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The timing of formation of 100-300 km size planetesimals in the protoplanetary disk remains largely
unconstrained. Recent models show that gravitational collapse of boulders in overdense regions of a
dusty accretion disk can overcome the meter-sized barrier and lead to rapid formation of planetesimals
with size of several km that further grow by pebble accretion. HffW ages indicate that the first large
planetesimals to form could be the parent bodies of magmatic iron meteorites. These ages have been
so far used to constrain timing of accretion considering (i) instantaneous accretion, and (ii) purely

Keywords: conductive heat transfer in the planetesimal. To relax these hypotheses we model the thermal evolution
planetesimals of a planetesimal in course of accretion and we take into account the possibility of convection onset.
accretion Our model is further based on considering the possibility of a common thermal evolution for all the
convection parent bodies of iron meteorites. Within that framework we show that the planetesimals could have

analog experiments

XP! ) grown following a universal accretion law starting at the very beginning of the history of the disk by a
magmatic iron meteorites

nearly instantaneous formation of 60 + 30 km size nuclei, followed by a growth via pebble accretion at a
much slower pace to reach final sizes of 150-300 km in about 3 Myr. In this universal scenario, complete
melting and total differentiation are not bound to happen in the parent body due to the continuous
accretion of cold pebbles. The model, though calibrated here on iron meteorites, is general and can
in principle be applied to other types of planetesimals such as for instance the parent bodies of CV

chondrites.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The formation of planetesimals is a crucial stage in the evo-
lution of the protoplanetary disk that leads from dust to planets.
Some of its fundamental aspects remain the object of debate, such
as the range in initial and final sizes of the planetesimals, and
more generally their mechanism and rate of accretion (e.g., Xie et
al., 2010; Morbidelli and Raymond, 2016; Birnstiel et al., 2016).

A key and long-standing question has been the process of for-
mation of the initial seeds of the planetesimals. Models of collision
between aggregates of dust held by electrostatic forces fail to pro-
duce planetesimals, because the particles start to bounce upon col-
lision when they reach few centimeters and migrate rapidly toward
the star as they grow (e.g., Morbidelli and Raymond, 2016). Meter-
size boulders migrate so fast that they are eventually lost to the
sun. One way to overcome this meter-size barrier (Weidenschilling,
1977) is to consider a weakly turbulent nebula where large and
dense clumps of chondrules can form on the smallest scale of the
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flow, and be preserved by self-gravity to later produce planetes-
imals by sedimentation towards their center (Cuzzi et al., 2008).
Numerical simulations (e.g., Johansen et al., 2015; Simon et al,,
2017) show that other mechanisms such as quasi-stable pressure
bumps and/or streaming instabilities can produce gravitationally-
bound pebble-swarms collapse under their own gravity, yielding
initial planetesimal sizes up to many tens of kilometers across.

Once the seeds of planetesimals are formed, they are supposed
to continue to grow by pebble accretion (Johansen and Lambrechts,
2017). This mechanism is controlled by the interplay between
gravity, aerodynamics deflection and gas drag (e.g., Ormel and
Klahr, 2010). Models predictions give the minimum planetesimal
radius for the onset of pebble accretion as well as the growth
timescales for a given radius at a given distance from the sun
(Visser and Ormel, 2016). But these models have not been used yet
to predict complete accretion scenarii for the planetesimals and to
confront the output with independent constraints.

Constraints on the accretion of planetesimals in the disk can
be obtained by astronomical observations (e.g., van der Marel et
al., 2013; Delbo’ et al., 2017) as well as by the study of meteoritic
fragments that sampled the early stages of the disk evolution dur-
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Table 1

Definition and values of the model parameters or formulae used to compute them. References: * Sramek et al.

(2012), © Suzuki et al. (1998), * www.nucleide.org.

Quantity Symbol Units Value/formula

Metal mass™, volume fraction xmet | pmet - xmet —=0.18

Silicate mass*, volume fraction Xl sl - xmet — .82

Average porosity ¢ - 0.1

Density of metal™ pmet kgm—3 7800

Density of silicate™ ol kgm™3 3200

Average density o kgm~3 1/p = xmet/pmet 4 xsil il
Specific heat of metal™ Cpet JK Tkg™! 450

Specific heat of silicate™ cl JK 'kg! 1200

Average specific heat Cp JK 'kg! Cp = xmetcmet 4 xsil sl
Latent heat of metalt Lmet K kg1 250

Latent heat of silicate™ al Kk kg! 500

Activation energy metal Emet kJmol~! 13

Activation energy silicate Esil k mol~! 250

Average activation energy Eqet KkJ mol~! Eqet = p™eEmEt 4 psIEST
Thermal conductivity of metal* Jemet Js'm-1K! 50

Thermal conductivity of silicate™ sil JsTIm™1K! 3

Average thermal conductivity k Js~!m~1K! ke = gmetjemet il psil
Thermal diffusivity K m2s~! Kk =k/(pCp)
Dynamic viscosity " Pas

Kinematic viscosity v m2s~! v=pu/p

Coefficient of thermal expansion® o K1 3107

Acceleration of gravity g ms—2 g=4/37RGp
Universal gravity constant G m3 kg=1s2 6.674 10~11

Initial radiogenic heat production Ho Js~Tkg™! 151077

26A] decay constant* X 51 3107

Radiogenic heat production H Js~Tkg™! H(t) = Ho exp(—At)
Time since CAI formation t s(Myr)

Parent body average internal temperature T °C

Parent body surface temperature Ts °C 0

Parent body surface heat flux Qs Js~'m2

Parent body radius R m

Initial parent body radius Ro m Ro =R(t=0)
Rayleigh-Roberts number Ray - Ray = "gﬁf")Rs

ing which planetesimals formed. The very early ages demonstrated
by Hf/W studies of iron meteorites presumably originating from
planetesimals accreted inside and outside the orbit of the grow-
ing Jupiter, indicate that these planetesimals and a Jupiter’s core
of ~20 Earth mass may have formed within the first million year
(Myr) of the solar system (Birnstiel et al., 2016; Kruijer et al., 2014,
2017). At variance, the presence in chondritic meteorites of Ca-,
Al-rich inclusions (CAls) and chondrules spanning in age the first
4 Myr of the solar system (e.g., Villeneuve et al., 2009) shows that
their parent planetesimals completed their accretion significantly
later. Because no phenomenological law for planetesimal accretion
has ever been derived from data on meteorites, the first principles
behind these different accretion times still remain inaccessible.
One way to unravel the accretion history of planetesimals is
to study their thermal evolution, which is strongly controlled by
their size (e.g., Merk et al., 2002) that sets the ratio between in-
ternal production of energy (proportional to the cube of the size)
and the surface heat loss (proportional to the square of the size).
Previous models have essentially considered that the surface heat
loss could be estimated based on a conductive profile in the plan-
etesimal (e.g., Ghosh et al.,, 2003). It has been shown however that
melting-induced convection could occur ~1 Myr after the accre-
tion of a planetesimal (Hevey and Sanders, 2006). The conductive
hypothesis is thus not valid over the whole thermal history of a
planetesimal and more efficient heat transfer by convection must
be taken into account. To our knowledge, the recent study of Licht-
enberg et al. (2016) is the only one to explicitly model convection
in the planetesimal, using 2D and 3D numerical simulations. How-
ever this study considers instantaneous accretion and does not
tackle the question of the thermal evolution of the planetesimal in
the route of accretion. We propose to do so in the present study by

using scaling laws for the transient thermal evolution of an inter-
nally heated convective body validated by lab-scale experiments.

2. Thermal evolution of a planetesimal in the course of
accretion: principles and constraints

2.1. Conservation of energy

The average internal temperature T(t) of a spherical body of
radius R(t) can be defined based on its total thermal energy E(t)
as

E()
4/37pCrR3(t)’
with p the density and Cp, the specific heat (Table 1). The time
evolution of this average internal temperature is given by the bal-

ance between internal radioactive heating due to decay of short-
lived 26Al, H(t), and the surface heat loss, Qs(t),

T(t) = (1)

4 dR3(OT(t) 4 4 )

PCp ER A ra—— g?TR (OH(@) —4r R () Qs(®) + Eine, (2)
where Ejps = Ejqe + E, is a term corresponding to the heat absorbed
by partial melting (Ejq ) or brought by surface impacts (Eg), as dis-
cussed later (Section 3.1). For a given accretion law R(t), T(t) can
be calculated using the energy balance equation (2) if the surface
heat flux Q(t) is known. Equivalently, but the other way around,
if a thermal record T(t) is given, equation (2) can be inverted to
obtain the accretion curve R(t).

In the purely conductive regime Qg(t) is analytically known
(Carslaw and Jaeger, 1959, p. 245). In a convective regime, the de-
termination of Q(t) requires either the numerical resolution of
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Fig. 1. Thermal evolution of the parent body of the iron magmatic meteorites, T (t) =
Tool1 —exp(—t/T)], with To, =1524°C and t = 0.424 Myr. The red circles give the
position of the “non-carbonaceous” magmatic iron meteorites and the blue circles
of the “carbonaceous” (Kruijer et al., 2014; Budde et al., 2016). (For interpretation of
the colors in the figure(s), the reader is referred to the web version of this article.)

the full set of conservative equations in the convective fluid (Licht-
enberg et al,, 2016), or the use of a scaling law relating the surface
heat flux to the fluid properties, the internal heating rate, and the
geometry of the system; an approach we will detail and follow in
section 3.

2.2. Constraints brought by the magmatic iron meteorites

2.2.1. Temperature and age of formation

The '82Hf-182W age of magmatic iron meteorites can be taken
as the formation time of their core, or, more generally, the time of
metal-silicate differentiation and metal segregation (Lee and Halli-
day, 1997; Kleine et al., 2002; Qin et al., 2008; Kruijer et al., 2014).
Data for five groups of magmatic iron meteorites (IIAB, IID, IIIAB,
IVA, IVB) provide ages spanning from 0.7 + 0.3 Myr after CAls for
IIAB to 3.1 £ 0.8 Myr after CAls for IIB (Kruijer et al., 2014). Their
temperatures of formation, taken as the liquidus temperature of
the iron-sulfur alloy, range from 1325°C to 1615°C as a function
of their sulfur content (see Table 2 from Supplementary material).
We note in Fig. 1 that a single exponential function fits within
errors bars the data on the five groups of magmatic iron mete-
orites T(t) = Too[1 — exp(—t/7)]. We used an Orthogonal Distance
Regression (ODR) method based on a Levenberg-Marquardt type
algorithm that allows non-linear fitting with errors on both vari-
ables, and we obtained the following values: T = 0.424 + 0.108
Myr and T, = 1524 + 46°C. Rather than considering a specific
thermal evolution hence a somewhat open ended accretion his-
tory for each magmatic iron meteorite, such a unique fit opens the
possibility to look for a tightly constrained universal accretion sce-
nario that can explain all the data. To that aim, we will use in the
following (section 4) the best fitting exponential evolution of the
temperature to obtain accretion curves R(t) - if they exist - con-
sistent with this thermal evolution.

2.2.2. Metallographic cooling rates

To further constrain the accretion curves, we will rely on the
metallographic cooling rates to infer the size of the parent bod-
ies of magmatic iron meteorites. These correspond to the latest
(conductive) cooling phase of a metallic pocket (or core) once it
has solidified. They are thus independent from the thermal mod-
els considered in this study which will only describe the heating

(and convective) stage of the accreting planetesimals. The size of
the planetesimals are poorly constrained and have been estimated
based on two assumptions (see Table 3 from Supplementary ma-
terial).

The IVA meteorites have the highest cooling rates, interpreted
as resulting from the conductive cooling of a 150 + 50 km metal-
lic core with its mantle ripped off, yielding a parent body size of
~300 km (Yang et al., 2008). Cooling rates for IVB meteorites give
a parent body size of 140 £ 30 km (Yang et al., 2010).

Other magmatic iron meteorites display smaller cooling rates
(Yang and Goldstein, 2006; Goldstein et al., 2009) which reflects
the insulating effect of a mantle and possibly of a regolith. Their
size depends on the thickness and thermal properties of the rocky
envelopes around the core (Haack et al., 1990). Based on the
recorded cooling rates and on Fig. 7.1 of McSween (1999) we esti-
mate the radii as 125 £ 50 km for IIIAB, 235 + 65 km for IID, and
165 + 65 km for IIAB.

3. Transient thermal evolution in an internally heated convective
system

The resolution of the energy balance equation (2) requires a
knowledge of the surface heat flux Qg which is different in a
conductive and in a convective thermal regime. In the case of
Rayleigh-Bénard convection, where convection results from cool-
ing at the top of the system and heating at its base, scaling laws
are expressed using the Nusselt number, Nu, defined as the ratio
between the surface heat flux measured in the convective regime
and the surface heat flux in the conductive regime. At steady state,
Nu scales as the 1/3rd power of the Rayleigh number of the well-
mixed convective layer. In internally heated fluids, convection de-
pends on the so called Rayleigh-Roberts number, defined as

_ pgaHR’

Ray
kxv

3)
with g the gravity, o the coefficient of thermal expansion, k the
thermal conductivity, ¥ the thermal diffusivity and v the kinematic
viscosity (Table 1). In this setting, at steady state the Nusselt num-
ber is unity and the average internal temperature at steady state in
an internally heated convective fluid (Parmentier and Sotin, 2000)
follows a power scaling law

T/Ty = cRay’, (4)

with ¢ and B dimensionless constants, and Ty = pHR?/k the in-
ternal heating temperature scale with R now the fluid thickness
in the experiments. Experiments yield 8 = 1/4 at steady state (Li-
mare et al,, 2015), in agreement with theory (Vilella and Kaminski,
2017). In principle, this law holds for the temperature difference
across the unstable boundary layer. It turns out, however, that
the temperature at the edge of the boundary layer and the aver-
age internal temperature can both be scaled to Ra,}l/4 and hence
are proportional to one another (Vilella et al., 2018; Limare et al.,
2015). We confirmed that this scaling is valid in our experiments
over several orders of magnitude in Ray as can be seen in the ac-
companying MethodsX paper (Limare et al.,, 2020) with ¢ = 3.45
+ 0.15.

As we consider the transient regime in the experiments, i.e.,
before the steady state is reached, a secular term dT/dt has to
be introduced in the scaling law. Assuming that the secular term
can be treated as an additional contribution to internal heating,
equation (4) becomes

dT
T=cRa’,§7ﬂp (H_CPE> R?/k, (5)
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where Raj; is a modified Rayleigh-Roberts number defined as

pgo (H - Cp%) R®
: : (6)
iV

The two previous equations can be combined to yield an expres-
sion for the time derivative of the average internal temperature,

g
c dT u KT \ 77 guR>\ TP 7
Pergr =F CR2 kiv ’

Further noting that the conservation of energy per unit surface
writes

dT
,OCpRE=/OHR— Qs., (8)
we obtain an expression for the surface heat flux in the convective
regime,

1 4 B
kT\ =7 (gaR*\'-*
QS = s ) (9)
CR kxv
that is found in very good agreement with the experimental results
over several orders of magnitude (Limare et al., 2020). We will now
apply these experimentally validated theoretical results to systems
where the secular evolution of the average internal temperature is

also related to the time evolution of internal heating rate as in the
case of a planetesimal.

* —_
Ray =

3.1. Adaptation of the scaling-laws to the thermal evolution of a
planetesimal

To apply the experimentally determined scaling law to the
modeling of the thermal evolution of a planetesimal, we need to
consider several differences between the experimental setting and
the natural case. First, we multiply the literal expression we have
obtained in equation (9) by a factor 1/3 corresponding to a spher-
ical geometry, as established by Deschamps et al. (2012). Second,
we take into account the decreasing heating rate induced by the
progressive disintegration of 26Al and the implications on the ma-
terial properties of a planetesimal given in Table 1.

In the parent body, viscosity is not constant but changes as a
function of the average internal temperature and - when relevant
- the fraction of melt, and is given by

E E
= po f (¢’"e“) exr>< ot _ad ) :

RgT  RgTo
where g is a reference viscosity at To = 1000 °C (that will be set
between 10'® and 10?! Pas, see section 4), Rg is the ideal gas
constant, Eq is the activation energy (Table 1), and f (¢™") is
defined as

f (d)melt) — exp (_Usil(bg‘l[elt) exp (_UFe¢Fm:lt) i (11)

where the fractions of melt are taken as a linear function of tem-
perature,

(10)

sil,Fe
pmett — I-T (12)
sil,Fe Tsil,Fe Tsil,Fe ’
1 — s

if TSibFe <1 < Tf”’Fe with T$HF€ and Tf”’Fe the solidus and lig-
uidus temperature of silicate and metal, respectively, and o, = 4
and o) = 21 (Scott and Kohlstedt, 2006; Hustoft et al., 2007).
Because in silicate bodies the viscosity is strongly temperature
dependent, we must also account for the presence of a conduc-
tive viscous lid at the top of the convective system (e.g. Davaille

and Jaupart, 1993). In that case, four additional parameters have
to be introduced: the thickness of the lid and the temperature
drop across the lid, the thickness of the thermal boundary layer
at the top of the convective fluid and the temperature drop across
the thermal boundary layer. The thickness and temperature drop
across the thermal boundary layer at the top of the convective
fluid are given by well established scaling laws for thermal con-
vection with large viscosity variations (Davaille and Jaupart, 1993;
Choblet and Sotin, 2000). These laws introduce a “viscous scale”
AT yisc for the temperature,

n(T)

AT yisc(T) = —2.21 A /dT (1)’
The thickness §jiq of the viscous lid and the temperature Tjiq at its
base are then obtained by imposing the continuity of temperature
and heat flux at the base of the lid. To that aim we use T = Ty +
ATyisc as the average internal temperature of the convective fluid
and §jig = kTjiq/ Qs, while replacing R by R — §j;¢ in equation (9).

The energy absorbed by partial melting, E;, and the energy
brought by surface impacts during accretion, E,, are the last in-
gredients to take into account in the conservation of energy in the
case of a planetesimal. The rate of heat absorption by partial melt-
ing is given by
Elqe = LSil% + Lre djlt’e s
with Lsj; and Lg, the latent heat of the silicate and metal (Table 1),
respectively, and &s;; and &f. their melt fraction. The rate of vari-
ation of the melt fractions for TS"F¢ < T < Tf”’F ¢ is derived from
equation (12) and writes

sil,Fe
d¢ _ dT/dt (15)

dt T[stl,Fe _ Tsszl,Fe

(13)

(14)

with T§! =1150°C and T¢ =990°C the silicate solidus and the
Fe-FeS eutectic, respectively, and Tf“ =1800°C and TIFE =1615°C
for the silicate liquidus and the pure Fe melting temperature, re-
spectively. To take into account surface impacts, we further con-
sider that an impactor of mass M; and temperature T; brings
a gravitational energy Ec = GMM;/R, with M and R the mass
and radius of the target, respectively, and a thermal energy Ep =
M;CpT;. The fraction of energy that is transferred to the target
rather than radiated into space, Eq, is then set to a nominal frac-
tion of 30% of (E¢ + E7) similar to the value used by Sramek et al.
(2012). The effect of this fraction is discussed in the Supplemen-
tary Material Fig. 11.

4. Accretion curve of the parent bodies of the magmatic iron
meteorites from their thermal evolution

4.1. Instantaneous accretion

As a first step in the study of the thermal evolution of planetes-
imals we consider, as in previous models, instantaneous accretion
and a purely conductive model. To be consistent with the sizes
inferred from the metallographic cooling rates we calculate the
thermal evolution of a 300 km body as a function of its time of ac-
cretion. We further consider a constant temperature of 0°C at the
surface of the planetesimal. The results shown in the inset of Fig. 2
imply that the parent bodies of non-carbonaceous magmatic iron
meteorites accreted earlier (0.5 Myr after CAls formation) than
the ones of carbonaceous magmatic iron meteorites (=1 Myr after
CAls formation). These results are consistent with the conclusions
obtained for a 40 km body by Kruijer et al. (2014) which shows
that within the framework of instantaneous accretion and a purely
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Fig. 2. Evolution of the average internal temperature of a 300 km radius planetesi-
mal as a function of its time of instantaneous accretion, and for two values of the
reference viscosity (0. The red circles give the position of the “non-carbonaceous”
magmatic iron meteorites and the blue circles of the “carbonaceous” magmatic iron
meteorites. Compared to a purely conductive model (dashed lines in the inset, with
colors corresponding to the same age of formation as in the main figure) the av-
erage internal temperature is much lower when convection is taken into account.
This is due to more effective heat transfer to the surface in the convective regime

than in the conductive one.

conductive model the size of the body is not a key parameter for
the thermal evolution.

Conductive models predict extreme temperatures in the plan-
etesimals, larger than the liquidus of the metal and silicate phases,
hence total melting and differentiation of the non-carbonaceous
magmatic iron meteorites (inset in Fig. 2). Hence at least melting-
induced convection should be taken into account in the thermal
modeling. Both the increase of temperature and the occurrence
of melting actually decrease the viscosity (Supplementary Mate-
rial Fig. 8) and increase the value of the Rayleigh-Roberts number
in the planetesimal. We obtain that the critical value for convec-
tion, Rap = 5758 for a rigid boundary condition at the surface
(Schubert et al,, 2001), is reached at ~0.1 Myr after CAls (if ac-
cretion also starts at CAls). Once Ray > Rap  convection should
start. However, in a fluid with a strongly temperature dependent
viscosity the onset of convection is significantly delayed (Davaille
and Jaupart, 1993; Choblet and Sotin, 2000). We calculate the onset
time of convection using the scaling given by experiments and nu-
merical simulations (Davaille and Jaupart, 1993; Choblet and Sotin,

2000),

L] RZ (Rayo\ 22 ( T \®3
0= T K Ray AT yisc .

The onset time evolves as a function of time following the increase
of temperature in the planetesimal. We consider that convection
starts when the age of the body becomes larger than tg and we
obtained an onset time of ~0.2 Myr. This can be taken as an upper
bound as convection may start as soon as some melt segregation
of iron triggers a density contrast driven Rayleigh-Taylor instability.

Thermal evolution in the case of instantaneous accretion, when
convection is taken into account, is shown in Fig. 2. Convection in-
creases heat transfer in the body and results in significantly cooler
average internal temperatures than in the purely conductive case.
But the main conclusions reached in the conductive case still hold:
the parent body of non-carbonaceous magmatic iron meteorites
accreted earlier and underwent a hotter thermal evolution lead-
ing to total melting and complete differentiation. Convection does
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Fig. 3. Model results for continuous pebble accretion. The red circles give the posi-
tion of the “non-carbonaceous” magmatic iron meteorites and the blue circles of the
“carbonaceous” magmatic iron meteorites (Kruijer et al, 2014; Budde et al., 2016;
Yang et al., 2008, 2010); time is given by the Hf-W age. The accretion curves are a
function of the initial (nucleus) radius of the parent body. The green and magenta
correspond to a nucleus size of 35 km and 90 km, respectively. The dash-dotted
lines give the purely conductive solution, while the dashed and solid lines give the
complete solutions with a convective stage for a reference viscosity o of 10'° and
10'® Pas, respectively. The stars indicate the onset on convection for a reference
viscosity of 10'8 Pas. For nucleus radii smaller than ~35 km the thermal evolu-
tion implies a too large sintering of the parent body and is not consistent with our
model framework.

not rule out the capability of instantaneous accretion models to
explain the magmatic iron meteorites recorded ages and temper-
atures. Instantaneous accretion cannot however yield the common
thermal evolution we have proposed Fig. 1 and we will look now
for accretion scenarios that can produce it.

4.2. Continuous pebbles accretion

Using the time evolution of the average internal temperature
proposed in Fig. 1, we invert the energy balance equation (2) as a
function of the thermal regime (conduction or convection) to ob-
tain the accretion curves R(t). In this case Ejy = Ejqt since E; can
be considered O for pebble accretion. Within our framework, the
free parameter in the inversion routine is the initial size of the
planetesimal, Rg, that we will refer to as the nucleus, produced by
gravitational collapse at the early beginning of the accretion. Be-
cause this phenomenon is very rapid compared to the time scale of
the thermal evolution recorded by the magmatic iron meteorites,
it can be considered as instantaneous in the present model.

In the first stage of accretion, the radius of the body is small
and heat transfer occurs by conduction. For the sake of the argu-
ment we first consider a purely conductive regime to obtain R(t)
from the required thermal evolution (Fig. 1). The results of the in-
version are shown in Fig. 3 for a nucleus radius of 35 and 90 km.
Based on these results we can calculate the evolution of Ray dur-
ing the accretion of the body (Supplementary Material Fig. 9) and
further consider the influence of convection on the model predic-
tions. We calculate the onset time of convection along the accre-
tion curve using the scaling of equation (16). We consider that
convection starts (hence that Equation (9) applies) when the age
of the body becomes larger than the onset time.

Fig. 3 shows two examples of accretion curves resulting from
the inversion of the time evolution of the average internal tem-
perature once convection has been introduced. The shape of the
accretion curve is the same as in the case of a purely conduc-
tive regime (notably because the initial thermal regime is always
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the form (R(t)/Roo)’ =1 — (1 - [RO/ROC]3) exp (—[t/ta?), where tg =1.39 +0.15
Myr is the timescale of accretion, b =1.4540.15 is a shape parameter, and Ry and
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of the curves gives the average internal temperature reached in the parent body at
a given time (or equivalently for a given radius). The thickness of the colored curve
corresponds to the second order variation of the accretion history for different sizes
of the initial nucleus.

conductive). However, because convection corresponds to a more
efficient heat transfer, it is not possible in this regime to reach the
thermal plateau observed at large times in Fig. 1 if cold pebbles
continue to accrete at the surface of the planetesimal.

In some cases it is even necessary that the radius of the body
decreases in order to counterbalance convection-induced cooling.
This is due to the fact that the internal energy varies with vol-
ume (which depends on the third power of radius) and the cooling
rate is proportional to the surface (second power of radius). Due to
convection the body might cool too fast, therefore the model calcu-
lates a radius that start to diminish in order to restore the almost
constant temperature. This effect is more important for low values
of initial radius (cooling/internal heat ~1/R).

This decrease of radius can correspond either to some erosion,
or to sintering at the end of accretion due to compaction of the
planetesimal following partial melting. In the following we shall
reject the accretion curves yielding to more than 10% of sintering
as this is the bulk porosity value we consider in the present model.
Based on all the constraints we conclude that the nucleus size of
the parent body was between 35 and 90 km (Fig. 3).

As already mentioned, accretion curves depend only on the ini-
tial (nucleus) size R(t = 0) = Rp. When made dimensionless by
dividing the radius of the body by its final value, all acceptable
solutions (i.e., fitting both the thermal evolution recorded by the
magmatic iron meteorites and their sizes) appear to share the
same evolution (Fig. 4). This implies that both the shape of the ac-
cretion curve, and the associated thermal evolution, do not depend
on the final size of the body (which itself depends on the initial
nucleus radius), and the growth curves in Figs. 3 follow a sin-
gle parameterized accretion law (Fig. 4). Three stages of evolution
can be introduced to describe the universal dimensionless accre-
tion curve: (i) an initial quasi-instantaneous accretion of a nucleus
with 35 < Ry <90 km, too fast to be resolved at the scale of our
model, (ii) a following slower accretion that reaches a plateau or

even ends at ~3 Myr, and (iii) a sintering due to the compaction of
the planetesimal following partial melting. Compared to the more
simple case of a purely conductive regime, the end of accretion
at ~3 Myr appears well resolved in the complete model including
convection.

5. Discussion
5.1. Alternative accretion scenarios

To evaluate further the robustness of our model predictions, we
study two alternative accretion scenarios: (i) successive collisions
with impactors with sizes of tens of kilometers, and (ii) the frag-
mentation of a parent body.

In scenarios of discontinuous accretion, the planetesimal grow
through successive collisions with impactors of a given size R;.
Here we consider that the impactors are formed with their final
size R; at t =0 and we follow their average internal tempera-
ture using the conservation of energy as given by equation (2). We
model two different types of accretion: orderly or runaway (Fig. 5).
The resulting thermal evolution is illustrated Fig. 5 for a final par-
ent body radius of 300 km and R; =40 km or R; =10 km. None
of these scenarios yield a thermal evolution consistent with the
magmatic iron meteorites record.

The results of scenario of discontinuous accretion - in the case
of large impactors - are a function of the fraction of energy that is
transferred to the parent body during accretion. We study the in-
fluence of this parameter for the thermal evolution corresponding
to orderly accretion of impactors of 40 km formed at time O pro-
ducing a final body of 300 km in 4 My (Supplementary Material
Fig. 11). We obtain that in the case of a perfect energy transfer to
the parent body, or in the case of total loss of the impactor energy
to space, the thermal evolution predicted is not consistent with
the constraints provided by the magmatic iron meteorites. We can
then conclude that our preferred scenario of continuous accretion
is both robust and the only one able to yield a thermal evolution
consistent with the constraints provided by the magmatic iron me-
teorites.

In the alternative scenario of fragmentation, the planetesimal
has a large size at time 0 and is later fragmented into smaller
bodies. For the sake of the argument we consider here an initial
body size of 300 km, but the conclusions we reach are general. Be-
cause of the large initial size, the early thermal evolution is very
fast, the surface heat loss (< R?) being much smaller than the in-
ternal heat sources (o R3). As a consequence total melting occurs
early, even before the formation of IIAB (Supplementary Material
Fig. 12). The most favorable end member fragmentation scenario
would be a very early fragmentation into small bodies, but this
would imply in turn a subsequent episode of continuous accretion
and would be equivalent to the formation of a nucleus followed by
continuous pebbles accretion.

5.2. Sensibility of the model of pebbles accretion with respect to model
parameters

Fig. 3 shows that taking into account convection in a plan-
etesimal under continuous accretion has a small impact on model
prediction, limited to an end of accretion delayed from ~3 Myr
to ~4 Myr. This reflects the strong control of the model outputs
by the thermal evolution of Fig. 1. As discussed above, this rather
“cold” thermal evolution results mainly from the accretion of cold
pebbles, and the accretion curve is only tuned as a function of the
thermal regime. This implies that the model predictions are robust
and do not change significantly when we change the parameters
used in the scaling laws. For example, a change of the reference
viscosity by an order of magnitude has an almost negligible effect
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Fig. 5. Alternative accretion scenarios. Upper panel: evolution of the radius of the planetesimal as a function of time for the two types of accretion considered: orderly (blue
curve) and runaway (red). Lower panel: corresponding thermal evolution. The thin black line gives the evolution of the temperature of the impactor in the case of orderly
accretion. (a, c) Results for 40 km impactors: the initial thermal evolution is too fast and leads to massive melting not consistent with the geochemical constraints. (b, d)
Results for 10 km impactors: orderly accretion generates a scenario consistent with the parent bodies of NC iron magnetic meteorites only.

(Fig. 3). We obtain also a negligible effect of a 50% change in the
values of activation energy and of melt sensitivities o, and oy;,
or for a surface temperature of —150°C instead of 0°C (Supple-
mentary Material Fig. 10).

We also allowed the system to differentiate, considering iron
segregation and migration towards the center of the parent body
to form a metallic core. There are three effects of differentiation
for the convecting silicate mantle: (i) a prefactor in the Rayleigh
number (Equation (3)) equal to (1+ f + f2)/3, where f = Rcore/R
(Deschamps et al., 2012) with Rcore the core radius given by the
mass fraction of metal, (ii) a concentration of the heat source,
hence an increase of H(t), in the mantle, as no Aluminium is par-
titioned into the core, and (iii) a decrease of its thickness from R
to D = R — Rcore. The two last effects tend to counterbalance each
other and the resulting bulk impact of the differentiation on the
accretion curves is not significant, as can be seen in Fig. 6.

5.3. Comparison with astrophysical models

The first two stages of our accretion law are consistent with
astrophysical models that predict (i) a fast initial accretion due to

gravitational collapse of meter to kilometer size boulders (Johansen
et al., 2015; Simon et al., 2017) and (ii) a rather cold and continu-
ous snowball sweeping of dust and pebbles (Xie et al., 2010). The
second stage, corresponding to pebble accretion, can further be in-
terpreted in terms of the evolution of the fraction of pebbles in the
disk.

Visser and Ormel (2016) performed numerical simulations of
pebble accretion as a function of the sizes of the accreted particles
and of the accreting planetesimal as well as of the distance from
the star. They define and compute a pebble accretion time scale,

M 4p.R

= (17)
M 3Vhw pp Seolt

tgrowth =

with M the mass of the accreting planetesimal, M its time deriva-
tive, po = 1 gcm~3 the internal density of the pebbles, vp, =
5780 cms~! the magnitude of the headwind faced by the plan-
etesimal, fco the collisional efficiency, and p, the density of peb-
bles in the disk (expressed as a relative density compared to the
gas density pg). The value of tgrown depends on the size of the
planetesimal, on the solid-to-gas ratio p,/0g, and on the distance
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Fig. 6. Evolution of the accretion curves when differentiation is taken into account
(dotted lines) compared to the reference evolution without differentiation (solid
lines). In these calculation differentiation occurs instantaneously when the solidus
of the silicate is reached (T = 1150 °C). Differentiation produces a larger sintering
at the end of the accretion in small bodies.

from the star. For the sake of the argument, we shall use the re-
sults obtained by Visser and Ormel (2016) at 3 AU and for a typical
planetesimal size of 100 km which is relevant for our study and
corresponds to a minimal dependence of the result on the size of
the pebbles. For this choice of parameters, and for a typical solid-
to-gas p,rf"f/,o.g =1/100, Visser and Ormel (2016) show in their

figure 4 that the growth timescale t;i{)wth ranges between 40 Myr

and 100 Myr for pebbles radii between 0.01 cm and 30 cm. These
time scales are one order of magnitude larger than the one esti-
mated by our model. This implies that the solid-to-gas ratio during
the accretion of iron meteorites was also one order of magnitude
larger.

For a given accretion curve R(t) obtained by the inversion of
the thermal evolution recorded by the magmatic iron meteorites
it is possible to calculate the evolution of the accretion time scale
terowen (1) = $R(6)/R(®). In the conditions described above, the ra-

tio tgmwm(t)/t;{)mh is directly the ratio p;,ef/pp(t) with pp(t) the

time-varying fraction of pebbles seen by the planetesimal during
its accretion. As an example, we show in Fig. 7 the evolution of
pop(t)/pg for a nucleus of 65 km. As expected, the density of peb-
bles starts with a very high value, consistent with the production
of a nucleus by gravitational collapse in overdense zones in the
disk, and sharply decreases around 3 Myr at the end of the accre-
tion. One should note however that this marks also the appearance
of a new mechanism (sintering and/or erosion) that would ar-
tificially decrease the effective density of pebbles “seen” by the
planetesimal.

5.4. Consequences for the differentiation of the parent body of
magmatic iron meteorites

Under canonic nebular conditions, iron can be anticipated to be
present within these pebbles and dust as metallic Fe (dominant
form), FeS and oxidized Fe in silicates (Ebel, 2006). Upon heat-
ing within the planetesimal, it is expected that FeS melts first at
the corresponding Fe-FeS eutectic ~1000°C (Brett and Bell, 1969)
(see Supplementary Material, Fig. 13). As the temperature rises, the
melt becomes more iron rich. As Kruijer et al. (2014) we further
assume that the metallic melt remains in contact with the silicate
matrix until the total melting of FeS alloy. Under this assumption,

rp,=0.01cm

10 : :
0 1 2 3 4

Time (Myr)

Fig. 7. Evolution of the density of pebbles in the disk at 3 AU for a nucleus of 65 km
that grows by pebble accretion following the accretion curve based on the inversion
of the thermal record of magmatic iron meteorites for a reference viscosity o =
10'° Pas. Two values of the pebbles radius r, are considered, 0.01 cm and 30 cm.
The pebbles density is very high at the beginning of the accretion - in agreement
with the hypothesis of boulders accretion in dense parts of the disk - and sharply
decreases to values <1072 by the end of accretion at ~3 Myr after CAls. The two
steps in the solid line are due to the sharp decrease of viscosity in the planetesimal
when iron and then silicate start to melt.

the recorded temperature corresponds to the liquidus temperature
set by the Sulfur content and the Hf-W age to the time at which
this liquidus temperature is reached. This implies that the system-
atic difference in age between the old “non-carbonaceous” (NC)
magmatic iron meteorites and the younger “carbonaceous” (CC)
magmatic iron meteorites, is not due to a difference in accretion
age, but simply related to the fact that NC are richer in S, and thus
reached their FeS liquidus temperature earlier than CC.

It is worth noting that metallic melt separation that occurs at
liquidus temperature does not necessarily correspond to total dif-
ferentiation, thus the Hf-W age does not correspond to the age
of core formation, but rather to the formation of metal pockets
large enough to prevent metal-silicate W re-equilibration. Eutec-
tic melting of Fe-FeS can take place much below the temperature
of melting of the silicate framework which may indeed hamper
the percolation of the Fe-FeS liquids to the core. The problem of
the differentiation of an accreting planetesimal has been previ-
ously addressed using a purely conductive model, pure Fe metal
only and no surface tension (Sramek et al., 2012) for a 500 km
planetesimal that accreted within 3 Myr. Their results can be used
to discuss the process of compaction and core formation in our
scenario. At 3 My, about half of the metal is molten and has seg-
regated to form a central core and a non negligible part of the
molten metal is furthermore trapped in the solid silicate matrix
as lenses at intermediate depths. It is very likely that metal ex-
traction will be even less efficient in our model for two reasons.
First, all things being equal, the average internal temperature in
a convective planetesimal (our case) is smaller than in a conduc-
tive one (the case studied in Sramek et al. (2012)). Hence the rate
of production of molten metal, and the subordinated rate of metal
extraction, will be smaller in the convective than in the conduc-
tive regime. As a consequence differentiation will take a longer
time in a convective planetesimal and will have reached a less ad-
vanced stage when cooling and solidification will occur. Second, it
has been theoretically established that high surface tension (such
as the one between solid silicate and Fe-FeS metal) enhances local
melt concentration rather than global melt extraction (Ricard et al.,
2001). Experiments have further shown that a threshold fraction
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of about 15 vol% of Fe-S melt was required to overcome surface
tension effects and to extract the melt from the solid silicate ma-
trix (Bagdassarov et al., 2009). We can thus conclude that in our
model complete melting of the Fe-FeS mixture is a necessary con-
dition for an efficient compaction leading to the formation of a
core. However, melting of more than 50% of the silicate matrix
will be further necessary to yield complete metal extraction and
full differentiation (Sramek et al., 2012), as in that case percolation
is not limited by the rheology of the matrix anymore.

Based on the previous arguments, we conclude that the par-
ent bodies of magmatic iron meteorites might be only partially
differentiated, some iron meteorites being possibly fragments of
local ponds of molten metal rather than pieces of the central core
(Fig. 4). This conclusion is in fact not specific to the present accre-
tion model. In the models considered up to now for the formation
of the parent bodies of iron meteorites, i.e., instantaneous accretion
at given times (Kruijer et al., 2014), the thermal evolution calcu-
lated taking into account convection predicts much lower average
internal temperatures than previously anticipated in purely con-
ductive models (Fig. 2). In a scenario of instantaneous accretion,
total melting and full differentiation occurred only for the “non
carbonaceous” magmatic iron meteorites.

The present accretion model, while developed to reproduce the
thermal histories of the parent bodies of magmatic iron mete-
orites, seems to explain also correctly two major characteristics
of the parent bodies of CV carbonaceous chondrites, namely (i)
the age of the end of their accretion and (ii) the coexistence of
an external undifferentiated shell with a central convective metal-
lic core potentially powering a dynamo (Gattacceca et al., 2016).
In our scenario, convection develops in the planetesimal under-
neath a stable conductive viscous lid of a few kilometer thickness
(Supplementary Material Fig. 14). The interior of this viscous lid
is by definition much colder than the interior of the body hence
cannot reach the solidus and remains undifferentiated. The distri-
bution of 26Al ages in chondrules from CV chondrites implies that
accretion of their parent body was still ongoing ~4 Myr after CAls
(Villeneuve et al., 2009). In our model this would correspond to
the very last stage of limited accretion occurring between ~3 and
4 Myr, once sintering has become the dominant feature. At 4 My,
the 300°C isotherm in the viscous lid is located ~2-3 km below
the surface, allowing the preservation of primitive accreted ma-
terials including chondrules and of undisturbed 26Al isochrons in
these chondrules (Supplementary Material Fig. 14). Such a plan-
etesimal would have developed a metallic core which could remain
partially melted long enough for a dynamo to develop in agree-
ment with recent paleomagnetic observations in chondrules from
CV chondrites (Gattacceca et al., 2016). It is worthwhile noting that
the presence of a stagnant lid and of internal heating reduce the
amount of heat that can be extracted from the core and trans-
ported by convection to the surface. In some cases, if the internal
heating is too high, the heat flux at the boundary between the
core and the mantle may even be negative, i.e. the core is heating
up, which would then help to keep it molten for longer periods of
time.

6. Conclusion

We have developed a model for the transient thermal evolution
of a planetesimal in the course of accretion. Compared to previ-
ous approaches, the model takes into account both a conductive
regime (at the beginning of accretion when temperature increase
and radius are small) and a convective regime. Although convec-
tion is not necessarily required by our model, for nominal values of
the parameters that enter the experimentally derived scaling laws,
convection would start around 1 Myr during the accretion.

We show that the thermal evolution recorded by all the mag-
matic iron meteorites can be described by a unique exponential
law that we latter employed to obtain accretion curves using the
conservation of energy in the parent bodies of the magmatic iron
meteorites. Once made dimensionless, all the accretion curves de-
fine a universal accretion law that introduces three stages: (i) in-
stantaneous nucleus formation at t = 0 by gravitational collapse,
(ii) continuous pebble accretion at a rate decreasing with time and
ending at ~3 Myr, (iii) negligible accretion accompanied by a few
percent sintering by compaction.

A main difference of our model compared to previous pre-
dictions of models that considered instantaneous accretion and a
purely conductive thermal regime is a colder thermal evolution
controlled by the continuous accretion of cold “pebbles”, and that
may yield partial differentiation only. Some of the magmatic iron
meteorites may thus be local metal ponds rather than the remnant
of the metallic core of their parent body.

Furthermore, regardless the cooling mode (conduction or con-
vection) in the parent body, there will always exist a cold viscous
stagnant lid of a few kilometers that should have remained com-
pletely undifferentiated.

On another hand the presence of a stagnant lid may also delay
the cooling of the planetesimal even if cooling proceeds by con-
vection. If such a planetesimal is differentiated, then the metallic
core can develop a dynamo for a non-negligible amount of time.

Partial melting of the silicate phase will produce a certain de-
gree of silicate differentiation in addition to the formation of an
iron core. Hence multi-phase flow modeling will be required to
further describe the thermal evolution of the planetesimal during
that stage. Such a complex modeling remains however beyond the
scope of this study.

More generally, our formalism which combines convective ther-
mal transfer and the evolution of the size of the body during
its formation, could be used to compute the thermal evolution
produced by a given accretion law, hence to provide additional
constraints for theoretical models of planetesimals formation and
evolution.
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