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ARTICLE INFO ABSTRACT

Keywords: The nature and origin of the Earth’s building blocks remain intensely debated. While enstatite chondrites (ECs)

Earth were formed from a reservoir with an isotopic composition of major elements similar to that of the Earth, they

Enstatite chondrites nevertheless exhibit significant chemical differences. Specifically, the Earth is enriched in refractory elements

g:ﬁlc]l(ijr:;lljocks and depleted in moderately volatile elements compared to ECs. By reevaluating the budget of rare earth elements

Protoplanetary disk in enstatite chondrites, we show that EC chondrule precursors correspond to early condensates formed in the
inner protoplanetary disk. Taking condensation models into account, we propose that these condensates consist
primarily of olivine, which was subsequently transformed into enstatite due to gas-melt interactions during
chondrule formation. We show that the accretion of the Earth from olivine-rich EC chondrules, which underwent
shorter gas-melt interactions compared to those present in ECs, satisfactorily reproduces its chemical ratios (i.e.,
Mg/Si, Al/Si, Na/Si, Ti/Si, Ca/Si) and oxygen isotopic composition. This difference in the duration of gas-melt
interactions in the protoplanetary disk had thus major consequences on the chemical composition of the plan-
etesimals accreted by planetary embryos. Our approach thus addresses the chemical divergence between Earth
and ECs without altering their isotopic compositions, while also supporting planet formation models involving
large embryos formed in the inner protoplanetary disk.

1. Introduction

Mass-independent isotopic variations of moderately volatile and re-
fractory elements (the so-called nucleosynthetic anomalies) represent
fingerprints of the building blocks of planets because they are conserved
through planetary magmatic differentiation processes (Burkhardt et al.,
2021). Previous studies have shown that the Earth, the Moon, and
enstatite chondrites (ECs) have indistinguishable compositions at the
ppm-ppb level for many elements (i.e., oxygen, titanium, calcium, and
molybdenum; Burkhardt et al., 2021; Dauphas, 2017) whereas outer
solar system materials thought to be sampled by carbonaceous chon-
drites (CCs) have isotopic signatures differing by tens to hundreds of
ppm (Warren, 2011). Despite these isotopic similarities, the Earth and
ECs strongly differ in their chemical ratios (e.g., Mg/Si, Al/Si, Na/Si;
Jagoutz et al.,, 1979; Palme and O’Neill, 2014), with Earth being
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enriched in refractory elements and depleted in moderately volatile el-
ements relative to ECs (Fig. 1, Jagoutz et al., 1979; Morbidelli et al.,
2020). It has been proposed that this chemical-isotopic conundrum
could result from (i) the building blocks of the Earth possessing isotopic
compositions similar to those of ECs but different chemical ratios
(Dauphas, 2017; Frossard et al., 2022), (ii) Earth’s accretion involving
chondritic, chemically-fractionated components (e.g., refractory in-
clusions, chondrules) rather than bulk chondrites (Alexander, 2022;
Morbidelli et al., 2020; Yoshizaki and McDonough, 2021), or (iii) the
formation of the Earth from a mixture of different meteorite types, some
of which may not be represented in our current collections (Drake and
Righter, 2002; Mezger et al., 2020; Burkhardt et al., 2021). The linear
correlations observed between different s-process elements (e.g., Nd and
Mo) among chondrites with Earth as an end-member partly support the
latter hypothesis (Frossard et al., 2021; Burkhardt et al., 2021).
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Fig. 1. Lithophile element abundance in the bulk silicate Earth (BSE) and bulk
EH and EL chondrites. Elemental abundances are normalized to CI chondrite
composition and Si. Elements are arranged by their 50 % nebular condensation
temperatures. Data for EH and EL chondrites from Wasson and Kallemeyn
(1988). Data for BSE from McDonough and Sun (1995).

Several post-accretion processes have also been proposed to account
for the large chemical divergence between the Earth and ECs. This in-
cludes the preferential incorporation of Si into Earth’s core in a reduced
environment, but to reconcile the Mg/Si and Al/Si ratios between the
Earth and ECs, the core would have to contain up to 30 % Si, which is
highly unlikely (Javoy et al., 2010). It has also been suggested that
collisional erosion processes would raise the Earth’s Mg/Si ratio to its
current values by removing early-formed proto-crusts (Boujibar et al.,
2015). However, this process requires complex and poorly constrained
processes, including (i) loss of volatile lithophile elements and recon-
densation of refractory lithophile elements after the impacts (Boujibar
et al., 2015) and (ii) changes in refractory element ratios that remain
difficult to discern in estimates of the Bulk Silicate Earth (BSE) chemical
composition (Palme and O’Neill, 2014).

Alternatively, it has been proposed that ECs were depleted in an
early-condensed forsterite component enriched in refractory elements
(Dauphas et al., 2015). This component could have been accreted by a
first generation of planetesimals (Morbidelli et al., 2020), leaving
behind a residual condensate at the origin of ECs. In such a scenario, the
Earth formed through the accretion of ~ 40 % of the first-generation
refractory-rich planetesimals together with ~ 60 % of material with
solar-like composition down to condensation temperatures of ~900 K
(Morbidelli et al., 2020). Although appealing, this scenario appears
difficult to reconcile with the peculiar O isotopic composition of early
condensates (i.e., A0 = 3'70-0.52 x 3'80 ~-23 %, (Krot, 2019)
compared to the BSE composition (A70 = 0 %; Eiler, 2001). Addi-
tionally, these models do not consider the magmatic formation of EC
chondrules, which result from complex processes involving chondrule
precursor recycling and gas-melt interactions (Tissandier et al., 2002;
Piani et al., 2016; Marrocchi et al., 2018). Alternative planetary growth
models proposed that Earth formed via accretion of chondrule-sized
pebbles (Johansen et al., 2015). However, the claim that these pebbles
correspond to chondrules similar to those observed in carbonaceous
chondrites (CCs; Alexander, 2022; Yoshizaki and McDonough, 2021) is
difficult to reconcile considering the numerous constraints now imposed
by multi-isotopic systems and astrophysical modeling (Burkhardt et al.,
2021; Mah et al., 2022; Nimmo et al., 2024; Morbidelli et al., 2025).
Furthermore, these models treat chondrules as black boxes, without
accounting for their different petrographic types within each chondrite
class (Jones, 2012; Marrocchi et al., 2024).

Altogether, the nature of Earth’s building blocks and the origin of the
Earth-ECs chemical divergence remain unexplained. In this study, we
first reevaluate the budget and distribution of Rare Earth Elements
(REEs) in ECs. We then use this new approach to constrain (i) the
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evolution of dust in the EC reservoir and (ii) the nature of the Earth’s
building blocks. This leads us to revisit the hypothesis of the Earth’s
formation from early condensates (Morbidelli et al., 2020), taking into
account constraints on chondrule formation (Marrocchi et al., 2024). We
thus show that the Earth-EC chemical divergence can be solved by
considering Earth’s accretion from olivine-rich chondrules that are not
sampled by enstatite chondrites. We propose that these chondrules were
incorporated into early Earth and derive from early refractory conden-
sates but experienced shorter gas-melt interactions than the
pyroxene-rich chondrules predominantly observed in ECs. Finally, we
explore the implications of this model for planet formation conditions in
the inner protoplanetary disk.

2. Reevaluating the distribution of rare earth elements in ECs

Rare earth elements (REEs) are a group of 17 metallic elements (15
lanthanides + scandium and yttrium) that are powerful tracers of
various geological processes (e.g., melting-crystallization, evaporation-
condensation; Barrat et al., 2021, Hu et al., 2021). Although bulk ECs
exhibit CI-like REE compositions (Fig. 2), their constituent minerals
display variably fractionated REE patterns (Hammouda et al., 2022). In
particular, oldhamite —a rare type of calcium sulfide with minor amount
of Fe, Mg and Mn (hereafter CaS)- mostly occurring within complex
metal-sulfide nodules located between chondrules, are characterized by
REE abundances reaching up to 100 times the CI value, representing up
to half the REE budget of ECs (Fig. 2; Crozaz and Lundberg, 1995;
Gannoun et al., 2011; Hammouda et al., 2022). As REEs are highly re-
fractory elements and larger REE ions can substitute for Ca in conden-
sates (Ingrao et al., 2019; Lodders, 1996), CaS is generally interpreted as
being formed by condensation under reducing conditions (i.e., C/O ratio
> 0.9; Lodders and Fegley, 1993). Under these conditions, thermody-
namical calculations predict CaS REE patterns characterized by negative
Eu and Yb anomalies due to their lower condensation temperatures
relative to the other REEs (Lodders and Fegley, 1993). Instead, old-
hamites in unequilibrated ECs from the EH subgroup show systematic
Eu- and Yb-enrichments compared to other REEs (Fig. 2; Gannoun et al.,
2011; Hammouda et al., 2022). This peculiar REE signature implies that
EC CaS condensed from a residual gas whose initial composition was
already fractionated relative to the solar composition by primordial
condensates (Hammouda et al., 2022). EC from the EL subgroups are not
considered in this contribution, as they recorded a more complex
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Fig. 2. Cl-normalized REE patterns of the bulk EH3 Sahara 97,158 (paired with
Sahara 97,096), together with EC chondrule mesostasis, CaS, and the recon-
structed pattern of the missing component, which corresponds to the mismatch
between the whole-rock and the reconstructed compositions based on the
constituent minerals of Sahara 97,158. It should be noted that the rare-earth
pattern of the missing component has also been normalized to the amount of
matrix, which has been tentatively proposed as a potential carrier for this
component. EH chondrule mesostasis data from Jacquet et al. (2015), EH3 data
from Hammouda et al. (2022), and CI values from Barrat et al. (2012).



Y. Marrocchi et al.

magmatic history, with their CaS exhibiting fractionated REE pattern
driven by volatility loss, similar those measured in aubrites (Hammouda
et al., 2022).

The nature of these Eu-Yb-depleted primordial condensates remains
uncertain. Hammouda et al. (2022) proposed that this component
(referred to as the "missing" component; Fig. 2) could correspond to
sulfide aggregates or isolated grains in the EC but also noted similarities
with some chondrule mesostasis analyzed in the EH3 Sahara 97,096
(Fig. 2; Jacquet et al., 2015). To explore this further, we recalculated the
REE spectra of the chondrules from the EH3 Sahara 97096, as this
chondrite is one of the least altered ECs by both asteroidal processes and
terrestrial weathering. In addition, this meteorite has been studied in
detail in the past, and we have precise estimates of the modal abundance
and REE signatures of silicates and glassy mesostasis (Jacquet et al.,
2015). Our calculations show that the bulk EC chondrules, as recalcu-
lated, have both negative Eu and Yb anomalies (Fig. 3) and thus likely
correspond to the missing component previously ascribed to the EC
matrix. We emphasize that the mismatch for the light REE La and Ce
likely results from terrestrial alteration, as commonly reported in me-
teorites from hot deserts (Crozaz et al., 2003). In any case, this result
demonstrates that the precursors of EC chondrules were primordial
condensates containing an Eu- and Yb-depleted phase, which likely
corresponds to a first generation of CaS (see §3 below).

We note that the condensation of EC chondrule precursors should
have occurred after the isotopic composition of the inner disk had
shifted from °°Ti->*Cr-rich compositions —sampled by refractory in-
clusions in carbonaceous chondrites (CC)- to *°Ti->*Cr-poor composi-
tions as recorded in non-carbonaceous chondrites (NC; Burkhardt et al.,
2021; Ebert et al., 2018). This important constraint arises from the lack
of >*Cr excess reported in bulk ECs and in all (but two) separated EC
chondrules (n = 12; Burkhardt et al., 2021; Schneider et al., 2020; Zhu
et al., 2020). Our finding also implies that condensation processes
continued in the inner disk after the early-formed °°Ti->*Cr-rich
calcium-aluminum-rich inclusions (CAls) and ameboid olivine aggre-
gates (AOAs) were transferred to the outer disk by viscous spreading or
disk winds (Jansen et al., 2024; Morbidelli et al., 2024). We note that
similar conclusions were reached based on the existence of (i) CC CAIs
with NC Mo isotopic compositions (Brennecka et al., 2020) and (ii) rare
CAIs without *°Ti-excess in ordinary chondrites (Ebert et al., 2017).
Importantly, EC CAls have similar 1°0-rich compositions to those of CC
CAls (Guan et al., 2000), implying that EC chondrule precursors were
50Ti-54Cr-poor but *®0-rich. This 1°0-rich signature may seem counter-
intuitive to the Earth’s isotopic composition, but as detailed in the next
section, it results from the conditions of dust evolution in the EC/Earth
reservoir.
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Fig. 3. Average reconstructed Cl-normalized REE patterns of chondrules from
the EH3 Sahara 97,096 based on the modal abundance of each chondrule phase
and their respective REE concentrations (data from Jacquet et al., 2015). This
reconstructed REE pattern mimics that of the missing component.

Earth and Planetary Science Letters 659 (2025) 119337

3. Nature of EC chondrule precursors and dust evolution in the
EC reservoir

Thermodynamic calculations show that condensates are dominated
by oxides, silicates and metal for C/O ratios ( 0.95, whereas oldhamite
starts to condense at C/O ) 0.9 (Ebel, 2006; Larimer, 1975). It thus ap-
pears that EC chondrule precursors could have condensed at 0.95 > C/0O
> 0.9 and were composed of oxides (e.g., MgAl»04), Fe-Ni metal, and
silicates, the latter being dominated by Mg-rich olivine (i.e., forsterite,
Mg,Si0y4; Ebel, 2006; Morbidelli et al., 2020). Mineralogically speaking,
they could thus be considered as CaS-bearing, AOA-like condensates
akin to those supposedly accreted in a first generation of planetesimals
and proposed to represent ~40 % of the Earth’s building blocks
(Morbidelli et al., 2020). As detailed in the introduction, this model
would produce a highly 1°0-rich planet, at odds with the BSE O-isotopic
composition (AUO = 0 %o).

To explore this issue, we first emphasize that EC chondrules are
systematically dominated by low-Ca pyroxene (i.e., MgSiO3) rather than
Mg-rich olivine, as predicted by condensation modelling (Ebel, 2006;
Morbidelli et al., 2020). However, Mg-rich olivine is commonly present
in EC chondrules as rounded grains enclosed in low-Ca pyroxene (Piani
et al., 2016; Weisberg et al., 2021). In addition, the modal abundance of
Mg-rich olivine in EC chondrules has also been shown to be under-
estimated due to a 2D-3D sectioning effect (Barosch et al., 2020). This
suggests that Mg-rich olivine was a major constituent of EC chondrule
precursors, in agreement with its mineralogy inferred from condensa-
tion modeling (Ebel, 2006). The overabundance of low-Ca pyroxene at
the expense of Mg-rich olivine in EC chondrules has been interpreted as
resulting from protracted gas-melt interactions under high PSiOg (Piani
et al., 2016), according to the following reactions:

Sio(gas) + 1/202(gu.s) = Sio2(melt) (€8]

Mg,SiOs + SiOymey = 2MgSiOs @

In this scenario, porphyritic pyroxene (PP) -as predominantly
sampled by ECs— experienced a longer duration of gas-melt interactions
than porphyritic olivine pyroxene (POP) chondrules, which themselves
resulted from a longer duration than porphyritic olivine (PO) chondrules
(Tissandier et al., 2002). We stress that the key point of this model is that
PO-POP-PP chondrules correspond to an evolutionary sequence of
increasing duration of gas-melt interactions, in line with the observation
that the abundance of PO chondrules decreases as that of PP increases
(Jones, 2012; Tissandier et al., 2002). In addition, ~50 % of EC chon-
drules show mineralogical zoning with olivine cores surrounded by
low-Ca pyroxene rims (Barosch et al., 2020). Therefore, the absence of
PO chondrules in ECs (Jones, 2012) does not mean that they did not exist
in the EC-forming reservoir, but that they fully transformed into POP
and then into PP chondrules (Piani et al., 2016). In this sense, ECs are
indeed depleted in a forsterite component, but this results from longer
exposure of their constituent chondrules to the surrounding gas. We
emphasize that such a model is thought to have been operative in all
chondrite types, whether belonging to the NC or CC superclans
(Marrocchi et al., 2024). The difference in PO, POP and PP modal
abundances between each chondritic type therefore results from the
variable duration of gas-melt interaction processes during chondrule
formation in each sub-reservoir (Piralla et al., 2021; Marrocchi et al.,
2022, 2024).

One can see that the change in chondrule mineralogy as gas-melt
interactions progress strongly affects their bulk chemical composi-
tions. This is illustrated in Fig. 4 for ordinary chondrites (OCs) in which
PO, POP, and PP chondrules have drastically different Mg/Si, Al/Si and
Na/Si ratios. Once again, PO chondrules sensu stricto (i.e., olivine con-
tent > 90 %) have never been reported in ECs as they experience pro-
tracted gas-melt interactions that transform them into POP and PP
chondrules (Piani et al., 2016). Nevertheless, a significant chemical
difference is visible between EC POP and PP chondrules (Fig. 4). We also
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Fig. 4. Average Mg/Si and Al/Si ratios of PO, POP, and PP chondrules in or-
dinary chondrites (OC) as well as POP and PP chondrules in enstatite chondrites
(EC). The ratios of the Bulk Silicate Earth (BSE) are also shown. Chondrule data
from Alexander et al. (2008); Grossman et al. (1985); Jones (1996, 1994, 1990);
Jones and Scott (1989); Tachibana et al. (2003). BSE data from McDonough and
Sun (1995).

note that in a Mg/Si vs. Na/Si diagram (Fig. 4, bottom), the EC POP and
PP chondrules define a line that intersects the trend defined by the OC
PO-POP-PP chondrules near the OC PO chondrule/bulk Earth point.
Combined with petrographic observations (Piani et al., 2016; Barosch
et al., 2020), these chemical evolutions suggest that EC PO chondrules
had chemical compositions close to their PO counterparts in ordinary
chondrites, which can therefore be used to understand the dynamics of
dust evolution in the disk reservoir that gave rise to ECs and the Earth.

Although having experienced varying durations of gas-melt in-
teractions, PO, POP and PP chondrules are, however, characterized by
olivines and low-Ca pyroxenes with similar AY0 values (Tenner et al.,
2018). This is because they crystallized from melts whose compositions
were buffered by gas-melt interaction processes as attested by the
similar oxygen isotopic composition of olivine and low-Ca pyroxene
crystals (Rudraswami et al., 2011). The only exception is the relict
160-rich olivine grains commonly found in PO chondrules and inherited
from the early-condensed precursors from which they derive (Marrocchi
et al., 2019a, 2024). In any case, their rarity in PO chondrules does not
affect the bulk isotopic composition of chondrules. Focusing on EC
chondrules, it is important to note that their constitutive olivines and
pyroxenes have the same oxygen isotopic composition as the BSE (Fig. 5;
Eiler, 2001; Weisberg et al., 2021). We note here that although CC, EC,
and OC olivine-rich chondrules result from similar process (precursor
recycling and gas-melt interactions; Marrocchi et al., 2024), they can be
characterized by different A'70 values. This likely results from gas-melt
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Fig. 5. Probability density function of the oxygen isotopic compositions
(expressed as AY70) of olivines and low-Ca pyroxenes in EC chondrules (data
from Weisberg et al., 2021). The A'”0O values of the BSE and refractory in-
clusions are shown for comparison (data from Eiler, 2001; Krot, 2019; Mar-
rocchi et al., 2019b).

interactions under different conditions, such as dust/gas ratios. The
slight difference in A0 observed between EC and OC chondrules
(Marrocchi et al., 2024) should not be seen as a weakness of our model.
We do not claim that olivine-rich EC chondrules were isotopically
similar to olivine-rich OC chondrules but had identical mineralogy and
chemical ratios, despite small variations in the conditions of gas-melt
interactions they experienced.

Due to their refractory nature, REEs are less prone being affected by
gas-melt interactions although Eu can experience evaporation
(Hammouda et al., 2022). Nevertheless, the peculiar REE feature of EH
chondrules (Fig. 3) suggests that they retained the initial REE signature
of primordial condensates from which they derive and that the putative
EC PO chondrules should have the same REE patterns as EC POP-PP
chondrules (Fig. 3, Jacquet et al., 2015).

4. The slightly different nature of Earth’s and EC building blocks

No comprehensive model has so far succeeded in mitigating the
chemical divergence between Earth and ECs, without breaking their
isotopic similarities. This implies that the Earth’s building blocks neither
correspond to ECs sensu stricto (Javoy et al., 2010) nor early-formed
planetesimals composed of refractory inclusions and/or chondrules (e.
g., Garai et al., 2025). The key observations detailed above allow us to
draw the following scenario:

1- EC chondrule precursors correspond to 60-rich early condensates,
and EC chondrules deriving from these condensates underwent
protracted gas-melt interactions that drove their A0 values toward
the BSE composition (A0 = 0 %o). This implies that Earth’s
building blocks may correspond to a specific type of chondrules
instead of bulk chondrites.

2- In addition to O-isotopic compositions, the interactions with the

surrounding gas strongly modified the bulk chemical compositions of

chondrules, leading to a decrease of the Mg/Si and Al/Si ratios and
an increase of the Na/Si ratio, respectively (Fig. 4). This shows that
the bulk chemical compositions of chondrules are strongly depen-
dent on their petrological types (i.e., PO, POP and PP), a parameter
that is largely ignored in attempts to model the Earth’s building

blocks (e.g., Garai et al., 2025, Yoshizaki and McDonough, 2021).

By considering the chondrule petrological type, we show that (i) OC

PO chondrules have Mg/Si, Al/Si, and Na/Si ratios plotting close to

those of the BSE and (ii) EC POP and PP chondrules define lines that

w
d
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cross those produced by OC PO-POP-PP chondrules near the BSE
compositions in both Mg/Si vs. Al/Si and Mg/Si vs. Na/Si diagrams
(Fig. 4). This suggests that the olivine-rich chondrules unsampled in
ECs had bulk chemical compositions close to OC PO chondrules and
thus near-similar to that of the BSE (Fig. 4).

Based on these observations, we test a model where the Earth formed
via the accretion of a first generation of planetesimals composed of
varying amounts of refractory inclusions and EC PO chondrules (Fig. 6).
To do so, we used the chemical compositions of (i) AOAs as a repre-
sentative example of condensates formed in the inner disk (Morbidelli
et al., 2020; Ruzicka et al., 2012) and (ii) OC PO chondrules, as they
represent a good proxy for the composition of the olivine-rich chon-
drules unsampled by ECs (Fig. 4). Our results show that planetesimals
composed solely of the "missing" EC PO chondrules have Mg/Si, Al/Si,
Na/Si, Ti/Si and Ca/Si ratios similar, within errors, to those of the BSE
(Fig. 7). As a test of the robustness of our model, we calculated the
chi-squared for planetesimals formed from varying amounts of AOAs
and PO chondrules (Fig. 8). It appears that the minimum value is ob-
tained by considering planetesimals composed of 100 % of PO chon-
drules (Fig. 8), thus supporting our model derived from petrographic
and chemical constraints. We stress that a major strength of this model is

Earth and Planetary Science Letters 659 (2025) 119337

that it produces planetesimals with Earth-like O-isotopic compositions
(Fig. 5). It therefore appears that the Earth is made up of material (i)
unsampled in ECs (and thus not present in our collections) and (ii)
slightly different than that accreted to form the EC parent bodies (i.e., EC
POP and PP chondrules). This difference has a drastic impact on the
chemical composition of the planetesimals formed and offers a solution
to the chemical divergence observed between Earth and ECs, without
affecting their respective isotopic compositions. The EC parent bodies
result from the accretion of (i) chondrules having experienced longer
durations of gas-melt interactions (POP and PP chondrules) and (ii)
Eu-Yb-rich CaS condensed from the residual gas fractionated by the
condensation of EC chondrule precursors (Figs. 3& 6).

We acknowledge that building the Earth from PO chondrules with EC
isotopic composition would provide too-limited iron content to produce
the terrestrial core. However, condensing EC chondrule precursors
under the proposed C/O ratio of ~ 0.9 also produces Fe-Ni metal in
abundance large enough (~ 37.5 wt%, Morbidelli et al., 2020) to ac-
count for the high Fe/Si and Fe/Mg of the Earth (Yoshizaki and McDo-
nough, 2021)."
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Fig. 6. Schematic representation of the model proposed in this work. In this scenario, early-condensed refractory inclusions produce a residual gas from which Eu-
Yb-rich oldhamite will eventually condense. The early condensates then experience gas-melt interactions of varying durations, leading to the formation of PO, POP,
and PP chondrules as the duration increases. We propose that the planetesimals that formed the Earth were mostly composed of PO chondrules, whereas EC parent
bodies accreted POP and PP chondrules, which experienced longer durations of gas-melt interactions.
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Fig. 7. (A) The Mg/Si (red), Al/Si (blue), and Na/Si (green) ratios as a function
of the mass fraction of refractory inclusions (referred to as AOAs, Ruzicka et al.,
2012) and the missing EC PO chondrules. The dashed lines represent the esti-
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Fig. 8. Chi-squared values calculated for a mixing between AOAs and OC PO
chondrules, considering the five chemical ratios tested in our models (i.e., Mg/
Si, Al/Si, Na/Si, Ti/Si, and Ca/Si).

5. Astrophysical implications and concluding remarks

Most elements have the same isotopic compositions in ECs and Earth,
whereas other chondritic meteorites show significant differences
(Dauphas, 2017). However, small nucleosynthetic anomalies for ECs
relative to Earth have been reported for the s-process elements Mo, Ru,
and Nd (Burkhardt et al., 2021; Frossard et al., 2022, 2021). For this
reason, the Earth must have accreted a component isotopically different
from ECs.

In this contribution, we propose a scenario that explains the chemical
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divergence between the Earth and ECs, without breaking their isotopic
similarities for most elements, by considering the complex magmatic
process at the origin of chondrules of various petrological types. It thus
appears that the Earth and ECs formed from planetesimals composed of
chondrules that experienced different evolutionary paths driven by gas-
melt interactions (Fig. 6). This implies that, compared to ECs, the
planetesimals that formed the Earth accreted (i) earlier in the disk’s
history (i.e., at least 1 Myr after CAls in order to produce chondrules,
Piralla et al., 2023) or (ii) in a sub-reservoir where chondrules under-
went shorter gas-melt interaction processes. In any case, this suggests
that Earth’s embryos accreted within few Myr, i.e., before the dissipa-
tion of the nebular gas. This is in line with (i) the rapid formation of
Mars’ embryos inferred from Hf~-W-Th evidence (Dauphas and Pour-
mand, 2011) and (ii) the presence of solar neon in Earth’s mantle
(Yokochi and Marty, 2004).

The formation conditions of telluric planets have been a long-
standing debate, with two main processes being dynamically possible
during the evolution of the protoplanetary disk: oligarchic growth and
pebble accretion (Raymond and Morbidelli, 2022). The classical model
of oligarchic growth corresponds to the early accretion of Moon- to
Mars-sized embryos in the protoplanetary disk followed -after gas
removal- by mutual collisions that led to the formation of rocky planets
(Chambers and Wetherill, 1998). Oligarchic growth produces telluric
planets dominated by embryos formed in the inner solar system, with
only a minor contribution inherited from outer solar system bodies
(Raymond and Morbidelli, 2022).

A more recent and alternative model suggests planet growth via the
accretion of pebbles (i.e., mm- to cm-size grains) formed in the outer
solar system and drifting sunward due to gas drag (Lambrechts and
Johansen, 2014). In contrast to oligarchic growth, the pebble model
suggests that the Earth and Mars would be composed of 30 to 50 % of
solar system material originally volatile-rich (Johansen et al., 2021),
requiring a specific process to remove those volatile elements during
accretion (Johansen et al., 2023). Deciphering which process was
operative in forming telluric planets and determining how quickly
planets can form are of fundamental importance to understand the
dynamical evolution of the solar system, as well as the source and timing
of delivery of volatile elements in the inner disk, especially on Earth
(Johansen et al., 2021; Piani et al., 2020).

Our conclusions -that Earth is made of PO chondrules with EC iso-
topic composition—- do not support a pebble accretion origin of the Earth
but are rather consistent with collisional growth from early-formed
inner solar system embryos (Brasser et al., 2018; Carlson et al., 2018;
Brasser and Mojzsis, 2020). However, in this standard scenario of planet
formation, the building blocks of planets are kilometer-sized planetesi-
mals made of solids whose nature is generally referred to by the vague
term “dust” (e.g., Kokubo and Ida, 2002). Our approach shows that this
dust component corresponds to olivine-rich PO EC chondrules that are
missing in ECs due to the protracted gas-melt interactions their consti-
tutive chondrules underwent. Importantly, our model implies that
early-condensates must survive long enough in the inner disk to be
recycled into chondrules. This point is critical for both EC parent bodies
and Earth’s embryos as solids tend to migrate towards the Sun
(Morbidelli et al., 2024). We however note that EC parent bodies appear
to have formed earlier than all other chondritic types (i.e., ~1.8 Myr
after CAls, Sugiura and Fujiya, 2014), implying that Earth’s embryos
should have formed even earlier in our scenario. The lower limit for the
formation of Earth’s embryos is 1.5 Myr after CAls, a timing constraint
set by shift recorded in the isotopic composition of several elements (Nd,
Mo, Zr) in early formed embryos (Frossard et al., 2021). This is also in
line with the (i) recent revaluation of chondrules 26A1-26Mg systematics,
which suggest their formation are 1 Myr older than previously thought
(Piralla et al., 2023) and (ii) presence of relict chondrules in NC primi-
tive achondrites, whose formation predate that of EC parent bodies
(Schrader et al., 2017; Sugiura and Fujiya, 2014). Overall, this suggests
that the embryos at the origin of the Earth were composed of chondrules



Y. Marrocchi et al.
formed early in the disk’s history.
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