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Abstract Primitive meteorites preserve the chemical and isotopic composition of the first
aggregates that formed from dust and gas in the solar nebula during the earliest stages of
solar system evolution. Gradual increase in the size of solid bodies from dust to aggregates
and then to planetesimals finally led to the formation of planets within a few to tens of mil-
lion years after the start of condensation. Thus the rocky planets of the inner solar system
are likely the result of the accumulation of numerous smaller primitive as well as differ-
entiated bodies. The chemically most primitive known meteorites are chondrites and they
consist mostly of metal and silicates. Chondritic meteorites are derived from distinct prim-
itive planetary bodies that experienced only limited element fractionation during formation
and subsequent differentiation. Different chondrite classes show distinct chemical and iso-
topic characteristics, which may reflect heterogeneities in the solar nebula and the slightly
different pathways of their formation. To a first approximation the chemical composition of
the bulk Earth bears great similarities to primitive meteorites. However, for some elements
there are striking and significant differences. The Earth shows a much stronger depletion of
the moderate to highly volatile elements compared to chondrites. In addition, mixing trends
of specific isotopes reveal that the Earth is most enriched in s-process isotopes compared to
all other analysed bulk solar system materials. It is currently not possible to fully define and
quantify the different chemical and isotopic materials that formed the Earth, because a ma-
jor component seems missing in the extant collections of extraterrestrial samples. Variations
in nucleosynthetic isotope compositions as well as the strong depletion of moderately and
strongly volatile elements points towards a source in the inner solar system for this missing
material. It is conceivable that Venus and Mercury contain a much larger fraction of this
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missing component. Thus, for a complete reconstruction of the conditions that led to the
formation of the inner solar system planets (Mercury to Mars) samples from the inner plan-
ets Venus and Mercury are of great interest and importance. High precision chemical and
isotopic analyses in the laboratory of rocky material from inner solar system bodies could
complete the knowledge on the chemical, isotopic and mineralogical make-up of the solar
nebula just prior to planet formation and enhance our understanding of the evolution of the
solar nebula in general and the formation of the rocky planets in particular.

Keywords Terrestrial planets - Accretion of Earth - Meteorites - Inner solar system

1 Introduction

The bulk composition of the Earth and that of the distinct terrestrial reservoirs is essential
to understand and quantify the major differentiation processes that led to the present-day
highly differentiated planet (e.g., McDonough and Sun 1995; Palme and O’Neill 2014). The
bulk composition of the Earth is also required to reconstruct the formation of the Earth as
a planet and to deduce the different processes that led to its specific chemical composition.
Ultimately the material that formed the Earth originated from the solar nebula, which orig-
inally had the composition of the Sun. Starting from the solar nebula to the final accretion,
the building material of the Earth underwent a variety of physical and chemical processes
that led to the fractionation of elements. Key processes include condensation and evapora-
tion of solids in the solar nebula, dust coagulation, evaporation of elements during collision
of small bodies or during the magma ocean stage, accretion of solids to smaller bodies that
grew to planetesimals and eventually to rocky planets like the Earth, and the late addition of
bodies after the main phase of accretion (e.g., Chambers 2001; Day et al. 2012; Day 2015;
Halliday 2014). Since solids formed at different distances from the Sun, different conden-
sation histories and pathways of the building blocks have to be considered (e.g., Morbidelli
et al. 2000; Ciesla 2010).

The asteroidal bodies that are the sources of most meteorites formed within the first few
million years of the solar system; some were only minimally chemically modified after their
formation (i.e. chondrite parent bodies), others differentiated significantly and segregated an
iron core (i.e. achondrite parent bodies). The major groups of materials available for direct
study in the laboratory are carbonaceous, ordinary and enstatite chondrites, iron meteorites,
and achondrites such as eucrites or ureilites. A main constituent of the different chondrites
are chondrules (e.g., Hewins 1997), which are sub-millimeter igneous spherules that can
contain relict mineral grains that were not melted during chondrule formation. In addition
to abundant chondrules that are surrounded by fine-grained matrix, some chondrites contain
sulfides, metals as well as calcium—aluminum-rich inclusions (CAls) and other refractory
element enriched inclusions that formed as primary condensates from the solar nebula gas
(e.g., Scott and Krot 2014; Yokoyama et al. 2017). The CAls are particularly abundant in
some carbonaceous chondrites (e.g., the CV group). The primitive chemical character has
led to the idea that they could represent the building material of the terrestrial planets. The
disparities in the chemical and isotopic composition of the rocky planets could reflect the
different contributions of different known meteorite classes to their formation. Based on
this assumption, it is possible to quantify the relative abundances of the different material
that contributed to the growing Earth or other rocky planets whose bulk composition can
be estimated (e.g., Sanloup et al. 1999; Lodders 2000; Fitoussi et al. 2016; Liebske and
Khan 2019). However, as will be further shown in this contribution, a close investigation
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of the currently available chemical and isotopic data on samples from the rocky planets
Earth and Mars and the different meteorite classes shows that it is impossible to account for
all chemical and isotopic characteristics, particularly of the Earth, by combining different
proportions of known materials from the solar system. In some respects, the Earth seems to
be an apparent end member for many geochemical parameters among the rocky materials
in the solar system studied so far (e.g., Wénke and Dreibus 1988; Dauphas et al. 2004;
Burkhardt et al. 2011; Akram et al. 2013, 2015; Akram and Schonbéchler 2016; Fischer-
Godde et al. 2015; Liebske and Khan 2019).

This contribution explores the chemical and isotope characteristics of different mete-
orites classes and their temporal evolution in order to evaluate their potential contributions
to the formation of the Earth. Isotopes, element abundances and age constraints are used
to evaluate, which known components contributed to the Earth and which terrestrial build-
ing blocks might be missing in the extant collection of extra-terrestrial materials. Particular
questions addressed are: What are the characteristics of this potentially missing component
and where might it be found within the solar system? Is the Earth possibly an end member in
its chemical composition or does the Earth sample a common component of the inner solar
system that is dominantly present in the inner solar system planets like Venus and Mercury?
What is the timing of formation for planetesimals and planets, and is there a relationship
with their nucleosynthetic compositions?

2 Compositional Constraints on the Building Blocks of Earth

Estimates for the abundances of the elements in bulk Earth and its different geochemical
reservoirs (core, mantle, crust, hydro- and atmosphere) have been obtained using a variety
of approaches (e.g., Allegre et al. 1995; McDonough and Sun 1995; Palme and O’Neill
2014). These estimates show that the Earth is a chemically highly differentiated planet that
was accreted from heterogeneous and on average volatile element depleted (i.e. compared
to the solar composition) materials with distinct isotopic and chemical compositions. These
materials were added to the growing planet during different stages, while the planet was
internally differentiating (e.g., Rubie et al. 2011). Chemical and isotopic diversity is also
obvious in meteorites and their components that derive from primitive bodies of the solar
system.

Due to the abundance of chondrites in the extant meteorite collection, their relatively
primitive composition and first order similarities with estimates for the bulk Earth compo-
sition, chondrites have been traditionally used as a proxy for the material from which the
Earth and the other rocky planets of the inner solar system formed (e.g., Winke and Dreibus
1988; Schonbichler et al. 2010; Rubie et al. 2011; Fitoussi et al. 2016; Liebske and Khan
2019). However, chondrites may not be the only materials that contributed to the formation
of the terrestrial planets. With the exception of CI chondrites, chondrites contain once molten
materials, now preserved as spherical objects, i.e. chondrules, embedded in a fine-grained
matrix. The chemically primitive chondrites, which represent a collection of materials from
before or during before planet formation, may have played a key role in the early stages of
planet formation. Most importantly, they are accessible for laboratory studies. In the global
collection of meteorites, chondrites constitute the majority of samples with around 80% of
all collected specimens (e.g., Bischoff and Geiger 1995; Gattacceca et al. 2019).

The chronology of primitive and differentiated materials from the early solar system has
changed this traditional view (e.g., Kleine et al. 2005). The composition of the chondrites
must reflect the composition of the reservoirs from which they accreted and because they
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accreted relatively late compared to some achondrite parent bodies, it is possible that these
reservoirs were already modified by planetary formation and/or chondrule formation. It is
therefore unlikely that the Earth formed by direct accretion of dust with a homogeneous
composition from the solar nebula, but rather by the addition of smaller chemically distinct
differentiated bodies that had element abundances different from the bulk solar system com-
position. These planetesimals were already differentiated into core, mantle and crust (e.g.,
Kleine et al. 2005; Kruijer et al. 2014). Some of these planetary crusts were also rapidly
re-processed by impact melting producing further elemental fractionation (Frossard et al.
2019). An alternative planet formation scenario provides the relatively recently proposed
mechanism of pebble accretion (see Johansen and Lambrechts 2017 for a review). In a pro-
toplanetary gas disk, a planetary embryo can grow very quickly through accretion of small
pebbles that formed further away from the Sun than the protoplanet and were captured by
the protoplanet on their way towards the Sun.

Meteorites that are available for direct mineralogical, chemical and isotopic studies re-
veal a breadth of different materials that could potentially represent the building blocks for
the Earth (e.g., Wasson 1985; Day 2015). Some meteorite bodies have compositions that are
similar to the elemental composition of the Sun, like the rare CI meteorites, others are highly
fractionated like iron meteorites that represent the cores of differentiated planetesimals. All
these materials have in common that they are depleted to some degree in moderately to
highly volatile elements. To a first approximation the degrees of depletion of the chemical
elements in different primitive meteorite classes follow the respective condensation temper-
atures of the elements when condensing from a cooling solar gas (Lodders 2003; Wood et al.
2019) (Fig. 1). All materials from the solar system so far studied show various degrees of
depletion for elements with 50% condensation temperatures below ca. 1300 K (e.g., Palme
and O’Neill 2014). The different depletion patterns are characteristic for each meteorite
class and by inferences their respective parent bodies (Fig. 1). The least depleted material is
represented by the rare CI chondrites. They have lost atmophile elements, but are otherwise
similar in composition to the Sun (e.g., Anders and Grevesse 1989; Asplund et al. 2009;
Palme et al. 2014) and thus the primary solar nebula. For this reason, they are commonly
used as a reference to which other materials are compared. Together with CI chondrites, the
least differentiated materials are the carbonaceous, enstatite and ordinary chondrites. Their
relative abundances of refractory elements are similar to the solar abundances for elements
with a 50% condensation temperature above ca. 1300 K (Fig. 1), but they show different
extents of depletion for the volatile elements (e.g., Palme and O’Neill 2014).

In order to reconstruct the quantity and composition of the possible components that
formed the Earth from known materials, as represented by meteorites, it is essential to esti-
mate the bulk Earth composition (BE) or at least the bulk silicate Earth composition (BSE).
For this reason, several efforts have been made to obtain robust estimates for the abundances
of the chemical elements in the Earth as a whole or in the silicate mantle, the volumetrically
dominant chemical reservoir of the Earth (e.g., McDonough and Sun 1995; Allégre et al.
1999; Palme and Jones 2003; Palme and O’Neill 2014). These estimates can be compared
with bulk analyses made to obtain the absolute element abundance for each meteorite class
(e.g., Wasson and Kallemeyn 1988; Miyamoto et al. 2016; Clay et al. 2017; Braukmiiller
et al. 2018, 2019) (Fig. 1).

A comparison of the element abundances in different chondrite classes with the bulk
composition of the Earth reveals general agreement among the refractory element ratios.
All rocky materials known from the solar system have very similar relative abundances
for refractory elements. However, there are striking differences in the moderately to highly
volatile element abundances for different meteorite classes that show various degrees of de-
pletion. These depletions start with the highly abundant elements Mg, Fe and Si and follow
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Fig. 1 Element abundances in different chondrites (carbonaceous chondrites: CM, CO, CV; ordinary chon-
drites: H, L, LL: enstatite chondrites: EH, EL) and the bulk silicate Earth (BSE). Compared to the different
chondrites the Earth shows the strongest depletion in moderately to highly volatile elements. Elements (Mc-
Donough and Sun 1995; Wasson and Kallemeyn 1988) normalized to CI abundances (Anders and Grevesse

1989) and sorted according to their condensation temperature (Tcsq) (10_4 bar total pressure) (Lodders
2003)

the 50% condensation temperatures and thus reflect different thermal regimes in the feeding
zones of the solids that subsequently accreted in different parent bodies (e.g., Palme and
O’Neill 2014). This continuous and regular trend attests to a thermal cause for the deple-
tion and may represent different places in the nascent solar system where these materials
formed from a cooling and condensing nebula. Striking is the extreme depletion of volatile
elements in the Earth; and compared to primitive meteorites, the Earth forms a composi-
tional end member (Fig. 1). The chemical differences among the chondrites and the strong
depletion of Earth in the more volatile elements are evidence that the Earth must have a ma-
jor component that is more depleted than any known chondrite class (Winke and Dreibus
1988; O’Neill and Palme 1998; Drake and Righter 2002; Schonbéchler et al. 2010; Palme
and O’Neill 2014; Palme and Zipfel 2016). Thus, for the formation of Earth, primitive but
strongly volatile depleted material is needed to account for the observed missing volatile
elements. The presence of such a depleted component in the Earth is supported by evidence
from radiogenic isotope systems (e.g., Rb—Sr, U-Pb, Ag—Pd) that are sensitive to volatil-
ity related processes (e.g., Albaréde 2009; Schonbichler et al. 2010; Peslier et al. 2017). It
has been suggested that this strongly depleted material may be represented by achondrites,
particularly angrites (e.g., Fitoussi et al. 2016). Although their abundances of moderately
volatile lithophile elements make them a suitable component, the abundance pattern for the
other moderately volatile lithophile elements does not show this depletion (e.g., Warren and
Kallemeyn 1995). The volatile budget of the Earth must be a primary signature and cannot
be the result of volatile loss by evaporation during accretion, because this would result in a
step-function in the element depletion trend with a strong depletion below a certain thresh-
old temperature and essentially no depletion above, which is not observed. The Earth shows
a depletion in moderately volatile elements by a factor around 10 compared to the refractory
elements (McDonough and Sun 1995; Fig. 1, 2). If this depletion occurred during condensa-
tion of the solids that formed the Earth or by evaporation during accretion into planetesimals
that later formed the Earth, this should result in detectable stable isotope variations of these
depleted elements. Such effects between the terrestrial planets are analytically barely resolv-
able (e.g., Nebel et al. 2011; Paniello et al. 2012). This depleted component was also most
likely strongly reduced to account for the depletion of moderately siderophile elements in
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Fig. 2 Element abundances in bulk silicate Earth (BSE). Lithophile element abundances in the Earth can be
modelled by a mixture of a ca. 85% of a component that was volatile element depleted (proto-Earth) and 15%
of a component that was less volatile element depleted and oxidized (Theia). Siderophile and chalcophile
elements are depleted in BSE due to metal core formation and segregation of a sulphide melt (Hadean matte;
O’Neill 1991). Abundance of the platinum group elements (PGEs) is due to the addition of a late veneer after

completion of core formation. Elements sorted according to their condensation temperature (Tcsg) (10~ bar
total pressure) (Lodders 2003). Modified after Maltese and Mezger (2020)

Earth’s mantle, particularly Cr, which would otherwise be lithophile and not enter the metal
melt during core formation (Winke and Dreibus 1988). Such material has not been found in
the meteorite collection yet. It may bear some similarities to enstatite or ordinary chondrites,
however the latter have isotope compositions distinct from the bulk Earth (e.g., Warren 2011;
Kruijer et al. 2019).

The similarity in the chemical and in isotopic composition of Earth and Moon has led
to the suggestion that a giant impact is responsible for the formation of the Moon and at
the same time completed the major accretion of Earth (e.g., Hartmann and Davis 1975;
Benz et al. 1986; Wiechert et al. 2001; Canup and Asphaug 2001). This model implies that
the present-day Earth consists of two major components that could have distinct composi-
tions. Figure 2 shows the chondrite-normalized element abundances in bulk silicate Earth.
Striking features of this element distribution in the silicate Earth are the relative chondritic
abundances of the refractory lithophile elements and the less abundant moderately volatile
lithophile elements, which are also present in relative chondritic abundances. The least abun-
dant elements are the platinum group elements that also occur in relative chondritic abun-
dances. Based on this observation, Winke and Dreibus (1988) suggested that the Earth con-
sists of two major chemically distinct components. The dominant component was strongly
volatile depleted and highly reduced and the second was less volatile depleted and oxidized
with nearly chondritic abundances of the volatile elements (e.g., Braukmiiller et al. 2018,
2019). This model was further refined and modified (O’Neill 1991; Albarede 2009; Schon-
bichler et al. 2010; Albarede et al. 2013; Ballhaus et al. 2013) and is consistent with the
following scenario: in a first stage highly reduced and volatile element depleted accreted to
form proto-Earth, followed by a major chemical differentiation of the body into a metallic
core and a silicate mantle. Subsequently an oxidized component was added to this proto-
Earth (e.g., Ballhaus et al. 2013) followed by the segregation of a sulfide melt (“Hadean
matte”, O’Neill 1991). In a final stage a small amount of primitive material was added creat-
ing the late veneer and resulting in the relative chondritic abundances of the platinum group
elements (e.g., Chou 1978). The two major components can be ascribed to a depleted proto-
Earth that makes up ca. 85% of the present-day BSE and about 15% of a volatile richer
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component (e.g., O’Neill 1991). In terms of bulk composition of the Earth, the ratio of the
two bodies is ca. 90:10, making the smaller body equivalent in size to Theia, the proposed
body that impacted proto-Earth and led to the formation of the Moon (e.g., Canup and As-
phaug 2001). A further implication of this accretion model is that proto-Earth was more
volatile element depleted than known primitive meteorites and also more highly reduced.
This may indicate that the material had a strong similarity to Mercury (Nittler et al. 2019),
making this planet a prime target for a sample return missing to improve our understanding
of the chemical and isotopic composition of the inner solar system during its early evolution
(e.g., van der Kaaden et al. 2019).

3 Nucleosynthetic Isotope Constraints on Terrestrial Building Blocks

The missing volatile-depleted and reduced component indicated based on elemental con-
centrations can be further constrained by nucleosynthetic anomalies. Over the past decade,
distinct nucleosynthetic anomalies in a variety of elements (Ca, Ti, Cr, Ni, Zr, Mo, Ru, Pd,
Ba, Nd etc.) have been well characterised for the different meteorite parent bodies, Mars,
and Earth. The only two major bodies with virtually identical mass-independent isotope
compositions are Earth and Moon. These nucleosynthetic variations are powerful tools for
provenance studies of planetary building blocks. The isotope variations stem from the het-
erogeneous distribution of presolar grains in the protoplanetary disc from which the plan-
ets formed. Primitive meteorites still today contain nm- to um-sized presolar grains. These
grains can possess extreme isotope compositions that were established in distinct stellar
environments (e.g., AGB stars, novae) before the solar system formed (e.g., Zinner 2014;
Hoppe et al. 2017). These presolar grains were gradually destroyed during parent body heat-
ing and are thus most abundant in very primitive meteorites of low metamorphic grade (e.g.,
Huss et al. 2003; Davidson et al. 2014). Some of the abundance variations in primitive mete-
orites and those between planetary bodies, however, result from incomplete homogenisation
of this presolar dust in the solar nebula (Burkhardt and Schonbéchler 2015). This hetero-
geneous distribution of presolar grains can account for the unique nucleosynthetic isotope
compositions for many elements in the different meteorite parent bodies, Mars and the Earth
(e.g., Cr, Ti, Mo, Zr; Dauphas et al. 2004; Trinquier et al. 2007, 2009; Leya et al. 2008; Qin
etal. 2010; Burkhardt et al. 2011; Akram et al. 2015) (Figs. 3, 4). A preferred explanation for
the origin of nucleosynthetic variations is selective thermal destruction of less robust preso-
lar carriers (e.g., silicates), which occurred when dust was transported to hotter regions in
the solar protoplanetary disc (Trinquier et al. 2009; Akram et al. 2015). Alternatively, it has
been suggested that this isotope variability is a remnant of a heterogeneous distribution of
this dust in the molecular cloud from which the solar system formed (Nanne et al. 2019).
A recent study attributes these variations to mixing of dust that formed in the local inter-
stellar medium with a second less abundant dust fraction (stardust) mainly consisting of
presolar grains that formed around AGB-stars (Ek et al. 2019). This scenario also provides
an explanation as to why s-process variations are generally smaller in heavy elements (e.g.,
Nd, W) compared to those in the mass region of Zr and Mo. Presolar grains only survive
a limited time in the interstellar medium (Heck et al. 2020) and, therefore, were generally
formed around higher metallicity stars than the remaining interstellar matter that on average
has been synthesised over the whole galactic chemical evolution. Moreover, higher metal-
licity stars produce higher amounts of elements in the mass region of Zr and Mo compared
to the heavy elements (e.g., Nd, W, Pt). This signal is imprinted in the presolar stardust com-
ponent and thus leads to smaller anomalies in the heavy elements in the solar system bodies
(Ek et al. 2019).
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Fig. 3 Nucleosynthetic Zr and Mo isotope data for bulk meteorites and Earth are correlated despite their
different geochemical properties (Zr: lithophile and Mo: moderately siderophile). The Earth shows the most
extreme isotope composition closest to the s-process end member. Venus and Mercury may display even
more extreme isotope compositions. Carbonaceous chondrites originating from further out in the solar system
constitute the other end of the mixing array. Non-carbonaceous bodies are shown in green. Also shown are the
mixing lines calculated for the addition of s-process Zr and Mo predicted from Arlandini et al. (1999) (dashed
line, classical model) and Bisterzo et al. (2011) (black solid line) to a terrestrial composition. CI, CB, CO,CYV,
CR: different groups of carbonaceous chondrites, OC: ordinary chondrites, EC: enstatite chondrites. Figure
updated from Akram et al. (2015). Zr data are from Akram et al. (2015), and Mo data are from Burkhardt
et al. (2011) and Render et al. (2017)

However, independent of their exact origin, nucleosynthetic isotope variations are pow-
erful tools to determine (i) genetic relationships of building blocks and planetary objects
and (ii) the physio-chemical processes that influenced the planetary materials on their path
from dust to planets. Several studies (e.g., Dauphas et al. 2004; Akram et al. 2015; Akram
and Schonbichler 2016; Fitoussi et al. 2016; Render et al. 2017; Schiller et al. 2018; Lieb-
ske and Khan 2019) used nucleosynthetic isotope variations to trace the buildings blocks of
the Earth. This is generally done by comparing the terrestrial isotope composition to those
of meteorites, preferentially chondrites. It is important to note that depending on the geo-
chemical behaviour of an element, its abundance in the silicate part of Earth (i.e. BSE) can
be dominated by material delivered during different phases of accretion. Highly siderophile
elements (HSEs), such as the platinum group elements, record the latest accretion history of
Earth after core formation ceased. This is because previously delivered HSEs were stripped
from the mantle into the Earth’s core with high efficiency. With decreasing siderophile be-
haviour, the BSE composition reflects the integration of material accreted over larger parts
of Earth’s late accretion history (e.g., Mo isotopes; Dauphas 2017), while lithophile ele-
ments remained in the silicate part and reflect the average composition of the material deliv-
ered over the whole accretion history. Despite these distinct characteristics, elements with
different geochemical behaviour in the mass region of Zr, Mo, Ru and Pd (Akram et al.
2013, 2015; Akram and Schonbichler 2016; Burkhardt et al. 2011; Dauphas et al. 2004;
Fischer-Godde et al. 2015; Ek et al. 2019) show correlated isotope effects indicating a two-
component mixture with s-process material as one end member (Fig. 3). This implies that
the average isotopic composition of accreted materials did not drastically change over time,
although minor deviations are likely (e.g., for Mo isotopes; Budde et al. 2019). Strikingly,
the Earth possesses the most s-process enriched composition for these elements and no
mixture of known meteoritic materials can build the Earth. The known materials most sim-
ilar to Earth are enstatite chondrites with isotopic compositions identical or very close to
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the Earth, when considering nucleosynthetic isotope variations and O isotopes (e.g., Akram
et al. 2015; Akram and Schonbéchler 2016; Bouvier and Boyet 2016; Burkhardt et al. 2016;
Fukai and Yokoyama 2017; Dauphas 2017; Render et al. 2017; Boyet et al. 2018). Since
enstatite chondrites are generally considered to originate from the inner solar system, this
suggests that the Earth is mainly built from material of the inner solar system. However,
while this meteorite group fits well in terms of isotopic composition, the group significantly
differs from Earth in its bulk elemental abundances (see Sect. 2). Dynamical considerations
and numerical models (e.g., O’Brien et al. 2006; Hansen 2009; Brasser 2013) also indicate
that terrestrial planets mainly accreted material from their own local annulus. In dynam-
ical simulations, materials from further away from the Sun (= volatile-rich material) are
generally acquired in the later accretion stages (e.g., Morbidelli et al. 2000; O’Brien et al.
2014).

The observation that the Earth has the most s-process enriched composition so far identi-
fied for bulk planetary material, while members of the volatile-rich carbonaceous chondrite
group belong to the most s-process depleted, severely limits the amount of carbonaceous
chondrites that can be added to the Earth. Average estimates are around 10% (Fitoussi et al.
2016; Dauphas 2017; Budde et al. 2019), in good agreement with evidence from radiogenic
isotopes for volatile element addition (up to 40%, Schonbichler et al. 2010). This volatile-
rich carbonaceous chondrite material is added late during the main accretion history of the
Earth to a more reduced composition likely typical for the inner solar system (Fig. 2). It
hints to the so far elusive, reduced reservoir in the inner solar system (see Sect. 2).

However, it is possible that the observed trend of increasing s-process enriched compo-
sitions for bodies closer to the Sun (Fig. 3) continues further with Venus and Mercury. If
so, material from inside the Earth’s orbit can counterbalance volatile-rich, oxidised mate-
rial from the outer solar system and therefore allows for much larger contributions of these
materials. The most likely hosts with a significant portion of this volatile depleted and re-
duced component could be the inner solar system planets Mercury and Venus. They might
contain larger amounts of this elusive material, if the solar nebula was indeed chemically
zoned with stronger volatile depleted and s-process enriched material that formed closer to
the Sun. These inner planets could preserve the missing link that is needed to form the Earth
from materials that are derived from different regions of the solar system. Characterising
this material would allow a better quantification of the accretion models for Earth that can
describe the amount of different materials accreted in combination with concomitant differ-
entiation of the growing planet. This illustrates that samples from Venus or Mercury play a
fundamental role in answering the question of the building blocks of the Earth.

3.1 Evidence from the Dichotomy

The conclusions drawn from volatile elements concentrations and s-process anomalies are
also supported by mass-independent variations in the O (mostly caused by irradiation pro-
cesses. i.e. photo dissociation), Cr and Ti isotope compositions (nucleosynthetic anomalies)
of different meteorites and the Earth. For O isotope analyses, samples from Venus and Mer-
cury would help to address the O isotope homogeneity the inner solar system reservoir and
compare this to Mars and the outer solar system, potentially tracing a signal of water in the
disk (Krot et al. 2015).

In contrast to the expressed s-process anomalies (at first order produced by AGB stars)
in the mass region of Zr, the nucleosynthetic Cr and Ti isotope compositions are gener-
ated by the heterogeneous distribution of dust formed in a supernovae environment (again
at first order, less dominant contribution of other sources such as the s-process are likely;
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Fig. 4 S4crvs. 0Ti mass-independent isotope data in epsilon (parts per 10,000 deviation of the ratio from
the respective terrestrial standards) of whole-rock chondrites and achondrites from the so-called carbona-
ceous and non-carbonaceous reservoirs (e.g., Warren 2011; Kruijer et al. 2019 for further details on their
significance, originally discovered by Trinquier et al. 2007 and Leya et al. 2008), and Earth’s mantle, lunar
Apollo samples and Martian meteorites for Earth, Moon and Mars bulk compositions, respectively. Possible
locations of Venus, Mercury, and the Sun are indicated but have not been measured yet. CAls = calcium,
aluminium-rich inclusions have reported €34Cr and €59Ti anomalies that range from ~5-8 and ~9-15, re-
spectively (Larsen et al. 2018; Leya et al. 2009; Trinquier et al. 2009), and are thus represented, with the
potential location of the Sun, off the chart. CC = carbonaceous chondrites and related groups, EC = enstatite
chondrites (EH and EL groups), OC = ordinary chondrites (H, L and LL). Data sources from Trinquier et al.
(2007), Leya et al. (2008, 2009), Gopel et al. (2015), Sanborn et al. (2019)

Schonbichler et al. 2011). Strikingly for all these elements (Ca, Ti, Cr and Ni), the Earth
is not an endmember in the solar system, but falls at the end of the trend defined by Earth,
Mars and non-carbonaceous (NC) meteorites (e.g., Steele et al. 2012; Schiller et al. 2018)
(Fig. 4). This is often called the NC reservoir as compared to the carbonaceous chondrite
(CC) reservoir, defined by CC. The two reservoirs are also referred to as solar system di-
chotomy and may have been separated by the early formation of Jupiter (Olsen et al. 2016;
Kruijer et al. 2017; 2019; Alibert et al. 2018) or a ringed structure in the protoplanetary
disc (Brasser and Mojzsis 2020). The CI chondrites fall on the extension of the trend of
the NC material together with the Earth as the closest body to the NC reservoir (Fig. 4).
Based on this observation, it was proposed that the Earth might have accreted significant
amounts of CI materials through pebble accretion (Schiller et al. 2018). On the other hand,
the data are also consistent with adding carbonaceous chondrite material to the Earth in the
later history of Earth’s main accretion phase through planetesimal accretion. The location
of Mercury and Venus in Fig. 3 and 4 can potentially help to distinguish between the two
scenarios (planetesimal accretion versus pebble accretion). For example, if the Cr and Ti iso-
tope compositions of Mercury and Venus fall to the right of the Earth in Fig. 4, the addition
of more CI-like material to Mercury and Venus can account for the Cr—Ti trend. If so, then
the two planets must also fall between Earth and CI chondrites in the Zr-Mo graph (right to
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the Earth) (Fig. 3). If they fall to the left of the Earth, as indicated in Fig. 3, this does not
allow for the accretion of more CI material and thus favours planetesimal accretion, where
the material is not limited to CI chondrites. Instead, it would again indicate that Mercury
and Venus have accreted material from an inner solar system reservoir that is enriched in the
enigmatic strongly volatile depleted material from which also the Earth mainly accreted and
from which no identified material is available in our meteorite collection.

3.2 Moon Formation

The similarity of Earth and the Moon in nucleosynthetic isotope compositions can be ex-
ploited to constrain the origin of the hypothetical impactor Theia that collided with the Earth
to form the Moon. Recently, a new variation of the giant impactor scenario has been pro-
posed, in which the Moon formed from an originally completely vaporized accretion disk
that fully equilibrated with the silicate Earth (Synestia; Lock et al. 2018). In such a scenario,
tracing of the impactor material using nucleosynthetic isotope anomalies is not possible.
However, it is debated whether full equilibration indeed occurred. If it was not achived,
comparison of elemental and isotopic measurements of the Earth and Moon today allows
predicting the isotopic composition of the lunar impactor Theia using mass balance calcu-
lations. It requires the combination of isotopic data with the results of dynamic simulations
that constrain the proportions of the impactor material that merged with the proto-Earth or
mixed with terrestrial material to form the Moon. The prediction for the isotopic composi-
tion of the impactor can then be compared to data from solar system bodies to identify its
origin (Akram and Schonbéchler 2016). Such considerations yield that Theia most likely
had a composition very similar to the Earth and, hence, must have formed in a similar orbit
as the Earth (Dauphas et al. 2014; Meier et al. 2014; Melosh 2014; Akram and Schonbichler
2016). To fully exploit these models, however, knowledge of the compositions of Venus or
Mercury to characterize the material that formed inside the Earth’s orbit in the protoplane-
tary disk would be essential.

4 Constraints on the Reservoirs and Timescales of Formation for the
Terrestrial Planets from Radiogenic Isotopes

4.1 Timescales of Planetary Accretion and Differentiation

The timescales of planet formation can be resolved with a precision of tens of thousands
of years for processes that occurred 4.5 billion years ago using the daughter products of
short-lived and now extinct radionuclides. Among the short-lived radionuclide isotope sys-
tems, 16 parent-daughter pairs have been used so far in cosmochemistry as high-resolution
chronometers (Davis and McKeegan 2014). The parent isotopes were freshly synthesized
within different stellar environments and injected shortly before or after the collapse of
the solar nebula (e.g., Lugaro et al. 2014). They can be identified by finding a correlation
of mass-independent isotopic variations of the radiogenic daughter products with the par-
ent/daughter elemental ratio (e.g., Lee et al. 1976). Short-lived radioactive isotopes such as
2 AL(T 2 2 0.71 Ma), **Mn (T, ~ 3.7 Ma), '"’Pd (T, » ~ 6.5 Ma), "2 Hf (T, » ~ 8.9 Ma),
92Nb (T, 12 ~ 37 Ma), and 146Sm (T, 2 ~ 103 Ma) are principally used as high-resolution
chronometers (down to a few 1,000 yr) and tracers for early planetary processes (e.g., Biz-
zarro et al. 2005; Kleine et al. 2009; Wadhwa et al. 2009; Boyet et al. 2010; Schonbichler
et al. 2010; Bouvier et al. 2011; lizuka et al. 2016; Pape et al. 2019). These isotope systems
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provide relative age information that can be placed on an absolute timescale using high-
precision ages obtained from the long-lived U-Pb isotope system. For the latter a precision
of 300,000 yr is now achievable. The decay products of short-lived radionuclides can be
measured with high-precision and for some systems also with high spatial resolution by
mass spectrometry (e.g., secondary ion mass spectrometry, SIMS; thermo-ionization MS,
TIMS, multi-collector inductively coupled plasma MS, MC-ICPMS). They can be used as
isotopic tracers and chronometers for the dynamic evolution of the nebula, if the parent
isotopes were homogeneously distributed (e.g., Nyquist et al. 2009). Several short-lived ra-
dionuclides are also of interest to interpret isotopic anomalies identified in meteorites within
a chronological context. This is the case of the decay of >*’Cm to >¥U (T, 52~ 15.6 Ma),
which affects accurate 20’Pb—2%Pb age determinations of early solar system objects and pro-
cesses (Brennecka and Wadhwa 2012; Tissot et al. 2016) relevant to planetary formation.

Chondrites come from asteroids that did not fully melt because these bodies formed rel-
atively late (few Myr after CAls) in the history of the solar system or derive from relatively
small parent bodies. Most chondrules identified in chondrites (beside metal-rich CBs and
large single OC, CR and CV chondrules dated by Pb—Pb; Bollard et al. 2017) formed 2—
4 Myr after CAls (e.g., Kita et al. 2013; Kita and Ushikubo 2012; Bollard et al. 2017; Pape
et al. 2019) and therefore relatively late during the accretion period (Fig. 5) compared to the
parent bodies of many achondrites. There is growing evidence of a variety of planetesimals
that formed and differentiated within a short time interval after the condensation started,
i.e. as little as 0.1 to 0.3 million years after the formation of CAls based on iron meteorites
(Kruijer et al. 2014). This time period is also within less than 2 Ma for silicate achondrite
parent bodies (Barrat et al. 2015) and thus before the formation of most chondrules and
the accretion of chondrite parent bodies (e.g., Hunt et al. 2018). Widespread mafic magmas
formed on various parent bodies within the first 3 to 5 Myr (Fig. 5) as shown by old U-Pb
and Al-Mg ages of basaltic meteorites from angrites, eucrites, diogenites, ureilites, primi-
tive achondrites, or ungrouped meteorites (e.g., Goodrich et al. 2010; Bouvier et al. 2011;
Srinivasan et al. 2018).

4.2 Timing of Formation of the Terrestrial Planets

Constraints from the Hf~W system indicate that 95% of the accretion of Mars took place
within 5 Ma after the beginning of the solar system, contemporaneously with the formation
of planetesimals and chondrules (e.g., Kleine et al. 2009; Dauphas and Pourmand 2011;
Pape et al. 2019). The formation of the Earth was more protracted and can be divided into
three main intervals (Fig. 5) with (i) the main accretion sequence from dust to oligarchic
growth from planetesimals to planetary embryos merging into planets bringing the Earth to
about 85 to 90% of its current volume over 30 to 100 Ma (e.g., Kleine et al. 2009), (ii) the
Moon-formation event likely bringing about 10% of the Earth’s mass between 60 to 100 Ma
after the formation of the Solar System (Barboni et al. 2017; Kruijer et al. 2017; Maltese
and Mezger 2020), and (iii) late accretion by impacts over 200 to 500 Ma after Earth’s
core formation bringing about 0.5% of its final mass (e.g., Day et al. 2016). The highly
siderophile elements in the silicate Earth were added during this period forming the “late
veneer” (Walker 2009; Bottke et al. 2010; Dauphas 2017).

The origin of materials, which may have been involved during this late stage, can be as-
sessed through the measurements of highly siderophile elements in terrestrial and meteorite
samples. The group of IAB irons uniquely share their Mo, Ru and Pd isotopic compositions
with the silicate Earth (Burkhardt et al. 2011; Fischer-Godde et al. 2015; Worsham et al.
2017; Ek et al. 2019). The only specimen of EL3 enstatite chondrite that has been measured
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Fig. 5 Summary of timescales for the accretion and differentiation of planetary materials and their connec-
tion to Earth’s formation (split here into 3 main stages, see also Fig. 2). After the collapse of the solar nebula,
the oldest materials dated so far are CAls, which mark the start of condensation, before their transportation
and accretion within the carbonaceous chondrite parent body (C) within the outer regions of the protoplane-
tary disk. Accretion must start within 0.1 to 0.3 Ma and subsequent differentiation within 1 Ma after CAls to
explain the Hf—W systematics of iron meteorites (Kruijer et al. 2014; Hunt et al. 2018). The isolation of non—
carbonaceous (NC) and carbonaceous (C) chondrite reservoirs with distinct isotopic signatures over 2—4 Ma
has been linked to the formation of Jupiter within 1-2 Ma (Kruijer et al. 2017, 2019; Alibert et al. 2018).
Although such a complete isolation based on Jupiter can be challenged (Brasser and Mojzsis 2020), Jupiter
potentially provides a good barrier for at least CAl-sized particles (Desch et al. 2018)

so far is also identical in Ru isotopes to Earth’s modern mantle (Fischer-Godde et al. 2015).
These results contrast with most carbonaceous chondrites, which have a range of compo-
sitions that limit their contribution to the late silicate Earth’s HSE budget (Fischer-Godde
et al. 2015). They imply that carbonaceous chondrites, as strong candidates for the source of
volatiles, would have to be involved in the earlier phase of the Earth’s making process (i.e.
Stage I to IT in Fig. 5).

When combined with elemental and isotopic systematics, the chronology of solar system
materials provides critical information about the evolution of isotopic reservoirs in space and
time. It is thus important to obtain detailed chronological records with high time resolution
for planetary processes, which took place within a few 10* to 107 years after the formation
of CAls, the oldest materials dated in the Solar System (e.g., Bouvier and Wadhwa 2010).

4.3 Constraints on Planetary Building Blocks from Radiogenic Isotope Systems

Due to their close similarities in major element abundances (e.g., Mg/Si, Al/Si) with the
Earth’s mantle, the carbonaceous chondrites have long been thought to represent the main
components that make up the Earth (e.g., Jagoutz et al. 1979; Allegre et al. 1995). The
refractory elements in carbonaceous, ordinary and enstatite chondrites have similar nor-
malized abundances (Fig. 1). For this reason, the term Chondrite Uniform Reservoir was
coined (CHUR) to represent the Bulk Earth’s composition (DePaolo and Wasserburg 1976).
Amongst several radio-isotopic systems used to trace and date planetary processes, the
176 u—70Hf and '47-146Sm~!43:142Nd systems have become extremely powerful because they
are both composed of two refractory and lithophile elements with similar condensation tem-
peratures and geochemical behaviour during igneous processes. The initial isotopic com-
positions of the terrestrial planets (e.g., Earth, Mars) have to be constrained to compare
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and interpret the isotope measurements obtained on Earth and planetary samples. The ra-
tios of the refractory Sm—Nd and Lu—Hf systems are relatively homogeneous, with only a
~4% variation within unequilibrated chondrites (e.g., Bouvier et al. 2008). Variations in
certain groups or metamorphic types of chondrites can be explained by secondary processes
such as thermal metamorphism, or are due to the presence of exogenic components such as
CAlIs (Patchett et al. 2004; Bouvier et al. 2008; Martin et al. 2013; Debaille et al. 2017).
There is no discernible difference in compositions for the long-lived systems "°Lu—!7°Hf
and '¥7Sm—'“*Nd between the CHUR parameters and Earth’s mantle array (Bouvier et al.
2008). However, when looking at the short-lived '“°Sm—'4>Nd system, variations in initial
142Nd abundances have been found between chondrite groups and the Earth’s modern man-
tle composition. A ~20 part per million (ppm) difference in '“*Nd abundance was originally
detected between chondrites and the Earth’s mantle compositions (Boyet and Carlson 2005).
It was interpreted as an early episode of global differentiation within the Earth (Boyet and
Carlson 2005). However, additional measurements of stable and radiogenic Nd isotopes in a
variety of chondrite groups and metamorphic types showed that the difference in the initial
142Nd abundance of chondrites and the Earth is related to variable amounts of nucleosyn-
thetic s-process isotopes, originally carried by dust grains within the disc, and not, as ini-
tially thought, due to Sm/Nd fractionation and radioactive decay (Bouvier and Boyet 2016;
Burkhardt et al. 2016). Amongst the chondrite groups, the average composition of enstatite
chondrites is closest to that of Earth with a small '“*Nd deficit of —10 + 12 ppm (2SD), and
even closer with —3 £ 5 ppm (2SD) when only considering the EL3 sub-type (Bouvier and
Boyet 2016; Burkhardt et al. 2016; Boyet et al. 2018). A ~10 ppm '*?Nd gap between EC
and BSE, if caused solely by *Sm decay, would correspond to a maximum of 3% fraction-
ation of the parent/daughter isotope ratios during condensation and accretion of planetary
bodies. Enstatite chondrites comprise several sub-groups, possibly originating from differ-
ent parent bodies (Weyrauch et al. 2018). Amongst these, the rare EL3 chondrites best match
the Earth’s Nd composition. They may sample a different parent body compared to the other
types of enstatite chondrites, which have been more commonly analysed for other isotopic
systems. Nevertheless, it is likely that the different types of enstatite chondrites are genet-
ically linked to each other (Boyet et al. 2018). The ordinary and carbonaceous chondrites
are clearly distinct from Earth with anomalies of —16 + 9 ppm (2SD) and —33 & 13 ppm
(2SD) in &'*?Nd, respectively (Boyet et al. 2018). Such variations have two potential im-
plications: (1) the Earth formed from material(s) isotopically similar to enstatite chondrites,
whereas ordinary and carbonaceous chondrites were only minor contributors, or (2) Earth
accreted a larger variety of chondritic materials, which would require the contribution of a
missing enriched composition with excesses in initial '*?Nd, a component that is currently
missing from our collections (Burkhardt et al. 2016). This second implication is identical
to that drawn from other isotopes that show larger s-process isotope anomalies (Zr, Mo, Ru
and Pd, see above) than Nd.

In addition to the Earth, materials from other known planetary bodies have been also
analysed for their '“*Sm—!4>Nd systematics, including samples from the Moon (returned
from Apollo and Luna missions and meteorites), meteorites from Mars, Vesta, and other
unknown planetary bodies (e.g., angrites and mesosiderites) (e.g., Stewart et al. 1994; Foley
et al. 2005; Boyet et al. 2010; Sanborn et al. 2015). The Moon has mass-dependent and
mass-independent isotope compositions for many elements (e.g., O, Cr, Ti, Ca, Zr) that
are identical within analytical precision or nearly indistinguishable from the Earth within a
few tens of parts per million (e.g., Wiechert et al. 2001; Spicuzza et al. 2007; Hallis et al.
2010; Akram and Schonbéchler 2016; Young et al. 2016; Greenwood et al. 2018) (Fig. 3).
The Moon also appears to have a '“*Sm—!42Nd evolution identical to the Earth’s mantle
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(Sprung et al. 2013). Such identical isotopic compositions suggest that the proto-Earth and
Theia, the impactor in the giant impact scenario that led to the formation of the Moon,
may have formed from chemically similar building blocks or the material from both bodies
was homogenized during the impact (e.g., Young et al. 2016; Akram and Schonbéchler
2016). This interpretation is also supported by the similarity of nucleosynthetic elements
in the two bodies. When considering giant impact scenarios and analytical precision for
different isotopic system, some variations in composition for the impactor from the Earth
are nevertheless allowed (e.g., Akram and Schonbéchler 2016). Even further complexity
arises from signatures from late accretion (stage III in Fig. 5) for O and W isotopes (e.g.,
Kruijer et al. 2014; Greenwood et al. 2018).

Mars formed before the Earth and the Moon (Fig. 5), with about 50% of its mass accreted
within only 2 Myr after CAls based on its '82Hf-!82W and °Fe—%°Ni systematics (Dauphas
and Pourmand 2011; Tang and Dauphas 2014; Barrat et al. 2015). It has generally closer
isotopic similarities with ordinary chondrites (Trinquier et al. 2009; Warren 2011; Brasser
et al. 2018) than Earth, and a positive A'70 of 0.318 & 0.016%0 (Ali et al. 2016). From
stable isotopic relationships, its initial '**Nd abundance was deduced to be about —15 ppm
compared to Earth, which would place Mars between enstatite and ordinary chondrite com-
positions, with a minor contribution from carbonaceous chondrites (Burkhardt et al. 2017a,
2017b).

The Howardite—Eucrites—Diogenite (HED) meteorite suite, sampling Vesta-type aster-
oids, is the most common group of achondrites with over 1200 eucrites alone available
in the meteorite collections to this date. The HEDs are enriched in 'O with a A'70 of
—0.24040.014%0 (Greenwood et al. 2017) and depleted in >*Cr and °Ti compared to Earth
and Mars (Trinquier et al. 2007, 2009), suggesting accretion from materials that formed
within the inner solar system, with lower contributions from carbonaceous chondrite mate-
rials. The initial '4Nd abundance for Vesta was estimated from internal mineral isochrons of
basaltic and cumulative eucrites (Boyet et al. 2010 and references therein). These meteorites
have a similar isotopic evolution as angrites and in particular mesosiderites, which is also re-
flected in the similarity of U-Pb ages of zircons separated from these meteorites (Haba et al.
2019). Their '“°Sm—'4>Nd evolution, when compared with the crystallization ages, is most
consistent with a source that had a composition similar to ordinary chondrites (Gannoun
et al. 2011). Thus, the comparison of the *6Sm—'*>Nd systematics in different materials
from the solar system indicates that the Earth has an end member composition and cannot
be the end product of mixing of known components. This result is in agreement with the
constraints provided by the bulk chemical composition and the variations of nucleosynthetic
isotope variation for Earth and extant meteorites.

In the search for planetary building blocks of the Earth, the chronology of planetary ac-
cretion and differentiation puts the focus on the investigation of achondrite meteorites to
track the composition of precursors and early planetary formation reservoirs. In this search,
many new and previously unknown types of primitive and differentiated achondrites have
been recovered, primarily from the hot deserts. Some of these have the potential to repre-
sent the Earth’s original main building material. Based on their mineralogical-geochemical
characteristics and/or O-isotope compositions, many of these meteorites have been catego-
rized as “ungrouped”, because they do not appear to belong to any previously recognized
achondrite types within the meteorite classification nomenclature. These include Northwest
Africa (NWA) 7325 and paired meteorites, which were proposed to potentially originate
from Mercury based on their elemental compositions. However, this is unlikely because
their ancient age of 4563 Ma (within only 4-5 Myr after CAls) suggests that they originated
by re-melting of an early planetary crust that formed within 1.7 Myr of CAls (Koefoed et al.
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2016). Moreover, this crust had to be anorthositic in composition to explain the unique el-
emental composition of pyroxenes in NWA 7325 and paired meteorites (e.g., NWA 8486)
(Frossard et al. 2019). Meteorite sample NWA 11119, an ungrouped achondrite, may be re-
lated to NWA 7325 based on its O isotopic composition (Srinivasan et al. 2018). It contains
~20 vol.% of silica polymorphs mostly as tridymite. Such a high abundance of silica is
generally found only in differentiated, evolved, crustal rocks on terrestrial planets. Its 26 Al—
26Mg age is the oldest of any silicate-rich achondrite: 4564.8 £ 0.3 Ma (Srinivasan et al.
2018). Silica-rich magmatism was thus taking place within ~3 Ma after CAI formation.
Both the NWA 7325 and NWA 11119 have O—Cr-Ti anomalies which would place them
closer to the acapulcoite and ureilite formation reservoirs (Goodrich et al. 2017; Srinivasan
et al. 2018), and therefore away from the innermost part of the protoplanetary disc where
Mercury would be expected to be located (Fig. 4). Other ungrouped enstatite-rich achon-
drites also yielded identical O isotope compositions to Earth (e.g., Itqiy, NWA 5400), but
differ in nucleosynthetic anomalies (Burkhardt et al. 2017a, 2017b). These meteorites may
represent the crust and mantle of planetesimals and planets that formed in a similar accretion
region as Earth before planetesimals were scattered by for example planet migration (e.g.,
the Grand tack, Raymond and Morbidelli 2014). As such, they may be remnants of Theia
or the proto-Earth before the Moon-formation event took place. At present no connection
between these meteorites and potential parent asteroids has been identified.

4.3.1 Conclusions

Bulk Earth has an extreme composition, when considering its element abundances as well
as radiogenic initial and nucleosynthetic isotope compositions and comparing them with
known materials from the solar system available for direct analysis in the form of meteorites.
The carbonaceous and ordinary chondrite groups are clearly distinct from Earth’s isotopic
composition, while enstatite chondrites are the closest to Earth’s mass-independent isotopic
inventory (Figs. 2 and 3). However, due to their high Si abundance (Jagoutz et al. 1979),
the composition of enstatite chondrites are quite distinct in their major element composition
from that of Earth and thus cannot represent main precursors of the Earth’s total mass. Pos-
sible condensation or vapour loss fractionation effects during accretion have been suggested
to explain such discrepancies in the Si, Mg and Fe mass-dependent isotope compositions
between Earth and chondrite compositions (Dauphas et al. 2015; Hin et al. 2017).

Currently, no mixing model can account for the observed composition of the Earth us-
ing known materials. The distinct nucleosynthetic variations observed in different meteorite
classes or their components indicate that different regions in the early solar system had
unique characteristic compositions. These differences in the isotopic compositions can be
used as tracers for the region of origin within the disc for these meteorites and their parent
bodies, before being transported and trapped within the asteroid belt (Akram et al. 2015;
Akram and Schonbichler 2016; Bouvier and Boyet 2016; Burkhardt et al. 2016; Boyet et al.
2018). However, it is not well constrained where exactly each specific region was located in
the protoplanetary disk. These regions can have varied in time and space. The chemical and
isotopic diversity of known solar system materials and their difference to the Earth strongly
points to a major missing component that possibly formed in the innermost regions of the
solar system.

Most meteorites available for study are derived from the asteroid belt. Thus, only the
regions beyond the Earth’s orbit may be well represented in the meteorite collection. The
CAlIs are the earliest extant condensates of the solar nebula in our collection. They are con-
sidered to have formed close to the young Sun before being transported to the carbonaceous
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chondrite forming region (e.g., Nanne et al. 2019). Some CAls share similar '¥*Nd abun-
dances to the Earth (Bouvier and Boyet 2016) suggesting a closer relationship to the inner
solar system in terms of formation reservoirs compared to the accretion region of the car-
bonaceous chondrites, which may have been located beyond Jupiter (Kruijer et al. 2019).
However, other isotope systematics are clearly distinct between the Earth and CAlIs (e.g.,
A0, 3°Ti, 3*Cr *Zr; e.g., Clayton 2003; Leya et al. 2009; Trinquier et al. 2009; Akram
et al. 2013) suggesting different carriers or formation mechanisms for these isotope effects.

Based on O-isotope abundances, meteorites sample only ca. 110 parent bodies (Green-
wood et al. 2017) and many new objects from other reservoirs need to be studied to achieve
further breakthroughs about the formation of Earth and the planets in the solar system. So far,
no known group of chondrites satisfies the Earth’s elemental and isotopic composition and it
is likely the Earth formed from a variety of different materials. Based on their stable isotopic
compositions achondrites (e.g., ureilites, HED meteorites) are remnants of distinct parent
bodies, but they have not substantially contributed to the Earth. Materials that may consti-
tute building blocks of the terrestrial planets likely formed within a short time interval of a
few million years, but must also satisfy both elemental abundance and isotopic constraints.

In order to explain the particular isotopic composition of the Earth—-Moon system with ro-
bust mixing models, samples from the innermost and outer solar system regions are needed
to measure the range of chemical and isotopic variations within the solar system as a function
of heliocentric distance. In search for the place and composition of the “missing component™
that makes up the bulk of planet Earth, a sample return mission that provides material from
inside the Earth’s orbit would fill a current gap and help constrain models for the forma-
tion of rocky planets in general and the habitable Earth in particular. This illustrates that
samples from Venus or Mercury can play a fundamental role in answering the question of
the building blocks of the Earth. Models for the formation of the Earth would tremendously
benefit from the knowledge of the compositions of Venus or Mercury to define the nature of
the material that formed inside the Earth’s orbit in the protoplanetary disk. This will lead to
deeper understanding of the accretion of rocky planets and may help to understand how to
build a habitable world.
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