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The Al/Si and Mg/Si ratios in non-carbonaceous chondrites are lower than the solar (i.e., Cl-chondritic)
values, in sharp contrast to the non-CI carbonaceous meteorites and the Earth, which are enriched in
refractory elements and have Mg/Si ratios that are solar or larger. We show that the formation of a
first generation of planetesimals during the condensation of refractory elements implies the subsequent
formation of residual condensates with strongly sub-solar Al/Si and Mg/Si ratios. The mixing of residual
condensates with different amounts of material with solar refractory/Si element ratios explains the
Al/Si and Mg/Si values of non-carbonaceous chondrites. To match quantitatively the observed ratios, we
find that the first-planetesimals should have accreted when the disk temperature was ~1,330-1,400 K
depending on pressure and assuming a solar C/O ratio of the disk. We discuss how this model relates to
our current understanding of disk evolution, grain dynamics, and planetesimal formation. We also extend
the discussion to moderately volatile elements (e.g., Na), explaining how it may be possible that the
depletion of these elements in non-carbonaceous chondrites is correlated with the depletion of refractory
elements (e.g., Al). Extending the analysis to Cr, we find evidence for a higher than solar C/O ratio in the
protosolar disk’s gas when/where condensation from a fractionated gas occurred. Finally, we discuss the
possibility that the supra-solar Al/Si and Mg/Si ratios of the Earth are due to the accretion of ~ 40% of
the mass of our planet from the first-generation of refractory-rich planetesimals.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction the amount of Si in the core (Rubie et al., 2015). Thus, in Fig. 1 we
report two values for the bulk Al/Si and Mg/Si ratios, computed as-
suming that the mantle is homogeneous (Hyung et al., 2016) but

the core contains 0% or 7% Si by mass. This is intended to give a

Carbonaceous chondrites (CCs), from CI to CM, CO and CV, show
a progressive increase in Al/Si and Mg/Si ratios together with an

increasing depletion in moderately volatile elements (e.g., Na) -
see Fig. 1, table S1 and references therein. CI meteorites reflect
the solar composition and the observed trend is interpreted as
the consequence of an increasing abundance of minerals formed
in high-temperature regions of the protoplanetary disk (e.g., CAls:
Hezel et al., 2008). The trend continues for the Earth, if the up-
per mantle Mg/Si and Al/Si ratios are valid for the bulk mantle,
which is often assumed (e.g., Palme and O’Neill, 2014; Hyung et al.,
2016), but there are also arguments against a chemically uniform
mantle (e.g., Ballmer et al., 2017). There is also some discussion on
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sense of the systematic uncertainty on the bulk composition ratios
of the Earth. It remains clear, however, that the Earth is enriched in
refractory elements and depleted in moderately volatile elements
at least at the level of CO-CV meteorites.

Enstatite chondrites, rumuruti and ordinary chondrites (ECs,
RCs and OCs hereafter, generically denoted NCCs for non-carbona-
ceous chondrites) surprisingly do not follow this trend, despite the
fact that they should have formed in the relatively hot, inner solar
system. Their Al/Si and Mg/Si ratios are sub-solar while they have
only a small Na depletion compared to COs, CVs and the Earth
(Fig. 1).

The strong difference in Al/Si and Mg/Si ratios between the
Earth and ECs poses a conundrum. Most elements have the same
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Fig. 1. Abundances of Al, Mg, Fe, Cr, Na, S, relative to Si and normalized to the CI ratios for different chondrites and the Earth (data and references reported in table S1). For
the bulk Earth (BE) two cases are given assuming 0 and 7 wt% of Si in the core respectively. There is a clear difference in chemistry between the carbonaceous chondrites

(CC) and the non-carbonaceous chondrites.

ratios of stable isotopes (e.g., O-isotopes) in ECs and Earth, whereas
other chondritic meteorites show significant differences. Only
small nucleosynthetic anomalies for ECs relative to Earth have
been reported for Mo, Ru and Nd. For this reason it is sometimes
suggested that the Earth accreted mostly from enstatite chondrites
(see for instance Javoy, 1995; Lodders, 2000; Dauphas, 2017). But
the large differences in Al/Si and Mg/Si ratios between the Earth
and ECs seem to preclude this possibility, although some solutions
have been proposed (e.g., incongruent vaporization of enstatite:
see Mysen and Kushiro, 1988). Dauphas (2017) postulated that the
precursors of the Earth had the same isotopic composition as ECs
but a different element composition.

It has been proposed that the sub-solar Al/Si and Mg/Si ratios in
the NCCs are due to the loss of a refractory-rich component from
a disk with an original solar composition (see Larimer, 1979; see
also Alexander, 2019 and references therein). It has also been sug-
gested that this refractory component was accreted by the Earth,
thus explaining its enrichment in refractory elements. For instance,
to explain the Mg-enrichment of the Earth, Dauphas et al. (2015)
suggested that the ECs were depleted in a forsterite condensate
and are complementary to the forsterite enriched Earth. This pos-
sibility has been explicitly excluded by Alexander (2019), for the
reasons discussed in Sect. 5. An alternative explanation for the rel-
ative deficiency of Si and Mg in the Earth is the evaporation from
the molten surface of the protoplanetary embryos that made our
planet (Pringle et al., 2014; Mysen and Kushiro, 1988; Young et al.,
2019). However, the sub-solar Al/Si and Mg/Si ratios of the NCCs
cannot be explained by evaporation models because Si should be
lost preferentially relative to Mg and Al.

In this paper, we revisit the idea of the sequestration of a re-
fractory component from the protoplanetary disk in order to ex-
plain the depletion of refractory elements in the NCCs. In section 2,
we discuss how a refractory-rich component could be sequestered,
in the framework of modern models of disk evolution and plan-
etesimal formation. In section 3, we determine the temperature
at which this refractory-rich component should have been iso-
lated from the condensation sequence in order to explain the Al/Si
and Mg/Si of the NCCs. In section 4, we extend our considera-
tions to other elements: Fe, Na, Cr and S. In section 5, we show
that the enrichment in refractory elements of the Earth can be
explained, within uncertainties, by the addition of the refractory
component removed from the NCCs. We discuss how the issues
that led Alexander (2019) to exclude this possibility can be solved,
so that this possibility remains the most viable one. Section 6 sum-
marizes the results and highlights the predictions of the properties

of the protoplanetary disk that our results imply, that will need to
be validated by future models of disk’s formation and evolution.

2. An astrophysical scenario for the sequestration of refractory
material

As often assumed, we consider that the inner disk was initially
very hot, so all material was in a gaseous form, including refractory
elements. As the disk was rapidly cooling, various species started
to condense in sequence, from the most refractory to the more
volatile. This is typical of equilibrium condensation where, with
declining temperature, some earlier condensed species are de-
stroyed to form new ones, in addition to condensing new species.

However, it is unlikely that this process continued undisturbed
to low temperatures. When enough solid grains condensed, but
well before the completion of the whole sequence, the ionization
level of the gas was strongly reduced by the now present dust and
the magneto-rotational instability (MRI) generating turbulence in
the midplane of the disk was quenched (Desch and Turner, 2015).
Because the disk had a radial temperature gradient, this did not
happen everywhere at the same time. The innermost part of the
disk, hot enough to contain only small amounts of dust, remained
MRI-active while the outer part located beyond a threshold dis-
tance corresponding to some temperature Tpr; was MRI-inactive;
the boundary between the two parts moved sunwards as the disk
cooled with time. The value of Tppg; is not known precisely. In
this work, we will consider it as a free parameter and we discuss
its best-fit value in section 3.1.

The transition from a MRI-active to a MRI-inactive region of the
disk should correspond to a transition in gas density. The surface
density of gas has to be larger in the MRI-inactive region for the
conservation of mass flux: Fy; = 2nrXv,, where Fy; is the mass
flux, r is the distance from the star, ¥ is the surface density of
gas and v, its radial velocity. In fact, v, = —3/2(v/r) where v is
the gas viscosity, so there is an anti-correlation between X and v,
the latter being much larger in the MRI-active region of the disk.
This steep density gradient, creating a pressure maximum, acts as
a barrier to the inward radial drift of dust due to gas drag. Thus,
at the boundary between the MRI-active and MRI-inactive parts of
the disk we expect to find not just the locally-condensed grains
corresponding to that temperature, but also grains that condensed
earlier and farther away and whose radial migration was stopped
at this boundary (Flock et al., 2017). Incidentally, these migrated
grains trapped at Tpg; would evolve to acquire the same chem-
istry as those condensed locally at Tyg;. Hence, the dust/gas ratio
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Fig. 2. A flow-chart of the scenario explored in this paper. The vertical axis represents the evolution of time, from top to bottom, during which the temperature decreases.
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complicated!) sketch of the evolution of gas and solids in the disk as a function of distance, time and declining temperature. (For interpretation of the colors in the figure(s),

the reader is referred to the web version of this article.)

at Ty can become much larger with time than the value due
solely to the locally-condensed grains.

This accumulation of dust (Flock et al., 2017) should have trig-
gered rapid planetesimal formation via the streaming instability
(Youdin and Goodman, 2005; Johansen and Youdin, 2007). It is in-
deed known that this instability is triggered when the solid/gas
mass ratio exceeds by 3-4 times the value corresponding to the
condensation of dust from a gas of solar composition (the ex-
act value depending on particle size; Yang et al.,, 2017). With the
formation of planetesimals, the already condensed material stops
participating in the gas-solid equilibrium chemistry because it be-
comes locked-up in large objects instead of small grains.

Consequently, at the temperature Tyg; there should have been
a bifurcation in the chemistry of the disk due to the fraction-
ation of solids from gas. Below Tprj, condensation could form
new solid species only from the residual gas. Consequently, the
first generation of planetesimals should have been refractory-rich,
with strongly supra-solar Al/Si and Mg/Si ratios, whereas the sec-
ond generation of solids condensed from the residual gas (denoted
“residual condensates” hereafter for brevity) should have been ex-
tremely refractory-poor, with strongly sub-solar Al/Si and Mg/Si
ratios.

This sequence of events and the roles of residual condensates,
first planetesimals and solar-composition material in making the
NCCs and the Earth are depicted in Fig. 2 and are described in
more details in the subsequent sections.

3. Determining the temperature of sequestration of refractory
material

To determine Tpyg;, the temperature of sequestration of the
first condensates in planetesimals, we follow the condensation se-

quence from a gas of solar composition to track the species con-
densed and the chemical composition of the residual gas as a
function of temperature (sect. 3.1). Then, we use these data to de-
termine the temperature that fits best the observed Al/Si and Mg/Si
ratios of the NCCs (sect. 3.2).

3.1. Condensation sequence

We have computed a condensation sequence, during the cool-
ing of the disk at the mid-plane of the Solar Nebula, starting from
2,000 K and assuming a total pressure of 103 bar and a solar C/O
ratio. Some results for different pressures and C/O ratios are also
reported below. These calculations describe the equilibrium distri-
bution of the elements and their compounds between coexisting
phases (solids, liquid, vapor) in a closed chemical system with va-
por always present upon cooling. We have used for this proof of
concept a simplified solar gas composition taken from Ebel and
Grossman (2000) composed of the most abundant elements of the
solar photosphere: H, C, O, Mg, Si, Fe, Ni, Al Ca, Ti, Cr, S and Na.

The equilibrium condensation sequence of this simplified solar
gas has been calculated using the FactSage software package (Bale
et al.,, 2016) by means of a general Gibbs free energy minimization
method (Eriksson and Hack, 1990). The thermodynamic data for
each compound are taken from the database provided by the Fact-
Sage package. The potential number of species that can be formed
from the combination of the 13 elements considered in this sys-
tem is over 450, comprising 150 gases and 320 pure solid phases
(see tables S2, S3). For this proof of concept, condensation calcu-
lations have been performed in steps of 10 K, allowing only pure
solid phases to condense, no solid solutions (see below).

Fig. 3 shows the fractions of the condensable mass and of Al
Mg, and Si that have condensed as a function of temperature, re-
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Fig. 3. a) Fraction of the total condensable mass from a cooling vapor of solar
composition (i.e., CI composition, including volatiles) at P;o; = 103 bar. Arrows in-
dicate the onset of pure solid phase condensation together with their temperature.
Abbreviations, cor: corundum (Al;03); hib: hibonite (CaAl13019); per: perovskite
(CaTiO3); grs: grossite (CaAl407); mel: mellitite (CazAl;SiO7); fas: Aluminous-rich
clinopyroxene (CaAl,SiOs - mimicking fassaite-like Fe poor, Ca, Al, Ti pyroxene);
sp: spinel (MgAl,04); met: Fe-Ni metal; fo: forsterite (Mg,SiO4); an: anorthite
(CaAl,Si»0g); en: enstatite (MgSiOs3); alb: albite (NaAlSi3Og). b) Fractions of avail-
able Al, Mg and Si condensed as a function of temperature. Note that Al/Si and
Mg/Si ratios of condensates become solar at a temperature of ~1,250 K. Note also
that the Al/Mg ratio becomes solar at larger temperature than the Al/Si ratio.

spectively. The comparison with published results on the conden-
sation of a gas of solar composition (Yoneda and Grossman, 1995;
Ebel and Grossman, 2000; Ebel, 2006) shows a good agreement in
terms of both the computed condensation temperatures and the
sequence of appearance of solid phases upon cooling (Fig. 3a), de-
spite the use of only pure solid phases.

As is well known, corundum starts to condense first at a tem-
perature of ~ 1,775 K at the pressure considered here (103 bar).
It is followed by calcium aluminates (hibonite, perovskite, grossite
and melilite), which set the Al contents of the first condensates to
be very high. Magnesium and Si start to condense later, almost si-
multaneously at T ~ 1,600 K with the onset of the condensation of
melilite. Both Mg and Si contents increase as cooling proceeds in
response to condensation of fassaite and spinel at lower temper-
ature. Initially, Si exceeds Mg in terms of fraction condensed but
then, at 1,250 K< T <1,450 K, Mg exceeds Si because of the con-
densation of forsterite (Mg;SiO4), the first phase to remove major
fractions of Si and Mg from the gas. Further cooling of the solar
gas promotes the condensation of enstatite (~ 1,370 K) and leads
to the subsequent increase in Si of the solid. By the time the tem-
perature has decreased to ~1,250 K, all available Al, Mg and Si
atoms have condensed, which implies that the solar composition
in terms of Al/Si and Mg/Si is achieved at this temperature.

The top panel of Fig. 4 shows the resulting Al/Si (red) and
Mg/Si ratios (blue) as a function of temperature, normalized to
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Fig. 4. Top panel: the solid curves show the Al/Si (red) and Mg/Si (blue) ratios (nor-
malized to CI values) of the condensed material as a function of gas temperature.
The arrow indicates that the Al/Si ratio increases above the upper limit of the plot
for T > 1,430 K. Bottom panel: the same but for the residual condensates, assum-
ing that all the early condensed material has been sequestered in planetesimals at
the temperature Tyr;. The horizontal lines show the mean Al/Si and Mg/Si ratios
for ECs.

the respective ratios in CI meteorites (i.e., the solar composition
ratios). The Al/Si ratio drops monotonically with decreasing tem-
perature and reaches the solar ratio (i.e., 1.0 when normalized) at
T ~ 1,250 K. The Mg/Si ratio instead starts sub-solar but then be-
comes supra-solar for 1,250 K< T < 1,450 K, with the bump due
to the condensation of forsterite.

If condensates are isolated from the gas at a temperature TRy,
they maintain the composition of the solids condensed at that
temperature; thus, their Al/Si and Mg/Si ratios are those shown in
Fig. 4a at T = Tyg;. Strictly speaking, isolation occurs when con-
densates grow big enough to prevent further gas-solid exchanges.
For example, given a diffusion coefficient of about 10~16 m?2/s at
1,400 K for Fe-Mg interdiffusion in olivine (Holzapfel et al., 2003),
a mme-size grain would equilibrate in approximately 300 y and a
cm-size grain in 30,000 y. However, according to aggregation ex-
periments it is likely that most grains are sub-mm in size (Giittler
et al,, 2010). Thus the most effective way to isolate solid mate-
rial from exchange reactions with the gas is to incorporate it into
macroscopic planetesimals, as explained in the previous section.

Consider now the possibility that at some temperature Tpry
the condensed solids are sequestered in planetesimals. Then, with
further decreasing temperature, new solids will condense from the
residual gas. The bottom panel of Fig. 4 shows the Al/Si and Mg/Si
ratios of these residual condensates as a function of Tyg;. They are
completely different from those of the first condensates. The Al/Si
ratio of the residual condensates is strongly sub-solar (essentially
zero below 1600 K, when all Al is condensed) and the Mg/Si ratio
is also sub-solar for Tyg; < 1,450 K. Fig. 4b shows, for comparison,
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the Al/Si and Mg/Si ratios of ECs. Note that at no value of Tyg; do
the residual condensates have simultaneously both the Al/Si and
Mg/Si ratios of these chondrites.

3.2. Making non-carbonaceous chondrites

It is dynamically unlikely and chemically impossible that the
NCCs formed solely from residual condensates. A fraction of the
first condensed grains may have been small enough to avoid piling
up at TRy, thus remaining at equilibrium with the cooling gas.
These grains would have eventually acquired a solar composition
in terms of concentrations of Al, Mg and Si and -possibly also-
moderately volatile elements. In addition, other grains with solar
elemental composition may have arrived from farther out in the
disk. We stress that these grains did not necessarily have the CI
content of water and of other highly volatile components, conden-
sible only at low temperature.! Likewise, the isotopic properties
of this material are not necessarily the same as for CI meteorites.
Thus, hereafter when using the term “solar-composition” we sim-
ply refer to material characterized by solar abundances of refrac-
tory and moderately volatile elements. We postulate that the NCCs
formed as a second generation of planetesimals from a mixture of
these solar-composition grains and residual condensates, so that
they appear as if a refractory-rich component had been partially
subtracted, as the data suggest.

Thus, for each temperature Tyg; we compute the relative
amount of solar-composition material Mg, that has to be mixed
with the residual condensates to reproduce the Al/Si and/or the
Mg/Si ratio of the NCCs (Fig. 5). Mg, is computed from the two
equations:

RNCC _ f/g?fMnges + fﬂMngm
fg?sMres + fgCiIMSOI
1=Mres+M501 (1)

where RNCC is the Al/Si or the Mg/Si weight ratio in the consid-
ered NCCs (ECs, RCs or OCs); f;‘ffMg and f¢f* are the concentra-
tions by mass of Al, Mg and Si in residual condensates (all these
quantities depend on Tyg; and are shown in Fig. S1), whose total
mass is Myes; fg,{Mg and f&! are 1.66 times the concentrations of
Al, Mg and Si in CI meteorites (see table S1 for element fraction in
meteorites). The factor 1.66 takes into account the lack of volatiles
(e.g., water) in the solar-composition material that we consider
compared to CI meteorites, which reduces their total mass to 60%.

Obviously, for each meteorite class the concordia situation oc-
curs at the intersection between the two solutions, when both the
Al/Si and Mg/Si ratios are reproduced for the same combination
of Tygr; and Ms,. Note that the solutions for Tyr; are very sim-
ilar (1,385-1,405 K) for all the NCC classes. This means that the
residual condensate material (or, equivalently, the subtracted re-
fractory component) is the same for these classes of meteorites
and that the different bulk chemical compositions of the ECs
and OCs are mostly due to different mixing proportions with the
solar-composition material. Notice that the relative mass of solar-
composition material exceeds in all cases the fraction of matrix in
these meteorites. This means that the formation of chondrules and
matrix occurred after mixing solar-composition material and resid-
ual condensates. Hence, it does not contradict our model that the
RCs are intermediate between ECs and OCs in terms of proportion

T As we will see below, 60-90% of solar-composition material is required in the
NCCs and the Earth. If the solar-composition material had been real CI material,
both these chondrites and the Earth would be rich in water and other volatile ele-
ments of comparable volatility, which is not the case.

Fraction of solar-composition material to make NCCs

P R S i MR .
1300 1400 1500 1600

Tl

o .
1200

Fig. 5. The fraction of solar-composition material that needs to be mixed with resid-
ual condensates to reproduce the Al/Si (red) and Mg/Si (blue) ratios of ECs (solid),
OCs (dashed) and RCs (dotted), as a function of the temperature of formation of the
first planetesimals, Tpg;. For ECs and OCs we use the mean of the ratios of the vari-
ous sub-classes: Al/Si = 0.67 and Mg/Si = 0.78 and Al/Si = 0.83 and Mg/Si = 0.91 re-
spectively, relative to CI ratios. The vertical band shows the range of values of Tyg;
that satisfy the considered elemental ratios of all the NCCs types: 1,385-1,410 K.

of solar-composition material even if they have the largest propor-
tion of matrix.

The elemental and the mineralogical compositions of the refrac-
tory material sequestered at 1,400 K are shown in the top panels of
Fig. 6. We have repeated the calculation for a pressure of 104 bar.
Conceptually the results are the same, but all condensation tem-
peratures shift to lower values; Tyg; is found to be in the range
1,310-1,330 K.

4. Other elements

Now that Tyg; is determined, we can check the consistency of
the model with other elements with different condensation tem-
peratures.

We start our analysis with a moderate refractory element like
Fe. For P = 1073 bar, the residual condensates would have a sub-
solar Fe/Si ratio (Fig. S1). However, for P = 10~% bar Fe is less
refractory and the Fe/Si ratio at Typg; is basically unfractionated.
The amount of Fe varies widely within the ECs and OCs, from EH to
EL and H to LL. These changes cannot be explained by our simple
model here. They may require different oxidation conditions, in the
disk, during chondrule formation (Larimer, 1979; Alexander, 2019).
We notice that because Fe tends to be present in meteorites as
distinct metal blebs, Fe enrichment and depletion may also be due
to size-sorting effects during the streaming instability.

Notice that in the top panels of Fig. 6 Ni does not appear. This
is an artifact of our calculation scheme since only pure Fe and pure
Ni metal phases (and not the single FeNi solid solution) have been
taken into account. Thus, the Ni/Fe ratios in both the first and the
residual condensates are not realistic.

Sodium is a more interesting case, because in the NCCs, with
the exception of the EH meteorites, it shows a striking correlation
with Al (see Fig. 1). The same is true for the other alkali elements
(Alexander, 2019). According to our model, when the refractory
material is sequestered at 1,400 K, Na has not yet condensed, so
the Na-Al correlation is not expected.

However, as pointed out by Barshay and Lewis (1976), the se-
questration of refractory elements prevents their further reaction
with the gas at lower temperatures, making Na less able to con-
dense, i.e., more volatile. For instance, in an equilibrium conden-
sation sequence, at P = 103 bar, the condensation of Na would
start by forming NaAlSi3Og (albite) at 1,150 K. But as Al has
been removed from the gas, this mineral cannot form. The first
refractory-element-free condensate that Na can form is Na,S (Fe-
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Fig. 6. The elemental (left pie-charts) and mineralogical (right pie-charts) weight fractions for the first condensates at 1,400 K (top) and residual condensates down to 830 K

(bottom).

gley and Lewis, 1980), which starts to condense below 830 K at
P =103 bar. Thus, if gas condensation “ends” before this temper-
ature is reached the residual condensates do not contain Na and
the final depletion in Na in the ECs and OCs correlates perfectly
with the depletion in Al, because both Na and Al are acquired only
from the solar-composition component of these meteorites.

We stress that it is natural that the condensation sequence ends
when there is still gas left in the system. In fact, condensation
requires cooling the gas but, although the disk cools over time
at each location, parcels of gas are also radially transported to-
wards the star. Thus, there is a competition between heating of
gas due to its inward radial drift and secular cooling of the disk.
Morbidelli et al. (2016) showed that a viscously evolving disk tran-
sitions from condensing (cooling) gas parcels to inwardly drifting
(heating) parcels after half a viscous timescale (r%/v), which is a
small fraction of the disk’s lifetime. In the disk model of Bitsch
et al. (2015) this happens at 1 AU at t ~ 10* y, when the stellar
accretion rate is 10~®Mg/y, before the temperature has reached
~ 800 K. Assuming this is the case, we show in the bottom row
of Fig. 6 the elemental and the mineralogical compositions of the
residual condensates.

The case of Cr is more difficult. Still for our nominal case of
P = 1073 bar 50% of Cr condenses at 1,300 K, too close to Tyg;
to invoke the premature end of the condensation sequence, but
not high enough to remove most of the Cr with the first con-
densates. Thus, we should expect that the residual condensates
were enriched in Cr and that the NCCs have Cr/Si higher than
the CI value. Instead, the depletion of Cr correlates with that of Al
(Alexander, 2019). Accounting for the solubility of Cr in Fe-metal
and olivine allows for the removal of ~50% of the Cr with the first
condensates, but ~50% of Si is also removed, so that the residual
condensates should be at best un-fractionated in Cr/Si, which is
insufficient to explain the observed Al-Cr correlation. However, we
find that if the C/O ratio of the gas is increased to 0.9, Tyg; de-
creases to 1,280 K (because the condensation temperatures of Al,
Mg and Si decrease), so that nearly 100% of Cr is bound in the first
condensates if one accounts for its solubility in iron and olivine.
Thus a C/O> 0.9 enables the Cr-Al correlation in the NCCs to be
explained. The same is true at lower pressure. A similar C/O ra-
tio has been invoked by several authors (e.g., Lodders and Fegley,
1993) as the sole way to explain various properties of enstatite

chondrites. It is interesting that from a completely different ap-
proach we also reach this conclusion, with the difference that in
our model the high C/O ratio affected the formation of residual
condensates that are a component of all the NCCs, not just of the
ECs (although more prominent in ECs). The equivalent of Fig. 6,
except for C/0=0.9, is given in Fig. S4.

Sulfur is more volatile than Na in a gas with solar C/O. But
it starts to behave as a refractory element for C/O> 0.9, when
oldhmite (CaS) begins to condense. For C/O= 1.2, 40% of S is con-
densed at Tyg; (=1,130 K for P = 1073 bar). No S condenses from
the residual gas before Na. Thus, S and Na depletions should cor-
relate in the NCCs, but such a correlation is not observed. Sulfur
is mostly found in the matrix and high concentrations of S are
only observed in EC chondrules. Remembering that the mixing be-
tween residual condensates and solar-composition material should
be done at the level of chondrule precursors this observation sug-
gests that, for some reason, S was lost in the formation of OCs and
RCs chondrules, but not Na (Alexander et al., 2008).

5. The Earth

If the first-formed planetesimals had accreted with each other
and possibly with additional solar-composition material, they
would have formed a planet enriched in refractory elements. It is
therefore important to check whether this scenario could explain
the supra-solar Al/Si and Mg/Si ratios of the Earth.

For simplicity we consider our nominal case of P =103 bar
and a solar C/O ratio. We assume that the composition of the
first-formed planetesimals is that obtained from the equilibrium
condensation at Tpr; = 1,400 K (Fig. 6, top - see also Fig. S2) and
use eq. (1) again. The Al/Si and Mg/Si ratios of the Earth increase
as the relative mass fraction of these planetesimals incorporated
in the planet increases (the rest of Earth’s mass having a solar
composition) and we find that ratios consistent with the observed
values within their broad uncertainties can be obtained for a mass
fraction of about 35-45% (Fig. 7).

2 We note that combining first planetesimals with ECs would lead to equivalent
results. In fact, the combination of first-condensed material with its complement
of residual condensates gives by definition material with a solar bulk composition.
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Fig. 7. The Al/Si (red) and Mg/Si (blue) ratios as a function of the mass fraction of
first, refractory rich planetesimals contributing to the Earth, the rest being accreted
from solar-composition material. The horizontal colored bands show the estimated
bulk terrestrial Mg/Si and Al/Si ratios and their uncertainties. These are reproduced
if the Earth comprises 35-45% by mass of first planetesimals.

Alexander (2019) explicitly excluded the possibility that the
refractory material missing from the NCCs (i.e., our first-formed
planetesimals) has been accreted by the Earth. His conclusion is
motivated by three arguments, which we review and discuss here.

First, he pointed out that the addition to solar-composition ma-
terial of the refractory material missing from the NCCs does not fit
well the Earth’s composition. This is visible also in Fig. 7 because
the Al/Si and Mg/Si ratios can be simultaneously reproduced only
at the opposite extremes of their error bars. If the uncertainties
on these ratios are entirely due to the amount of Si incorporated
in the terrestrial core, they are not independent. So, in this case
one cannot claim success if one ratio is reproduced at the high-
end of its uncertainty limit and the other at its low-end. However,
Young et al. (2019) argued that the Earth or its precursors lost
by evaporation about 12% of Mg and 15% of Si. This would have
left the Mg/Si ratio of the Earth basically unchanged, but would
have increased the Al/Si ratio by 17%. For instance, in Fig. 7 at a
value of 0.3 on the x-axis, the Mg/Si ratio predicted by our model
falls in the middle of the observed uncertainty. The Al/Si ratio pre-
dicted by the model is too low (1.2), but with 15% Si evaporation
it would have increased to 1.38, i.e. again in the middle of ob-
served uncertainty. Thus, our model is consistent with the Al/Si
and Mg/Si ratios of the bulk Earth, even if their uncertainties are
correlated, provided that the evaporation of Si and Mg invoked to
explain their isotopic fractionation is taken into account.

Second, Alexander (2019) noted a correlation between the de-
pletion of Al and the depletion of alkali elements in the NCCs. He
concluded that alkalis were sequestered in the refractory mate-
rial subtracted from these meteorites. Thus, if this material had
been added to the Earth, our planet would be alkali-rich instead
of alkali-poor. Although we have based our argument only on Na,
in Sect. 4 we showed that the removal of a refractory component
makes alkalis much more volatile than expected in an equilibrium
condensation. Thus, the correlation between the depletions of alka-
lis and Al can be explained without the sequestration of the alkalis
in the refractory material. Consequently, the addition of the refrac-
tory material to the Earth would make our planet alkali-poor, not
alkali-rich.

Finally, Alexander (2019) noted a correlation between the de-
pletion of Al in the NCCs and the isotopic ratios of some elements,
such as Ti and Cr. He concluded that the removed refractory mate-
rial carried strong isotopic anomalies for these elements. However,

Thus, the x-axis of Fig. 7 can be simply interpreted as the excess of first-condensed
material in the Earth, whatever the combination of material that is envisioned.

these anomalies are not observed in the Earth, implying that our
planet did not accrete the refractory material missing from the
NCCs. We find (Fig. 6a) that the refractory material at 1,400 K
would have sequestered virtually all of the Ti and, for a sufficiently
high C/O ratio, all the Cr as well. Thus, the observed differences
in Ti and Cr isotopic compositions among the NCCs cannot be re-
lated to the condensation and removal of this refractory material
and instead have to be due to the isotopic heterogeneity of the
solar-composition material in the disk, although the origin of this
heterogeneity is not well understood.

We remark that in the case of C/O> 0.9, the bulk Earth should
have a Cr/Si ratio larger than the CI value (as Cr is captured in
the first-formed planetesimals). But Cr is a moderate siderophile
element, so that most of it could be in the Earth’s core (e.g., Mc-
Donough and Sun, 1995), explaining why the bulk silicate Earth is
depleted in Cr.

We end this discussion by commenting that it is certainly pos-
sible to envision that the refractory material sequestered from the
NCCs disappeared without contaminating the Earth. For instance,
refractory elements could be locked-up in grains large enough to
be out of equilibrium with the gas, but still small enough to mi-
grate by gas-drag into the Sun. But then, one has to invoke that
the Earth accreted some other refractory-rich material, that did not
contaminate the NCCs although being isotopically identical to the
ECs. Possibly by lack of imagination, we cannot envision a reason-
able scenario for this to have happened. Thus, we conclude that
the addition to the Earth of the refractory material sequestered
from the NCCs remains the best option.

6. Conclusions and discussions
6.1. Summary of results

In this work, we have proposed an astrophysical scenario, con-
sistent with current models of disk evolution and planetesimal for-
mation, that can explain the sequestration of refractory elements
from the source region of the non-carbonaceous (NCC) chondrites
and, therefore, their sub-solar Al/Si and Mg/Si ratios.

In brief, while the disk was cooling, the massive condensation
of olivine changed the disk from a low-dust to a high-dust environ-
ment, quenched the magneto-rotational instability of the disk, trig-
gering the sudden formation of a first generation of planetesimals
and the sequestration of the already condensed solid material. That
material was, therefore, no longer available for the evolution of the
gas-solid equilibrium chemistry. With a further decrease in tem-
perature, new solids could form from residual gas. We called these
“residual condensates” and the region where these events hap-
pened the “residual condensate region” (RCR). For genetic reasons,
the first planetesimals and the residual condensates are comple-
mentary relative to the solar (CI) values in terms of Al/Si and Mg/Si
ratios.

We envisioned that the NCCs formed from a combination of
these residual condensates and material that had solar composi-
tion in terms of refractory and moderately volatile elements. This
material consisted of local grains that were not incorporated in the
first planetesimals and remained at equilibrium with the gas and
-possibly- also grains that formed farther out in the disk, and mi-
grated into the RCR without suffering element fractionation.

We have shown that, if the first planetesimals formed at a
temperature of ~ 1,400 K, (for a pressure of 10~3 bar and solar
C/O, and a lower temperature, nevertheless exceeding 1,000 K, for
lower pressure and/or increased C/O) the mixture of appropriate
proportions of solar-composition grains and residual condensates
can reproduce simultaneously the Al/Si and Mg/Si ratios of all the
NCCs. Obviously, the amount of solar-composition material has to
increase from the ECs to OCs, as the latter have compositions that
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are closer to the CI ratios. We also explained the correlation be-
tween the deficits of Na and Al in the NCCs, as a result of the fact
that the sequestration of Al makes Na much more volatile than in
an equilibrium condensation sequence (see Sect. 4). To explain the
correlation between the deficits of Cr and Al, we had to invoke
that the first condensates formed in a gas with C/O> 0.9, in agree-
ment with previous work on the ECs (e.g., Larimer, 1975; Lodders
and Fegley, 1993).

We showed that the Al/Si and Mg/Si ratios of the Earth can also
be understood if our planet formed from a mixture of first plan-
etesimals and solar-composition material. Alexander (2019) explic-
itly excluded this possibility, but we provided in Sect. 5 some pos-
sible solutions to the obstacles that he discussed for this scenario.
Our full scenario is sketched in Fig. S3, which presents a global
view of the composition of the disk as time evolves.

Our model is appealing in that it solves two long-standing
problems. First, it explains the sub-solar Al/Si and Mg/Si ratios of
the NCCs within a fractionated condensation sequence. Second, it
clarifies the genetic relationship between the Earth and the ECs, as
discussed below. Nevertheless, our model is simple and should be
regarded mostly as a proof of concept. For instance, we assumed
that all first planetesimals formed at the same temperature, so that
all the objects we considered are composed of only two compo-
nents: residual condensates and solar-composition material for the
NCCs or refractory-rich planetesimals and solar-composition mate-
rial for the Earth.

6.2. Earth - enstatite chondrites relationship

As discussed in the introduction, the isotopic compositions of
the Earth and of the ECs in terms of non-mass dependent isotopic
variations are extremely similar. No other known meteorite class
approximates the Earth better than the ECs from the isotopic point
of view. But element ratios are so different that it is difficult to
envision making the Earth out of the ECs. Here we find that an
important component of the Earth is represented by the first plan-
etesimals, while an important component of the ECs is represented
by residual condensates. First planetesimals and residual conden-
sates are complementary in terms of element ratios, but they both
form out of the same gas in the RCR, so it is not surprising that
they are isotopically very similar. In some sense, with the first
refractory-rich planetesimals we have identified the hidden reser-
voir of objects with the same isotope composition as the ECs but
different chemical composition, that was postulated by Dauphas
(2017) to explain the Earth. The opposite mass-dependent isotopic
fractionation of Si in the Earth and ECs may be a natural conse-
quence of the formation of the first condensates, as discussed by
Kadlag et al. (2019).

Pushed further, the genetic relationship between the Earth and
the ECs illustrated in this paper can also help to understand the
small differences in their respective Nd, Mo and Ru isotopic com-
positions. The Earth has an endmember isotopic composition rel-
ative to known meteorites, slightly enriched in isotopes produced
by the s-process with respect to the ECs (see Burkhardt et al., 2016
and Bouvier and Boyet, 2016 for Nd; Burkhardt et al., 2014 for Mo
and Fischer-Godde and Kleine, 2017 for Ru). If, for some reason,
the material that condensed directly in the RCR is enriched in s-
process isotopes relative to the solar-composition grains coming
into the RCR once the temperature has decreased, we can under-
stand this difference. In fact, in this case the first planetesimals
and the residual condensates would have the same proportion of
s-process isotopes but, as shown in Sect. 3.2, the Earth, EC and OC
meteorites incorporated increasing fractions of solar-composition
material, thus explaining -at least qualitatively- the relative rank-
ing of s-process enrichment/deficiency observed in these objects.

6.3. Chondrules and CAls

Although we invoke here the mixing of residual condensates
and solar-composition grains to make the ECs and OCs, these me-
teorites are made of chondrules and not grains. Chondrule forma-
tion is still not fully understood (Krot et al., 2018) and presumably
the mixing we invoke occurred at the level of chondrule precur-
sors and were transformed in the high-temperature events that led
to chondrule formation. Our elemental and isotopic considerations
should nevertheless hold even in this more complex scenario.

The relationship between the first condensed material dis-
cussed in this paper and the refractory materials (CAls, AOAs)
found in mostly in the CCs is more elusive. It would be tempt-
ing to identify CAIs with a fraction of the minerals condensed at
T = 1,500 K that escaped incorporation in the first generation of
planetesimals and somehow reached the outer disk. But CAls also
carry isotopic anomalies (for instance in Nd or Mo) related to the
p- and r-processes, which are not observed in the Earth, ECs and
OCs. However, Ebert et al. (2018) claim to have identified a re-
fractory component isotopically distinct from CAls in OCs. The first
condensed material discussed in this paper would rather corre-
spond to this refractory component rather than CAls.

6.4. Protoplanetary disk properties and grain dynamics

Although our work does not specify where the RCR was lo-
cated, the fact that the first planetesimals have to be a primary
component of the Earth suggests that the sequence of events de-
scribed in this paper happened at ~ 1 AU. This implies that the
disk at ~ 1 AU was originally hotter than 1,400 K. Viscous-disk
models (Bitsch et al., 2015) suggest that the temperature at 1 AU
was initially lower, but these models neglect the heat released by
the accretion of gas from the interstellar medium onto the disk,
which was presumably vigorous at early times (P. Hannebelle, pri-
vate communication). So, our model does not seem unreasonable,
but it points to a disk much more complex than those usually en-
visioned.

As long as the infall of gas on the inner disk is vigorous, the
temperature remains very high. For instance, Baillié et al. (2019)
find a temperature larger than 1,500 K up to 2 AU from the Sun
for the first 10° y. Thus, in this timeframe, only the gas vis-
cously spreading beyond 2 AU would cool and condensate. Then,
when the infall wanes, the temperature in the inner disk starts
to decrease and condensation can occur locally, producing a sec-
ond condensation front moving towards the star. The fractional
condensation discussed in this paper would correspond to this
second condensation front. This view of two condensation fronts
could explain the difference between CAls and the non-CAlI refrac-
tory component of Ebert et al. (2018), if the isotopic properties
of the infalling gas changed over time, as invoked in Nanne et al.
(2019) to explain the isotopic radial heterogeneity of the protoso-
lar disk.® Similarly, if the gas changed of chemical composition, the
high local C/O ratio required to explain Cr-abundances can be ex-
plained as well. Indeed, filaments of gas are observed to fall onto
protoplanetary disks (Alves et al., 2019), in some cases carrying
a different C/O composition (Segura-Cox, private communication).
Moreover, the rapid drop of temperature to ~ 850 K followed by
slow cooling, that our model requires to end the residual conden-
sation before the condensation of Na, could be due to the transi-
tion from a disk dominated by a rapidly waning infall of material
from the ISM to a disk dominated by its own viscous evolution.
Admittedly, this scenario is speculative, but it is not implausible.

3 See Jacquet, 2019, for a discussion of the possibility that CAls formed relatively
far from the Sun from the point of view of '°Be production.
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Our model also implies that the transition from the MRI-active
to the MRI-dead zones of the disk happened at a temperature be-
tween 1,060 and 1,400 K depending on pressure and C/O ratio,
but nevertheless larger than the temperature of condensation of
K, whereas Desch and Turner (2015) argued that the condensation
of K is the key to reducing the ionization of the gas and to quench-
ing the MRIL. The temperature Tygr; we obtained was constrained
by the elemental ratios in the NCCs. If the first planetesimals could
form only in a MRI-inactive disk and this requires the condensa-
tion of K, we expect that K and refractory elements should always
be correlated, which is not the case for the Earth or the CCs. A pos-
sible solution of this conundrum is that the first planetesimals did
not form at the MRI-active/inactive transition, but in the turbulent
disk, by concentrating dust into vortices.

In our model, the residual condensates survive in the disk and
mix with solar-composition grains to form eventually the NCCs.
However, the parent bodies of these meteorites formed relatively
late, after about 2-3 My (Sugiura and Fujiya, 2014). How grains
could survive in the disk for so long despite their tendency to
migrate towards the Sun is an open problem that this work does
not help to solve. Possible explanations involve turbulent diffusion
counteracting radial drift near the midplane of the disk (Ciesla,
2007), reduced or reversed radial drift due to the partial deple-
tion of gas in the inner disk (Ogihara et al., 2018), recycling of
material in disk winds or jets (Ciesla, 2009), lock-up in planetesi-
mals and later release as collisional droplets (Johnson et al., 2015).
We stress that in our model we do not need that all residual con-
densates survive. If the total mass of planetesimals with NCC-like
compositions was small, only a tiny fraction of residual conden-
sates may have survived.

6.5. Closing remarks

In summary, up to now the greatly different ratios among major
refractory elements in the Earth and in non-carbonaceous chon-
drites have challenged our understanding of the formation of inner
Solar System bodies. Although several unknowns remain, we have
shown that the accretion of a first generation of planetesimals dur-
ing the condensation sequence of refractory elements and the con-
sequent formation of residual condensates are key processes that
contribute to the solution of this problem.
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