proposed adding
host stellar abundances as a principal constraint to reduce the degree of modeling
degeneracy of exoplanetary interior structure and mineralogy. However, one fact
that is ignored consistently in the prevalent exoplanetary interior models [e.g. Dorn
et al., 2015; [Santos et al., 2015; Dorn et al., 2017b; Brugger et al., 2017; Unterborn
et al., 2018] is that the elemental abundances of a rocky exoplanet are not identical to
the elemental abundances of its host star. Host stellar abundances are good proxies
of planetary abundances, but only for refractory elements (i.e. elements with con-
densation temperatures 2 1360 K). This is particularly true for terrestrial planets, as
evidenced by the relative compositional differences between the Sun, Earth and other
inner solar system bodies [Davis, 2006; Carlson et al.,|[2014].

Based on the quantification of the devolatilization in going from the solar nebula
to the Earth (presented in Chapter ), we know that the elemental abundance differ-
ences (on an equal basis of aluminum) between the Earth and the Sun for Si, Mg, Fe
and Ni are slight, but significant (a devolatilization factor of 10-20%); those for O, S,
and C are substantial and devolatilized by up to 3 orders of magnitude. The differ-
ences for Si, Mg, Fe, and Ni, in combination with the substantially devolatilized O,
will have a direct and nontrivial effect on the mantle and core composition; the dif-
ferences for O, S, and C will have profound impact on the atmospheric composition,
including the abundances of surface water, and therefore on habitability. In Chap-
ter [fl we discuss the inclusion of the devolatilization process into the estimates of
planetary bulk composition from the host stellar abundances, to improve the mod-
eling of exoplanetary interiors. Now we may ask to what extent the Sun-to-Earth
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Figure 1.6: Observational information required for modeling exoplanetary chemistry
and interiors. It is recommended that host stellar abundances are devolatilized first to
represent the planetary bulk composition, which is then used as a principal constraint
for the modeling.

devolatilization pattern applies to other planetary systems.

Composition-, location-, and timescale-dependent differences in the various frac-
tionation processes in a stellar nebula may lead to a variety of outcomes in the com-
position of a rocky planet (see Figure [[.7). The compositional differences between
the Earth, Mars and Venus could be a measure of these variations within our own
Solar System, but the extent to which the bulk compositions of Venus and Mars are
different to the Earth is still debated [Morgan and Anders, 1980; Wanke and Dreibus,
1988; [Taylor, 2013; Kaib and Cowan, 2015]. We also note that the bulk compositions
of Venus and Mars are not well determined yet and thus reliable quantitative anal-
ysis of bulk compositional differences between them and the Earth is difficult. In
spite of the complexity of planet formation, an essential step to improve the study of
exoplanetary chemistry is to take into account devolatilization, starting with the best
constrainable trend coming from the Sun-to-Earth comparison.

An additional source of uncertainty in the studies of exoplanetary chemistry is
that elements lighter than iron and nickel are rarely taken into account in estimating
the core composition of a rocky exoplanet [e.g. Santos et al., 2015; Dorn et al., 2017b;
Brugger et al.,[2017; Unterborn et al., 2018]. These models usually simplify the core to
pure iron. Light elements play a key role in compensating the 5-10% density deficit
of Earth’s core [Hirose et al., 2013; McDonough| |[2014] (comparing to pure iron at core
pressures) and in differentiating the liquid outer core from the solid inner core. The
importance of light elements in a terrestrial exoplanet’s core cannot be ignored, and
taking them into account has direct consequences for estimates of core mass fraction
and the melting temperature of an outer core (if it exists), which together have further
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Figure 1.7: The elemental composition of solar system rocky bodies, including CI
chondrites [Palme et al., 2014], CM chondrites [Wasson and Kallemeyn, 1988|, Earth
[Wang et al., 2018a], Mars [Taylor, 2013], and Venus [Morgan and Anders, 1980],
normalized to the protosolar elemental abundances [Wang et al.,[2018b], on the equal
basis of 10° Al atoms. In Taylor [2013], the elemental composition of Mars is the
primitive Martian mantle composition, so only lithophile elemental abundances are
plotted here. The abundance differences between terrestrial planets are not clearly
distinguishable.

implications for the generation of the planetary magnetic fields. First, nickel should
be added into the constituents of a rocky planet’s core, because of the strong affinity
of nickel for iron. From the cosmochemical analysis of various types of chondrites
[McDonough, 2017], it has been found that the Fe/Ni ratio in the rocky bodies of
the Solar System is essentially fixed (17.4 £ 0.5, by mass). The variation of Fe/Ni
ratios among different stars can be investigated by analyzing thousands of the solar
neighborhood stars, for which the elemental abundances of Fe and Ni are typically
available. Second, sulfur is increasingly recognized to be one of the major light
elements in the Earth’s core [Hirose et al., 2013; Li and Fei, 2014], and indeed large-
scale sulfide fractionation during Earth’s mantle-core differentiation has been found
[Savage et al., 2015]. The fractionation of sulfur between the mantle and the core
(in the form of FeS) of a terrestrial planet can be performed by using mass balance
calculations and taking the oxidation state of that planet into account. It is worth
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noting that sulfur abundance in a rocky exoplanet should result from devolatilizing
the host star, prior to the further fractionation of sulfur within the planet body.

1.4 Thesis Outline

This thesis presents new estimates for the elemental abundances of the bulk Earth
and proto-Sun. The differences quantify the devolatilization processes pertaining
to the formation of the rocky planets of our Solar System. This quantification is,
by extension, applicable to other planetary systems to infer the exoplanetary bulk
compositions from their known host stellar abundances. We also explore constraints
that can be improved to advance studies of exoplanetary interior and habitability.

Chapter 2| presents our concordance estimates for the elemental abundances with
uncertainties of the primitive mantle, the core, and the bulk Earth. This work allows
the comparison between the Earth and the Sun, as well as other solar system bodies,
to study the accretion and fractionation processes that produce rocky planets from
protoplanetary nebulae.

Chapter [3| extends our analysis of terrestrial abundances to the estimates of pro-
tosolar elemental abundances based on the latest estimates of solar photospheric
abundances and primitive meteoritic abundances, and then to establish a fiducial
model from the Earth-to-Sun abundance ratios as a function of elemental condensa-
tion temperatures. This model provides quantitative insights into the devolatilization
processes associated with the formation of rocky planetary bodies.

Chapter [ applies the fiducial devolatilization model to nearby planetary sys-
tems to infer the bulk elemental composition of rocky exoplanets — particularly those
within the circumstellar habitable zones — from the known host stellar abundances.
The estimated planetary bulk composition (rather than the host stellar abundances)
is then used as a principal constraint (along with other assumptions) to model the
interior composition and structure of such exoplanets, which are essential to under-
standing their habitability.

Chapter 5| summarizes the main results of the thesis for the bulk elemental com-
positions of the Earth and the Sun, the fiducial devolatilization model coming from
the Sun-to-Earth comparison, as well as how this applies to rocky extrasolar planets.
The limitations of these analyses are discussed, as well as prospects for future work.
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Chapter 2

The Elemental Abundances (with
Uncertainties) of the Most
Earth-like Planet

This chapter is adapted from Wang et al. [2018a] originally published as

Wang, H. S., Lineweaver, C. H., and Ireland, T. R. 2018. The Elemental Abun-
dances (with Uncertainties) of the Most Earth-like Planet. Icarus 299, 460-474, do1i.
0rg/10.1016/j.icarus.2017.08.024

Abstract

To first order, the Earth as well as other rocky planets in the Solar System and rocky
exoplanets orbiting other stars, are refractory pieces of the stellar nebula out of which
they formed. To estimate the chemical composition of rocky exoplanets based on
their stellar hosts” elemental abundances, we need a better understanding of the
devolatilization that produced the Earth. To quantify the chemical relationships be-
tween the Earth, the Sun and other bodies in the Solar System, the elemental abun-
dances of the bulk Earth are required. The key to comparing Earth’s composition
with those of other objects is to have a determination of the bulk composition with
an appropriate estimate of uncertainties. Here we present concordance estimates
(with uncertainties) of the elemental abundances of the bulk Earth, which can be used
in such studies. First we compile, combine and renormalize a large set of hetero-
geneous literature values of the primitive mantle (PM) and of the core. We then
integrate standard radial density profiles of the Earth and renormalize them to the
current best estimate for the mass of the Earth. Using estimates of the uncertainties in
i) the density profiles, ii) the core-mantle boundary and iii) the inner core boundary,
we employ standard error propagation to obtain a core mass fraction of 32.5 + 0.3
wt%. Our bulk Earth abundances are the weighted sum of our concordance core
abundances and concordance PM abundances. Unlike previous efforts, the uncer-
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tainty on the core mass fraction is propagated to the uncertainties on the bulk Earth
elemental abundances. Our concordance estimates for the abundances of Mg, Sn,
Br, B, Cd and Be are significantly lower than previous estimates of the bulk Earth.
Our concordance estimates for the abundances of Na, K, Cl, Zn, Sr, F, Ga, Rb, Nb,
Gd, Ta, He, Ar, and Kr are significantly higher. The uncertainties on our elemental
abundances usefully calibrate the unresolved discrepancies between standard Earth
models under various geochemical and geophysical assumptions.
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2.1 Introduction

The number of known rocky exoplanets is rapidly increasing. Transit photometry
and radial velocity measurements, when combined, yield rough estimates of the
densities and therefore mineralogies of these exoplanets. Independent and poten-
tially more precise estimates of the chemical composition of these rocky planets can
be made based on the known elemental abundances of their host stars combined
with estimates of the devolatilization process that produced the rocky planets from
their stellar nebulae. To proceed with this strategy, we need to quantify the de-
volatilization that produced the Earth from the solar nebula. Knowledge of the bulk
elemental abundances of the Earth with uncertainties is an important part of this
research. The elemental abundances of bulk Earth (including both the bulk silicate
Earth and the core) can tell us a more complete story of the potentially universal
accretion and fractionation processes that produce rocky planets from nebular gas
during star formation. Uncertainties associated with the bulk Earth composition are
needed to compare and quantify compositional differences between the Earth, Sun,
and other solar system bodies. Such comparisons can lead to a more detailed un-
derstanding of devolatilization and the chemical relationship between a terrestrial
planet and its host star. The bulk Earth elemental abundances will help determine
what mixture of meteorites, comets and other material produced the Earth [Drake
and Righter, 2002; Burbine and O’Brien, 2004] and can also help determine the width
of the feeding zone of the Earth in the protoplanetary disk [Chambers, 2001; Kaib
and Cowan| 2015].

There are many stages of compositional fractionation between the collapse of
a stellar nebula, the evolution of a protoplanetary disk and a final rocky planet.
Composition- and position-dependent differences in the duration and strength of
the various fractionating processes can lead to a variety of outcomes. The different
(but somewhat similar) compositions of Earth, Mars and Vesta are a measure of these
variations within our own Solar System.

A major challenge to estimating the bulk chemical composition of the Earth is
that we can only sample the upper part of the possibly heterogeneous mantle, and
we have no direct access to its deep interior, and even less to the core [Allegre et al.,
2001]. Early studies on primitive mantle (PM) elemental abundances include O’Neill
[1991], Kargel and Lewis|[1993]], McDonough and Sun|[1995]], and O’Neill and Palme
[1998]. Bulk elemental abundances with uncertainties [Allegre et al., 2001] were re-
ported 16 years ago but much work on PM abundances and on core abundances
(usually separately) has been done since then [e.g.,|Lyubetskaya and Korenaga, 2007}
Palme and O’Nelill, 2014; |[Rubie et al., [2011; Wood et al., 2013; Hirose et al., 2013].
The determination of uncertainties is central to the quantification of elemental abun-
dances but has been a missing priority in previous work. The most recent, highly
cited estimates of the elemental abundances of the bulk Earth do not include uncer-
tainties [McDonough| 2003; McDonough and Arevalo, 2008].

Elemental abundance discrepancies are in large part model-dependent [McDonough,
2016], but over the past 15 years progress has been made in making more plau-
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sible models. Our knowledge of the core (and therefore of the bulk Earth) has in-
creased significantly: high pressure experiments yield improved partition coefficients
of siderophiles [Siebert et al., 2013] and improved affinities of light elements for iron
[Ricolleau et al., [2011; Mookherjee et al., 2011]. Seismic velocities through the core
provide increasingly precise constraints on densities and on mineral physics mod-
els [Vocadlo, 2007; Li and Fei, 2014; Badro et al., 2014]. Better subduction models
[Poitrasson and Zambardi, [2015] and estimates of the degree of homogeneity of the
mantle [Javoy et al.,2010; Nakajima and Stevenson, 2015; McDonough, 2016] provide
new constraints that are being included in the upper and lower mantle abundance
estimates. Better observations of geo-neutrinos [Bellini et al., |2010; Gando et al.,
2011} Bellini et al., 2013} |(Gando et al., 2013] provide new thermal constraints for the
abundances of heat-producing elements in the Earth [e.g. Sramek et al., 2013; [Huang
et al., 2013]. The large majority of the literature on elemental abundances of the
Earth, involving either the analysis of the PM or of the core, are increasingly impor-
tant and when combined, yield improved elemental abundances of the bulk Earth
composition and more realistic uncertainties.

Our main research goal is to analyze the compositional differences between the
Earth, Sun and other solar system bodies and from this comparison quantify the de-
volatilization of stellar material that leads to rocky planets. This requires estimates of
the bulk Earth abundances with uncertainties. These bulk abundances and their uncer-
tainties are poorly constrained and often ignored in the literature. Motivated by this,
we make a concordance estimate of the bulk Earth elemental abundances and their
uncertainties. The words “concordance estimate” specifically mean a compositional
estimate that is representative of, and concordant with previous estimates. The aim
of this work therefore is not to resolve the discrepancies between competing mod-
els and assumptions but to construct a concordance model (with uncertainties) that
represents current knowledge of bulk Earth composition and calibrates unresolved
discrepancies. We envisage that if the discrepancies can be resolved, a better formula-
tion for estimating uncertainties might be forthcoming. However, at this stage, some
of the arguments concerning the derivation of models, or values resulting from these
models, appear intractable. Nevertheless, there is an essential need for uncertainties
in the estimates if we are to make progress in comparing planetary objects.

2.2 Composition of the Primitive Mantle

2.2.1 Data sources

Earth’s primitive mantle (PM) or bulk silicate Earth (BSE) is the mantle existing af-
ter core segregation but before the extraction of continental and oceanic crust and
the degassing of volatiles [Sun, [1982; Kargel and Lewis) [1993; [Saal et al., 2002; Mc-
Donough, 2003; Lyubetskaya and Korenaga, 2007; Palme and O’Neill, 2014]. There
are two major, and partially-overlapping modeling strategies for estimating the PM
composition.

The peridotite model is based on the analysis of chemical data from basalts and
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periodotite massifs. Peridotite-basalt melting trends yield an estimate of the PM com-
position [e.g., Ringwood, 1979; Sun, 1982; McDonough and Sun, |1995; McDonough,
2003; Lyubetskaya and Korenaga, 2007]. The peridotite model has a number of in-
trinsic problems, including the non-uniqueness of melting trends, large scatter in the
data from mid-ocean ridge basalts (MORB) and from ocean island basalts (OIB),
and the difficulty of imposing multiple cosmochemical constraints on refractory
lithophile element (RLE) abundances, often resulting in model-dependent, poorly
quantified uncertainties [Lyubetskaya and Korenaga, 2007].

The cosmochemical model is based on the identification of Earth with a particu-
lar class of chondritic or achondritic meteorites or their mixtures [e.g., Morgan and
Anders) 1980; Javoy et al., 2010; Fitoussi et al., 2016], along with a number of as-
sumptions on accretion and fractionation processes [Allegre et al., 2001]. The cosmo-
chemical model uses chondritic ratios of RLEs and volatility trends [e.g., Wanke and
Dreibus, 1988; Palme and O’Neill, 2003, 2014]. Palme and O’Neill [2003] and |Palme
and O’Neill [2014] present a core-mantle mass balance approach for calculating the
primitive mantle composition. This approach requires an accurate determination of
magnesium number (Mg # = molar Mg/(Mg+Fe)). A reasonable range for Mg# can
be inferred from fertile mantle periodites.

Our aim is not to resolve the differences between these strategies and models but
to construct a concordance model whose mean values and uncertainties adequately
represent current knowledge and disagreement.

2.2.2 Concordance PM estimate

We construct our concordance PM abundances from three major papers reporting
PM abundances [Lyubetskaya and Korenaga, 2007; McDonough and Arevalo, 2008;
Palme and O’Neill, 2014], supplemented with noble gas abundances from Marty
[2012] and Halliday| [2013]. McDonough and Arevalo [2008] is an updated version of
their pioneering peridotite model [McDonough and Sun, |1995; McDonough, 2003].
Updates of some abundances, for example W, K and Pb, can be found in |Arevalo
and McDonough| [2008] and |Arevalo et al. [2009]. Lyubetskaya and Korenaga [2007]
performed a principal component analysis of the same peridodite database but with
different model parameters. Palme and O’Neill [2014] is largely based on a cosmo-
chemical model using mass balance and is an updated version of their pioneering
earlier work [Palme and O’Neill, 2003].

Challenges to combining these three data sets are:

i) McDonough and Arevalo [2008] report no uncertainties, however the PM abun-
dance uncertainties reported in McDonough and Sun| [1995] approximately reflect
current uncertainties. Thus, in our analysis, we attach them to the PM abundances
reported in McDonough and Arevalo| [2008].

ii) Lyubetskaya and Korenagal [2007] do not report abundances of four volatiles;
C,H,N,O.

iii) Palme and O’Neill [2014] do not report uncertainties for C, N, Se, Te, In, Hg
and Bi, while Lyubetskaya and Korenaga [2007] do not report uncertainties for Te,
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Figure 2.1: Recent literature estimates of 83 elemental abundances in the primitive
mantle (PM) and our concordance estimates (green) constructed from them. Ele-
ments are plotted in order of decreasing PM abundance. The upper panel plots ppm
by mass. In the lower panel, literature values have been normalized to our PM con-
cordance estimates. Our PM concordance ppm estimates have been rescaled up by
0.3% to ensure that their sum equals 10°. We have not rescaled the literature values
(see Appendix for rescaling details). The light green band in the lower panel
indicates our estimate of the uncertainties on the concordance values. 64% of the
literature points fall within this band. The string of relatively low values for RLEs in
the middle of the plot for the [Lyubetskaya and Korenagal [2007] data set is due to its
relatively high Mg abundance. Upper limits that extend beyond the plot range are
labeled with their y-values. The dashed boxes on the left in both panels contain the
13 most abundant elements and are zoomed-in on in Fig.




82.2 Composition of the Primitive Mantle 25

O Mg Si Fe Ca Al Na Cr N Ti Mn K S

10°F - — 1 1100%
5 f
[ J ]
Mg Si s Concordance PM |
Geoe gee
7 10°) Fo {1o%
é : © 0o 1
- Ca Al
o o® sq8
£ td
g 10} 1%
p : ]
[&]
S a Cr
o es ¢me Ni
3 Ceoe Ti M
< 103:- ¢ Lyubetskaya & Korenaga 2007 §'§ vee 10.1%
5 McDonough & Arevalo 2008 . ]
[ K
| ¢ Palme & ONeil 2014 §§§ }3
0wl Q M 9 Fo o M Moy T MKk S oo
1 _4'_ 94.39_735 98.26_"/35 99.943:’/::; ] +40%
3 i | +30%
§ 1.2¢ L +20%
= i L 0%
< 1.0f "I‘i"?"}' i B
8 L E E . E =4-10%
N I : | P
s 08 | | 7R
S - ! i | -30%
2 0.6} | -40%
0.4 ' ' ]

O Mg Si Fe Ca Al Na Cr Ni Ti Mn K S

Figure 2.2: Zoom-in of the 13 most abundant elements contained in the dashed boxes
in both panels of the previous figure. The sum of the abundances of the 4 most
abundant elements (O, Mg, Si, Fe) make up 94.19 £ 0.69% of the total PM mass. The
6 most abundant elements (O, Mg, Si, Fe, Ca, Al) make up 98.96 + 0.72%, while the 13
most abundant elements plotted here make up 99.937057% of the total PM mass. The
extra mass in Mg in the [Lyubetskaya and Korenaga [2007] data set is compensated
for by their low values of Ca and Al . This is a good example of the covariance or
non-independence of elemental abundance estimates.
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In, Hg, Bi, Ag, Cd and T1. We assign the McDonough and Sun [1995] uncertainties
to these elements.

iv) none of these three PM models include noble gas abundances. In a prelim-
inary attempt to be more comprehensive, we supplement these three PM models
with recent noble gas abundances: the atmospheric model of Marty [2012] and three
different models (layered mantle, impact erosion, and basaltic glass) from |Halliday
[2013]. This range encompasses recent results from Dauphas and Morbidelli [2014]
[Marty et al., 2016]. See Appendix A.1 for details.

The resultant concordance estimates for the PM elemental abundances and their
uncertainties are listed in column 3 of Table Our PM elemental abundances
are increased by 0.3% to ensure that the sum of all the ppm values equals 10° (see
[A.3). Figs. 2.1] & [2.2] show the comparison of our concordance abundances with the
literature values. The upper panel of Fig. shows elemental abundances (ppm by
mass). The literature abundances normalized to our concordance PM abundances
are shown in the lower panel. For clarity, Fig. is a zoomed-in version of the 13
most abundant elements in Fig. The abundances of these 13 elements account
for 99.93f8:% wt% of the primitive mantle.

By construction, our concordance PM abundances are consistent with the litera-
ture abundances. There are some outliers. For example, the [Lyubetskaya and Kore-
naga [2007] abundances of Cl and Br are relatively low because they used the Cl1/K
ratio of 0.007520.0025 from highly depleted MORB in [Saal et al. [2002]. This ratio is
~ 10 times lower than an equivalent Cl/K ratio of ~ 0.07 used in McDonough and
Arevalo [2008] [which came from the C1/Rb ~ 28 and K/Rb ~ 400 of McDonough
and Sun, [1995]. The abundances of K estimated in |Lyubetskaya and Korenaga [2007]]
and McDonough and Arevalo [2008] are consistent (190£76 ppm and 240+48 ppm,
respectively), resulting in the abundance of Cl in Lyubetskaya and Korenaga|[2007] ~
12 times lower than that in McDonough and Arevalo [2008]. Based on a 10% partial
melting MORB and the mass balance, Palme and O’Neill [2014] estimate a total Cl
content of 30 ppm for PM, ~ 21 times higher that that (~ 1.4 ppm) in |Lyubetskaya
and Korenaga [2007]. The |Lyubetskaya and Korenaga [2007] abundance of Br comes
from the Cl/Br ratio of ~ 400450, which is the same ratio used in [Palme and O’Neill
[2014] and is higher than the approximate 350 [McDonough and Arevalo, 2008; Mc-
Donough and Sun, 1995]. Thus, the Lyubetskaya and Korenaga [2007] Br abundance
is also low and inconsistent with that of McDonough and Arevalo [2008] and of
Palme and O’Neill [2014]. Because of this inconsistency, we use an unweighted mean
for Cl and Br (see Appendix A.1). As a result, the ratio of our estimated Cl and Br
abundances is ~ 376.
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2.3 Composition of the Core

2.3.1 Data sources

The density deficit of the Earth’s core (compared to a pure Fe-Ni composition) sug-
gests that the core contains a significant amount of one or more light elements. The
liquid outer core is thought to have a density deficit of 3 — 12 wt% [e.g., Stevenson,
1981; /Anderson and Ahrens, 1994; McDonough, 2003], while the solid inner core is
3-6 wt% less dense than predicted [e.g., /Anderson and Ahrens, 1994; Hemley and
Mao) 2001]. The candidate light elements are still controversial and have been mod-
eled and estimated in various ways and plausibly include Si, O, S and C [e.g. [Fitoussi
and Bourdon, 2012; Hirose et al., 2013; Litasov and Shatskiy, 2016].

We have compiled and combined a wide variety of recent work to construct concor-
dance core abundances. These are listed in Tables [2.1] and 2.2l and include various
constraints from various core compositional models, terrestrial fractionation curves
and mass balance [e.g. Kargel and Lewis, 1993; |Allegre et al., |1995; McDonough,
2003; Wood et al., 2006; McDonough and Arevalo, 2008], metal-silicate equilibrium
[e.g. Rubie et al., 2011], the chemistry of core formation [e.g. Javoy et al.,[2010], high-
pressure and high-temperature experiments [Siebert et al., 2013]], experiments based
on sound velocity and/or density jumps [Huang et al., 2011; Nakajima et al., 2015,
and numerical simulations [e.g.Zhang and Yin, 2012; Badro et al., 2014].

2.3.2 Concordance core estimate

Since many core abundances reported in the literature are model-dependent and
are given without uncertainties, our concordance abundances (Tables and
are unweighted averages (Eq. and exclude abundances that have been set to
zero. Based on mass balance between the core and the silicate Earth, McDonough
[2003] proposed both Si-bearing and O-bearing core models while McDonough and
Arevalo [2008] presented a Si-bearing model only. The trace elements in the Mc-
Donough| [2003] O-bearing model and McDonough and Arevalo| [2008] Si-bearing
model are highly correlated. Therefore we only count them once in our calculations.
The details of how the literature values were combined into our concordance values
with uncertainties are described in|A.1.2|

Fig. [2.3)shows our concordance abundances for 49 elements in the core, compared
with the literature values from which they were constructed. The sum of our concor-
dance abundances of the 49 elements is scaled to 10° and listed in column 5 of Table
This is the most complete compilation for the core’s composition to date. Table
2.2 lists the mean concordance concentrations of the 13 most abundant elements in
the core along with the literature values from which they were constructed. Fig.
is a zoom-in of the 13 most abundant elements and shows this comparison in more
detail. Fe-Ni alloy accounts for 87.90+2.92 wt% of the total mass of the core. The
most abundant light element in the core is Si, followed by O, S, and C. The other less
abundant elements include Cr, P, Mn, Co, Na, Mg and H.
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2.4 Composition of the Bulk Earth

2.4.1 The core mass fraction

The elemental abundances of bulk Earth are the weighted averages of the elemental
abundances of the primitive mantle and core. The accuracy of bulk Earth abundances
therefore depends on the accuracy of the core mass fraction. However, literature
values of the core mass fraction (Table vary, and none has a reported uncertainty.

Our calculation of the core mass fraction is based on the two standard Earth radial
density profile models: PREM [Dziewonski and Anderson, [1981] and ak135 [Kennett
et al., 1995]. We take 3480+1 km for the core-mantle boundary (CMB) and 121843
km for the inner core boundary (ICB) [Souriau and Calvet, 2015]. We take 5972.2+0.6
x10%! kg as the total mass of the Earth!. This recent update of the Earth’s mass is
due to more precise (and accurate) estimates of Newton’s constant. We renormalize
the radial density profiles of core and mantle to this new lower Earth mass, which
results in an overall density lower by 0.00158 g/cm?. We assume a typical uncertainty
of 1% in the density profile models (Brian Kennett, personal communication). We
include the correlation between core and mantle densities, the uncertainties of the
ICB and the CMB, and the fact that an increase of radius can be compensated by a
lower density. Thus, we obtain estimates for the mass fraction of the inner core (f;):
fic = 1.630 = 0.004 wt% and of the outer core (foc): for = 30.840 £ 0.296 wt%. The
mass fraction of the total core is fic + foc = feore = 32.5 & 0.3 wt%. Correspondingly,
the weighting factors for estimating the bulk Earth composition are feore and 1 — feore
for the core and PM respectively (Eq. [A.5).

2.4.2 Concordance bulk Earth estimate

Based on our concordance estimates of the elemental abundances of the primitive
mantle and core, we estimate the bulk elemental abundances of the Earth with their
weighted sum ( Eq. ). The resultant bulk Earth composition and its associated
uncertainty ( Eq. [A.6]) are listed in column 7 of Table The construction of bulk
Earth abundances from primitive mantle and core for each element is plotted in Figs.
2.5(a) and 2.5(b)| to demonstrate the geochemical differentiation between PM and
core. In Fig. we normalize the elemental abundances of PM and core to the
concordance bulk Earth abundance and plot them as a function of 50% condensation
temperature [Lodders, 2003].

Our main results are shown in Fig. which shows the comparison of our con-
cordance estimate of bulk Earth composition and the recent bulk Earth compositional
datasets of Allegre et al.| [2001], McDonough| [2003], and McDonough and Arevalo
[2008]. The light blue band in the lower panel indicates our estimate of the uncertain-
ties on the concordance values. 70% of the literature points fall within this band. Fig.
zooms in on the comparison of the 15 most abundant elements, which account
for 99.9Of(1):i8 wt% of the bulk Earth composition.

142016 Selected Astronomical Constants” in The Astronomical Almanac Online, USNO-UKHO.
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Figure 2.3: Recent literature estimates of 49 elemental abundances in the Earth’s core
and our concordance estimates constructed from them. Elements are plotted in order
of decreasing core abundance. The upper panel plots ppm by mass. In the lower
panel, literature values have been normalized to our core concordance estimates.
The grey band in the lower panel indicates our estimate of the uncertainties on the
concordance values. 79% of the literature points fall within this band. The dashed
boxes on the left in both panels contain the 13 most abundant elements and are
zoomed-in on in Fig. Our core concordance ppm estimates have been rescaled

down by 2.0% to constrain their sum to equal 10°. We have not rescaled the literature

values (see Appendix Table [A.2).
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Figure 2.4: Zoom-in of the 13 most abundant elements contained in the dashed boxes
in both panels of the previous figure. The sum of the Fe and Ni abundances make
up 87.90 £ 2.92% of the total core mass. The 5 most abundant elements (Fe, Ni, Si,
O, S) make up 973472660, wwhile the 13 most abundant elements plotted here make

—4.18

up 99.891%21% of the total core mass. See Table 1 for details. The uncertainties on Si
and O are not independent since to account for the density deficit in the core, high
values of Si probably coincide with low values of O, and vice versa.
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Table 2.3: Core mass fraction in the Earth

Reference Core mass fraction (wt%) Comments

Birch|[1964 324 and 32.7 solutions from two sets of density-velocity
relations

Anderson and Kovach|[1967]  32.5 see also |Anderson [1989], using density pro-
files from|Dziewonski and Anderson|[[1981] Pre-
liminary Reference Earth Model (PREM model)
based on seismological constraints.

oder|[1995 323 derived from estimates of the masses of inner
core, outer core, and the Earth: 96.75 x 102!
kg, 1835 x 10%! kg, and 5973.6 x 10%! kg respec-
tively; The GEM-T2 Gravitation Model [Marsh
1990] and the PREM model [Dziewonski
1981] are cited.

Allegre et al.|[1995| [2001] 325 derived from assumed masses of primitive man-
tle and core: 4090 x 10?! kg and 1967 x 10?1
kg, respectively. Thus a total Earth mass of
6057 x 102! is assumed; |Anders [1977], [Mor-
gan and Anders|[1980] and [Wanke and Dreibus
[1988]] are cited.

cDonough[2003 32.3 cites [1995]
avoy et al.‘ 2010 324 no citations given
irose et al[[2013 33 no citations given
Zeng [2015 32.5 no citations given

This wor 325 £ 0.3

seismological constraints based on the Dziewon-
ski and Anderson PREM model, the
nett et al.| [1995] ak135 model, and the radii of
inner core and outer core: 3480 £1 km and
1218 4 3 km, respectively, from|Souriau and Cal-
|V_et| 2015|], along with the constraint of total
mass of the Earth (5972.2 4 0.6 x 102! kg, the As-
tronomical Almanac Online, USNO-UKHO.). See

details in Section
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Figure 2.5: (a) The weighted sums of the concordance PM and the concordance core
produce our concordance estimates of elemental abundances of the bulk Earth. The
core abundances are weighted by our estimate of the core mass fraction: 32.5+ 0.3
wt%. The PM abundances are weighted by 67.5+ 0.3 wt% (= 100 — 32.5). Ele-
ments with nil or extremely low abundance in the core are plotted on the x-axis. (b)
Concordance PM and core abundances normalized to the concordance bulk Earth
abundances and plotted as a function of 50% condensation temperatures [Lodders,
2003]]. Refractory elements are on the left, volatiles on the right. Refractory lithophile
elements are the green points at normalized abundance of ~ 1.5 (=~ 1/0.675). Refrac-
tory siderophiles are the black points at a normalized abundance of ~ 3 (~ 1/0.325).
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Figure 2.6: Comparison of our concordance bulk Earth elemental abundances (last

column of Table with the recent estimates of [Alleégre et al. |

2001], McDonough

[2003]], and McDonough and Arevalo

[2008]. Elements for which

McDonough| [2003]]

and McDonough and Arevalo [2008

reported identical values

are plotted as

Donough and Arevalo| [2008] points. In the lower panel the literature values from
the top panel are normalized to our concordance values. The blue band in the lower
panel indicates our estimate of the uncertainties on the concordance values. 70% of
the literature points fall within this band. The sum of our bulk Earth abundances
is 10° since we have rescaled the concordance PM and core abundances to 10° (see
Appendix C). The literature abundances have not been rescaled to ensure their abun-
dances sum to 10°. The dashed boxes on the left in both panels contain the 15 most
abundant elements and are zoomed-in on in Fig.
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Figure 2.7: Zoom-in of the 15 most abundant elements contained in the dashed boxes
in both panels of the previous figure. The sum of the abundances of the 4 most abun-
dant elements (Fe, O, Si, Mg) make up 92.99 + 1.45% of the total mass of the Earth.
The 8 most abundant elements (Fe, O, Si, Mg, Ni, Ca, Al, S) make up 98.592:2;%,
while the 15 most abundant elements plotted here make up 99.90*{19% of the total
mass of the Earth. Our Mg abundance is significantly lower than previous estimates.
Our estimates of the uncertainties allow the evaluation of the significance of such
differences. Reported values without uncertainties do not allow such a comparison.
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2.5 Discussion

2.5.1 Comparison with previous estimates

Compared to our concordance values, the abundances of some elements reported by
McDonough| [2003] and McDonough and Arevalo [2008] are significantly different
(where the significance of the difference can only be based on our reported uncer-
tainties). Relative to our values, their abundances for Mg, Cr, Br, Sn, Cd, B and Be
are significantly higher, while their abundances for O, Na, Mn, Zn, Ga, Li, Rb, Nb, Ta
and In are significantly lower, where “significant” means their value is outside our
estimate of the uncertainty (Figs. 2.6/ & 2.7).

The bulk elemental abundances with uncertainties in |Allegre et al. [2001] were
determined systematically by a carbonaceous chondrite correlation line, in combina-
tion with the abundances of siderophile and chalcophile elements in |Allegre et al.
[1995]. These works largely depend on the accuracy of the analyses of CI, CM, CO
and CV meteorites compiled in Wasson and Kallemeyn| [1988]. For many elements,
their mean values and/or their uncertainties are different from our results. For ex-
ample, relative to our values, the Allegre et al. [2001] abundances for O, Si, Mg, Sn,
Rh, B and Cd are high, while their abundances for Fe, K, Cl, Zn, N, F, Ga, Tl, He
and Ar are low. One reason for these differences are the different assumptions made.
For example, the estimate of nitrogen abundance in the Earth in Allegre et al. [2001]
is based on the atmospheric inventories while our estimate is based on the compari-
son of Earth’s mantle with carbonaceous chondrite data in McDonough and Arevalo
[2008] and |Palme and O’Neill [2014]. |Allegre et al. [2001] deduced Earth’s chlorine
abundance from the Cl/Ba ratio in MORB, while our PM sources [Lyubetskaya and
Korenaga) [2007; McDonough and Arevalo, 2008] derived Cl from the Cl/K ratio in
MORB (Sect. 2.2). Other reasons for the abundance differences and differences in
uncertainties are updates to PM and core abundances, and the use of slightly differ-
ent core mass fractions: McDonough/ [2003] or McDonough and Arevalo| [2008] (32.3
wt%), |Allegre et al. [2001] (32.5 wt%), and this work (32.510.3 wt%).

Based on Eq. we quantify the significance of the deviation of our concordance
bulk Earth abundances from previous estimates [Allegre et al., [2001; McDonough,
2003; McDonough and Arevalo, 2008]. Among our new bulk elemental abundances,
6 elements (Mg, Sn, Br, B, Cd and Be) are more than ~ 1¢ below previous estimates,
and 14 elements (Na, K, Cl, Zn, Sr, F, Ga, Rb, Nb, Gd, Ta, He, Ar, and Kr) are more
than ~ 10 above previous estimates (see Table [A.T).

The reasons for these significant abundance differences include different assump-
tions and our inclusion of updated PM and core abundances. Mg and Na are the
most abundant elements for which our new estimates deviate by more than ~ 1.5¢
from previous estimates. Our Mg PM abundance of 22.34+0.2 wt% is ~ 2.5¢ lower
than the 22.8 wt% of McDonough and Arevalo [2008] and ~ 50 lower than the 23.4
wt% of |Allegre et al. [2001] (deduced from their 15.8 wt% Mg bulk abundance and
a 67.5 % PM mass fraction). Our lower bulk Earth Mg abundance predominantly
comes from the lower PM Mg abundance in [Palme and O’Neill| [2014]. Our bulk
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Earth Na abundance is higher than McDonough and Arevalo|[2008] and |Allegre et al.
[2001] because unlike those authors, we have included Na in the core: 1372+519 ppm
[Kargel and Lewis, |1993].

Palme and O’Neill [2014] state that the 6 most abundant elements in the PM
make up 98.41 £ 0.01 wt%. We get a higher value with a much larger uncertainty:
98.96 £ 0.72 wt%. McDonough| [2016] states (based on chondritic models) that Fe, O,
Si and Mg make up more than 90% of the mass for the bulk Earth and the addition
of Ni, Ca, Al and S accounts for more than 98% by mass. Consistent with these
estimates, we find 92.99+ 1.45 wt% for Fe, O, Si and Mg and 98.59ﬂ:i; wt% with the
addition of Ni, Ca, Al and S.
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Figure 2.8: Our concordance bulk Earth and primitive mantle abundances normal-
ized to Al and CI chondrites. Thus, for a generic element X, the bulk Earth (blue dots)
we plot: (X/Al)gum/(X/Al)c; and analogously for the concordance PM (square
points) we plot: (X/Al)pp/(X/Al)c;. Both are plotted as a function of 50% con-
densation temperatures [Lodders, 2003]. CI abundances and uncertainties are from
Table 3 of |Palme et al. [2014], except for the uncertainties of the noble gases which
we have set at the same +50% uncertainty of Hg.

Fig. presents another way to present our PM and bulk Earth compositions
(with uncertainties) in comparison with the latest compilation [Palme et al., 2014]
of CI chondritic abundances. In Fig. we have normalized both the bulk Earth
and PM abundances to the highly refractory element Al and CI chondrites. More
specifically, for a generic elemental abundance X, for the bulk Earth we plot:
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(X/ADgarn/ (X/Al)cr and for the concordance PM we plot: (X/Al)pym/ (X/Al)cr.
This figure can be directly compared with Fig. 1 of Wood et al. [2006], Fig. 1 of
Carlson et al.|[2014] and Fig. 21 of Palme and O’Neill [2014]. Those three figures have
been normalized to Mg and CI chondrites. Because of their large abundances, Mg or
Si have often been chosen as a normalization reference element [McDonough), 2003;
Palme and O’Neill, 2014; |Carlson et al., 2014; [Litasov and Shatskiy, 2016]. However
both Mg and Si are not strictly refractory elements. They both have condensation
temperatures slightly lower than the transition or critical temperature (~ 1400 K),
below which the devolatilization of the Earth, compared to CI, is clear. Thus, with
a Mg normalization, a slight depletion of bulk Earth Mg compared to CI chondritic
Mg, is misrepresented as an enrichment of refractory lithophiles.

Our PM analysis does not include estimates from Javoy et al. [2010] who only
report the PM abundances of ten elements (O, Mg, Si, Fe, Al, Ca, Ti, Ni, Cr, and Co)
based on their enstatite chondrite model. If these abundances were included in our
analysis they would lower Al, Ca and Ti without lowering the other RLEs such as
Be, Sc, Sr, Nb, REE (Rare Earth Elements), Th and U. Also, enstatite chondrites are
silica-enriched (but oxygen depleted?), from which it is problematic to construct the
silica-poor (peridotitic) terrestrial model [Fitoussi and Bourdon, 2012; Jellinek and
Jackson, [2015].

2.5.2 Unresolved Issues

We have assumed that the bulk Earth consists of the primitive mantle and the core,
and that the primitive mantle is a reservoir with the composition of the present-
day Earth’s mantle, crust and surface inventories taken together. Contributions of
late accretion to the formation of a secondary atmosphere of the Earth introduces
some ambiguity to this definition. We also neglected Earth’s primary atmosphere
(likely dominated by H and He) formed at the stage of solar nebula. In limiting our
calculations to the prevalent standard models of the PM [Lyubetskaya and Korenaga,
2007; McDonough and Arevalo, 2008; Palme and O’Neill, 2014] we ignore the possible
heterogeneity between the lower mantle and the upper mantle. Impact erosion is
another issue that could have changed the PM abundances of incompatible lithophile
elements. If we considered the impact erosion model of [O’Neill and Palme| [2008],
for example, the PM abundance of K would decrease by about a factor of 2.

Recently, based on i) a high PM abundance of the chalcophile element In, ii) nu-
cleosynthetic isotope anomalies and iii) high- and low-pressure-temperature metal-
silicate partitioning data, Wang et al.|[2016] suggested that Earth’s moderately volatile
element composition may not be chondritic.

Another concern could be that we compute weighted averages when combining
the elemental abundances of the primitive mantle while we compute unweighted av-
erages for the core. Considering the global consistency of the PM abundance datasets
[i.e., Lyubetskaya and Korenaga, 2007; McDonough and Arevalo, 2008; Palme and
O’Neill, 2014], computing weighted averages is appropriate. Unlike the PM, core
compositional models are much more complex and mixed with experimental data.
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Furthermore, uncertainties are not given in the majority of reported core composi-
tional estimates, so computing weighted averages is not an option.

The degree to which the bulk compositions of Venus and Mars are different from
the Earth [Morgan and Anders, |1980; Wanke and Dreibus, 1988] or broadly similar
[Taylor, 2013} Kaib and Cowan, 2015; [Fitoussi et al., [2016] is still unclear.

2.6 Summary and Conclusions

As the solar nebula condensed, evaporated and fractionated to form the early Earth
[Urey, 1964; Grossman and Larimer, 1974; O’D. Alexander, 2001; Wood et al., [2006;
Carlson et al., 2014, the chemical composition of the bulk Earth was essentially estab-
lished. From a heterogeneous set of literature values, we present the most complete
lists of the elemental abundances with uncertainties of the primitive mantle (PM), the
core and the bulk Earth (Table Figs. 2.I[2.42.6]2.7). The four most abundant
elements (O, Mg, Si, and Fe) make up 94.19+0.69% of the total PM mass. Fe-Ni alloy
accounts for 87.904+2.92 wt% of the total mass of the core, and the major light ele-
ments in the core are Si, O, S, C, Cr, Mn, P, Co, Na, Mg and H in order of decreasing
abundance. The concordance bulk Earth abundances with uncertainties come from
the weighted average of our concordance PM and core. The weighting factor for this
average comes from our new estimate (with uncertainty) of the core mass fraction
of the Earth: 32.54+0.3 wt%. Our concordance estimate of bulk Earth composition is
largely consistent with recent bulk elemental abundance estimates; 70% of the previ-
ous bulk elemental abundances are within the uncertainties of our concordance bulk
elemental abundances. Compared to previous work, the most significant differences
include: 1) our abundances of Mg, Sn, Br, B, Cd and Be are more than ~ 1c lower,
and 2) our abundances of Na, K, Cl, Zn, Sr, F, Ga, Rb, Nb, Gd, Ta, He, Ar and K,
more than ~ 1c¢ higher (Table B.4). This set of concordance estimates (with uncertain-
ties) for the elemental abundances of PM, core and bulk Earth provides a reference
that can be used to compare the Earth to the Sun, which will lead to a more precise
devolatilization pattern, potentially applicable to exoplanets and their host stars.
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Chapter 3

Protosolar Elemental Abundances
and the Devolatilization that Led to
the Earth

This chapter is adapted from Wang et al. [2018b] submitted to Icarus as

Wang, H. S., Lineweaver, C. H., Ireland, T. R. 2018. The Volatility Trend of Proto-
solar and Terrestrial Elemental Abundances. https://arxiv.org/abs/1810.12741.

Abstract

We present new estimates of protosolar elemental abundances based on an improved
combination of solar photospheric abundances and CI chondritic abundances. We
compare our new protosolar abundances with our recent estimates of bulk Earth
composition, thereby quantifying the devolatilization of the solar nebula that led to
the formation of the Earth. As a function of elemental 50% condensation temper-
atures (T¢) we fit the Earth-to-Sun abundance ratios f to the linear trend log(f) =
alog(Tc) + B. The best fit coefficients are: « = 3.676 £0.142 and p = —11.556 & 0.436.
The quantification of the slope & provides an empirical observation upon which mod-
eling of the devolatilization processes can be based. The coefficients « and S also
determine a critical devolatilization temperature for the Earth Tp(E) = 1391 £ 15 K.
The terrestrial abundances of elements with Tc < Tp(E) are depleted compared with
solar abundances, whereas the terrestrial abundances of elements with Tc > Tp(E)
are indistinguishable from solar abundances. The abundances of noble gases and hy-
drogen are depleted more than a prediction based on the extrapolation of the best-fit
volatility trend. The terrestrial abundance of Hg (T = 252 K) appears anomalously
high under the assumption that solar and CI chondrite Hg abundances are identical.
To resolve this anomaly, we propose that CI chondrites have been depleted in Hg
relative to the Sun by a factor of 13 7. We use the best-fit volatility trend to de-
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rive the fractional distribution of carbon and oxygen between volatile and refractory
components (fyol, fref). For carbon we find (0.91 £ 0.08, 0.09 £ 0.08). For oxygen we
find (0.80 &= 0.04, 0.20 = 0.04). Our preliminary estimate gives CI chondrites a critical

devolatilization temperature Tp(CI) = 550f%80 K.
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3.1 Introduction

To first order, the Earth is a devolatilized piece of the solar nebula. Similarly, rocky ex-
oplanets are almost certainly devolatilized pieces of the stellar nebulae out of which
they and their host stars formed. If this is correct, we can estimate the chemical com-
position of rocky exoplanets by measuring the elemental abundances of their host
stars, and then applying a devolatilization algorithm. The main goal of this paper
is to go beyond the usual comparison of the silicate Earth with CI chondrites. We
do this by comparing the bulk elemental abundances of the Earth and Sun, and thus
calibrate this potentially universal process associated with the formation of terrestrial
planets.

Determining the chemical abundances of the Earth and Sun is not straightfor-
ward. For Earth, the composition must be obtained by determining the chemical
abundances in primitive mantle and core, and by determining the mass fractions of
these respective reservoirs. Different geochemical models make different underlying
assumptions about the behavior of specific elements. However, for the purposes of
this work (and for any comparative analysis), justifiable determinations of the con-
tributions of these differences to the systematic uncertainties in the elemental abun-
dances are required. Thus, for our analysis here, we use the bulk Earth abundances
and their uncertainties from Wang et al. [2018a]. We extend our modeling of terres-
trial abundances to a comparison with solar abundances. This will help quantify the
processes that led to the rocky planets of our solar system, as well as by extension,
to rocky exoplanets.

For the Sun, chemical abundances of a large number of elements can be deter-
mined spectroscopically, specifically by observing characteristic absorption lines in
the solar photosphere. Such determinations require accurate models of the solar cir-
culation and calibration based on radiative transfer calculations. Such calculations
typically result in abundances with relatively large uncertainties, compared to the
precision available from laboratory geochemical analyses. CI chondrites are there-
fore frequently used as a proxy in the determination of the relative abundances of
many refractory elements in the Sun. Nevertheless, the abundances of some elements
in CI chondrites are not representative of the abundances in the Sun. These include
the most highly volatile elements (H, He and the other noble gases) as well as other
elements with significant gas phase abundances (e.g. C, N, and O).

A characteristic feature of the comparison of protosolar abundances (i.e. based
on photospheric and CI chondrite abundances) and terrestrial abundances, is the
depletion of terrestrial abundances for elements with moderate condensation tem-
peratures between 500 K and 1400 K. The depletion is systematic: the lower the
condensation temperature, the greater the depletion. This depletion provides quanti-
tative insights into the processes active in the early solar system and the fractionation
of elements between gas and solid phases. Melting and vaporization experiments
[Norris and Wood, 2017] and isotopic analyses [Hin et al., 2017; Pringle et al., 2017]
yield complementary insights into devolatilization processes.

We organize this work as follows. In Section 2 we present estimates of protosolar
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abundances based on meteoritic and photospheric data; in Section 3 we compare
the Sun with the bulk Earth and quantify a devolatilization pattern. In Section 4
we compare our results to previously published volatility trends and discuss the
difficulties of extrapolating the pattern to more volatile elements. We also discuss
the comparison of depletion features between the Earth and CI chondrites relative to
the Sun. Section 5 is our summary.

3.2 Protosolar Elemental Abundances

3.2.1 Maeteoritic and photospheric elemental abundances

Analyses of CI chondrites yield abundances of 83 stable elements — many with high
precision. However, not all these elemental abundances reflect protosolar abun-
dances. Highly volatile elements, such as H, C, N, O, and the noble gases, are
depleted in CI chondrites [Anders and Grevesse, (1989; |[Lodders, 2003]. CI chon-
drite abundances are good proxies of protosolar abundances only for the non-highly-
volatile elements (T 2 550 K). Our analysis uses the CI chondritic abundances from
the latest compilation by Palme et al.| [2014] which are based on|Lodders et al.[[2009],
Barrat et al. [2012], and [Pourmand et al. [2012] (see our Table columns 7 & 8).

Fewer elemental abundances can be inferred from spectroscopic observations of
the solar photosphere. The inferences depend on the availability of spectral lines, the
accuracy of atomic data, solar model atmospheres and spectral line formation cal-
culations. For example, solar atmosphere spectral-line abundances for 13 elements
are unavailable (As, Se, Br, Sb, Te, I, Cs, Ta, Re, Pt, Hg, Bi, and U). Some elements’
lines (e.g. F, Cl, I and TI) can only be identified in the spectra of sunspots because
sunspot temperatures are lower than average photospheric temperatures [see Sect.
3.8 of |Asplund et al., 2009]. The abundance uncertainties of these elements are cor-
respondingly larger.

Due to lithium burning in the interior of the Sun and to mixing between the inte-
rior and the photosphere, lithium is depleted in the present-day solar photosphere.
In the absence of available photospheric lines for the noble gases He, Ne, Ar, Kr, and
Xe, the photospheric abundances of these elements can be estimated through helio-
seismology, solar winds/corona/flares, and theoretical calculations (see Sect. 3.9 of
Asplund et al.|[2009]). Our compilation of photospheric abundances (Table col-
umn 3) are from Asplund et al.|[2009], Scott et al. [2015a,b], and [Grevesse et al. [2015].
These are based on a state-of-the-art, 3D hydrodynamic solar model atmosphere with
non-LTE (= non-Local Thermodynamic Equilibrium) spectral line calculations when-
ever possible, in which statistical and systematic abundance uncertainties have been
uniformly estimated.

Fig. shows the comparison between solar photospheric abundances and CI
chondritic abundances (columns 6 and 10 of Table 3.2 respectively). The abundances
are nearly identical with some exceptions: i) 13 elements in the lower left do not have
photospheric observations; ii) lithium’s abundance is depleted in the photosphere but
is well-preserved in CI chondrites; iii) 9 highly volatile elements are moderately or
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severely depleted in CI chondrites, but their abundances can be determined through
indirect observations and theoretical modeling of solar spectra. In general, the pre-
cision of meteoritic data (red) is higher than that of the photospheric data (blue).
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Figure 3.1: Similarity of meteoritic and photospheric abundances. Abundances have
been normalized to 10° atoms of Si (Table 2, columns 6 and 10). Points along the
diagonal have identical abundances in both data sets. Elemental abundances above
the diagonal are depleted in CIs (N, C, O, H and noble gases). Elemental abundances
below the diagonal are depleted in the Sun (Li). Photospheric abundances of 13
elements are unavailable. They are set arbitrarily at 3 x 10~* and plotted on the left
just above the x-axis. Uncertainties of CI chondritic abundances of noble gases are
unavailable.

The observed isotopic heterogeneity of the inner Solar System [e.g. [Irinquier
et al., 2009; |Luck et al., 2003, 2005; Pringle et al., 2014; Poitrasson et al., 2004] suggests
that isotopic differences between CI and the Sun could exist. However, their effects
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Table 3.1: Combining photospheric and meteoritic abundances: how our method
compares with the method of |Lodders et al. [2009]

sm* This Work Lodders et al.| [2009]
Elements Number Elements Number
p H, C, N, O, He, Ne, Ar, Kr, Xe 9 H, C, N, O, He, Ne, Ar, Kr, Xe 9
m Li, As, Se, Br, Sb, Te, I, Cs, Ta, Re, Pt, 14 Li, As, Se, Br, Sb, Te, I, Cs, Ta, Re, Pt, 48
Hg, Bi, U Hg, Bi, U, Be, B, F, Si, Cl, Ca, Sc, Tj,

Mn, Cu, Zn, Ga, Rb, Sr, Ru, Ag, Cd,
In, Sn, La, Nd, Sm, Tb, Ho, Tm, Yb,
Lu, Hf, W, Os, Au, T1, Pb, Th

a Be, B, F, Na, Al, Si, P, S, Cl, K, Ca, Ti, 60 Na, Mg, AL, B, S, K, V, Cr, Fe, Co, Nj, 26
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Ge, Y, Zr, Nb, Mo, Rh, Pd, Ba, Ce, Pr,
Sr, Y, Zr, Nb, Mo, Ru, Cd, In, Sn, Ba, Eu, Gd, Dy, Er, Ir

Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Os, Au, Tl, Pb, Th, Mg*,
Sc*, Rh*, Pd*, Ag*, La*, Hf*, Rb*, W*,
and Ir*

# SM- Selection methods: “p’- photospheric data only; ‘m’- meteoritic data only; ’a’- weighted average of photo-
spheric and meteoritic data

* for each of these 10 elements, uncertainty in the meteoritic abundance does not overlap with the uncertainty
in the photospheric abundance. We compute the weighted mean in the usual way (Eq. [@, however to be
conservative, for the uncertainties, instead of using Eq. [B.9} we use the upper and lower limits of the uncertainties
of the photospheric and meteoritic abundances.

on estimates of the elemental abundances of the proto-Sun is not well enough under-
stood to be included in our analysis, and such effects should be minor in comparison
to the abundance uncertainties.

3.2.2 Methods used to combine photospheric and meteoritic abundances

Lodders et al. [2009] compiled and combined meteoritic and photospheric data to
estimate protosolar abundances. We update this important compilation by combin-
ing photospheric-based solar abundances and CI chondritic abundances (Table
columns 6 and 10 respectively) using the following method (see Table . (1) The 9
elements in the first group labeled ‘p’- are depleted in meteorites. Therefore we use
only their photospheric-based solar abundances. [Lodders et al.| [2009] did the same.
(2) 13 elements in the second group labeled ‘m’- have not had their photospheric
abundances measured. In addition, Li is included because its current photospheric
abundance is depleted compared to its protosolar abundance. We place 14 elements
in this group while Lodders et al.| [2009] places 48. (3) The abundance of an element
in the third group (labeled ‘a’) is the weighted average of its photospheric-based so-
lar abundance and its meteoritic abundance. We place 60 elements in this category,
while Lodders et al.| [2009] places 26. Also, we use diffusion corrections to convert
photospheric abundances to bulk solar abundances before (rather than after) they are
normalized and combined with meteoritic data. This is because diffusion and set-
tling issues affect photospheric abundances, not meteoritic abundances. For details

see Appendices [B.1] &
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Compared with the method of [Lodders et al. [2009]], our method of combining
meteoritic and photospheric data rejects less of the photospheric data and places
more emphasis on averaging the two independent data sets. Lodders et al.|[2009] has
placed 48 elements in the second (meteorite-only) group either because the photo-
spheric and meteoritic abundances are inconsistent, or because the uncertainty on the
photospheric abundance is substantially larger than the uncertainty on the meteoritic
abundance. Including photospheric abundances based partly on their similarity with
the meteoritic evidence is not advisable [Scott et al., 2015a], since both meteoritic and
photospheric data are only proxies of the bulk protosolar abundances. Both have
limitations. The most primitive CI chondrite group comprises only 6 meteorites for a
total mass of only 17 kg. Of these, Orgeuil is the largest with around 10 kg recovered,
and this is the meteorite with the largest number of independent measurements. As
such, the abundances from CI chondrites are based on an extremely small subsam-
ple of meteorites. Furthermore, these meteorites have experienced substantial fluid
activity on the meteorite parent body, which could have mobilized the hydrophilic
alkali metals — e.g. Na, K and Rb, as well as other elements that are mobile in fluid
—-e.g. S, Ca, Sr and Ba [Braukmdiller et al., 2018; Bland et al., 2006]. On the other
hand, photospheric measurments are limited by the precision of the extracted spec-
tral lines, the accuracy of the solar models being applied, and the accuracy of the
diffusion corrections performed. The agreement between CI chondrite abundances
and solar photospheric abundances therefore needs to be reconfirmed in each anal-
ysis combining the two data sets. We therefore, where possible, have used weighted
means to take advantage of the information in both sources.

3.2.3 Protosolar elemental abundance results

Fig. shows our estimates of protosolar elemental abundances, compared with
both the photospheric-based and meteoritic-based abundances, normalized to Si. The
lower panel of Fig. illustrates our selection methods and how the two data sets
were combined to produce protosolar abundances. For example, the resultant Li
abundance is identical to that in meteorites. The protosolar abundances of C, N and
O are identical to their photospheric-based solar abundances. The weighted mean of
a meteoritic abundance with a small error bar, and a photometric abundance with
a large error bar, produces a result very similar to the meteoritic abundance (e.g. F
and Cl). When the uncertainties from the two data sets do not overlap we assign
the upper and lower limits of the two data points, as conservative error bars on the
weighted mean (e.g. Rh, Pd and Ag).

From an astronomical perspective, Table 3.2|can be simplified to include only the
mass fraction abundances of hydrogen (X), helium (Y) and the sum of everything else
(Z), where X +Y + Z = 1. For the bulk protosolar elemental abundances reported
here, we estimate X = 0.7157 £ 0.0037, Y = 0.2703 £ 0.0037, and Z = 0.0140 £ 0.0009.
For comparison, we compile and compute protosolar mass fractions reported in the
literature over the past three decades (Table[3.3|and Fig. [3.3). There has been a steady
decrease in Z from 1.89% in /Anders and Grevesse [1989] to 1.40% in the present work.
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Figure 3.2: Our bulk protosolar abundances (Table columns 13) compared with
the source data: the photospheric-based solar abundances and the meteoritic abun-
dances (Table columns 6 and 10 respectively). In the lower panel, abundances
have been normalized to our protosolar abundances. The upper limit of chlorine is
off the plot at 3.76. The blue and red histograms along the right side of the lower
panel show the statistical distributions of photospheric data and meteoritic data re-
spectively.

This decrease is also reflected in the numerical factor A used to convert Si-normalized
meteoritic abundances to H-normalized abundances, as discussed in Appendix
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Table 3.3: Protosolar mass fractions of H (X), He (Y) and metals (Z)
Source X Y Z Z/X

Figure 3.3: The mass fractions of H (X), He (Y) and metals (Z) for protosolar elemen-
tal abundances in the literature and this work. AG89: |Anders and Grevesse| [1989],
GS98: |(Grevesse and Sauval [[1998], L03: [Lodders [2003], L09: [Lodders et al. [2009],
A09:Asplund et al.| [2009], ASG: The bulk solar abundance compiled from |Asplund

Anders and Grevesse|[[1989]
Grevesse and Sauval [1998]|

Lodders [2003]

Lodders et al.|[2009]
Asplund et al.|[2009]

A09-515-G15%
This work

0.7068 + 0.0177
0.7090 + 0.0100
0.7110 £ 0.0040
0.7112 £ 0.0033
0.7154 + 0.0037
0.7156 + 0.0037
0.7157 + 0.0037

0.2743 £ 0.0165
0.2750 £ 0.0100
0.2741 £ 0.0120
0.2735 £ 0.0036
0.2703 £ 0.0037
0.2703 £ 0.0037
0.2703 £ 0.0037

0.0189 + 0.0016
0.0160 £ 0.0016
0.0149 £ 0.0015
0.0153 £ 0.0014
0.0142 £ 0.0009
0.0141 =+ 0.0009
0.0140 =+ 0.0009

0.0267 £ 0.0024
0.0230 £ 0.0023
0.0210 £ 0.0021
0.0215 £ 0.0019
0.0199 + 0.0013
0.0197 £ 0.0013
0.0195 £ 0.0013

Note: Mass fractions not presented in specific references are computed from the corresponding estimate
of protosolar abundances in the reference and constrained by the corresponding H or He mass fraction
from helioseismology used in the reference. Uncertainties not presented in a reference, associated with
the mass fractions, are simulated by a standard Monte Carlo approach.
? A09-515-G15 is the combination of |Asplund et al.{[2009], |Scott et al. [2015a}b] and |Grevesse et al. [2015]
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3.3 Devolatilization and the Volatility Trend of Bulk Earth

3.3.1 Compositional comparison between the bulk Earth and the proto-
Sun

Our goal is to quantify as precisely and accurately as possible the chemical relation-
ship between the Earth and the Sun. For the Sun, we use the protosolar abundances
described in the previous section. For the Earth we use our recent bulk Earth elemen-
tal abundances [Wang et al., 2018a]. To compare these two data sets, we normalize
the protosolar abundances and the bulk Earth abundances to Al (i.e., N(Al) = 10°).
A normalisation to Al is appropriate because the condensation temperature of Al
is the highest of any of the major elements in a gas of solar composition. This is
important since our main goal is to assess the depletion in elemental abundances as
a function of condensation temperature. The abundance ratios (f) of the bulk Earth
to the proto-Sun (i.e., f = N(X)garth/ N(X)sun) can be plotted in order of decreasing
protosolar abundance (Fig. and of increasing 50% condensation temperature
(Tc) (Fig. BA(D)).

Fig. shows that bulk Earth abundances are systematically lower than or
equal to protosolar abundances. There is little correlation between abundance ratios
and protosolar abundance in Fig. [3.4(a), whereas there is a definite pattern in the
plot of the abundances ratios as a function of T¢ in Fig.

In Fig. elements are split into four discrete categories. At high condensa-
tion temperatures (T¢c > 1360 K), the abundance ratios are unity (f ~ 1), indicating
that refractory elements have not been depleted. The abundance ratios begin to de-
crease for mildly refractory elements (1250 K < T¢ <1360 K) (see the 8 grey points on
the left side of the inset in Fig. [3.4(b)). The abundance ratios of moderately volatile
elements (500 K < T¢ < 1250 K) progressively decrease in a fairly tight linear corre-
lation with decreasing Tc. Below 500 K, the tight linear correlation weakens, but the
positive correlation between decreasing condensation temperatures and decreasing
abundance ratios is still strong.

3.3.2 Quantification of the devolatilization pattern

Fig. 3.5/shows the Earth-to-Sun abundance ratios (f) as a function of T¢ in a log-log
plot for Tc > 500 K. An important part of quantifying the devolatilization pattern
(DP) is estimating the temperature that separates the region of undepleted terrestrial
abundances on the right (i.e. f ~ 1) from the region on the left where f decreases
with decreasing condensation temperature. A critical condensation temperature of ~
1400 K is the boundary between these two types of behavior. We call this temperature
the critical condensation temperature for devolatilization Tp(E). “E” refers to the
Earth.

To quantify the dual behavior of the DP, we perform a x? fit of the f values to
the joint model: log(f) = alog(Tc) + B and log(f) = 0. Details of the minimiza-
tion process are given in The best-fit coefficients are « = 3.676 & 0.142 and
B = —11.556 + 0.436. The reduced x* (e.g. chi-squared per degree of freedom) of
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Figure 3.4: The abundance ratios f, of the bulk Earth to proto-Sun where f

N(X)garth /N(X)sun, normalized to Al. f is plotted (a) in order of decreasing pro-

tosolar abundance and (b) in order of increasing 50% condensation temperature T¢

[Lodders, 2003]. Compared with the Sun, the Earth is depleted in the most volatile
elements. The abundances of the refractory elements in the Sun and Earth are in-

distinguishable. In the lower panel we have classified elements into four categories:

highly volatile (Tc < 500 K), moderately volatile (500 K < Tc < 1250 K), mildly refractory
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Figure 3.5: Comparison of the elemental abundances of the Earth and Sun. This plot
is similar to Fig. except here, we only plot elements with Tc > 500 K and the
Tc axis is logarithmic. The diagonal dark blue line and its horizontal continuation
in the upper right, is our best x? fit to the data. The dark and light blue diagonal
regions are the 68% and 95% confidence intervals on the fit. See Appendix for
details. The diagonal dark blue line reaches f = 1 at the critical devolatilization
temperature Tp(E) = 1391 & 15 K. The inset shows more of the details of this region.
The lower two panels show the values of x and the cumulative x? as a function of
Tc.

the best fit is about 1.2. Since Tp(E) = 107F/%, these coefficients yield the best-fit
devolatilization temperature Tp(E) = 1391 £ 15 K.

The quantification of the DP provides an empirical observation upon which inter-
pretation of the devolatilization processes can be based. The systematic depletion of
moderately volatile elements versus their condensation temperatures demonstrates
that the devolatilization processes are largely volatility controlled, which is consistent
with a comparison of various meteorites to CI chondrites [Bland et al., 2005].
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Tp(E) is plausibly interpreted as the highest temperature experienced by the
dominant material in the feeding zone of the proto-Earth. More specifically, at high
temperatures, silicates and other mineral oxides are the dominant condensed phase
and have an effective 50% condensation temperature of ~ Tp(E). During repeated
transient high-temperature heating events, the latent heat of vaporization of the min-
eral oxides could prevent the vaporization and depletion of more refractory mate-
rial. Hence, producing the f ~ 1 region of the DP. Less refractory elements with
Tc < 1391K would not be protected by the latent heat of the dominant phase and
would be susceptible to vaporization and depletion, depending on their Tc.

3.4 Discussion
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Figure 3.6: Comparison of our best-fit devolatilization pattern (DP, in blue from Fig.
with the previous analogous DPs of Kargel and Lewis [1993] (KL93), McDonough
[2014] (M14) and |Palme and O’Neill| [2014] (PO14). These previous DPs are based on
the normalization of bulk silicate Earth to CI chondrites (as a proxy for the Sun). The
curved grey wedge represents the range from Fig. 21 of |Palme and O’Neill [2014].
To make these previous DPs more comparable to our analysis, we renormalize them
to 1 on their horizontal right hand sides. The renormalized curves are shown as
brown versions of the original non-renormalized line style. For details see footnotes
of Table 4. This procedure yields Tp(E) values for each curve (see inset). In Table
we compare these values with our value of Tp(E) = 1391 £ 15 K.
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Table 3.4: Comparison of our analysis with previous studies with respect to the
coefficients « and f and critical devolatilization temperatures Tp(E)

Source Coefficients Ty (B)* [K]
w B

Kargel and Lewis [1993]” 3.246 9.792 1427
(-10.239)

McDonough [2014]¢ 3.78 -11.82 1415
(-11.91)

Palme and O'Neill [2014]?  2.66 to 427  -8.23 to -13.30 1356

(-8.32 to -13.38)
This work 3.676 + 0.142  -11.556 + 0.436 1391 + 15

® Tp is calculated using renormalized coefficients through 107A/%, except for [Palme and O’Neill
[2014], Tp of which is fixed at the T¢ of Eu.

blKargel and Lewis|[1993] parameterized a DP as log(BSE/CI) = 3.246log(Tc) — 9.792. This DP
has a factor of refractory lithophile enrichment (RLE) ~ 2.8 in BSE relative to CI chondrites. We
remove RLE, by reducing the initial B (-9.792) by log(2.8). The renormalized g is -10.239.

¢ McDonough| [2014] normalized to Mg in CI chondrites (ie., (X/Mg)gse / (X/Mg)c), to
produce an indicative DP in their Figure 4. By assuming a functional form log(BSE/CI) =
alog(T¢c) + B, we estimate its coefficients (v ~ 3.78 and f ~ —11.82). This DP has a factor of
RLE ~ 1.18. We renormalize by reducing the initial f by log(1.18). The renormalized B is -11.91.

4 Palme and O’Neill| [2014] normalized to Mg in CI chondrites (i.e., (X/Mg)gse / (X/Mg)c1),
to produce an indicative DP in their Figure 21 (on a T¢-log(BSE/CI) plot). Thus, a functional
form log(BSE/CI) = aTc + b is assumed. By fixing its Tp(E) at the T¢ of Eu (1356 K), the
ranges of 2 and b are [0.00134,0.00216] and [—1.7367, —2.8460], respectively. In a log-log form,
the corresponding « and B are in the range [2.66,4.27] and [—8.23, —13.30] respectively. The
corresponding DP has an RLE factor of ~ 1.22. We renormalize by reducing the initial g by
log(1.22). The renormalized B is in the range [—8.32, —13.38].

3.4.1 Comparison with previous devolatilization patterns (DPs)

Devolatilization Patterns (DPs) of the Earth have been presented in the literature,
e.g. Kargel and Lewis| [1993], McDonough! [2014], and [Palme and O’Neill [2014],
(see Figure B.6). In contrast to our more quantitative analysis using the elemental
abundances of the bulk Earth, previous DPs use the elemental abundances of the
primitive mantle without the core. Previous DPs normalize elemental abundances
of silicate Earth (or primitive mantle) to CI chondrites, rather to the proto-Sun. Pre-
vious DPs were sketched or intuitively drawn to represent the upper envelope of
the moderately volatile lithophiles that are depleted in the Earth’s mantle relative to
CI chondrites. This procedure is useful for estimating the depletion of siderophile
elements from the mantle into the core, but is less useful for estimating the depletion
of elements in the bulk Earth compared to their protosolar abundances.

Mg or Si have been the elements of choice for normalizing the elemental abun-
dances of the Earth and CI chondrites. However, both Mg and Si are mildly refractory.
Their respective T¢ values are 1330 K and 1310 K, both of which are less than our
calculated Tp(E) = 1391 K. Thus, both Mg and Si are slightly depleted in the Earth
relative to CI chondrites. See for example their abundance ratios in the inset in Fig-
ure Thus, normalizing the Earth and CI chondrites (as a proxy for the Sun) to
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Mg or Si, produces the apparent enrichment of the Earth in refractory lithophiles
by a factor of about ~ 1.2 (normalized to Mg) or ~ 1.4 (normalized to Si). Palme
and O’Neill [2014] and McDonough [2014] chose Mg as the normalizing reference
element. Kargel and Lewis [1993] compared the Earth’s abundances (in ppm) to CI
chondritic abundances (in ppm). Since the Earth is much more depleted in volatiles
than are CI chondrites, this procedure elevates the abundances of refractories com-
pared to the total mass by a factor of ~ 2.8. This apparent enrichment is due to the
depletion of volatiles from the total mass of the Earth [see, however, |[Hezel and Palme
[2008]; [Hezel et al. [2008] for an alternative view based on the enrichment of CAls in
carbonaceous chondrites relative to CIJ.

To plot these DPs and make them more comparable with our DP: (1) we estimate
the coefficients & and B of DPs based on published figures in Kargel and Lewis
[1993], McDonough [2014] and [Palme and O’Neill [2014]; (2) we renormalize these
DPs to remove apparent lithophile enrichment (see details in the footnotes of Table
B.4). Table 3.4]lists all the values of « as well as the initial and renormalized g values,
along with their corresponding Tp(E) values. Fig. illustrates the comparison of
our DP with the previous DPs before and after renormalization.

Our analysis compared the bulk Earth and proto-Sun, using an Al-normalization.
We fit the data to a joint devolatilization pattern (DP) and have improved the char-
acterization of the devolatilization that led to the Earth. Our results yield a reference
devolatilization pattern that can help resolve the first-order chemical relationship
between rocky planets and their host stars with Earth as the natural example.

3.4.2 Extrapolating the DP to lower condensation temperatures

The DP has been constrained by fits to elements with T¢c > 500 K but the linear trend
can be extrapolated to lower condensation temperatures (see Fig. B.7). Nitrogen lies
on the extrapolation of the DP but the other highly volatile elements scatter around
it. Hydrogen and the noble gases lie on the depleted side of the fit, while carbon and
oxygen appear more enriched. Interestingly, mercury (Hg) is also significantly above
the extrapolation of the DP. The implications for the behavior of these elements are
discussed below.

The extra depletion of noble gases and hydrogen

Compared to the extrapolation of our DP below Tc = 500 K, there seems to be
an extra depletion for elements with T¢ less than that of water (Tc = 182 K). One
plausible explanation for this extra depletion could be due to the latent heat of water
ice which is the dominant phase at low temperatures. During repeated transient
heating events, the latent heat of water ice would buffer heat excursions above T ~
182 K but not at lower temperatures. Thus, highly volatile elements with Tc < 182K
would be repeatedly susceptible to extra sublimation during these low temperature
heating events.

It is also plausible that the transport of noble gases and hydrogen into the proto-
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Figure 3.7: Extrapolation of our DP to the realm of highly volatile elements (T¢c <
500 K). Elements above the DP are depleted less than expected based on the DP;
elements below the DP are depleted more than expected. The position of the light
blue rectangle indicates the stronger depletion of noble gases and hydrogen. For
C and O, the horizontal arrows pointing to the brown and red boxes, indicate the
modification in T values that would bring their abundances into agreement with
our best-fit DP. The vertical dashed arrow beneath Hg indicates the change in the
Earth’s relative abundance if the Sun’s abundance of Hg were raised by a factor of
13 £ 7. For discussion see Section [3.4.2]

Sun led to the primordial depletion of these gases from the dust that coalesced to
form planetesimals. H and noble gases are unreactive with cold dust, and once
separated from it, their history is not associated with dust. Thus, hydrogen and
the noble gases are not entrained in the solid precursors of the terrestrial planets
and are subject to an extra depletion than one based solely on their condensation
temperatures.

C and O

Under the assumption of equilibrium condensation from an initially hot, solar com-
positional gas, Lodders [2003]] reported the 50% condensation temperatures of carbon
(Tc(C) = Tc(CHy) ~ 40 K) and oxygen (Tc(O) = Tc(HO) ~ 180 K). With these T¢
values, the abundances of carbon and oxygen appear 2-3 orders of magnitude higher
than the extrapolation of our DP below T¢ = 500 K, would predict (Fig. .7).

We attribute these higher abundances to the significant fractions of carbon and
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oxygen that are in refractory phases: kerogen and graphite for carbon; silicates and
mineral oxides for oxygen. To estimate these fractions, we make the approximation
that both carbon and oxygen are distributed between volatile (f,o) and refractory
(fref) components satisfying fyo1 + fref = 1. We adopt approximate condensation tem-
peratures for each of these components (see Table 3.5). With these two approxima-
tions, we can use the volatility trend in Fig to estimate the fractions of these two
components that are missing from the nebular composition: fvol’missing and fref,missing.
For both carbon and oxygen we use the approximation that folmissing = 1.00, since
in the T¢ range below 200 K the Earth-to-Sun abundance ratios are less than 1073.
The abundances of carbon and oxygen in the Earth tell us the total fraction of each
element that has gone missing (fiotal,missing)- 1hus, we have the equation fiotalmissing =
fvolfvolmissing T fretfref,missing- For both carbon and oxygen, we can now solve these
two equations for the two unknowns, (fyol, fref). For C-bearing volatile and refractory
phases we find (0.91 £ 0.08, 0.09 £ 0.08). For O-bearing volatile and refractory phases
we find (0.80 == 0.04, 0.20 = 0.04). See Table 3.5 for details.

Since both C and O have significant abundances in refractory phases, the extrap-
olation of our DP below 500 K yields a more appropriate proxy for “volatility” than
the 50% condensation temperatures for C and O reported by [Lodders [2003]. We ob-
tain an effective condensation temperature of C and O by horizontally shifting their
abundances to agree with the best fit DP. The corresponding effective T for C and
O are illustrated by the brown and red boxes shown in Fig. We find Tc,ff(C) =
305173 K and Tc,ff(O) = 875 £ 45 K.

Table 3.5: Fractional distribution of carbon and oxygen between volatile and refrac-
tory phases (fyol, fref) in the solar nebular material.

Carbon Oxygen
Jfrotal,missing " 0.996 £ 0.003 0.818 +0.023
Volatile phasesb CHy, CO,, CO H,0O, CO,, CO
Adopted T¢ (K) 47 £22 103+ 79
f Vol,missingc 1.00 1.00
Feol 0.91 £ 0.08 0.80 =+ 0.04
Refractory phases’ Kerogen, graphite ~ Major silicates/mineral oxides
Adopted T¢ (K) 600 £ 30 1350 + 40
Frefmissing” 0.955 + 0.014 0.10675120
fret (=1— fool) 0.09 £ 0.08 0.20 £ 0.04

? The total fraction of each element that has gone missing from the solar nebula, calcu-
lated by 1 - f of C and O as shown in Fig. M (where f is the Earth-to-Sun abundance
ratio).

b The respective condensation temperatures (Tc) of these C- or O-bearing species refer to
Lodders [2003] for CHy (41 K), H,O (182 K), graphite (626 K), and major silicates/min-
eral oxides including enstatite (1316 K), forsterite (1354 K), diopside (1347 K), anorthite
(1387 K), and spinel (1397 K); |Lewis and Prinn [[1980] for CO (25 K) and CO, (69 K);
Pizzarello and Shock|[2010] for kerogen (573 K).

¢ The fractions of the volatile and refractory components that have gone missing from
the solar nebula, inferred from the volatility trend in Fig. M using the adopted T¢
values.
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Hg

There are no observable Hg photospheric lines. Mercury has a condensation tem-
perature of 252 K. Despite this low condensation temperature, the protosolar Hg
abundance is usually assumed to be identical to the Hg abundance in CI chondrites.
Under this common, but dubious assumption, the ratio of the terrestrial abundance
of Hg divided by the CI Hg abundance yields a point that is an order of magnitude
above the extrapolation of our best-fit DP in Fig. If the protosolar Hg abun-
dance is 13 4= 7 times the Hg abundance in CI chondrites, the terrestrial Hg point in
Fig. 7 is lowered and agrees with our best-fit DP. This lowering is indicated by the
vertical dashed arrow beneath Hg in Fig. We argue that this agreement gives
a better estimate of the protosolar Hg abundance than the unmodified CI chondrite
Hg abundance.

An earlier work by [Lauretta et al. [1999] has shown that a large fraction of Hg
can chemisorb on metal surfaces at temperatures as high as 515 K. Thermal release
experiments [e.g. Lauretta et al., 2001] has also shown that Hg can be adsorbed on
silicate grains in carbonaceous chondrites. Namely, the condensation temperature of
Hg might be much higher than that of HgS (the major Hg-bearing phase), due to the
buffer of silicate grains that have a higher condensation temperature. This may be
the other plausible interpretation for the deviation of Hg from the VT. Further work
however is needed to clarify this issue.

3.4.3 Comparison of volatile depletions in the Earth and CI chondrites

Comparing the compositions of the Earth and the Sun can tell us the first-order ter-
restrial devolatilization from the solar nebula. Comparing the Earth with other solar
system rocky bodies can therefore inform a more generalized process of devolatiliza-
tion that led to the rocky planets. Parent bodies of CI chondrites are from the outer
regions of the asteroid belt and close to the snow line. They are less depleted in
volatiles compared to the terrestrial planets.

While terrestrial elemental abundances show depletions below Tp(E) = 1391 K,
CI chondrite abundances show depletions below Tp(CI) ~ 500 K (Figure 3.8). As
shown in the inset in Figure the photospheric-based solar abundances of both T1
and In are slightly higher than their corresponding CI chondritic abundances. This
suggests that the depletion of CI chondrites (relative to the Sun) may start at the T¢
values of these two elements. Without the availability of photospheric abundances of
I and Br, their protosolar abundances are assumed equal to meteoritic abundances.
To a first-order, therefore, the group of elements (In, Tl, I and Br) may define the
boundary Tp(CI) between the depletion and non-depletion of the parent body of CI
chondrites, analogous to the group of mildly refractory elements (e.g., Mg, Si, Fe, and
Ni) which define Tp(E) for the Earth (see inset in Figure . Based on this data, we
make a preliminary estimate and suggest that Tp (CI) = 550f%80 K. Below Tp(CI), the
abundances of highly volatiles are depleted. It is difficult to determine a quantitative
fit to the depletion pattern of the abundances of CI chondrites because of the large
scatter in these elements. However, the red wedge in Fig. represents a notional
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Figure 3.8: The depletion of CI chondrites relative to the Sun. The thin blue diagonal
wedge represents the Earth and is taken from the previous figure. The protosolar Hg
abundance has been elevated by a factor of 13 + 7 as indicated in the previous figure.
Protosolar abundances of Tl and In are not used here. Rather their photospheric-
based abundances (yellow region) and their meteoritic abundances (red points) are
plotted separately. Protosolar abundances of I and Br are colored in light red since
they are identical to meteoritic abundances and therefore cannot help distinguish
solar from meteoritic abundances. The notional volatility trend (red diagonal wedge)
for CI chondrites comes from assuming the same slope as the Earth’s volatility trend.
The position of the light red rectangle indicates the stronger depletion of noble gases
and hydrogen. For C and O, the horizontal arrows (analogous to the arrows in
the previous figure) indicate modifications in their T¢ values that would bring their
abundances into agreement with the red wedge. The narrow upper end of the red
wedge is characterized by the devolatilization temperature of Tp(CI) = 550f%80 K
(see inset). The compositional data for CI chondrities is from [Palme et al. [2014] with
50% uncertainties assigned to abundances of noble gases.
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Figure 3.9: Replacing the solar normalization with a normalization to CI chondrite
abundances. The depletion of the highly volatile elements from CI chondrites makes
the Sun seem enriched in these elements. The light blue rectangle again represents
the position of the Earth’s highly volatile elements which here seem enriched com-
pared to Earth’s DP due to the depletion of these same elements in CI chondrites and
the subsequent normalization to depleted CI chondritic values. The Hg protosolar
abundance has been increased by a factor of 13 £ 7 relative to its abundance in CI
chondrites. The horizontal arrows to the right of the Earth’s C and O abundance are
the same as those in Figure
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devolatilization pattern having the same slope as the terrestrial DP. The scatter of the
volatile elements around this slope is very similar to that found in the Earth analysis.
H and the noble gases are systematically depleted relative to the DP(CI). Carbon
and oxygen lie above the DP(CI) similar to the case for Earth. In Fig. 3.9 protosolar
abundances are normalized to CI chondrite abundances. Solar abundances of the
most volatile elements are systematically enriched, and terrestrial abundances of the
same elements are systematically depleted. This systemic behavior suggests that the
cosmochemical abundances are controlled in the same way even for the most volatile
elements.

3.4.4 Beyond the quantification

Throughout this paper the word “devolatilization” simply indicates the observed
depletion feature of volatiles in Earth compared to Sun, with no particular reference
to whether the depletion of an element happened during the collapse of the solar
nebula, during accretion within the proto-planetary disk or subsequently as a result
of impacts [cf. Siebert et al., 2018; Hin et al.,|2017; Norris and Wood, 2017; Albarede,
2009; Palme and Boynton, 1993; Larimer, 1979;|Wasson and Chou, (1974; Larimer and
Anders, [1967; Anders, [1964]. Modeling the physics and chemistry of devolatilization
and dust evaporation in the inner regions of protoplanetary disks is an active field of
research [Dullemond and Monnier, 2010; Salmeron and Ireland, 2012a,b; [Wang and
Lineweaver, |2016; Brasser et al., 2017; Jin and Mordasini, [2018], ultimately with the
goal of providing an appropriate context for the processes active in the formation of
planetary systems.

3.5 Summary and Conclusions

Our main results can be summarized as follows:

1. We obtain improved protosolar elemental abundances by a careful combina-
tion of current estimates of CI chondritic abundances with photospheric abun-
dances. Our estimates of the mass fraction Z of metals in the Sun is 1.40%. This
value is consistent with a value of Z that has been decreasing with refinement
over the past three decades from ~ 1.89% to the current 1.40%.

2. We have renormalized chondritic abundances ratios to the most refractory of
the major elements, Al. This results in an internally consistent normalization
with all elements having abundance ratios at or below solar. This normaliza-
tion removes the apparent enrichment of refractory lithophiles produced by
normalization to Mg or Si.

3. The best-fit of the Earth/Sun abundance ratios f, to the joint DP model (log(f) =
alog(Tc) + B and log(f) = 0), yields « = 3.676 +0.142 and p = —11.556 +
0.436. These coefficients determine the critical devolatilization temperature
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Tp(E) = 1391 £ 15 K and represents a significant improvement on previous
qualitative estimates (~ 1350-1430 K) of this important parameter.

. Mercury (Hg) is the most volatile of all the elements for which the solar value
has been assumed to be equal to the CI abundance. This leads to an expected
deviation of the Earth’s Hg abundance relative to the Sun. A solution to this
deviation is to increase the Sun’s Hg abundance by a factor of 13 + 7 relative to
the CI chondritic Hg abundance.

. The deviations of C and O from our extrapolated volatility trend suggest that a
better proxy for volatility than their T¢ values based on equilibrium condensa-
tion from a hot gas, would be higher effective condensation temperatures.

. The devolatilization processes that produced Earth’s material had a similar but
reduced effect on CI chondrites. Analogous to the devolatilization temperature
of the Earth Tp(E) = 1391 + 15 K, we estimate the devolatization temperature
of CI chondrites Tp(CI) = 550%39 K.
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Chapter 4

Enhanced Constraints on the
Interior Composition and Structure
of Terrestrial Exoplanets

This chapter is adapted from |Wang et al. [2019] originally published as

Wang, H. S,, Liu, E, Ireland, T. R., Brasser, R., Yong, D., and Lineweaver, C. H.
2019. Enhanced Constraints on the Interior Composition and Structure of Terrestrial
Exoplanets. MNRAS 482, 2222-2233, doi.org/10.1093/mnras/sty2749 (Advance
Access, October 2018)

Abstract

This paper aims to enhance several important constraints that can reduce the uncer-
tainty in the estimates of the interior composition and structure of terrestrial exo-
planets. A major cause of the modeling inaccuracy is inherent in the prevalent as-
sumption: elemental abundances of a planet are identical to the elemental abundances
of its host star. Host stellar abundances are good proxies of planetary abundances,
but only for refractory elements. This is particularly true for terrestrial planets, as
evidenced by the relative composition differences between the Sun, Earth and other
inner solar system bodies. We therefore argue that host stellar abundances should be
devolatilized in order to correctly represent the bulk elemental composition of a terres-
trial planet orbiting the host star. The modeling inaccuracy can be further reduced by
considering light elements in the core of a terrestrial exoplanet. Rather than assum-
ing pure iron, a chemical system of Fe-Ni-S is recommended in the modeling of core
composition of a terrestrial exoplanet, and a value of 18 + 4 for Fe/Ni is introduced
as a constraint to this core chemical system. By applying these constraints to the Sun,
it is shown that our estimates for the mantle and core compositions as well as core
mass fraction of the Earth are verifiable by independent measurements/estimates.
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By applying our approach to four exoplanet host stars: Kepler-10, Kepler-20, Kepler-
21 and Kepler-100, we found that a potential terrestrial exoplanet orbiting Kepler-21
would be the most Earth-like while one orbiting Kepler-10 would be the least. To
assess the resemblance of a rocky exoplanet to the Earth (in terms of interior com-
position and structure), high-precision host stellar abundances are critical. Based on
our modeling approach and proposed constraints, a typical precision better than ~
0.04 dex for the host stellar abundances is necessary for such an assessment to be
made.
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4.1 Introduction

We are at the cusp of the golden era of discovery and characterization of exoplan-
ets. To date, more than 3700 exoplanets have been confirmed! , via a wide range of
observational techniques including transit photometry, radial velocity measurement,
imaging, and microlensing [Winn and Fabrycky, 2015]. Continued improvements in
observational and modeling techniques have led to more precise inference of plane-
tary mass and radius [Weiss et al., 2016; Stassun et al., 2017, 2018]. High-precision
and homogeneous analyses of host stellar abundances are also increasingly available
[e.g. Nissen and Schuster, 2010; da Silva et al., 2015; Adibekyan et al., 2015} |Brewer
and Fischer, 2016; Spina et al., 2016} Kos et al., [2018]. At the same time, our knowl-
edge of our own planet Earth and the Solar System has been enormously expanded
with the efforts from the broad communities in geosciences, cosmochemistry, planet
formation and star formation [e.g. Ireland and Fegley, 2000; McDonough, 2014; Wang
and Lineweaver, 2016; Brasser et al., 2016; Kwok, 2016; Norris and Wood, 2017; Wang
et al., 2018a]. Together these have opened the door for detailed studies of chemical
composition, interior structure and habitability of rocky exoplanets.

Previous studies concerned with exoplanet interiors have generally assumed dif-
ferentiated structures and molecular compositions to compute mass-radius relations
[e.g.|Valencia et al., 2007; Seager et al., 2007; |[Zeng and Sasselov, 2013; Howard et al.,
2013; Dressing et al., 2015]. It has been concluded that with only mass and radius
measurements an exact interior composition cannot be inferred for an exoplanet be-
cause the problem is highly underconstrained and degenerate [Rogers and Seager,
2010]. With the increasing availability of elemental abundances of planet host stars,
recent studies [Dorn et al., 2015} Santos et al., 2015] have discussed the reduction of
degeneracies in constraining the interior composition and structure of rocky exoplan-
ets by adding host stellar abundances as the other principal constraint. Since then, an
increasing number of updated models (with the similar principal constraints) have
been proposed [e.g. Unterborn et al., [2016; |Dorn et al., 2017bla; Brugger et al., 2017;
Unterborn et al., [2018]], to go further in modeling exoplanetary interiors than direct
conclusions that can be drawn from the observational data.

However, a major cause of modeling inaccuracy inherent in the prevalent exo-
planetary interior models [e.g. Santos et al., 2015; Dorn et al., 2017bj Brugger et al.,
2017; \Unterborn et al., 2018 [Hinkel and Unterborn, |2018] is that the elemental abun-
dances of a rocky exoplanet are simplified to be identical to the elemental abundances
of its host star. Host stellar abundances are good proxies of planetary abundances,
but only for refractory elements®. This is particularly true for terrestrial planets, as
evidenced by the relative differences in the bulk composition between the Sun, Earth
and other inner solar system bodies [Davis, 2006; Carlson et al., 2014]. This led Dorn
et al. [2017a] to conclude that further studies on solar system bodies are needed to
improve our understanding of the correlation of relative bulk abundances between

INASA Exoplanet Archive, https://exoplanetarchive.ipac.caltech.edu
2Elements with relatively high equilibrium condensation temperatures (> 1360 K) and they are
resistant to heat/irradiation/impact. The opposite of refractory is volatile.
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planets and host star and of the effect of such abundance correlations on exploring
exoplanet interiors. Wang et al. [2018b] has quantified the devolatilization (i.e. deple-
tion of volatiles) ingoing from the solar nebula to the Earth. The elemental abundance
differences between the Earth and the Sun for Si, Mg, Fe and Ni are slight, but sig-
nificant (a devolatilization factor of 10-20%); those for O, S, and C are substantial and
devolatilized by up to 3 orders of magnitude. The former differences, in combination
with the substantially devolatilized O, will have a direct and nontrivial effect on the
mantle and core composition; the latter differences will have profound impact on
the atmospheric composition, including importantly the abundance of surface water,
and therefore habitability in general.

An additional source of modeling inaccuracy in the prevalent studies of exoplan-
etary interiors is that elements lighter than Fe and Ni are rarely taken into account
in the core composition. Light elements play a key role in compensating the 5-10%
density deficit of Earth’s core [Birch, 1964; Hirose et al., 2013; McDonough, 2014;
Wang et al., 2018a] (comparing to pure iron at core pressures) and in differentiating
the liquid outer core from the solid inner core. The importance of light elements in
a terrestrial exoplanet’s core cannot be ignored, and their presence has direct conse-
quences for estimates of core mass fraction and the melting temperature of an outer
core (if it exists), and therefore the generation of exoplanetary magnetic fields.

With the goal of reducing the uncertainty in the estimates of interior composition
and structure of terrestrial exoplanets, we present several important constraints and
our analytical method in Sect. Our modeling results are reported in Sect.
followed by the discussion in Sect. We conclude in Sect.

4.2 Constraints and Analysis

4.2.1 Bulk elemental composition of a terrestrial planet

As mentioned earlier, elemental abundances of a terrestrial planet are genetically
connected to the elemental abundances of the host star, they are not identical, es-
pecially for non-refractory or volatile elements. We argue that the elemental abun-
dances of the host star of a terrestrial planet should be devolatilized in order to
infer the planetary bulk composition. Wang et al. [2018b] has established a fiducial
devolatilization model (see Figure by quantifying the compositional differences
between the proto-Sun and the bulk Earth as a function of elemental condensation
temperatures. This work is built upon the premise that devolatilization in a nebula
may be universal and the Sun-to-Earth devolatilization pattern of Wang et al. [2018b]
is applicable to infer the bulk composition of terrestrial exoplanets, particularly those
within circumstellar habitable zones.

A variety of outcomes for the bulk composition of a rocky planet may result
from composition-, location-, and timescale-dependent differences in various (and
sometimes contrary) fractionation processes, such as incomplete condensation [e.g.
Wasson and Chou, 1974; (Grossman and Larimer, 1974; (Cassen, (1996; Stracke et al.,
2012], partial vaporization [e.g.|Anders, 1964; Alexander and Wang, 2001; Huss et al.,
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Figure 4.1: Devolatilization patterns from stellar nebulae to terrestrial exoplanets,
which are drawn from the Sun-to-Earth devolatilization pattern of Wang et al.
[2018b], including the best fit (the solid line in black) and its 1o uncertainty (the
wedge in grey), as well as the devolatilization factors indicated by the dashed ar-
rows. Host stellar abundance is normalized to 1 in linear (or 0 in dex), shown as the
solid horizontal line in brown. The x-axis is the elemental 50% condensation temper-
ature (Tc) in logarithm from [Lodders, 2003], except for Tc(C) and Tc(O), which are
adopted from |Wang et al. [2018b] (see the text). The left-hand y-axis is in the logarith-
mic scale for the planet (“p’)-to-star ("+”) elemental abundance ratio (pre-normalized
to Al), while the right-hand y-axis is labeled in dex for the corresponding (X/Al), /
(X/Al)s. Only elements that are essential to control the mineralogy of a terrestrial
planet are indicated on this plot and then employed in our subsequent analysis.



74 Interior Composition and Structure of Terrestrial Exoplanets

2003; Richter, 2004; Braukmiiller et al., 2018], accretionary collision [e.g. O’Neill and
Palme, 2008; Visscher and Fegley, 2013], and giant impacts in conjunction with mag-
matic differentiation [e.g. Paniello et al., 2012; Norris and Wood, |[2017; Dhaliwal et al.,
2018]]. The compositional differences of Earth, Mars and Venus should be a measure
of these variations within our own Solar System, but the degree to which the bulk
compositions of Venus and Mars are different from the Earth is still debated in both
the geochemical /cosmochemical community [e.g. Morgan and Anders, |1980; Wanke
and Dreibus, [1988; Taylor, 2013; [Wang et al., 2018a] and the planet formation com-
munity [e.g. Kaib and Cowan, 2015; Fitoussi et al., 2016; Brasser et al., 2017, 2018].
We also note that the bulk compositions of Venus and Mars are not well determined
yet and thus reliable quantitative analysis of bulk compositional differences of them
from the Sun or Earth is not warranted. We have been conservative to preclude the
application of this algorithm to Mercury-orbit-like planets (e.g. warm super-Earths),
as such planets may be more devolatilized than predicted due to plausibly more in-
tensive stellar irradiation and bombardment histories. In spite of the complexity of
planet formation, an essential step to improve the study of exoplanetary chemistry is
to take into account devolatilization, with the best constrainable trend from the Sun
to the Earth.

In Figure we plot 10 major elements (C, S, O, Na, Si, Fe, Mg, Ni, Ca, and
Al) that are essential for estimating the mineralogy of a terrestrial planet and place
these on the best-fit devolatilization pattern of Wang et al. [2018b]. These 10 elements
account for more than 99% of the total mass of Earth [McDonough, 2014; Wang et al.,
2018a]. It should be noted that these points are not observational ‘data” but indi-
cations of the model-based devolatilization scales (i.e. planet-to-host abundance ra-
tios) of these elements versus condensation temperatures (I¢). These devolatilization
scales are also numbered in the second and third columns of Table in % (linear)
and in dex (logarithmic), respectively. The normalization-reference element is Al, the
most refractory major element. Normalising to other refractory elements (e.g. Ca)
will not affect the analysis or results, since this normalization will not change the
relative abundance ratio of other elements to oxygen that is the key to determine the
redox state of a planet. It is worth noting that the T¢ in Figure {4.1|refers to 50% con-
densation temperatures of Lodders [2003], except for C and O. As discussed in Wang
et al. [2018b], an effective condensation temperature of C and O under the assumption
of non-equilibrium multiphase condensation is a better indication of the volatility of the
two elements, than 50% condensation temperature of them under the assumption of
equilibrium single-phase condensation in |Lodders [2003]. We adopt their best estimates
of the effective T¢ for C and O: 305 K and 875 K respectively.

4.2.2 Chemical network of the mantle of a terrestrial planet

In this study, the mantle of a terrestrial planet is limited to silicate mineralogy. This
limitation is appropriate for two reasons: i) our devolatilization algorithm that is es-
tablished for the Sun to a silicate-mantle terrestrial planet is unlikely to be applicable
for a planetary system with C/O ratio larger than 0.8 (and thus forming carbide plan-
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Table 4.1: Bulk elemental composition [X/Al]” of potential habitable-zone terrestrial

exoplanets (i.e. exoEarths) as devolatilized from their host stellar abundances’.

Xe Fp (%)¢  Fp(dex)? Kepler 10 (L16) Kepler 10 (S15)°  Kepler 20 Kepler 21/ Kepler 100b

C 99.6£01 242 +£0.09 -2.42 + 0.09 —2.29+0.10 248 £0.10 -2.38+0.10 -2.47 £0.12
S 934+06 1.18+£0.04 -1.20 £ 0.04 - - -1.25 £ 0.06 -1.23 +£0.07
(@) 82+1 0.74 £ 0.02 -0.67 &+ 0.03 —0.39+£0.08 -0.86 £ 0.08 -0.73+0.07 -0.71 £0.10
Na 75+1 0.60 = 0.02 -0.72 £ 0.02 - -0.65 +0.04 -0.62+0.05 -0.57 £ 0.04
Si 20+3 0.10 £ 0.02 -0.17 &+ 0.02 —0.02+0.03 -0.14 £ 0.03 -0.09 £ 0.03 -0.13 £ 0.04
Fe 1443 0.07 £ 0.02 -0.20 &+ 0.02 —0.07+£0.03 -0.09 £ 0.06 -0.09 +0.07 -0.17 £ 0.08
Mg 14+3 0.07 £ 0.02 -0.10 £ 0.02 0.09 £ 0.06 -0.05 £0.04 -0.07£0.04 -0.104+ 0.05
Ni 10+ 4 0.05 £ 0.02 -0.20 & 0.02 - -0.07 £0.03 -0.12+0.03 -0.11 £ 0.03
Ca 0 0 -0.05 £ 0.01 - 0.00 £0.04 0.00£0.04 -0.06 £ 0.05
Al 0 0 0.00 £ 0.01 - 0.00 £ 0.02 - 0.00 £ 0.03

*[X/Al] = log((X/Al)planet/ (X/ Al)sun ), where (X/Al) is the abundance ratio (by number in linear)
of an element X to Al, and solar abundance refers to [Asplund et al., |2009]. Normalising to an
element other than Al does not change our results. Following |Wang et al.|[2018b], we choose Al as
the normalization element as it is the most refractory major element.

b Sources of host stellar abundances: Kepler 10: L16- [Column 2 of Table 2 of [Liu et al.,|2016]; S15-
[Row 2 of Table A.1 and Row 2 of Table A.2 in [Santos et al.,2015]. Kepler 20, Kepler 21 and Kepler

100: Table 3 of [Schuler et al.|[2015].
¢ Elements (X) are listed in order of decreasing devolatilization factor.

4 Fp: Devolatilization factor, which refers to Figure @and Wang et al.|[2018b].
¢ The elemental abundances of Kepler 10b (515) are normalized to Fe, rather than Al, as no available

Al abundance for Kepler 10 is reported in [Santos et al. [2015]. This normalization difference will not
change the subsequent analyses of key elemental ratios including Mg/Si, Fe/Si, and C/O.

f The elemental abundances of Kepler 21b are normalized to Ca, as no available Al abundance for
Kepler 21 is documented in |Schuler et al.|[2015].

ets); ii) More recent studies [e.g. Fortney, 2012; Nissen, 2013} Teske et al., 2014; Brewer
and Fischer, 2016] have suggested that prior studies [e.g. Bond et al.,2010b; Delgado
Mena et al., 2010; |Petigura and Marcy, 2011] overestimated C/O ratios. Thus, carbide
planets may not be as abundant as previously thought.

We assume that the composition of silicate mantle varies within the chemical net-
work of Si0;-Ca0O-NayO-MgO-Al,O3-FeO-NiO-SO3. And it is similar to to the NCF-
MAS (Nap;O-CaO-FeO-MgO-Al,03-5i0,) mantle model adopted in Dorn et al.| [2015],
but the oxides are reordered in the oxidation sequence (or ease of oxidation) [John-
son and Warr, 1999]. NiO and SOj are also added into the system. Due to the strong
affinity of Ni with Fe, NiO is always expected if FeO is present in the mantle. SO3
can combine with other oxides to form sulfate compounds (e.g. CaSO,), which are
important minerals in the silicate mantle (thought not as abundant as silicate com-
pounds). The additions of NiO and SO4 will also make estimates of the partition
of Ni and S into the core more accurate (see Section 4.2.3). Sulfide minerals (except
for FeS) are the major host of chalcophile (sulfur-loving) elements, but they are not
taken into account in our mantle system since the abundances of all chalcophile el-
ements (e.g. Cu, Zn, and Ag) are negligible in comparison with the abundances of
major-rock forming elements considered here.

With regard to planetary mantle’s temperature (T), pressure (P), and oxygen fu-

gacity (fO,, quantifying the oxidation potential of a system), the mineral host of
carbon can be either oxidized carbonate species (denoted as C** or CO, in an ox-
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Figure 4.2: Distribution of [Fe/Ni] of more than 4900 FGK-type stars within 150 pc
of the Sun. The values of [Fe/Ni] and [Fe/H] are relative to the Sun [Asplund et al.,
2009], drawn from the Hypatia Catalog [Hinkel et al., |2014]. A Gaussian fit to the
distribution of [Fe/Ni] gives [Fe/Ni] = -0.033 £ 0.049 dex (relative to the value of
Sun = 1.28 dex). The corresponding value of Fe/Ni in linear is 17.7 (= 10~0033+1.28)
with 1o uncertainty of ~ 2.0 (i.e. (10%%° —1) x 17.7 = 2.1 for the upper error bar
and (1 — 1079949 x 17.7 = 1.9 for the lower error bar). A conservative value of 18 + 4
is adopted to constrain the Fe/Ni ratio in the core of a terrestrial exoplanet (see the
main text). The yellow point represents the Sun while the red filled pluses indicate
our four case stars.

idized form) [Panero and Kabbes) [2008; |Boulard et al., 2011] or the reduced native
element (e.g. graphite/diamond) [Walter et al., |2008; |Dasgupta and Hirschmann,
2010]. Oxidized carbon is considered only when all major elements listed in the
chemical network of the mantle have been oxidized, since carbon is experimentally
shown to be oxidized with more difficulty than Fe (presumably Ni as well) over the
entire pressure and temperature ranges of Earth’s mantle [Unterborn et al., 2014].
We also assume that if oxygen fugacity is extremely limited, metals like Ca, Na, Mg
and Al can be present natively in such a reduced mantle, while Fe and Ni will be all
partitioned into the core.
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4.2.3 Chemical network of the core of a terrestrial planet

We assume that a terrestrial planet’s core consists of the Fe-Ni-S alloy. Nickel is
added into the core’s constituents as it has a similar siderophile tendency as iron.
Sulfur is a leading candidate for the principal light element in the core because it has
a strong affinity for iron [Li and Fei, 2014], and indeed evidence for large-scale sulfide
fractionation during Earth’s mantle-core differentiation has been found [Savage et al.,
2015]. This does not preclude the existence of other light element candidates like
silicon and oxygen in the core, but their fractionation between the mantle and the
core is very uncertain without knowing the internal pressure and temperature of
such a planet [Hirose et al., 2017]. Therefore, in this study, we limit the light element
candidate in a terrestrial exoplanet’s core to be sulfur only. Furthermore, sulfur
is capable of reducing the core’s melting temperature, density, and surface tension
[Li and Fei, 2014], which may be important to the dynamo modeling of planetary
magnetic field in further studies [e.g. Driscoll and Olson, 2011; Driscoll, 2016].

It is important then to put constraints on the fractionation of these elements be-
tween the mantle and core. The solar system ratio of Fe/Ni is 17.4 4+ 0.5 (by mass)
as drawn from a variety of chondrites in the solar system [McDonough), |2017]. This
value could vary from star to star, but the variance should be small based on the com-
mon nucleosynthesis pathways of the two elements in stars. Indeed, by analysing the
Fe/Ni ratios of more than 4900 FGK-type stars within 150 pc of the Sun from Hy-
patia Catalog [Hinkel et al., 2014], we have found that the Fe/Ni cosmic ratio is
essentially fixed at 17.7 with 1o uncertainty of ~ 2.0 (see Figure 4.2). Although their
ratio in the planetary core might not be fixed, it will deviate little from the cosmic
ratio considering their very similar refractory and siderophile features (William F.
McDonough, personal communication). To be conservative, a value of 18 + 4 is
adopted to constrain the Fe/Ni ratio in the core of a terrestrial planet. This adoption
is appropriate for this study as the upper (20) limit (22) of this value has covered
the maximum value of Fe/Ni of our selected planet hosts. The lower limit (14) is
~ 1.50 lower than the Fe/Ni ratios of our selected cases, but it is a good assumption
as Fe/Ni in the core of a terrestrial planet may go lower (not higher) than its value
in the bulk planet [Seifert et al., 1988; McDonough and Sun, 1995; Wang et al., 2018a]
Another constraint is the abundance range of Ni and S that may be present in the
core. The upper limits of Ni and S in the core can be up to their abundances in the
bulk planet, referring to the scenario of the Earth: > 90% of Ni and > 95% of S are in
the Earth’s core [McDonough, 2014]. The low limits can be assumed as nil, such as
in the extreme scenario that the oxygen fugacity is too high and all metals including
Fe could be fully oxidized (then a planet with no core would result) [Elkins-Tanton
and Seager), [2008]. See more details in Section and Appendix
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4.2.4 Analysis

Based on the availability of high-precision stellar host abundances, we select four
solar-type stars: Kepler-10 (K10), Kepler-20 (K20), Kepler-21 (K21), and Kepler 100
(K100). All four have been confirmed to be planet hosts with the discovery of at least
one super-Earth (with 3-10 Earth masses) orbiting each host. If there exists terrestrial
exoplanets orbitting in the habitable zone of these stars, we are interested in what
the chemistry and interior structure of these postulated planets would be. For K10,
we have two sets of stellar elemental abundances: Santos et al.| [2015] and |Liu et al.
[2016]]. For other selected cases, our stellar elemental abundances are from Schuler
et al. [2015] (with a typical uncertainty of < 0.04 dex).

Following the recommended constraint on planetary bulk composition in Sect.
we apply the devolatilization pattern of [Wang et al. [2018b] to the elemental
abundances of the planet hosts of our sample. This leads to the first-order estimates
of bulk elemental composition of potential terrestrial exoplanets that are particularly
within the habitable zone around these host stars (see Table [£.T). For brevity and
convenience for our subsequent descriptions, we call such an exoplanet ‘exo-Earth’
(or ‘exoE” when it is preceded by the name of its host star). However, this term means
nothing about the similarity of such a planet to the Earth, except for the connotation
that this planet is derived from its host star based on the equivalent devolatilization
scale from the solar nebula to the Earth (the limitation of this assumption is discussed
in Section [4.4.3). The uncertainties on the bulk compositions of these exo-Earths in
Table 4.1 are propagated from the 1 uncertainty of the devolatilization pattern of
Wang et al. [2018b] and the uncertainties associated with the elemental abundances
of the corresponding planet hosts.

Then we analyze the key elemental ratios (e.g. Mg/Si, Fe/Si, and C/O) that mod-
ulate the primary mineralogy of a terrestrial planet. Mg/Si informs the rock types
of a silicate mantle. A higher Mg/Si indicates a more olivine-dominated mantle,
otherwise a more pyroxene-dominated one. Pyroxene can accommodate more water
than olivine, and pyroxenites have higher capacity to hold water (if water exists on
the surface or in the subsurface of a planet). Fe/Si may approximate the zero-order
core mass fraction of a planet, upon the oxidation state of the planet. C/O is criti-
cal to determine the oxygen fugacity and thus the oxidation state of a planet. The
errors in these key elemental ratios are calculated using a Monte Carlo approach by
drawing 2 x 10* values of the estimated planetary bulk composition for each element
following a Gaussian distribution around the uncertainties.

Based on the recommended chemical networks for the mantle and core of a terres-
trial planet in Sects. and the elemental fractionation between the mantle
and the core is performed using the stoichiometric balance between the budget of
oxygen atoms in the bulk planet and the abundances of oxides/compounds to be
considered for the planet. The computational procedure is summarised in Figure
while a detailed description can be found in Appendix

As a verification for this set of computations, we apply this procedure to the
proto-Sun [Wang et al., 2018b]. The predicted interior compositions of the “model
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Earth” in Table are consistent (within uncertainties) with the independent esti-
mates of the composition of the pyrolite silicate Earth [McDonough and Sun, 1995],
the composition of Earth’s core [McDonough, 2014], as well as the seismologically-
constrained core mass fraction [Wang et al., 2018a].

Table 4.2: Comparison of the estimates of the interior compositions of the “model
Earth” (as devolatilized from the proto-Sun”) with other independent estimates

Quantity Model Earth McDonough and Sun [1995]
SiO, 50.3 + 4.7 45.0 -
CaO 3.60 = 0.34 3.55
Na,O 0.44 +0.04 0.36
MgO 38.0 £ 6.2 37.8
Al O3 4.40 + 040 4.45
)
£ FeO 1.87178 8.05
S NiO 0.40104 0.25
SO;3 0.67 £ 0.62 -
CO, - -
Graphite  0.39 £0.07 -
Metals - -
Extra O - —
McDonoughTZOM]E
Fe 93.28 £1.23 92.33
® Ni 5.22 + 0.63 5.62
S s 1.50 + 1.05 2.05
Core mass 31.3+5.3 3254+03°¢
fraction (wt%
planet)

* The protosolar abundances are from |Wang et al. [2018b].
b Mass fractions of the three elements in the core of Mc-
Donough| [2014] have been renormalized under the as-
sumption of only the three elements present in the core
as practiced in this study.

¢ Refers to [Wang et al. [2018a], in which the core mass
fraction is integrated from Earth’s radial density profiles.

4.3 Results

4.3.1 Estimates of key elemental ratios

In Figure we compare the key elemental ratios between the host Kepler-10 and
its potential exo-Earth, by using two sets of its host stellar abundances: one is with



§4.3 Results 81

015} 1 Jo.1s
K10 (S15)-ex0E I k10 (s15)-exoE

0.10f ’ il Jo.10

-CZ) L “*—~;_;\;\~; J

g’ K10 (L16)-exoE +K10 (L16)-exoE

—_ P 1 i—;_;‘;;;;‘;‘ i
0.05} 4 10.05

E I E+
0.00}- il 10.00
I " 1 " " " " 1 " " " " 1 " " 1 " " | T S TR TR (N SRR ST ST SR SN SN UMY T S NN Y A U S |
010  -0.05 0.00 005 2.0 15 1.0 05 0.0
[Fe/Si] [C/O]

Figure 4.4: In the case of Kepler 10, the comparison of key elemental ratios ([Mg/Si],
[Fe/Si], and [C/O], in dex) between the host star and its potential exo-Earth. This
comparison includes two sets of host stellar abundances: Santos et al.|[2015] (labeled
as K10 (515)) and [Liu et al| [2016] (labeled as K10 (L16)), and their corresponding
exo-Earths are potted as smaller black dots, labeled as K10 (S15)-exoE and K10 (L16)-
exoE, respectively. Key elemental ratios in the Sun (‘S’, the symbol ©® in yellow,
Asplund et al. [2009]) and in Earth that is devolatilized from it ("E’, the dot in blue) are
plotted as references. The dashed arrows indicate the trajectories of these elemental
ratios from Kepler-10 to K10-exoE due to the applied devolatilization.

a typical uncertainty of 2 0.06 dex [Santos et al., 2015] and the other is with a typ-
ical uncertainty of < 0.02 dex [Liu et al., [2016]. With the more precise host stellar
abundances, the planetary elemental ratios for Mg/Si, Fe/Si, and C/O are all signif-
icantly different from the corresponding host stellar elemental ratios. Namely, they
do not overlap within their uncertainties. Whereas, these significant differences are
substantially dismissed with the less precise host stellar abundances, except for C/O
(its difference is up to 1.7 dex, i.e., a factor of ~ 50). It is worth noting that this is the
first attempt (based on theoretical models) to compare the key elemental ratio differ-
ences between a terrestrial exoplanet and its host star, rather than those differences
between a star and the Sun as usually done in the literature [e.g. Bond et al., 2010b;
Santos et al., 2015; Brewer and Fischer, 2016]. Nonetheless, in order to distinguish
two unique terrestrial exoplanets (orbiting different stars), high-precision host stel-
lar abundances are required, as concluded in Hinkel and Unterborn| [2018] as well.
In our subsequent modeling of planetary interiors, we neglect less-precise Kepler-10
abundance estimates (also available for fewer elements) of Santos et al. [2015].

We also compute the key elemental ratios for postulated exo-Earths orbiting three
other planet hosts (e.g. Kepler-20, Kepler-21, and Kepler-100). The key elemental
ratios of these postulated exo-Earths are plotted in Figure When considering the
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deviations of these exoplanetary key elemental ratios (including the uncertainties)
from Earth’s, K21-exoE is overall the most Earth-like while K10-exoE is the least. If
only based on Fe/Si (i.e. indicating the plausible core/mantle mass fraction), K20-
exoE is more Earth-like than K21-exoE and K100-exoE, while K10-exoE is the least.
These resemblances will be refined in further by the following modeling of planetary
interiors.

[0 0% N> L B AL LA L LA L I L T T T ™™™ 0.15
0.10- K20-exoE T K20-exoE, 010
I _| dK10-exoE K10-exoE ]
> 0.05F + H0.05
= [ K100-exoE 1 _K100-exoE 1
E E LK21-exoE
| K211exoE |
0.00 + 40.00
X0 I S ST NI Leceiiiin, i, L 1....]-0.05
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[Fe/Si] [C/O]

Figure 4.5: For all studied cases of planet hosts, the comparison of these key el-
emental ratios between their potential exo-Earths, labeled as K10-exoE, K20-exoE,
K21-exoE, and K100-exoE, which are respectively corresponding to the potential
habitable-zone terrestrial exoplanets orbiting the planet hosts: Kepler-10, Kepler-20,
Kepler-21, and Kepler-100. Host stellar abundances are all from Schuler et al. [2015],
except for Kepler-10 that is from Liu et al.| [2016]. The planet Earth (same as Figure
is plotted as a reference.

4.3.2 Estimates of planetary interiors

Based on the recommended chemical systems of the mantle and core of a terrestrial
planet, we estimate the mantle and core composition as well as core mass fraction for
these potential exo-Earths. These estimates are listed in Table We also extract the
information of the major components (SiO,, MgO, and FeO) in the mantle and of the
core mass fraction, and then illustrate them comparatively in Figure It should
be noted that the mantle composition in the ternary diagram of Figure 4.6/ has been
renormalized by ignoring all minor components and assuming SiO; + MgO + FeO =
100 wt%.

From Table 4.3|and Figure we can further identify that K21-exoE is the most
Earth-like, in terms of all interior parameters we have modeled, including the man-
tle composition, core composition and core mass fraction. This similarity has been
implied by the analyses of key elemental ratios above, but it is more conclusive and
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Table 4.3: Estimates of the mantle and core composition as well as core mass fraction
of potential habitable-zone terrestrial planets orbiting the studied host stars: Kepler-

10 (K10), Kepler-20 (K20), Kepler-21 (K21), Kepler-100 (K100).

Quantity Potential habitable-zone terrestrial exoplanets (exo-Earths)*
(molar wt%) K10-exoE  K20-exoE K2l-exoE  K100-exoE
SiO, 30.3+£26 50.7+£33 499+49 405+44
CaO 250+£0.22 439+034 3.85+0.38 298+0.36
Na,O 023+0.02 043+0.03 041+0.04 041-£0.05
MgO 292+24 257436 433+£39 360+4.0
o, AbLOs 328+031 - - 4.01 +£0.47
£ FeO 31.3+£51 - 15378 139479
S NiO 1714034 - 0.15%040 0,95+ 051
SO; 125+046 - 0.50 £0.48 0.90 £ 0.51
CO, - - - -
Graphite 028 £0.05 0.38+0.05 04240.06 0.300.07
Metals - 1844107 - —
Fe 857+50 945+06 941+13 929+19
© Ni 5254073 549+£0.63 4.76+0.65 5.69+0.68
g s 9.07£524 - 116 +1.14 140774
Core  mass 1479 35.3+51 319+59 19.6+63

fraction (wt%
planet)

* Bulk elemental compositions of these exo-Earths are from Table M
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obvious here. In particular, according to the normalized mantle composition in the
ternary diagram of Figure [4.6] K20-exoE has the highest SiO, (66.4 & 4.3 wt%) and
the lowest MgO (33.6 = 4.7 wt%). The mantle rocks of K20-exoE therefore will be
more enriched in pyroxene (MgSiO3) compared to other planet cases studied here
(including the Earth). In contrast, K10-exoE has the lowest SiO; (33.4 2.9 wt%)
and moderate MgO (32.2 £ 2.8 wt%), and thus its mantle rocks will potentially be
more forsterite (Mg;SiO4) enriched than the others. For K21-exoE and K100-exoE,
there is an overlap of their mantle compositions with that of the Earth as shown in
the ternary diagram, so they would have similar mantle rocks as the Earth’s. How-
ever, as shown in the bar diagram of core mass fractions (Figure 4.6b), K100-exoE
has a relatively smaller core (in terms of core mass fraction) than K21-exoE and the
Earth, and the latter two are comparable. This can be explained by the differences of
planetary bulk compositions (Table 4.1)), in which the mean of Fe abundance of K100-
exoE (—0.17 + 0.08 dex) is ~ 1o lower than that of K21-exoE (—0.09 £ 0.07 dex) and
that of the Earth (—0.07 £ 0.02 dex) while their abundances of other major elements
including O, Mg, and Si are similar.

In addition, FeO is the most enriched in the mantle of K10-exoE (while it is the
least (nil) in the mantle of K20-exoE). Namely, in comparison with other planet cases
studied here, the differentiation of iron into the core of K10-exoE is the least efficient,
thus leading to the smallest core (0-6.4 wt %) among the studied cases. The reason is
present in its distinct host stellar abundances. Comparing with other selected planet
hosts, Fe abundance in Kepler 10 [refering to Liu et al., 2016] is about 1-3c lower
while its O abundance relative to Mg and Si (i.e. O - Mg - 25i, in dex) is 1-5¢ higher.
As a consequence, almost all Fe in Kepler 10 is oxidized, and only a tiny amount
of metallic Fe sinking into the core, thus leading to the substantially smaller core
mass fraction in K10-exoE as modeled. This reveals the importance of the trade-off
between oxygen and other major rock-forming elements to the exoplanetary interior
modeling.

4.3.3 Conservative estimates

We also apply the upper and lower limits of the 3¢ error bar of the best-fit de-
volatilization pattern of Wang et al. [2018b] to the respective upper and lower limits
of the host stellar elemental abundances. It should be noted that the 3¢ is conve-
niently amplified over the uncertainty associated with the coefficients of the pattern;
thus, the resultant 30 range is more conservative than a range constrained by a 3¢ chi-
square fit. The resultant conservative estimates A (i.e. 3¢ less devolatilized compared
to the Sun-Earth case) and B (i.e. 30 more devolatilized compared to the Sun-Earth
case) are listed in Table

Though the volatile gradient of a planetary system versus the distance to its cen-
tral star is still controversial [Morgan and Anders, (1980; Palme, 2000; Wang and
Lineweaver, 2016} Jin and Mordasini, 2018], the dichotomy of planets from ‘rocky’ to
‘gas/icy’ or from ‘warm’ to ‘cold” would be expected from inward to outward in a
planetary system (if those planets exist around the central star). Therefore, the con-
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servative estimate A might assemble the interior properties of ‘cold” rocky planets
(or asteroids) at or beyond the outer edge of the habitable zone but within the snow-
line of a planetary system. In contrast, the conservative estimate B might be a better
proxy for the interior properties of ‘warm’ rocky planets, such as the known planets
Kepler-10b, Kepler-20b, Kepler-21b, and Kepler-100b, which are closer to their host
stars.

Mantle Composition Core mass fraction
Planets : : :
Si02
I:l K10-exoE 100 K10-exoE [#—
|:| K100-exoE K100-exoE | —

[ ]«20-exoE
|:|K21—eon __ ,

® Earth

K20-exoE

.
K21-exoE —¢—

""" ' Earth P
“ . ’ L L

Il Il
0 10 20 30 40 50
Core mass fraction (wt%)

(b)

FeO / wt%
(@)

Figure 4.6: (a) A ternary diagram illustrating the estimates of the mantle composition
(normalized by SiO, + MgO + FeO = 100 wt%, adapted from Table [4.3]) for potential
exo-Earths orbiting the studied host stars. The Earth’s mantle composition of SiO2,
MgO, and FeO in McDonough and Sun/[1995] is normalized similarly and plotted as
a reference. (b) A bar graph comparing the estimates of the core molar mass fraction
of these exo-Earths (see Table [4.3]). The Earth’s core mass fraction (32.5 + 0.3 wt%)
in Wang et al. [2018a] is plotted as a reference.
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4.4 Discussion

4.4.1 Comparison with previous studies

The diversity of planetary interiors should be expected. Neither our conservative
estimates in Table nor the estimates for habitable zone terrestrial exoplanets in
Table {4.3| should be taken as an explicit interpretation of the interiors of any existing
planet orbiting these studied host stars, but only the plausible ranges constrained by
different scenarios as demonstrated in the paper. The previous studies [e.g. Santos
et al., [2015; Weiss et al., 2016; Brugger et al., [2017] usually state that their analyses
are for an explicit planet around a parent star but this statement should be taken
with caution. For example, the core mass fraction (wt%) of Kepler-10b has been pre-
viously estimated to be 27.5 + 1.7 [Santos et al., 2015], 17 + 11 [Weiss et al., 2016],
and 10-33 [Brugger et al., 2017], which seem to approximate our conservative esti-
mate B (31.2) for a ‘warm’ rocky planet orbiting Kepler 10. Whereas, those previous
estimates are achieved by fixing all Fe into the core [Santos et al., 2015] or relying on
Mg# (= Mg/ (Mg + Fe)) [Weiss et al., 2016; Brugger et al.,|2017], without considering
oxygen fugacity /budget that controls the oxidation state of a planet. If one general-
izes those fixed assumptions to potential rocky planets in different distances to the
same star, the same chemistry and interiors for these planets would result. Although
taking into account planetary mass and radius, the modeling results could be more
specific to such planets but those results would still be degenerate to a degree, to
which that oxygen fugacity /budget would vary in the disk. When targeting a poten-
tially habitable planet for further characterization with future missions, we should
particularly be cautious with this kind of ‘explicit’ claim, which may only assemble
one scenario of possible interior properties of rocky exoplanets orbiting in different
distances to their host stars. The depletion of oxygen in Kepler-10 planets relative to
the host star is not considered in Dorn et al. [2017b]], but they assume Fe/Sipante =
0-Fe/Sistar (uniform distribution), implicitly resulting in varied differentiation of Fe
into the core, which somehow assembles the consideration of oxygen fugacity /bud-
get in determining the fractionation of Fe between the mantle and core.

Complex mineral compounds (e.g. (Mg,Fe)SiO3 (hypersthene), (Mg,Fe),SiO4
(olivine)) have been presumed to be present in the mantle rocks of super-Earths
in the studies of Santos et al. [2015], Weiss et al. [2016], Brugger et al. [2017], and
Hinkel and Unterborn [2018]. However, for exoplanets that are larger than Earth,
their mineralogies may not be sensibly interpretable in using the Equation-of-State
parameters measured with respect to the pressure and temperature regime of the
Earth [Mazevet et al., 2015]. Therefore, we have chosen to use first-order mineral
forms (i.e. oxides) for our modeling of mantle and core compositions. To first order,
the planetary chemistry does not change, just the mineralogy. This practice is also
in line with Dorn et al. [2015, 2017bla]. When we would have the observational
information of atmospheric thickness/composition of a terrestrial exoplanets at the
era of JWST, we could know better the plausible pressure range associated with the
solid regime of such a planet. With the further progress of ultrahigh pressure and
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temperature experiments of the physical state and properties of minerals, we can be
more confident then to model more complex exoplanetary mineralogies.

4.4.2 Requirement on the precision of host stellar abundances

Hinkel and Unterborn| [2018] modeled the complex mineralogy for fictive planets
around the 10 closest stars to the Sun (excluding those known to host planets), by
using stellar abundances from the Hypatia Catalog [Hinkel et al., 2014]. They con-
cluded that abundance uncertainties need to be on the order of [Fe/H] < 0.02 dex,
[Si/H] < 0.01 dex, [Al/H] < 0.002 dex, [Mg/H] and [Ca/H] < 0.001 dex, in order to
distinguish different planetary populations orbiting different stars. However, based
on our modeling results above, we have demonstrated that the interior composition
and structure of terrestrial exoplanets orbiting different stars can be distinguished be-
tween each other, by using the current high-precision host stellar abundances (with a
typical uncertainty of 0.04 dex, provided with more appropriate constraints on plan-
etary bulk composition and on mantle and core chemical networks as recommended
in this work. Though it is legitimate to strive for much more precise stellar abun-
dances (as well as planetary mass and radius measurements) and thus to improve
the interior modeling accuracy, we should be more realistic however, since data pre-
cision also depends on characteristics of target stars and observation exposure time.
A careful weighing of costs and benefits is crucial for the success of a space mission
like TESS and follow-up observations. We hope our conclusion on the requirement
of stellar abundance uncertainties could be an updated reference for the exoplanet
community, which is expanding to incorporate more experts on stellar spectroscopy
to join the cohort of exploring star-planet companions as an interactive system.

4.4.3 Limitations

The success of a theoretical model is subject to the limitations of premises/assump-
tions. Firstly, as mentioned earlier, our model is limited by how representative of the
Sun-to-Earth devolatilization pattern is for terrestrial planets in general. If we had a
more exhaustive devolatilization model built on the comprehensive comparisons of
the compositions of all inner solar system rocky bodies, gas giants, and icy bodies
(including a variety of comets), we would have more accurate modeling results for
exoplanetary chemistry. However, the bulk compositions of these bodies (except for
Earth) are still not well determined. Potentially, a variety of differentiated and un-
differentiated meteorites would help on this. Still, such a model would be deficient
in the absence of taking stochastic processes — e.g. chondrule formation and later ve-
neer — into account. We have little knowledge of how these processes would happen
in exoplanetary systems based on current observations. We have just scratched the
surface of considering devolatilization in modeling exoplanetary interiors, and this
issue remains degenerate. Secondly, our approach to oxidizing elements by following
an oxidation sequence might be worth revisiting if the oxidation of elements is done
in parallel (simultaneously), not in sequence. In the parallel case, all rock-forming
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elements would compete to be oxidized to some extent. It is unclear how significant
the end-member oxides resulting from this competition would be in comparison with
those resulting from our assumed sequence. Thirdly, our modeling results are also
limited to the current dimensionality of the model, namely, two-component overall
structure (an iron alloy core and a silicate mantle), with no water layer (or oceans)
or gas layer (or H/He envelopes) considered yet (also due to our currently absent
consideration of planetary density). With the upcoming addition of atmosphere ob-
servations, we are expecting to expand the dimensionality of our model to be more
inclusive of water/gas reservoirs in a terrestrial exoplanet by taking into account
important atmospheric information, pressure and temperature associated with the
actual size of the solid regime of a planetary body.

Nevertheless, we envisage that if a terrestrial planet is confirmed in the habit-
able zone around the host stars studied here, our modeling results of the mantle
and core compositions as well as core mass fractions listed in Table are good
first-order estimates of the interior composition and structure of that planet. We also
emphasize that the purpose of this work is to set more appropriate initial conditions
for modeling exoplanetary interiors. These enhanced constraints can be potentially
transferable to other recent models [e.g. Dorn et al.,[2017b,a; Brugger et al., 2017] and
thus enhance the model performance. Additional data (e.g., atmospheric information
and applicable Equation-of-State parameters for all considered compositions) are re-
quired for further studies to decipher the detailed interior structure and chemistry,
surface conditions and thus habitability of such terrestrial exoplanets.

4.5 Summary and Conclusions

Devolatilization (i.e. depletion of volatiles) plays an essential role in the formation
of rocky planetary bodies from a stellar nebular disk [Bland et al., 2005; Norris and
Wood, 2017]]. The terrestrial devolatilization pattern of [Wang et al. [2018b] has been
applied in this study to infer the bulk elemental composition of potential terrestrial
exoplanets that are presumed to exist within the circumstellar habitable zones. The
inferred planetary bulk composition (rather than the host stellar abundances) pro-
vides improved principal constraints to model the interior composition and structure
of such planets. Other recommended constraints include i) the mantle chemical sys-
tem (5i0,-Ca0O-NayO-MgO-Al,O3-FeO-NiO-503, in order of the ease of oxidation);
ii) the core chemical system (Fe-Ni-S alloy, with the constraint Fe/Ni = 18 £ 4).

By applying these constraints to the Sun, we show that the mantle and core com-
positions of our model Earth are verifiable by the independent measurements/es-
timates for the planet Earth in the literature. By applying our modeling approach
to selected planet hosts (Kepler-10, Kepler-20, Kepler-21 and Kepler-100), we find
that the interior compositions and structures of potential terrestrial exoplanets in the
habitable zones around these stars are diverse. For example, the estimates of core
mass fraction range from about 1.5 wt% (K10-exoE) to about 35 wt% (K20-exoE).
This diversity can be explained by the differences in their host stellar abundances.
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With respect to the interior estimates (i.e. mantle and core compositions as well as
core mass fraction), we conclude that a potential terrestrial planet orbiting Kepler-
21 would be the most Earth-like while one orbiting Kepler-10 would be the least.
And the interiors of these planets can be distinguished from each other based on our
modeling approach and by using the current high-precision estimates (with a typical
uncertainty less than approximately 4-0.04 dex) of host stellar abundances.

In summary, for more accurate estimates of interior composition and structure
of terrestrial exoplanets, it is essential to enhance the initial conditions pertinent to
planetary bulk composition and interior chemical system, in addition to the increas-
ingly higher-precision measurements of host stellar photosphere and planetary mass
and radius, alongside with the progressive observations of planetary atmospheres,
in the upcoming era of TESS and JWST.



Chapter 5

Summary and Future Work

As outlined in the Introduction (Chapter [I), the main goal of this thesis is to analyze
the compositional differences between the Earth, Sun and other solar system bodies
and from this comparison quantify the devolatilization pertaining to the formation
of the rocky planets of our Solar System. The resultant pattern is then applied to
estimate the chemical composition of extrasolar rocky planets from spectroscopic
measurements of their host stars. The main results of this thesis are summarized in
the following.

From a heterogeneous set of literature values, we present the most complete lists
of the elemental abundances with uncertainties of the primitive mantle (PM), the core
and the bulk Earth (Table Figs. in Chapter 2| The concordance
bulk Earth abundances with uncertainties come from the weighted average of our
concordance PM and core. The weighting factor for this average comes from our
new estimate (with uncertainty) of the core mass fraction of the Earth: 32.5+0.3 wt%.
This set of concordance estimates (with uncertainties) for the elemental abundances
of the Earth provides a reference allowing terrestrial abundances to be quantitatively
compared with other solar system bodies including the Sun.

A set of improved protosolar elemental abundances (Table is obtained by
a careful combination of the current best estimates of CI chondritic abundances
and photospheric abundances in Chapter 3| In combination with the concordance
estimates (with uncertainties) for Earth’s composition, an internally consistent and
well-constrained devolatilization pattern is obtained by quantifying the Earth-to-Sun
abundance ratios (f) as a function of elemental condensation temperatures (T¢). This
pattern consists of two joint functions:

alog(Tc) +p when Te < Tp(E)

5.1)
0 when Te > Tp(E)

log(f) = {

where a« = 3.676 £0.142 and p = —11.556 & 0.436; Tp(E) = 1391 £ 15 K — deter-
mined by 107A/# — that is the critical devolatilization temperature distinguishing the
depleted and non-depleted elements in the terrestrial planet relative to the Sun. This
devolatilization pattern allows inferences to be made concerning depletions of ele-
ments in the early solar system and is potentially useful for estimating the chemical
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composition of rocky exoplanets from their known host stellar abundances.

Modeling the interior chemistry of extrasolar planets requires an accurate deter-
mination of their bulk composition. Based on the above analysis of the devolatiliza-
tion processes of the Solar System, we recommend in Chapter [4 that the elemental
abundances of extrasolar planet-host stars be devolatilized, in order to represent the
exoplanetary bulk composition. After the devolatilization, the exoplanetary abun-
dance of oxygen can be depleted relative to its host star by ~ 82%, which significantly
changes the oxidation state and thus mineralogy of a rocky planet. The modeling of
exoplanetary interiors can be further improved by adopting a realistic chemical net-
work for the mantle and the core. Such a network for the mantle should consider the
most important mineral oxides, Si0,-CaO-Na,O-MgO-Al,03-FeO-NiO, given here
in order of the oxidation sequence. Furthermore, the modeling of the planetary
core should consider a composition of not only iron, but also nickel (constrained by
Fe/Ni = 18 £ 4 by number) and sulfur (an important light element). By applying
these constraints to four extrasolar planetary systems: Kepler-10, Kepler-20, Kepler-
21 and Kepler-100, our modeling results demonstrate that the interior composition
and structure of rocky extrasolar planets can be distinguished using current high-
precision stellar abundance data (with a typical uncertainty less than than ~ 0.04
dex).

We note that our modeling of the chemistry and interior of extrasolar planets
should be treated as first-order estimates/guidelines. The modeling is limited by the
assumption that the Sun-to-Earth devolatilization pattern is similar to that of other
terrestrial planets located within their circumstellar habitable zones. The modeling
of the devolatilization process could be improved by including data for other rocky
bodies in the inner solar system, gas giants, and icy bodies including various types
of comets. Such improved modeling could be generalized to better apply to other
planetary systems. However, the bulk compositions for such bodies other than the
Earth are still not well determined. Nevertheless, if we are to make progress in the
studies of exoplanetary chemistry and habitability, a devolatilization to the host star’s
chemical composition should be taken into account in producing the planetary bulk
composition.

5.1 Future Work

5.1.1 Applying the devolatilization to the potential « Centauri planetary
system

« Centauri System is the nearest stellar system to us. This system consists of two
Sun-like stars (¢« Cen A and a Cen B) orbiting each other with an 80 year period at
an average separation of 30 AU and the much less-massive, loosely bound red dwarf
Proxima Centauri (¢« Cen C) at about 13000 AU distance. Numerical simulations have
shown that stable planetary orbits are possible within the habitable zones of both «
Cen A and a Cen B [Popova and Shevchenko, |2012; /Andrade-Ines and Michtchenko,
2014; Quarles and Lissauer, 2016]. The supposed detection of an Earth-mass planet
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orbiting & Centauri B [Dumusque et al.,2012], though not confirmed by Rajpaul et al.
[2016]], has brought ample attention to the possibility of finding Earth-like planets in
nearby star systems [Zhao et al.,, 2018]. The discovery of an exoplanet (Proxima
b) orbiting within the habitable zone of Proxima Centauri [Anglada-Escudé et al.,
2016] — cf. Blank et al. [2018] — has increased the prospects finding extraterrestrial life
and/or habitable environments, within a distance from us that future space missions,
such as Breakthrough Starshot, may travel to within a few decades. Project Blue, a
direct imaging survey of the habitable zones of x Cen A & B, is planned to launch by
early next decade!.
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Figure 5.1: The elemental abundances (relative to hydrogen) of &« Cen A & B, nor-
malized to those of the Sun [Wang et al., 2018b]. Elements are plotted from left to
right in order of decreasing solar abundance. The dotted horizontal line indicates the
[Fe/H] of a AB system relative to the Sun.

Preliminarily, we have applied the analytical toolkit developed in this research to
the o Centauri AB system, to estimate the chemical composition and habitability of
potential terrestrial exoplanets in the circumstellar habitable zones of this binary sys-
tem. Observed abundances in &« Cen A and B are consistent with each other [Hinkel
and Kane, 2013]] and therefore consistent with the idea that they have approximately
the same chemical abundances and probably formed together. We have performed

Thttp://www.projectblue.org/
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the weighted average of the « Cen A and B elemental abundances from Hinkel and
Kane|[2013] to represent the elemental abundances of the AB system (see Figure[5.1).
The AB system has ~ 84% more heavy elements than the Sun, so the protoplanetary
disks around a Centauri A and B would have been more metal- or dust-rich, from
which more planets or more massive planets may have formed.

If the devolatilization that led the formation of the Earth from solar material is
the same as the devolatilization of a# Centauri material that led to the formation of
Earths, then the abundance ratios of « Cen to the Sun are the same as « Earth to the
Earth. In Figure the overall ~ 84% higher metallicity of the « Cen AB system has
been scaled away by normalizing to Al on the same amount basis between the « Cen
and the Sun (or between a Earth and the Earth). Thus, only the relative abundances
between elements are shown in this figure.
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Figure 5.2: The elemental abundances of potential terrestrial planets in the habit-
able zones of the « Cen AB system (“a Earths”), relative to bulk Earth composition
[Wang et al., 2018a] on an equal basis of Al atoms (= 10°). Elements are ordered by
decreasing elemental abundances of the Earth [Wang et al., 2018a].

To some extent we can turn these relative abundances into predictions about the
nature of the terrestrial planets that may be in the habitable zone around A or B. For
example, Mg in « Earth is over abundant by 13 4= 11% compared to the Earth, while
Si is less abundant by 13 £ 9%. With a Mg/Si of 1.26 £ 0.18 (relative to the Earth),
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the ratio of olivine (Mg:Si=2:1 by number)/pyroxene (Mg:Si=1:1) in mantle rocks of
« Earth increases significantly. Further, considering the hydration model, the ratio of
pyroxene to olivine plays an important role because under the same upper mantle
conditions, pyroxene can hold ~ 25 times more water in its crystalline structure
than olivine. Therefore, the higher olivine/pyroxene ratio in the mantle rocks of «
Earth would possibly accommodate less water in it than the mantle on Earth. These
preliminary results will be refined in the future.

5.1.2 Future directions
Extending the estimates of exoplanetary interiors to the planetary magnetic fields

A persistent, strong magnetic field and its associated magnetosphere are thought
to protect a terrestrial planet’s atmosphere and water from erosion by stellar winds
[Heinze, 2017]. Although debated, it is possible that on long timescales such a planet
could potentially be more habitable than a planet without a magnetic field. The
presence of a magnetic field in a planet requires that the core be molten, neither
completely liquid nor entirely solid [Labrosse} 2003; Heinze, 2017]. Inferring the pres-
ence of a magnetic field from first principles requires knowledge about the internal
energy budget of the planet, which cannot be obtained from the interior geochem-
ical modeling but could be constrained with the dynamic simulations of planetary
accretion and collisions [Matsumura et al., 2016]. The magnetic field strength can
then be obtained through a magnetic dynamo modeling [Driscoll, |2016; Helffrich,
2017]. For planets orbiting low-mass stars, the effect of tidal heating should also be
considered, since the habitable zone around such stars overlaps with the tidal zone,
where tidal dissipation is expected to be a significant heat source in the planetary
interior [Driscoll and Barnes, 2015]. Radiogenic heating may also affect a planet’s
dynamos, though it is more important to mantle convection and crustal recycling,
i.e., plate tectonics [Noack and Breuer, 2014; [Frank et al., 2014]. The modeling of
exoplanetary magnetic fields is complex but crucial to understanding the interaction
between planetary interiors and atmospheres and thus the long-term habitability of
potentially terrestrial exoplanets.

Direct observation of exoplanetary atmospheres

Although mass, density and orbital parameters help to constrain planetary habitabil-
ity, a definitive determination of whether a planet can support liquid water on its
surface requires characterization of the planet’s atmosphere and, if possible, its sur-
face [Meadows et al., 2009]. For transiting terrestrial planets around the closest stars,
the James Webb Space Telescope (JWST)? scheduled for launch between March and June
of 2019 as well as upcoming ground-based telescopes such as the European Extremely
Large Telescope (E-ELT) [Snellen et al., 2013; Rodler and Lépez-Morales, [2014] will be
capable of measuring the atmospheric composition of such planets. Direct observa-
tion of exoplanetary atmospheres is useful not only for discovering bio-signatures

Zhttps://www.nasa.gov/mission_pages/webb/about/index.html
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or abio-signatures embedded in the atmospheres, but also for further reducing the
degree of modeling degeneracy of exoplanetary interiors, since the radius and thus
the interior pressure profile of the solid regime of a planet can be more accurately
estimated with information about the atmospheres. In addition, the comparison be-
tween the observed atmospheric composition® and the modeled interior composition
may allude to the history of late volatile delivery and/or outgassing, as well as to
the activity of geological events (e.g. plate tectonics and volcanism), thus helping
characterize the surface habitability of exoplanets.

An upgraded catalog of potentially habitable planets based on both physical and
chemical factors

The search for exoplanets has revealed a fascinating diversity of worlds in our So-
lar neighborhood. |(Chandler et al. [2016] presented a catalog of Earth-like exoplanet
survey targets in the habitable zones around 37,000 nearby stars, and Kane et al.
[2016] provided a list of Kepler habitable zone exoplanet candidates from the Kepler
48-month data set (Q1-Q17 Data Release 24). Both catalogs are important as tar-
get selection tools to assist in future exoplanetary missions. These catalogs have
concentrated on the observable physical properties of stars and planets, such as stel-
lar effective temperatures, planetary radii and orbital parameters. However, planets
are made habitable by both physical and chemical processes that regulate climatic
and geochemical cycling between the atmosphere, surface, and interior reservoirs
[Hinkel and Unterborn, 2018]. In addition to the current data in the habitable zone
exoplanet catalogs, information on the planetary bulk composition, interior structure
and chemistry, and atmospheric composition, would yield important constraints on
habitability. Such an upgraded catalog would be crucial for future space missions
such as PLATO and WFIRST, which may eventually find real exo-Earths that are both
terrestrial and habitable — another “pale blue dot”.

3A terrestrial planet’s atmosphere is usually secondary or evolved atmosphere, which is not domi-
nated by the primordial H/He envelope but by complex molecules that might be outsourced from late
accretion of volatiles from asteroid-like material and alternatively be outgassed and evolved from the
interior of the planet during the late stage of its formation and evolution.
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A.1 Concordance estimates

A.1.1 Concordance PM estimates

For a given elemental abundance X, we compute the weighted mean X and variance
2
o~ from:

X = 100 (A1)
1
2 77 (A.2)

where the index i refers to a data set and ranges from 1 to N. For most PM abun-
dances N = 3. Since Lyubetskaya and Korenaga [2007] did not report abundances
for C, H, N and O, N = 2 for these elements. Lyubetskaya and Korenaga [2007]
abundances for Cl and Br are inconsistent with Cl and Br from the other two data
sets. Therefore, for these 2 elements, our concordance abundance is the unweighted
mean (Eq. and we take as its uncertainty the range from the highest to the
lowest reported abundance.

We have treated noble gases differently. Marty|[2012] using an atmospheric model
and Halliday|[2013] using three different models (layered mantle, impact erosion, and
basaltic glass) report the molar abundances of non-radiogenic nuclides of noble gases
(3He, 20Ne, 30 Ar, 34K, 130Xe). We convert these to atomic abundances (by number) by
dividing by their estimated terrestrial primordial isotopic fractions [Lodders et al.,
2009]. We then convert to mass ppm using the atomic weights from Wieser et al.
[2013]. Our concordance PM abundances for noble gases are the median value of the
highest upper limit and the lowest lower limit among the four models. We use the
upper and lower limits as the uncertainty.

A.1.2 Concordance core estimates

Since the literature core abundances are more scattered and model-dependent than
the PM abundances, we compute our concordance core abundances as unweighted
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means and assign the standard deviations as uncertainties using:

_ 1 XN
X=q5 1; X; (A.3)
Y (Xi—X)?

Little work has been done on trace elements in the core. Kargel and Lewis [1993]
and McDonough and Arevalo [2008] provide estimates for many trace elements but
their estimates are not independent. Thus Eq. severely under-estimates the
uncertainty on the abundances of these trace elements. To compensate for this un-
derestimate, we do the following. If the standard deviation from Eq. is smaller
than +40% we assign an uncertainty of 40% (which is the average of the uncertainies
of the 10 most abundant elements in the core). If the standard deviation computed
from Eq. extends beyond the range of the reported values, we report the range
of values as the uncertainty. For those elements with only one reported value (i.e.
N=1), Eq. [A 4]is undefined. For these cases, we report as an uncertainty either +40%,
or the uncertainty on the single point, whichever is larger.

A.1.3 Approach for concordance bulk Earth estimate

The concordance elemental abundances of the bulk Earth for each element are com-
puted by
X = Xcorefcore + XPM(l - fcor@) (AS)

where, feore is the core mass fraction estimated in Sect. 2.4.1] The uncertainty oy,
associated with the bulk elemental abundance, is calculated by the error propagation
of the three uncertainties: 0x,,, 0x,,., and oy, of the PM elemental abundance, the
core elemental abundance, and the core mass fractlon, respectively:

0')2( = 0.}2<corefC201’L’ + 0—}2<PM <1 - f50r6>2 + O—%Cure (XPM - XCO}’€>2 (A6)

A.2 Calculation of significance of deviation

In Figs. 7 & 8 we compare our concordance bulk estimates with three previous
estimates of bulk Earth abundances. For some elements, all three previous estimates
are higher, or lower. For these elements we compute the significance Sx, of this
difference:

N

Z,/UX —I—U’X

where, X is our concordance estimate of the elemental abundance and c7>2< is its vari-
ance from Eq. X; is the abundance reported in the i-th literature source, with
N being the total number of literature sources. Identical abundances reported in

(A7)



A.3 Rescaling data 12
§A.3 g 7

Table A.1: Significances” of deviations between our concordance bulk Earth abun-
dances and previous estimates®

6 Elements with abundances more than ~ 1o below previous estimates
Mg Cd B Be Br Sn
260 -179 -176 -1.71 -140 -1.15

14 Elements with abundances more than ~ 10 above previous estimates

Zn Ga Ar Ta Na K Rb F He Cl Nb Kr Sr Gd
304 236 234 182 175 175 164 163 139 138 130 120 1.19 111
“calculated by Eq. B.1.
4 Allegre et al. [2001], McDonough [2003], and [McDonough and Arevalo|[2008]

McDonough| [2003] and in McDonough and Arevalo [2008] have only been used once
in this calculation. (7}2@ is its variance. If the source has no reported variance, we set
oz = 0.

Table lists the significances (more than ~ 10) of the deviations between our
concordance bulk Earth abundances and previous estimates [Allegre et al. 2001;

McDonough| 2003; McDonough and Arevalo, 2008].

A.3 Rescaling data

Elemental abundances are usually reported in ppm by mass. Thus, when all elements
are estimated, the sum of their abundances should equal 10°. The abundances of all
elements are usually not reported. We use this & ppm = 10° constraint to rescale
our PM, core (and thus our bulk) abundances. Our concordance PM abundances
summed to 0.997 x 10° so we rescaled all of our PM abundances up by 0.3%. Our
concordance core abundances summed to 1.020 x 10° so we rescaled all of our core
abundances down by 2.0%. In Table C.5 we sum the literature abundances (column
3). In column 4 we supplement the sums from column 3 with our rescaled con-
cordance abundances. Deviations from 1.000 x 10° in column 5 indicate the level of
inconsistency in the literature with the ¥ ppm = 10° constraint, even after the missing
elements have been supplemented with our concordance abundances.
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B.1 How we normalize and combine photospheric and mete-
oritic abundances

Let N(X) be the photospheric abundance (by number of atoms) of element X. We
normalize this abundance to 10'2 atoms of hydrogen and write the abundance in dex
as:

AX)|a(m)=12 = log[N(X)/N(H)] + 12. (B.1)

Meteoritic abundances are often reported in parts-per-million (ppm) by mass and are
denoted here as Xppm. To combine the two sets of abundances, we normalize both
to 10° atoms of Si (i.e.,, N (X)|n(siy=106)- As discussed in Section we make dif-
fusion corrections on photospheric abundances before normalizing them and before
combining them with meteoritic data. Following [Asplund et al., 2009], we use the
overall diffusion correction factors from Turcotte & Wimmer-Schweingruber (2002).
Our diffusion correction converts photospheric abundances A(X),, into bulk solar
abundances A(X)p,0. For helium we set,

A(He)p,() = A(He)p +0.05 (B.2)
and for all elements heavier than helium we set,
A(X)po = A(X), +0.04. (B.3)

The uncertainty in the overall diffusion correction is assumed to be 0.01 dex [Asplund
et al., 2009]. In Table this 0.01 uncertainty has been added in quadrature to the
uncertainties of A(X), (column 3) to produce the uncertainties of A(X),,0 (column
5).
After these diffusion corrections, photospheric abundances are normalized to Si
using:
N(X)po = 104000~ AEn0 5 100 (B.4)

We convert the uncertainty o4 (in dex) of A(X), 0 to the standard deviation, o 0 (in
%) of N(X)p,0 by:
+0oN,p,0(%) = (10574 — 1) x 100 (B.5)
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where the + indicates separate upper and lower error bars. In using Eq. sym-
metric errors in logarithmic abundances correspond to asymmetric errors in linear
abundances, and vice versa. Asymmetric errors add an extra level of complication to
computing weighted averages. Following Lodders [2003] and Lodders et al.| [2009],
when faced with upper and lower error bars of different sizes, we conservatively
choose the larger one for further analysis. That is why there are no separate upper
and lower error bars in Table column 6.

To convert meteoritic abundances by mass (i.e., Xppm) to abundances by number,
normalized to Si we use:

N(X),, = o/ ma(X)

= — ~ % 10° (B.6)
Sippm /M4 (Si)

where m,(X) is the atomic mass of an element X [Wieser et al., 2013]]. Let ox be the
uncertainty (in %) on Xppm. We obtain the uncertainty ¢, on N(X);, from:

ox

(B.7)
With these conversions, the two data sets are ready to be combined to obtain protoso-
lar abundances. For the 60 elements in Table 3.1/ for which we compute the weighted
average of the two sets, we use

N(X)p0 /0’]2\],]!7,0 +NX)m/02
N(X)o = VY (B.8)
N,p,0 m

If the values of N(X),0 and N(X), overlap within uncertainties we compute the
uncertainty on N(X)o using

oNp = \/1/(1/01@%0 +1/02) (B.9)

If the values of N(X),0 and N(X), do not overlap within uncertainties the highest
upper and lowest lower limit of the two data points are taken as the error bars.

B.2 How we renormalize meteoritic abundances from a sili-
con to a hydrogen normalization

Due to the depletion of hydrogen in meteorites, Eq. is not used to convert Si-
normalized meteoritic abundances to H-normalized abundances. Instead we write,

AX)m =1og N(X)i + A (B.10)

where A is a numerical conversion factor. For refractory elements, solar abundances
and CI abundances are indistinguishable. Therefore we expect,

AX)m = AX), (B.11)
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Combining Egs. [B.10 and [B.11 we obtain
A= A(X)p —log N(X)n (B.12)

Following [Lodders et al.|[2009] we require that the elements used in Eqs -
satisfy several criteria: (1) the elements must have both photospheric and meteoritic
abundances, (2) uncertainties on their photospheric abundances must be less than
0.1 dex (i.e., below ~ 25%), (3) no noble gases, (4) atomic numbers greater than
neon. Thus, for these elements, by subtracting the logarithm of the Si-normalized
meteoritic abundances (log N(X),,) from the logarithmic H-normalized photospheric
abundances (A(X),) we obtain an average numerical factor A from Eq. @ that
can be generallly used in Eq. [B.10 to convert Si-normalized meteoritic abundances
to H-normalized meteoritic abundances. Using the updated meteoritic and pho-
tospheric abundances compiled here, 46 elements satisfy the criteria above. We
find A = 1.514 + 0.009 where the uncertainty is the standard error of the mean:

Y% /(xi — %)2/(n—1). Figure shows the various values of A from Eq.
@ as a function of atomic number. Over the past few decades, estimates of A have
been decreasing. This decrease can be attributed to the updates of meteoritic and
photospheric data and an increasing number of elements that can be used. For ex-
ample, /Anders and Grevesse [1989] used 12 elements and obtained 1.554. |Lodders
[2003] used 35 elements and obtained 1.540. [Lodders et al. [2009] used 39 elements
and obtained 1.533. We used 46 elements and obtained 1.514 £ 0.009, significantly
lower than previous estimates.
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Figure B.1: Values of A from Eq. [B.12 for 46 refractory elements. The gray band
shows the 1o standard deviation. On the far right we plot our main result: A =
1.514 + 0.009.

When meteoritic abundances are taken as a proxy for protosolar abundances, a
diffusion correction factor should be added to A to make the meteoritic abundances
comparable with protosolar abundances. Because the diffusion correction factor we
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applied for all elements (except helium) is 0.04 dex, the corrected conversion factor
should be 1.554 ( = 1.514 + 0.04) when taking photospheric diffusion into account.

B.3 X2 minimization to determine the coefficients of the de-
volatilization pattern

The elemental abundance ratios of bulk Earth to the proto-Sun normalized to Al are
f = N(X)garth/ N(X)sun. where N(X)sun is from column 13 of Table [3.2| after the Al
normalization, and N(X)ga, is from Wang et al. [2018a]. These ratios are plotted as
a function of T in Fig. 5, where T¢ is the elemental 50% condensation temperature
for the relevant element [Lodders, 2003]. We fit all elements with T > 500 K. We
simultaneously fit the two functions log(f) = alog(T¢) + B and log(f) = 0 to the
abundance data, and find the best-fit values of a and B.

Step 1: We create an array of the two parameters « and B in the ranges 2 < a < 6
and —20 < B < —6, using an increment step of 0.001 for both parameters. For
each pair («, ), we compute Tp(a, 8) = 107#/%. For each coordinate pair (&, ),
elements with Tc < Tp(a, B) are fit to log(f) = alog(Tc) + B while elements with
Tc > Tp(w, B) are fit to log(f) = 0.

Step 2: We compute x* = x7 + x{j using the equations:

k o0 i) — (10 .
o p) = 3 108U~ (C1og(T) + B 513)
i=1 i

where k is the number of the last element whose condensation temperature is less
than Tp(a,B). Thus k is a function of (a, ). For the remainder of the elements,
Tc > Tp(w, ) and we compute,

N N A2
Kile )= 3, 18U 0 (B.14)
i=k+1 i

where N = 72. This comes from 83 (the total number of elements) minus 11 ( number
of elements with Tc < 500 K). In both equations, when the error bars of an elemental
abundance are asymmetric, the error bar in the direction of the model is used for o;.
We find x2, = 52.67, which is the sum of X%min = 43.68 and )(%Lmin = 8.99. The
best fit coefficient values are « = 3.676 £ 0.142 and B = —11.556 £ 0.436. Therefore,
the best fit devolatilization temperature Tp(E) = 1391 + 15 since Tp = 107F/%. The
number of elements with Tc < 1391 K is 37. Thus the approximate number of
degrees of freedom for the first part of the fit (Eq. is vj = 35(= 37 — 2). For the
second part of the fit (Eq. [B.14), the number of degrees of freedom is not equal to
the number of data points, since protosolar and terrestrial abundances of refractory
elements are highly correlated. We approximate the number of degrees of freedom
for the second part as v ~ X%I = 9. Thus, with v = v; + v;; the reduced x? of the
best fit is x2,,/v = 52.67/44 ~ 1.2. The probability of having a reduced x? lower
than this value is P()(2 < Xfmn, v) = 0.83. Thus, our best-fit is a reasonably good fit.
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Figure B.2: Determination of the coefficients « and B and therefore of Tp(E) =
107A/#.  The central brown dot represents the best fit values a = 3.676 and
B = —11.556 indicated by the vertical and horizontal dash lines. The dark and light
blue ellipses indicate respectively, the 68% and 95% confidence levels. These levels
are computed from x2. +2.3 and x2. + 6.17 respectively. The diagonal solid black
lines labeled between 600 and 4000 are isothermal lines of Tp (=10~#/%) in units of
Kelvin. The best fit devolatilization temperature Tp(E) = 1391 £ 15 K.
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Appendix C

Appendices of Chapter 4

C.1  Computational details of elemental fractionation between
the mantle and core for a terrestrial planet

The elemental fractionation is based on the recommended chemical systems for the
mantle and core of a terrestrial planet in Sects. and The computational
procedure illustrated in Figure 4.3|is described in detail in the following.

First, oxidize Si, Ca, Na, Mg, and Al (in order of the decreasing ease of oxida-
tion addressed in Section to form oxides: SiO;, CaO, NayO, MgO, and ALO;3,
respectively. For each element, assess the sufficiency of O atoms: i) if the budget of
(remaining) O atoms is not stoichiometrically sufficient to fully oxidize the element,
then the non-oxidized part of the element’s atoms and the atoms of the subsequent
elements (up to Al) will be deemed as metals in the mantle; ii) otherwise (namely, all
atoms of an element can be fully oxidized), the oxidation process will be performed
to the subsequent elements one by one (up to Al), unless the remaining O atoms have
been exhausted.

Second, fractionate Fe, Ni, and S between the mantle and the core, for two sce-
narios:

i) If the remaining O atoms (after having oxidized Si, Ca, Na, Mg, and Al) are still
stoichiometrically sufficient to fully oxidize Fe, Ni, and S into the form of FeO, NiO,
and SOj, then there will be no Fe, Ni, or S fractionated into the core, and a coreless
planet will form. The left over oxygen atoms may oxidize the stoichiometric amount
of C atoms to form CO; in the phase of carbonates, then the remaining C atoms are
present in the phase of graphite in the mantle. However, if the amount of the left
over oxygen atoms is more than that of C atoms, all C atoms will be oxidized to form
CO; and the extra O is assumed to be present in the mantle to oxidize other minor
elements that are not investigated in this work.

ii) Complementarily, if the remaining O atoms are not sotichiometrically sufficient
to fully oxidize Fe, Ni, and S, then the atoms of the three elements will be fractionated
between the mantle and the core, and all C atoms will be present in the phase of
graphite in the mantle. The upper limits of atomic abundances of Ni and S in the
phase of NiO and SOj3 in the mantle are assumed to be equal to their respective
planetary bulk abundances (devolatilized from the host stellar abundance). Their
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lower limits are assumed to be 0. Assume the abundances of Ni and S in the mantle
can be any value within their respective upper and lower limits, following a uniform
distribution (denoted as ‘u’):

NNi, mantle — [O, NNi, bulk] u (C'l)
NS, mantle — [O/ NS, bulk] u (C2)

The abundance of Fe in the phase of FeO (present in the mantle) can then be
computed by

NFe, mantle = NO, remain — NNi, mantle — 3N S, mantle (C3)

where, No, remain is the remaining amount of O atoms after Si, Ca, Na, Mg, and Al
have been oxidized.

Then, the corresponding abundances of Fe, Ni and S in the core can be obtained
by deducting the abundance of them from the respective abundances of them in the
bulk planet. Namely,

NNi, core — NNi, bulk — NNi, mantle (C-4)
NS, core — NFe, bulk — NS, mantle (C5)
NFe, core — NFe, bulk — NFe, mantle (C6)

On the basis, we use the constraint Fe/Ni = 18 4 4 in the core (as addressed in
Sect. to verify the series of Fe/Ni ratios as computed from each pair of Ni and
S drawn from their respective uniform distributions (here, we draw 10° times). Only
computations matching with this constraint are deemed as valid estimates.

Then in combination with the atomic masses, these mantle and core abundances
(by number) can be converted to the molar masses. The core (molar) mass fraction
is the total molar mass in the core divided by the sum of the total molar masses in
both the mantle and the core.

The process above is iterated for each combination of planetary elemental abun-
dances, by 2 x 10* Monte Carlo simulations assuming that each element’s abundance
(within its uncertainty) follows a Gaussian distribution. The results corresponding
to the best-fit pattern and the mean of each input elemental abundance are reported
as the mean values of the modeling results (i.e. mantle composition, core compo-
sition, and core mass fraction) in Tables and The error bar associated with
a mean value are corresponding to the standard deviation of the population of the
modeling results for that quantity. The distribution of the modeling results for FeO,
NiO, and SOj3 in the mantle and Fe, Ni, and S in the core as well as the core mass
fraction may be asymmetric around their corresponding mean values. In this case,
the standard deviation of the population of the modeling results for such a quantity
is not an accurate but conservative estimate for the uncertainty on the mean value of
the quantity. If the standard deviation may cause the lower limit of the quantity to
be negative, then the lower limit is set to be zero. As such, the error bars of some
quantities in Tables [4.2|and 4.3 are asymmetric.
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