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ARTICLE INFO ABSTRACT

Keywords: Chondrites are the likely building blocks of Earth, and identifying the group of chondrite that best represents
Protoplanetary disk Earth is a key to resolving the state of the early Earth. The origin of chondrites, however, remains controversial
Chondrites

partly because of their puzzling major element compositions, some exhibiting depletion in Al, Ca, and Mg. Based
on a new thermochemical evolution model of protoplanetary disks, we show that planetesimals with depletion
patterns similar to ordinary and enstatite chondrites can originate at 1-2 AU outside where enstatite evaporates.
Around the “evaporation front” of enstatite, the large inward flow of refractory minerals, including forsterite,
takes place with a high pebble concentration, and the loss of those minerals results in depletion in Al, Ca, and Mg.
The fractionation driven by the loss of forsterite would also create a complementary Mg-rich reservoir just inside
the depleted region, creating two chemically distinct reservoirs adjacent to each other. The region around the
evaporation front of enstatite has the highest dust concentration inside the snow line, and thus the streaming
instability is most likely to be triggered therein. Planetesimals with two different major element compositions
could naturally be created in the terrestrial region, which could evolve into parent bodies for Earth and chon-
drites. This can explain why Earth and enstatite chondrites share similar isotopic signatures but have different

Major element fractionation

bulk compositions.

1. Introduction

Chondrites are a promising candidate for the building blocks of
Earth, providing important constraints on the bulk chemistry, volatile
inventory, and redox state of Earth’s primitive mantle (McDonough and
Sun 1995; Lyubetskaya and Korenaga, 2007; Dauphas 2017). There has
been a long-standing debate over which chondrite group is the best
representative of Earth, but no group perfectly matches the mantle in
terms of both chemical and isotopic compositions (Jagoutz et al. 1979;
Allegre et al.,1995; Javoy 1995). Among different chondrite groups,
enstatite chondrites are isotopically the closest to Earth (Clayton and
Mayeda 1984; Dauphas et al. 2004), whereas carbonaceous chondrites
are the most similar in terms of the bulk composition (Wasson and
Kallemeyn 1988; Halliday and Wood 2015). One of the difficulties in
identifying the building blocks arises from our limited understanding of
the mechanisms that are responsible for the major element compositions
of chondrites. Ordinary and enstatite chondrites are depleted in re-
fractory elements including Al, Ca, and Mg (Fig. 1), but such depletion is
enigmatic from the perspective of the volatility trend (Lodders 2003;
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Albarede et al. 2014). The nebular gas dissipates as the protoplanetary
disk cools down, so depletion is expected for volatile elements, not for
refractory elements (Cassen 1996; Ciesla 2008; Li et al. 2020). Also, the
enrichment of moderately volatile elements including Na, with respect
to Al, Ca, and Mg, is observed in the EH class of enstatite chondrites
(Fig. 1), making their origin even more puzzling (Wasson and Kallemeyn
1988).

The diverse compositions of chondrites have been explained by
different proportions of their constituents. Chondrites contain four
major components: Ca-Al-rich inclusion (CAI), chondrule, metallic Fe,
and matrix. The loss of CAIs has been proposed to explain the depletion
of refractory elements including Al and Ca. This is corroborated by
astrophysical models as CAIs are likely lost to the Sun within the time-
scale of nebular evolution (Cuzzi et al. 2003; Pignatale et al. 2018). The
loss of CAls, however, is not sufficient to explain the degree of Al- and
Ca-depletion in ordinary and enstatite chondrites. The relative amount
of Al that is present in CAls is less than 10% for carbonaceous chondrites
(Hezel et al. 2008), so even losing all of CAIs accounts for less than half
of observed depletion. Instead, the other constituents of chondrites
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Fig. 1. Abundances of Al, Ca, Mg, Na, and S normalized by Si and by the solar
composition for chondrites and the bulk silicate Earth. BSE (gray shaded), or-
dinary (dotted), and enstatite chondrites (dashed) are shown. Chondrite sub-
groups are denoted by labels and markers for EH (cross), EL (triangle), H
(cross), L (triangle), and LL (square). Data for BSE are taken from Lyubetskaya
and Korenaga (2007) and McDonough and Sun (1995), and those for chondrites
are from Wasson and Kallemeyn (1988).

including chondrules must have formed in regions where refractory el-
ements were already somehow depleted (Scott and Krot 2014). The
depletion of Mg is even more difficult to explain. The proportions of Mg
and Si that are present in CAls are less than a few percent, and the loss of
CAlIs cannot account for the observed 10-20% depletion in Mg. Some
attribute the depletion of Mg in enstatite chondrites to some secondary
process (Lehner et al. 2013), but such an explanation may not be uni-
versally applicable because the proposed secondary process is unlikely
to have taken place in ordinary chondrites, which also exhibit similar
but weaker Mg-depletion (Fig. 1; Wasson and Kallemeyn 1988).

One possible explanation for the depletion of refractory elements is
that Al-, Ca-, and Mg-rich minerals are all preferentially delivered to the
inner region of the Solar System, whereas the transport of other minerals
is prohibited by evaporation (Miyazaki and Korenaga 2017). Al- and Ca-
rich minerals have condensation temperatures of 1600-1800 K at 1072
atm, whereas the major component of silicate minerals, enstatite
(MgSiO3), condenses below 1400 K (Grossman 1972; Lodders 2003). Al-
and Ca-rich minerals can thus survive the inward transport within a hot
region, which may result in a larger loss of Al and Ca compared to Si. On
the other hand, fractionation between Mg and Si is likely to be driven by
the radial transport of forsterite (Mg2SiO4), which has a larger Mg/Si
ratio than enstatite. The preferential loss of forsterite is considered to be
consistent with the mineral assemblage of enstatite chondrites (Petaev
and Wood 1998; Grossman et al. 2008). The condensation temperature
of forsterite, however, is higher than that of enstatite by only ~100 K,
and with such a small temperature difference, it is not obvious whether
forsterite can decouple from enstatite to create the depletion of Mg
observed in ordinary and enstatite chondrites. We need an astrophysical
model to investigate how and where the loss of these minerals can
happen within protoplanetary disks.

Minerals not only evaporate, but they also react with the surrounding
gas and change their compositions while advecting through the proto-
planetary disk. When enstatite drifts inward, for instance, it first disso-
ciates to yield forsterite and SiO before its complete evaporation.
Solving for the physical and chemical evolution of the disk simulta-
neously is, therefore, a key to modeling fractionation among major el-
ements. In this study, we incorporate condensation theory into the
astrophysical model of protoplanetary disks in a self-consistent manner.
Our model tracks actual gaseous and mineral species, whereas previous
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disk models described the chemical evolution using simplified species,
by grouping several minerals into a single species as “silicates” or
“volatiles” (Ciesla and Cuzzi 2006; Estrada et al. 2016; Pignatale et al.
2018; Vollstaedt et al. 2020). These simplified species are assumed to
evaporate above their condensation temperatures, but such a crude
treatment cannot account for fractionation between Mg and Si. Also, by
using actual mineral species, we can better predict the Al/Si and Ca/Si
ratios because Al- and Ca-rich minerals contain some amount of Mg and
Si. Grouping minerals into Al- and Ca-bearing refractories and Mg- and
Si-bearing silicates cannot accurately estimate the evolution of Al/Si and
Ca/Si ratios.

With our new approach, we show that fractionation between Mg and
Si can indeed be driven by the loss of forsterite in the region where
enstatite evaporates under certain conditions. For the cases where Mg-
depletion occurs, the loss of forsterite accompanies an enrichment in
Mg just inside the region with Mg-depletion, together with the high
concentration of pebbles. The streaming instability may potentially be
triggered in the region, and planetesimals with two different major
element compositions, corresponding to enstatite chondrite and Earth,
could originate from the region around the evaporation front of ensta-
tite. This indicates a link between Mg-Si fractionation and the formation
of silicate planetesimals, and thus our model could be used to bridge the
fields of astrophysics and cosmochemistry.

2. Model

Our model solves for the radial motions of all species using the
following advection-diffusion equation (Estrada et al. 2016; Desch et al.
2017), which includes an additional term, S; (Aguichine et al. 2020), to
account for condensation (S; > 0) and evaporation (S; < 0):

The first term on the right hand side describes advection, and the
second term is dissipation based on the concentration gradient, where %;
denotes the surface density of species i, t is time, r is the distance from
the Sun, v; is the advection velocity, v is viscosity, and X is the total
surface density. The species in our model include actual gaseous species
and minerals, and the source term S; is calculated through Gibbs energy
minimization (Miyazaki and Korenaga 2017; see Section 2.5 for details),
allowing us to model various kinds of fractionation including the one
between Mg and Si. We do not specify the condensation temperature of
each species a priori. Condensation temperatures are naturally deter-
mined through Gibbs energy minimization, and their values vary with
pressure and composition.

For each chemical species, gas, dust, and pebble components are
considered, which are used to represent different dynamical behaviors,
and Eq. (1) is solved separately for each component and species. Pebbles
represent solids that grow larger than the main dust population, which
thus have a larger advection velocity than the dust component. This is
motivated by the recent findings that some fraction of solids grow orders
of magnitude larger than the fragmentation barrier (Windmark et al.
2012; Estrada et al. 2016); larger grains have lower probabilities of
destruction and can grow by colliding with smaller grains. The most
notable role of such pebbles is their ability to transfer minerals towards
the inner region because of large grain sizes and thus large drift veloc-
ities (Ciesla and Cuzzi 2006; Ciesla 2008). The size and mass fraction of
pebbles are therefore important in characterizing fractionation among
major elements, but they depend on various factors including turbulent
viscosity, specific energies for bouncing and fragmentation, and the ef-
ficiency of erosion (Zsom et al. 2010; Windmark et al. 2012; Estrada
et al. 2016). In this study, instead of solving the collisional coagulation
equation (Dullemond and Dominik 2005), we characterize the forma-
tion of pebbles using two parameters: the time scale for the dust to grow
into pebbles, 74_,, and the normalized grain size of pebbles, St,, to
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understand the role of pebbles on major element chemistry. For
simplicity, we assume a single grain size for the pebble component, and
the consequence of having a distribution in grain size is discussed later.
We investigate under what conditions protoplanetary disks can create a
depletion pattern consistent with ordinary and enstatite chondrites.

2.1. Disk evolution model

We constructed a 1 + 1D disk evolution model to track the temporal
and spatial evolution of the disk temperature, pressure, and the surface
densities and chemical compositions of the three components: gas, dust,
and pebble. Our model considers mass transport only in the radial di-
rection, but the thermal and compositional structures in the vertical
direction are taken into account (Miyazaki and Korenaga 2017; see
Appendix A.1). At each timestep, disk dynamics, dust growth and
transport, and Gibbs energy minimization are solved simultaneously,
which keeps the thermal and compositional structures of the proto-
planetary disk self-consistent. Our model considers a system spanning
from 0.05 to 30 AU using 600 bins equally distributed over the entire
system, and each bin contains the information on temperature, pressure,
and the mass and composition of three components. We use a timestep of
0.01 year to solve for the evolution of surface densities (Eq. (1)),
whereas the thermal structure and equilibrium among different com-
ponents are updated every 25 years. The initial disk mass is set to 0.21
M., with a surface density inversely proportional to the heliocentric
distance. Varying the disk mass would shift the initial location of the
evaporation front of enstatite, but it would not affect that Mg-depletion
and pebble concentration occur around the evaporation front.

2.2. Thermal structure

The thermal structure of the disk is solved using energy balance
between blackbody radiation and viscous dissipation:

9
0T} = guzgi )

where o3 is the Stefan-Boltzmann constant, T, is the effective tempera-
ture, and Qg is the local Keplerian angular velocity. The midplane
temperature, Tp,, is then calculated from the effective temperature by
integrating the radiative transfer equation (Miyazaki and Korenaga
2017),

dar  3kp,

= g 3
dz 166513 © &)

from the disk surface to the midplane, where 2z is the height from the
midplane, kz is the Rosseland mean opacity, p, is the gas density, and F,
is the vertical radiative flux (see Appendix 5.1 for details). The proto-
planetary disk is also heated by the solar irradiation, but its effect on the
midplane temperature is negligible in regions where silicates are evap-
orated. Because its heat is both deposited and re-radiated near the disk
surface, it produces zero net vertical flux throughout the disk. Therefore,
the solar irradiation does not contribute to creating a thermal gradient
towards the midplane (F, = 0). A temperature high enough to evaporate
silicates is maintained by viscous dissipation, whose energy is radiated
towards the surface from the midplane.

The viscosity is scaled using the a-prescription (Shakura and Sunyaev
1973)asv = acsz/QK, where c; is sound velocity, which is proportional to
V/T. The source and degree of turbulence have been an active area of
research, and recent findings suggest that a certain degree of turbulence
exists throughout the disk. Because the focus of our model is in the early
stage of a protoplanetary disk, both magneto-rotational instability and
pure hydrodynamic turbulence are considered as the source of turbulent
viscosity (Bai and Stone 2013; Nelson et al. 2013; Stoll and Kley 2014).
We thus adopt 10’2, 10’3, and 10~* as the possible values of a.
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2.3. Dynamic evolution

For each species i in the gas and dust components, its surface density

%; is solved using a 1D radial disk evolution model described in Eq. (1).

The advection velocity v; is calculated separately for the gas and dust
components. For the gas component,

gas 3 d

s R

is adopted, and for the dust component, the drift velocity is added to v#*:

(v/rz) 4

St 1 dp
1+ St PeoSk dr

dust gas
Vi =V

)
where St is the normalized stopping time, pg is the gas density at the
disk midplane, and P is pressure. The normalized stopping time, also
known as the Stokes number, is the ratio of stopping and eddy turnover
times:

st="m S, (6)
Pgo Cs

where pp, is the material density of dust grains, and s is the grain size.
The gas density pg is calculated from the surface density using

1=,

Peo = NI 7

where Z is the gas surface density, calculated as the total surface density
of all gas species. Pressure is calculated using the ideal gas law as

=leoyr ®

ng

P

where mg is the mean molecular weight and kg is the Boltzmann con-
stant. The drift velocity of pebbles is calculated using Eq. (5) as well, but
with a different Stokes number. The Stokes number is a function of grain
size, and, in this study, we set the value of the Stokes number, rather
than using the actual grain size, to describe characteristic grain sizes of
the distribution (Section 2.4). For simplicity, the Stokes number of
pebbles is assumed to be constant throughout the disk, although it may
vary depending on the local dust density and the strength of minerals
constituting pebbles.

2.4. Grain sige distribution

The distribution of grain size of solid particles is necessary to
calculate opacity (Appendix A.1) and the advection velocity of the dust
component. Following Estrada et al. (2016), we assume that the dust
mass distribution follows a power law (f(m) « m™ %) as a consequence of a
balance between coagulation and fragmentation. Previous studies have
shown that nearly constant mass is distributed per decade in a turbulent
disk (Weidenschilling 2000; Brauer et al. 2008; Birnstiel et al. 2010),
and we use the exponent of ¢ = 11/6, which corresponds to slightly more
mass being carried by larger grains. The minimum grain size in the
distribution is set to 0.1 ym, whereas the Stokes number of the largest
grain, Stmax, is characterized by the fragmentation barrier and is
described using the following scaling law (Estrada et al. 2016):

Q-

Stonax = @ (9)

where Q- is the specific energy of fragmentation. We adopt a value of
1 m2/s? for Q-, corresponding to collisions of weak silicate particles at
low relative velocity (Stewart and Leinhardt 2009). Electrostratic and
bouncing barriers (Zsom et al. 2010; Okuzumi et al. 2011) have also
been proposed to inhibit the growth, but they are not impermeable
barriers and merely slow the growth of particles. Because particles are
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likely to grow until they reach the fragmentation barrier given a long
enough time, the maximum grain size of spyax, calculated from Stpay, is
adopted in our model.

Pebbles, on the other hand, are generated from the dust component
according to the accretionary timescale 74, (Cassen 2001; Ciesla 2008):

Mp(r)o:& (10)

Td—p

where 74, is assumed to vary inversely proportional to the local Kepler
angular velocity (74_,(r) = 12_,p - Qg(1 AU)/Qk(r)). The timescale can be
related to the ratio between dust and pebble masses because the pro-
duction of pebbles and their loss through radial drift become quickly
balanced in most regions. Our model produces a roughly constant
pebble/dust ratio in the region not affected by the presence of the
evaporation front. This is consistent with more detailed grain growth
models (Brauer et al. 2008; Estrada et al. 2016), and we thus regard that
this implementation is sufficient for understanding the major element
chemistry to first order. Although the fragmentation of pebbles is not
implemented in our model, its effect is captured through the accre-
tionary timescale, which can be regarded as the net pebble production
rate. This simplification would not affect the final compositional struc-
ture because equilibrium between gas and solid is reached within the
drift timescale (see Section 2.5 for details). For 12_,p, we tested values of
102 and 10° yr in our model (Appendix A.2), corresponding to the
pebble/dust mass ratio of ~10~! and ~1072, respectively, for pebbles
with St,~0.005. The size of pebbles is estimated from previous studies
(Brauer et al. 2008; Estrada et al. 2016), and the values of 0.005 and
0.05 are tested in this study.

2.5. Gibbs energy minimization

We assume the solar composition for the initial composition,
although only major elements (H, C, O, Na, Mg, Al, Si, S, Ca, and Fe) are
considered in this study. For gas species, Al, AIOH, Ca, CH4, CO, COy, Fe,
H, H,, Hy0, HsS, Mg, Na, NaOH, O, Si, SiO, and SiS are considered, and
for mineral species, corundum (Al;O3), melilite (solid solution between
gehlenite (CaAl;SiO;) and akermanite (CagMgSiz0O7)), olivine (solid
solution between forsterite (Mg2SiO4) and fayalite (FezSiOg4)), ortho-
pyroxene (solid solution between enstatite (MgSiOs3) and ferrosilite
(FeSiO3)), spinel (MgAl»04), anorthite (CaAl»SizOg), diopside (CaMg-
Si20g), albite (NaAlSizOg), metallic iron (Fe), troilite (FeS), and graphite
(C) are considered. Thermodynamic data for silicate minerals are taken
from Robie and Hemingway (1995), and the rest of the species are from
the JANAF Thermochemical Tables. We use the method of Miyazaki and
Korenaga (2017) to perform Gibbs energy minimization. Thermody-
namic data are available for protoplanetary disk conditions, and
condensation temperatures calculated from the database are shown to
match the trend observed in meteorites (e.g., Larimer 1967; Grossman
1972; Lodders 2003).

Gibbs energy minimization is applied to the total composition of the
gas and dust components, and the source term S; in Eq. (1) reflects
changes in the amount of gas and mineral species. The same is applied to
equilibrium between the gas and pebble components because, as
explained later, pebbles equilibrate with the surrounding gas within a
short duration. When pebbles do not evaporate entirely, we assume that
the Stokes number of pebbles remains constant and instead decrease the
number of pebbles, although, in reality, pebbles would become either
smaller or more porous upon evaporation, lowering the Stokes number.
An equivalent treatment is seen in previous studies, in which pebbles are
regarded as aggregates of chemically distinct monomers (e.g., Estrada
et al. 2016). We intend to study the effect of evaporation on pebbles in
future work.

Gibbs energy minimization assumes that equilibrium between the
gas and solid components is achieved. In this study, Gibbs energy
minimization is performed every 100 years, which is estimated to be
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shorter than equilibrium timescale. In addition to grain size, equilibrium
timescale depends on whether minerals are evaporating or condensing
to reach equilibrium. The evaporation experiments of silicates show that
mm-size minerals evaporate within a few years at the longest (Kuroda
and Hashimoto 2002; Takigawa et al. 2009), and thus cm-size pebbles
would likely equilibrate with the surrounding gas within 100 years. It is
noted that these experiments are conducted under pure Hy gas, but
including other Si-bearing gases is not expected to affect the speed of
evaporation as long as minerals are subjected to a temperature suffi-
ciently higher than their condensation temperatures. Pebbles experience
higher temperature as they drift inward, so evaporation would most
likely be completed within in the model timestep. On the other hand, the
timescale of condensation remains uncertain because the nucleation rate
has not been quantified due to the extreme difficulty in conducting a
nucleation experiment in high temperatures and low pressures (Naga-
hara 2018). Most condensation in our model, however, should occur as
heterogeneous nucleation in regions where other minerals exist, so the
timescale is suspected to be comparable with the case of evaporation. If
the condensation of minerals were to be hindered by kinetics, evapo-
rated silicate gases would diffuse to the outer region without
condensing, and the degree of Mg-depletion would become weaker than
our model results.

Equilibrium timescale may be longer in the colder outer region, but
reactions of silicates, including evaporation and condensation, are
mostly absent outside the evaporation front of albite. A notable excep-
tion is the formation of fayalite from forsterite and metallic iron, which
proceeds at lower temperatures (Fig. 2D). Because the Fe-Mg interdif-
fusion in olivine is known to be negligible below ~600 K (Fedkin and
Grossman 2006; Grossman et al. 2008), the FeO content in silicates
predicted in the outer region may be overestimated. This, however,
would not affect the compositional structure in the inner region, which
is the main focus of this study.

3. Results
3.1. Fractionation between Mg and Si

Our model dynamically tracks the evolution of major element
chemistry within protoplanetary disks. The physical evolution of the
disk is similar to previous models (Ciesla and Cuzzi 2006; Estrada et al.
2016), where temperature gradually decreases, and solid is enriched in
the inner region as pebbles are transported inward by radial drifting
(Fig. 2A, B). Mineral assemblages predicted in our model, however,
indicate the new aspects of the protoplanetary disk chemistry. They
change mostly as a function of temperature, but in regions where min-
erals evaporate, constituent elements are enriched by the transport of
pebbles, altering mineral compositions. In particular, just outside the
evaporation front of enstatite, which hereafter refers to the region where
enstatite evaporates, the ratio of forsterite (olivine) to enstatite (ortho-
pyroxene) decreases from ~0.17 to ~0.05 during the first 0.1 Myr of
evolution (Fig. 2C, D). Because the molar Mg/Si ratio of forsterite is 2:1
and is larger than that of enstatite, fractionation between forsterite and
enstatite results in the depletion of Mg (Fig. 3A, C).

Such enrichment of enstatite can be explained by the preferential loss
of forsterite, which is driven by the difference in condensation temper-
atures between forsterite and enstatite. Because enstatite evaporates
~100 K lower than forsterite, the evaporation front of enstatite encloses
the region where forsterite remains as solid (Figs. 2C, 4). While enstatite
evaporates, condensed forsterite continues to be incorporated into
pebbles and is transported further to the inner region, leaving the region
outside the evaporation front to be depleted in Mg. Pebbles thus hold a
key to creating fractionation; our model produces negligible fraction-
ation when the pebble/gas ratio is low. A shorter time scale for pebble
formation produces a higher surface density of pebbles, resulting in a
greater degree of fractionation (Table 1).

A high concentration of pebbles is required because chemical
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Fig. 2. Snapshots of disk evolution for a=10"3, St,=0.005, and
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heterogeneity created by pebble transport can be eliminated by vigorous
turbulence within the protoplanetary disk. Because enstatite and for-
sterite evaporate at nearby regions (Fig. 2C, D), fractionation between
Mg and Si is more vulnerable to turbulence and is easier to be re-
homogenized than fractionation between other elements. We use the
a-prescription of turbulent viscosity (v = ac2/Qg; Shakura and Sunyaev
1973) to describe the strength of turbulence. For simplicity, the diffu-
sivity and viscosity are assumed to be the same in this study (e.g.,
Estrada et al. 2016). For the cases with a = 1072, which is the upper
estimate for protoplanetary disks (Davis et al. 2010; Armitage 2011),
fractionation between Mg and Si is too limited (~2%; Figs. 3E, 5D) to
explain what is observed in chondrites (~10-18%) (Fig. 1; Wasson and
Kallemeyn 1988). If the fractionation cannot be explained by other
mechanisms, then, our model may be used to constrain astrophysical
parameters using cosmochemical observations (see Section 4.1 for
details).

The other parameter investigated in our model is the size of pebbles,

which is characterized by the normalized grain size St,. The advection
velocity of pebbles, being proportional to their grain size for St,<1, is
directly related to the ability to produce chemical heterogeneity.
Therefore, larger pebbles could induce more fractionation between Mg
and Si (Figs. 3C, 6D) even with a lower pebble/gas ratio. When the other
parameters are the same, however, a larger pebble size lowers the
concentration of pebbles because pebbles drift faster and are lost to-
wards the Sun before their concentration increases (Fig. 6B, dotted
lines). In regions not affected by condensation and evaporation, the
pebble/gas ratio is controlled by a balance between the production of
pebbles and their loss towards the inner region by radial drift. Therefore,
having a large pebble size does not always result in a higher degree of
depletion (Al/Si and Na/Si in Fig. 3A, C).

A dynamic balance between turbulent mixing and forsterite trans-
port by pebbles maintains Mg-depletion behind the evaporation front of
enstatite (Fig. 3). The degree of Mg-depletion first grows with time at the
beginning of the evolution, but once turbulent mixing and pebble
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Fig. 3. Modeled profiles of system composition in terms of the relative abundances of (A, C, E) Na (red), Mg (orange), and Al (green) normalized by Si and the
composition of solar composition, and (B, D, F) Na (red), Al (green), Si (orange), and S (blue) normalized by H and the solar composition. These plots show the profile
after 0.1 Myr of evolution for (A, B) and 40 kyr for (C). The parameters used to create this figure are the same as Fig. 2 for (A, B). Cases when (C, D) the normalized
pebble size is 10 times larger and when (E, F) the turbulent viscosity is 10 times larger are also shown. The dotted line in (A) indicates the case where the re-
condensation of solid-composing elements onto pebbles is neglected. Gray lines in all panels denote unity, corresponding to an unfractionated value. Regions
with the pebble/gas ratio larger than 0.3%, where planetesimals may form by the streaming instability, are shaded in (A, E). In (C), the pebble/gas ratio is too low to
trigger the streaming instability, so no region is shaded. In (B, D, F), the evaporation fronts of corundum (green), enstatite (orange), albite (red), and troilite (blue) are
denoted by arrows. These minerals are the major host phases of Al, Si, Na, and S, respectively, at the time of evaporation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. A cartoon illustrating the evolution of the protoplane-
tary disk around the condensation front of enstatite. Whereas
the transport of solid grains composed of enstatite is prohibited
by its evaporation front, more refractory minerals including
corundum, melilite, and forsterite are transported further in-
side, creating depletion in Al, Ca, and Mg outside the front.
Colors indicate the composition of dust grains and pebble: re-
fractory minerals (corundum and melilite; red), forsterite
(pink), and enstatite (cyan). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)
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transport reaches equilibrium, the minimum Mg/Si ratio remains un-
changed (Fig. 7C). As the disk cools down, the dip in the Mg/Si profile
moves inward together with the front, and fractionation between Mg
and Si is barely observed outside the front (Fig. 7C). Therefore, some
mechanism that conserves Mg-depletion until the later stage of

radial drift of pebbles until the evaporation front

evolution is needed to explain the observed Mg-Si fractionation in or-
dinary and enstatite chondrites. A promising candidate to preserve the
fractionation is planetesimal formation by the streaming instability
(Johansen et al. 2007, 2009). Once solid particles grow into km-size
bodies, they would not be affected by turbulent mixing or radial
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Table 1

Summary of all cases tested in this study. Modeling results are evaluated from
three perspectives: a large enough pebble/gas ratio (>5.0 x 1073), the Mg-
depletion (<0.9), and Al-depletion (<0.8), the latter two of which are consis-
tent with ordinary chondrites. All three criteria are met only when turbulence is
sufficiently weak (a < 10~%), the grain size of pebbles are in the right range (St
~ 0.01), and the time scale for pebble formation is short enough (rgﬂpg 100 yr).

a Sty 9-p Tp/Tg Mg/Si Al/Si
1072 0.0005 10? o X x
1072 0.005 102 o x o
1072 0.05 102 X x .
1072 0.005 10° x X x
1072 0.05 10° X X x
1073 0.0005 102 o x o
1073 0.005 10% B o o
1073 0.05 10% x B o
1073 0.005 108 x x o
1073 0.05 10° x X x
10°* 0.005 10% x B o
107* 0.05 10? X o o
107* 0.005 10% x B B
10°* 0.05 10° X B o

drifting during the subsequent evolution. The onset of the streaming
instability is discussed in detail later.

3.2. Depletion of other refractory elements

Highly refractory elements including Al and Ca show a larger
depletion compared to Mg. The condensation temperatures of Al- and
Ca-bearing minerals such as corundum and melilite are higher than that
of enstatite by 200-300 K, which corresponds to a ~1 AU difference in
the distance from the Sun for the case shown in Fig. 2. Because the length
scale of turbulent diffusion is shorter than 1 AU, turbulent mixing does
not eliminate fractionation among Al, Ca, and Si, resulting in a larger
degree of depletion compared to Mg.

The Al/Si ratio of the system composition, normalized by the solar
composition, is lower than unity in the inner region of the disk, and this
is owing to different degrees of enrichment in Al- and Si-bearing min-
erals. Solid-composing elements are enriched at the evaporation front of
each mineral through the continuing transport and evaporation of
pebbles, as seen in their concentrations normalized by H (Fig. 3B, D, and
F). The most refractory element in this study, Al, shows enrichment in
the region closest to the Sun, and other peaks of enrichment are
observed further away from the Sun for elements with higher volatility
(Si, Na, and S in the increasing order of volatility). At the evaporation
front of enstatite, the Si/H ratio is peaked but not the Al/H ratio,
resulting in a decrease in the Al/Si ratio. The enrichment of moderately
volatile elements around ~2 AU (Fig. 3A, C, and E) can be explained
similarly. The ratio of Na/Si, for example, is higher than unity around
the evaporation front of albite because Na is enriched but Si is not. Solids
formed further away from the Sun thus would be depleted in Al, Ca, and
Mg, but enriched in Na compared to Si.

A Na/Si ratio larger than unity extends outside the evaporation front
of albite (NaAlSi3Og). Na and Si are enriched both inside and outside
their corresponding evaporation fronts because disk turbulence diffuses
evaporated gas away from the front, and evaporated gas would re-
condense as solids as it diffuses across the front. The degree of enrich-
ment decreases further away from their corresponding evaporation
front, so the Na/H ratio is larger than the Si/H ratio in the outermost
region (Fig. 3B, D, and F). This indicates that planetesimals formed
further away from the Sun may have an enrichment in volatiles,
including Na, compared to Si.

3.3. Onset of the streaming instability

The region around the enstatite evaporation front has the highest
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dust concentration inside the snow line due to the inward flux of pebbles
from the outer region, so it has a high probability that the instability is
triggered therein. Because most silicates in the pebble component
evaporate close to the evaporation front of enstatite and their consti-
tuting elements do not migrate further inward, the net increase of dust-
composing elements is observed around the front. Vaporized silicates
diffuse back across the evaporation front and condense into dust grains
and pebbles, which enhances the dust and pebble densities outside the
front. When the ratio between the surface densities of pebbles and gas
reaches ~1.5%, the streaming instability can be triggered, which is a
gravitational instability induced by aerodynamic coupling between
solids and gas (Johansen et al. 2007, 2009). The pebble/gas ratio in the
results is lower than this threshold, yet it is closest to the threshold
around the evaporation front of enstatite. The streaming instability
would preferentially collect pebble-size particles to create planetesi-
mals, and thus fossilizing fractionation between Mg and Si.

An additional mechanism that enhances the pebble concentration is
the direct re-condensation of evaporated solid-composing elements on
to pebbles (Fig. 4). With a high pebble density, some fraction of re-
condensation would occur on to the surface of pebbles, increasing the
pebble/dust ratio outside the front. In our model, we have distributed
the amount of re-condensation to the dust and pebble components ac-
cording to their total surface areas. Solid particles with larger radii, in
general, provide smaller surface area than ym-size dust, but pebbles are
likely to be porous (Ormel and Cuzzi 2007) and would provide larger
surface area than perfect spheres (see Appendix A.3). Previous models
have assumed that all of the re-condensed solid turns into the dust of
small grain sizes (Ciesla and Cuzzi 2006; Estrada et al. 2016), but this
may underestimate the role of pebbles. In terms of chemistry, the degree
of Mg-depletion increases by ~40% (Mg/Si going down from 0.93 to
0.9; Fig. 3A), which is comparable to what is observed in ordinary
chondrites (Mg/Si~0.9). The re-condensation onto pebbles also affects
the pebble density outside the evaporation front. Because the evapo-
rated gas is abundantly supplied from the inner region, the pebble
density becomes highest just outside the evaporation front of enstatite
(Fig. 8). This effect is stronger with a larger value of a, which produces a
larger diffusive flux (Fig. 5B).

With the re-condensation of dust components, the pebble/gas ratio
becomes closer to the threshold for the streaming instability inside the
snow line (Fig. 2B) than in previous models (Cuzzi and Zahnle 2004;
Estrada et al. 2016). The pebble/gas ratio in our model, however, is still
lower than the threshold of 1.5%, and given the small pebble size in the
early stage of protoplanetary disk evolution, the threshold may even be
higher than 1.5% (Yang et al. 2017). Another potential factor that could
further increase the pebble density is the “traffic jam” effect, which has
been suggested to trigger the streaming instability at the snow line
(Drazkowska and Alibert, 2017). Because icy particles are stronger than
silicates and grow into a large grain size, pebbles are transported faster
outside the snow line than in the inside and thus pile up around the snow
line. Although the strength of silicates is likely to be the same across the
enstatite evaporation front, a similar phenomenon may take place.
Because of a lower dust density, pebbles would be smaller and thus
advect slower inside the front. For simplicity, a constant pebble size is
adopted in this study, but more detailed grain growth model is desirable
for further work.

This suggests a new pathway towards creating planetesimals in the
inner region of protoplanetary disks. The region just outside the evap-
oration front of enstatite, where the pebble/gas ratio is sufficiently high,
is dominated by enstatite and is depleted in forsterite (Fig. 2D). Deple-
tion in Al, Ca, and Mg is consistent with ordinary and enstatite chon-
drites, so planetesimals created by the streaming instability outside the
evaporation front of enstatite may serve as a source for these chondrites.
While our model is only solved for the first ~0.1 Myr, the onset of the
streaming instability would likely continue until the disk becomes too
cold to maintain the evaporation front of enstatite. The formation of
planetesimals is crucial for preserving depletion in refractory elements,
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Fig. 5. The same as Fig. 2 but for a larger a (10~2). St, = 0.005
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which exists only during the early stage of the disk evolution.
4. Discussion
4.1. Constraints on astrophysical parameters

Our model is so far the only astrophysical model that can produce
fractionation between Mg and Si, but even with our model, the frac-
tionation is possible under limited conditions. If the fractionation cannot
be explained by other mechanisms, then, our model may be used to
constrain astrophysical parameters using cosmochemical observations.
To produce Mg-depletion observed in ordinary chondrites, the following
three conditions should be met (Table 1): turbulent mixing is sufficiently
weak (a < 10’3), the time scale of pebble formation is short (rgﬁp <100
yr), and the grain size of pebbles is in the range corresponding to
St,~0.01 (e.g., 10 cm at 2 AU and t ~ 10* yr). In cases with @ = 10*2,
strong turbulent mixing homogenizes fractionation created by the loss of

forsterite (Figs. 3E, 9A). This suggests that magnetorotational instability
(MRI) (Balbus and Hawley 1991), for which the suggested value of «a is
on the order of 1072, may not have operated in regions around the
evaporation front of enstatite. Because the inner region was sufficiently
hot and partially ionized during the earlier stage of evolution, MRI has
been considered as the primary source of turbulence, but a mechanism
that produces weaker turbulence, including purely hydrodynamical
turbulence, may better explain Mg-depletion observed in ordinary and
enstatite chondrites.

The size of pebbles and the accretionary timescale may also be
constrained using the major element chemistry. When the normalized
pebble size St;, is smaller than 1073 or the accretionary timescale rgap is
shorter than 10° years, fractionation between Mg and Si becomes too
small to explain the composition of chondrites (Fig. 9C). A larger pebble
size, however, is not necessarily favored because it decreases the con-
centration of pebbles, lowering the possibility of the streaming insta-
bility (Youdin and Goodman 2005; Johansen et al. 2009). Although
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Fig. 6. The same as Fig. 2 but for a larger pebble size St,
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greater fractionation is observed when St, exceeds 1072 (Fig. 3C), the
pebble/gas ratio becomes smaller than 10~ (Figs. 5B, 6B). The optimal
pebble size is likely to be around St,~ 0.005, where Mg-Si fractionation
and the large pebble concentration are both achieved. In reality, the size
of pebbles should exhibit a certain degree of distribution, and the
compositional evolution should follow somewhere in between the cases
of Fig. 3A and C.

4.2. Implications for Enstatite Chondrites

Enstatite and ordinary chondrites both show depletion in refractory
elements including Mg, but the degree of depletion is higher for enstatite
chondrites. Enstatite chondrites have an additional feature, which
points to their formation under reduced conditions. This has been sug-
gested from the existence of sulfides and silica (Larimer and Bartholo-
may 1979; Grossman et al. 2008) based on the assumption that the
mineral assemblages of enstatite chondrites represent direct

condensates from the nebular gas. Because sulfides do not condense
from the initial solar composition, enstatite chondrites must have
condensed either from the gas with a higher C/O ratio than the solar
ratio (Larimer and Bartholomay 1979; Grossman et al. 2008) or from the
gas enriched in interplanetary dust particles (Ebel and Alexander 2005),
both of which produce more reduced condition than the solar compo-
sition. The condensates from these compositions, however, also result in
the formations of graphite and SiC, neither of which are observed in
chondrites. An alternative explanation is that the formation of sulfides is
by secondary formation, where oxides reacted with S-rich gas to form
sulfides and silica (Lehner et al. 2013).

Based on our modeling results, the hypothesis of sulfidation may
have an astrophysical footing. Whereas the S/H ratio of the surrounding
nebular gas is only five times the solar abundance, which is insufficient
to induce the sulfidation of silicates (Figs. 2D, 5D, and 6D), the transport
of troilite-rich materials from the outer region can potentially produce a
S-rich reservoir in the terrestrial region. When troilite is delivered
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Fig. 7. The evolution of the relative abundance profiles of (A) Al/Si, (C) Mg/Si, and (E) Na/Si normalized by the solar composition, and (B) Al/H, (D) Si/H, and (F)
Na/H normalized by the solar composition. Colors denote 1 kyr (red), 10 kyr (orange), 0.1 Myr (green), and 0.15 Myr (blue). The parameters used to create this figure
are the same as those used for Figs. 2, 3A, B, and 10. Gray lines in all panels denote unity, corresponding to an unfractionated value. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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during the later stage of evolution, because the surrounding hydrogen
gas has already dissipated, reactions between silicate and troilite would
produce a higher S/H ratio than observed in the early stage of disk
evolution. Such reactions would explain the mineralogy observed in
enstatite chondrites, including MgS and CaS (Lehner et al. 2013).

10

streaming instability. By then, volatile-bearing minerals would be stable
in the terrestrial region, although some amount of volatiles would have
already been dissipated.

The parent bodies of ordinary and enstatite chondrites may have
undergone a similar evolutionary path because the major element
compositions of ordinary and enstatite chondrites can be explained by
adding volatile-rich pebbles to planetesimals formed outside the evap-
oration front of enstatite (Fig. 10, orange line). In our calculation with &
= 10’3, Na- and S-rich pebbles originate from 1.5-3 AU (Fig. 3A), and
they were probably transported inward and accreted to planetesimals
during the later stage of evolution. It is noted that such pebbles show
weaker Al-, Ca- and Mg-depletions than the initial planetesimals, so their
accretion slightly weakens the degree of depletion in refractory elements
(Fig. 10). Nevertheless, the final composition can still have larger
depletion in refractory elements than Na if the planetesimals are greatly
depleted in refractory elements when they initially formed by the
streaming instability.

Our model, therefore, suggests that the abundances of refractory and
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(A, B) 40 kyr, (C, D) 0.1 Myr, and (E, F) 20 kyr of evolution. Unlike in Fig. 3, no regions are shaded in this figure because the pebble/gas ratio is too low to trigger the
streaming instability in all cases. In (B, D, F), the evaporation fronts of corundum (green), forsterite (orange), albite (red), and troilite (blue) are denoted by arrows.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1.2} .
planetesimals from
_ ~1.3AU (50%) + ~ 2AU (40%) + ~2.5AU (10%)
%< 1.0
g 3
52
I508¢
=17
® 2 06|
2%
w N
ST 04}
@ £
o planetesimals
0.2t ; ;
. outside enstatite-EF
00 1 1 1 |-
Al Ca Mg Si Na S
< refractory volatile —
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radius is described as GM,/Av, where G is the gravitational constant, M, is
planetesimal mass, and Av is difference in the orbital velocity of the gas and
dust components. The parameters used to create this figure are the same as
those used for Fig. 2.
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volatile elements are determined by different processes; the depletion of
refractory elements, including Al, Ca, and Mg, is due to the preferential
loss of refractory minerals before planetesimal formation, whereas that
of volatile elements arises from the disk dissipation before the accretion
of volatile-bearing pebbles. Through these processes, certain chondrites
can have the Na/Al ratio larger than unity, and it is not surprising to
have planetesimals that are depleted in refractory elements and are
enriched in volatiles at the same time.

Discrepancy between the chondrite ages and the disk evolutionary
timescale would allow enough time for volatile-rich solids to be accreted
onto initially dry planetesimals. The formation age of chondrites is
estimated to be 1-3 Myr after CAls (Russell et al. 1996; Kita et al. 2005),
and this is later than the onset of the streaming instability triggered
around the evaporation front. Considering that the evaporation front of
enstatite disappears within 1 Myr of disk evolution (Ciesla 2008; Estrada
et al. 2016; Miyazaki and Korenaga 2017), the streaming instability that
formed silicate planetesimals has likely occurred in the first 1 Myr to
produce depletion in refractory elements observed in chondrites. The
younger age of chondrites may indicate a later addition or the rebuilding
of planetesimals. Detailed evolution after the streaming instability is
beyond the scope of this study, but such a model would be important to
investigate the texture or isotopic compositions of chondrite parent
bodies.

4.4. Comparison with Morbidelli et al. (2020)

The later addition of volatile-rich solids on to planetesimals created
by the streaming instability has also been suggested by Morbidelli et al.
(2020) to explain the major element chemistry of ordinary and enstatite
chondrites. Their study also proposes that the streaming instability was
triggered behind the evaporation front, but details differ considerably
from this work. Instead of solving an advection-diffusion equation to
model the disk transport, Morbidelli et al. (2020) assumes the existence
of a local pressure maximum, which may be created at the transition
from an MRI-active to inactive region. This pressure bump would
accumulate dust grains and trigger the streaming instability, so they
propose that, if the MRI transition was located at the evaporation front
of forsterite, refractory minerals, including melilite and forsterite, would
pile up at the pressure bump. When the streaming instability is triggered
at the evaporation front of forsterite, refractory minerals would be
sequestered in planetesimals, so the residual gas is suggested to be
depleted in Al, Ca, and Mg. The compositions of ordinary and enstatite
chondrites would be explained by mixing condensates from the residual
gas with the unfractionated solar composition materials.

An advantage of invoking a local pressure maximum is that a higher
pebble/gas ratio could be achieved than that predicted in this study. The
transition from an MRI-active to inactive region, however, cannot be
directly related to a pressure bump. During the early stage of proto-
planetary disk evolution, an MRI-active region, which requires a suffi-
cient level of ionization, likely appears in the hot inner region (e.g.,
Gammie 1996). While the inner nebula dissipates faster, it initially
contains more mass than the outer region, so an outward negative
pressure gradient would be maintained within the inner disk, allowing
dust grains to drift inward. Given an enough time, the inner nebular
would eventually be depleted, and a local pressure maximum would
emerge, but even so, the disk evolution model with a spatially varying a
shows that a pressure maximum would exist outside the location of the
MRI-transition (Pinilla et al. 2016). Pressure gradient is affected by
hysteresis, depending on the choice of initial condition. An MRI-
transition may be the key to trigger the streaming instability, but a
disk evolution model that tracks the pressure profile is necessary to
investigate when and where the local pressure maximum would emerge
within the inner disk.

Also, the residual gas may include some amount of refractory ele-
ments even if the MRI-transition creates a pressure bump at the evap-
oration front of forsterite. Immediately after the formation of refractory
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planetesimals, the residual gas is entirely depleted of refractory min-
erals, but it would gradually be contaminated with the surrounding gas
by turbulent mixing. The surrounding gas would include some amount
of refractory elements, so the abundance of refractory elements in the
residual gas is expected to increase with time. The compositional evo-
lution of protoplanetary disks is a dynamical process, so removing a
certain composition does not necessarily create a corresponding residual
reservoir. The assumption that the residual gas entirely lacks refractory
minerals may not necessarily be the case.

A pressure bump may not exist at the location Morbidelli et al.
(2020) suggested, but if a pressure bump was present somewhere inside
the evaporation front of enstatite, it would accumulate highly refractory
elements and create planetesimals similar to the bulk silicate Earth. The
terrestrial mantle is enriched in Al and Ca compared to Si (McDonough
and Sun 1995; Lyubetskaya and Korenaga, 2007), but our results show
that a reservoir with an Al/Si ratio larger than unity quickly disappears
in cases with a = 1073 (Figs. 3, 7A). Because a pressure bump was not
introduced in this study, highly refractory elements, including Al and
Ca, are quickly lost to the Sun, which may imply the existence of a
pressure bump. In future work, we plan to construct a model with a
spatially varying a and investigate the effect of a pressure bump on the
compositional structure.

4.5. Evolutionary path to earth formation

To explain the depletion of refractory elements observed in ordinary
and enstatite chondrites, some mechanism to create nebula-wide frac-
tionation must have operated. Considering that the protoplanetary disk
was sufficiently hot to evaporate silicates only in the first million year of
evolution (Cassen 2001; Chambers 2009), such mechanism has to create
the depletion quickly, and the building blocks of those chondrites must
also form in the depleted region. Our proposal for streaming instability
occurring at the evaporation front of enstatite satisfies both of these
constraints, and this suggests that planetesimals in the inner region are
inevitably depleted in refractory elements. On the other hand, carbo-
naceous chondrites, which show no depletion in refractory elements
(Wasson and Kallemeyn 1988), are likely to be created further away
from the Sun. This is consistent with nucleosynthetic isotope variations
observed in different chondrite groups (Burkhardt et al. 2016), which
likely reflects the heliocentric distance of their source regions.

Enstatite chondrites have likely originated in the terrestrial region,
but one of the challenges to forming Earth and enstatite chondrites from
the same source (Javoy 1995; Javoy et al. 2010) is that they have
different bulk compositions. Our model, however, suggests that plane-
tesimals with very different Mg/Si ratios can be formed within the same
isotopic reservoir. In the region around the evaporation front of ensta-
tite, the Mg/Si ratio changes significantly within a narrow region
(Fig. 3A and C), where an enrichment in Mg (Mg/Si ~1.02-1.05) is
observed just inside the region where Mg is depleted. A similar trend is
expected for refractory elements, including Al and Ca, if a pressure bump
existed inside the evaporation front of enstatite (Section 4.4). Whereas
the transport of refractory pebbles creates depletion in the region behind
the enstatite evaporation front, refractories would accumulate at the
pressure bump. If the pressure bump existed in the vicinity of the
enstatite evaporation front, a large change in the Al/Si and Ca/Si ratios
is likely around the front (Morbidelli et al. 2020). Al, Ca, and Mg are
enriched in the bulk silicate Earth (Fig. 1; McDonough and Sun 1995;
Lyubetskaya and Korenaga, 2007), and this suggests that planetesimals
formed inside and outside the evaporation front of enstatite, respec-
tively, may have served as the sources for Earth and enstatite chondrites.
Also, they are expected to have similar isotopic compositions because
the source regions for these two bodies are nearby. Our results thus
suggest that similarity in isotopic compositions does not necessarily
mean that their bulk compositions also resemble each other. Earth can
have an isotopic composition close to enstatite chondrites and at the
same time have a bulk composition close to carbonaceous chondrites.
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One exception is that Earth has a heavier Si isotopic composition than for ordinary and enstatite chondrites, those formed just inside the

enstatite chondrites. The variation of 5°°Si, however, correlates with the evaporation front may have become the building blocks of Earth.

Mg/Si ratio and can be explained by the fractionation of forsterite
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Appendix A. Method details
A.1. Vertical temperature structure

Thermal and compositional structures are kept self-consistent by solving the vertical structure of the protoplanetary disk as described in Miyazaki
and Korenaga (2017). Temperature at the disk surface, T, is calculated from the effective temperature,

Te
T, = Q174 (11)
and the midplane temperature Ty, is calculated by integrating Eq. (3):
o 3@ﬂ
T, =T, £ F, 12
m s+ /0 160,17 .dz 12)

Temperature variation in the vertical direction affects the gas and dust compositions at different heights, resulting in a change in the Rosseland
mean opacity. Therefore, the mass and composition of dust grains are solved at each height simultaneously with temperature using Gibbs energy
minimization, and the calculated dust property is used to determine opacity. The radiative flux F, is also calculated downwards from the surface to the
midplane together with Eq. (3) using the following equation:
dF. 9

=Zup 1
dz 4I/pg k as

with a boundary condition of F, = 0 at the midplane (z = 0).

The Rosseland mean opacity is calculated at each height as a function of the dust/gas ratio, grain size, and temperature, and we use the opacity data
obtained in Miyazaki and Korenaga (2017). As a first-order estimate, the opacity of silicate is used for all dust compositions in this study. The grain size
distribution is assumed to follow a power law as described in Section 2.4, but the maximum grain size becomes smaller away from the midplane.
Besides from the low dust density, which slows down the dust growth, disk turbulence would reset the grain size to the initial nucleation size.
Turbulence would transfer gas and solid grains both upward and downward across the vertical evaporation front, so dust-composing elements would
experience repeated evaporation and condensation (Miyazaki and Korenaga 2017). We thus assume a maximum grain size of 1 ym at heights below
which a certain mineral evaporates and forms an evaporation front. The effect of pebbles on opacity is negligible compared to that of dust with small
grain sizes because the opacity is inversely proportional to the grain size for grains larger than 1 ym (Pollack et al. 1985).

A.2. Accretionary timescale

The accretionary timescale 74, is closely related to the timescale of dust grain growth, 7,. Assuming that collisions between dust grains are driven

by turbulence and also that grains stick perfectly upon each collision, 74 is expressed as (Drazkowska et al., 2016)
s 1z,
T, = = —
ds/dt \/3Qx Zu

(14)

where Z; is the dust surface density. In regions where silicates are condensing but not ice, the dust/gas ratio is ~0.005, and 7, is estimated to be ~100
years at 1 AU. Eq. (14) describes the dust growth rate assuming that all dust particles are of the same grain size, whereas 74, describes the timescale of
pebble formation, where large dust grains sweep up smaller particles. The two timescales are not identical, but they both involve incremental growth
through collision and are expected to fall into the same order of magnitude. Indeed, cases with Tgﬁp:mo years reproduce the roughly constant profile
of pebble/dust ratio in Estrada et al. (2016). We thus test 100 and 1000 years for the values of 72_,p, the latter of which describes a case when sticking is
less efficient.
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A.3. The implementation of porosity

We tested different porosities for pebbles, where a higher porosity results in a larger surface area and thus enhances re-condensation onto pebbles.
When pebbles are highly porous, the streaming instability may be possible even with a longer accretionary timescale or a larger pebble size. Porosity is
described using the exponent q in the following equation in our model:

M, S, (1)’
“r_Zr (P 15
My Sq (”d as

where M denotes the total mass, S is the total surface area, and r is the grain radius of each component. Subscripts p and d indicate the pebble and dust
components, respectively. Spherical pebbles correspond to g = 1, whereas porous pebbles could have the value as low as 0. We tested 1, 1/2, and 1/4
for the possible values of q, and the pebble/gas ratio increases around the evaporation front of enstatite as a smaller value of q is adopted. In regions
away from the evaporation front, however, the effect of re-condensation is insignificant, and the pebble/gas ratio does not change much with g.

Appendix B. Planetesimal formation by gravitational instability

In order to overcome various growth barriers, we assume that planetesimals are created directly from pebbles through gravitational instabilities.
The streaming instability (Youdin and Goodman 2005; Johansen et al. 2007, 2014) is considered in this paper, which concentrates pebbles into dense
filaments, which can further collapse into planetesimals under self-gravity. The other potential mechanism, turbulent concentration (Cuzzi et al. 2001,
2008), is not considered here because the degree of turbulent concentration is recently suspected to be lower than initially proposed (Pan et al. 2011).

Turbulent concentration has been considered as a possible mechanism to create planetesimals especially in the inner disk because, without the re-
condensation of evaporated dust grains onto pebbles, the streaming instability has been considered unlikely. The streaming instability requires a large
pebble/gas ratio, but the amount of solid in the inner region is smaller than in the outer region because of the lack of icy particles. This issue may be
circumvented by turbulent concentration because turbulence may locally concentrate pebble-size grains by a factor of 100 or more, resulting in
gravitational instability (Cuzzi et al. 2001, 2008). Because this mechanism does not require an enhancement of the dust/gas ratio, turbulent con-
centration could potentially create planetesimals at anytime and any place of the protoplanetary disk.

In our model, the region where refractory elements are depleted, especially where Mg is depleted, exists only in a narrow region, and such a region
moves towards the inner disk as the disk evolves (Fig. 7). If gravitational instability induced by turbulent concentration were the mechanism to create
parent bodies for ordinary and enstatite chondrites, it also implies that the source regions for those chondrites are likely to be distributed throughout
the disk. In such a case, the source regions for ordinary and carbonaceous chondrites have a high probability of overlapping. This, however, would not
explain the nucleosynthetic isotope variations observed in different chondrite groups (Burkhardt et al. 2016). We thus suggest that, from the
perspective of major element chemistry, the streaming instability is a more likely mechanism to explain the nucleosynthetic anomalies.
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