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Differentiation time scales of small rocky bodies
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logic and geochemical diversity of meteorites is a function of the bulk composition of their paren
esult of how and when internal differentiation took place. Here we focus on this second aspect con
ipal parameters involved: size and accretion time of the body. We discuss the interplay of the vari
to heating, cooling and drainage of silicate liquids. Based on two phase flow modelling in 1-D
show that drainage time is proportional to two independent parameters: µm/R2, the ratio of th
e square of the body radius and µf/a

2, the ratio of the liquid viscosity to the square of the matrix g
e dependence of these properties on temperature, thermal history and degree of melting, demon
y by several orders of magnitude during thermal evolution. These variations call into question th
flow modelling of small body differentiation that assume constant properties. For example, the i
ion was efficient enough to remove 26Al heat sources from the interior of bodies and dampen their
itz and Gaidos, 2011; Neumann et al., 2012) relies on percolation rates of silicate liquids overe
ht orders of magnitude. In bodies accreted during the first few million years of solar-system his
t drainage cannot prevent the occurrence of a global magma ocean. These conditions seem ideal to
n of the parent-bodies of iron meteorites. A map of the different evolutionary scenarios of small b
size and accretion time is proposed.

steroid, differentiation, thermal history, melt migration

tion

oritic record constitutes a well-preserved se-
ples that allow us to shed light on the dif-
rocesses that occurred on small rocky bod-
ted early in solar-system history. From the
imens available, there is an obvious link be-
erall degree of melting of the parent bodies
ee of differentiation. Unlike larger planets,
t source of these small bodies is the energy
the decay of short-lived radionuclides such as
lier a body accreted, the greater the heating
melting degree. The parent bodies of the

es accreted very early (< 0.3Myr after CAIs
for Calcium Aluminum Inclusions, the most
jects whose condensation defines the age of
tem— Kruijer et al., 2014), with the poten-
ce large-scale magma oceans that ensured an
l-silicate differentiation through an iron-rain
. Rubie et al., 2003). Conversely, chondritic
s accreted much later (> 2 Myr after CAIs
Fujiya, 2014) such that peak temperatures
h enough to reach the iron-sulfur or silicate
ting any differentiation. In between these
iation endmembers are the primitive achon-
creted early enough ≈1.3 Myr after CAIs to

be able to cross the silicate solidus but late enough
their degrees of partial melting did not exceed
(Sugiura and Fujiya, 2014). Under these conditio
samples experienced partial differentiation, with
of basaltic and sulfur-rich metallic melts.

At first sight, a difference in accretion dates t
vides a satisfactory explanation for the different
of differentiation found in the meteoritic record. H
body size will play an important role too. Ind
the same accretion time, a smaller body will diss
heat with greater efficiency than a larger one, th
ing a different heating potential and a lower pe
perature for the former. Attempts to take this eff
account are scarce and restrained to a handful of
for which precise anchor-points in the cooling hist
been determined (e.g. Breton et al., 2015 for T
set and Neumann et al., 2018 for the acapulcoite-l
parent body). The present paper aims at descri
general pattern of evolution and differentiation th
the fate of a rocky1 parent body to be predicted a

1Noteworthy, this study does not address the differentia
bodies. Volatile-poor and volatile-rich bodies formed in dis
texts inside and outside the snow line, which implies dive
lutionary pathways due to different material composition
enberg et al., 2021).
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tion of its size and accretion time.
An early attempt in this direction was made by Moskovitz
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2011) who used simple considerations of the
volved to study the consequences of silicate
n on the thermal evolution of small bodies.
, they popularised the idea that low viscos-
Pas) can transport 26Al heat sources to the
e scales shorter than their mean half-live of

ecay. They stressed the role of melt viscos-
ling the degree of melting, mentioning that,
elt content in bodies accreted before 1.5Myr
the 50% threshold capable of triggering the
a magma ocean — above about 50% liquid,
ate framework dissociates and the matrix be-
e suspension of crystals in a liquid; the vis-
solid-liquid mixture changes from that of a
of a liquid (e.g. Solomatov, 2015). Using the
x approach offered by two-phase flow numer-
g, Lichtenberg et al. (2019) found a comple-
lt. They emphasised the role of grain size,
fficient liquid migration with a matrix grain
e millimeter (conclusion drawn making the
f a melt viscosity of the order of 1 Pas). In
olation rate is partially controlled by the ratio
µf is the melt viscosity and a is the grain size,
cient drainage is conditioned to µf/a

2 > 106,
of expressing the result found by Lichtenberg
For their diagram on small body evolution,
d Gaidos (2011) adopted 1Pas for the melt
an ad hoc relationship between grain size
elting degree that inevitably boosts the melt
ey considered an initial grain size of 100µm
tional 90µm per percent of partial melting,
grain size reaches the millimeter scale at 10%
lting. In this respect it is of note that the vis-
lt resulting from 10% of partial melting of an
aterial is in fact close to 1000Pas (Dingwell
nd decreases to 1Pas for 50% of partial melt-
ing point toward the magma ocean. In this
ote that the grain size in natural samples such
for which the degree of melting reached 20%
µm (Keil and McCoy, 2018). While the ap-
ped by Moskovitz and Gaidos (2011) remains
ect but also elegant, their evolutionary dia-
be reconsidered in the light of more recent
material properties such as grain growth
positional and temperature effects on melt

rg et al. (2019) have also sketched the possi-
of small bodies as a function of two param-
retion time, and not their size but a dimen-
ber, Rseg, which depends on almost all the
hat control the physics of the differentiation
dy radius (fixed to 60 km in their numerical

g is a function of the ratio of two time scales,
o the rate of heating by short-lived elements
r corresponding to melt migration, or more

At least two other time scales, both explicitly de
on the radius, are involved in this problem: th
the time during which the molten silicate persist
is controlled by the cooling rate of the body, and
ond is related to compaction of the matrix. G
the latter is considered to be non-limiting and t
neglected, as in the model developed by Neuma
(2012), because it is assumed to be too fast com
the Darcy flow, except for very small bodies as we
The two time scales governing fluid migration, Da
and compaction, are affected, not only by temp
but also by the thermal history itself via the siz
matrix grains whose growth over time is therma
vated. Therefore, although the Darcy time sca
explicitly expressed in terms of the size of the bod
depends on it.

To describe the broad possible differentiation p
for small bodies as a function of their time of a
and size, we have chosen not to resort to a compl
elling of the thermochemical evolution as in Mizzo
or Lichtenberg et al. (2019), but rather to follow
proach of Moskovitz and Gaidos (2011) and to t
thermal aspect and the migration of the fluids se
in order to extract the characteristic time scales fr
ple modeling.

2. Thermal time scales

Various time scales can be defined to charact
thermal evolution of small bodies, but some are m
vant than others for the present problem. Basica
of them are of paramount importance: i) relate
heating rate, ii) related to the cooling rate, and iii
to the life time of the heating sources, i.e. the sh
radionuclides.

Lichtenberg et al. (2019) introduced the heat
scale as the ratio ρCp∆T/Q, where ρ is the densit
heat capacity, Q the decay power per unit volum
ered by the short lived elements like 26Al and 60F
thus depends on the body accretion time (All n
and symbols used are listed in TableA.1). ∆T is
perature difference between the solidus and the a
temperature, so that this time scale represents
necessary to reach the solidus. This does not de
the size of the body, despite the fact that a coo
that varies as the inverse square of the body radiu
involved. At equilibrium, the temperature of a
radius R heated by constant internal sources Q r
maximum at its centre: QR2/6kT , with kT the
conductivity. For instance, at the time of the fo
of the solar system, Q is of the order of 6 × 10−

for H-type chondritic material, which implies a m
temperature of 800K and 8K for bodies of 10 km a
in diameter, respectively. This explains, for exam
dust, too small to retain heat, cannot be heated

2
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lements also heat planets because of their long
e life time of heat sources thus also plays a

rather than using these three time scales (heat-
ling time and radionuclide lifetime), we prefer
o time scales deduced from small body ther-
: a) the time necessary to reach the max-
g degree from the onset of melting, and b)
n of the existence of melt (i.e. the time in-
above the solidus). Both of these time-spans
y melt migration resulting in the fact that:
ot be determined analytically and 2) an ap-
on dimensionless numbers (e.g. Lichtenberg
cannot be used. Despite these limitations,

-scales may be deduced from numerical sim-
it is that approach that is taken here.

l evolution modelling

necessary to reach the maximum melting de-
e beginning of melting and the time span of
ived from thermal evolutions of small bod-
from a model of pure conduction taking into
listic thermodynamic description of the melt-
itic material. The model, previously used in a
to the determination of the characteristics of
ite parent body (see Monnereau et al., 2013,
l details), is a classical 1D spherical model
resolution of the conservation of heat. The
written as:

 ∑

i=s,m

ρi
dHi

dT


 ∂T

∂t
=∇∇∇·(kT∇∇∇T )+ρQ, (1)

enthalpy, kT the thermal conductivity and
roduction by radioactive decay, subscipts s
ing to the silicate and metallic components
al that has been supposed to have a H chon-
ition (Wasson and Kallemeyn, 1988). The
he silicate component is computed using a
ium melting simulation along the iron-wüstite
n the “Rhyolite-Melts” software (Asimow and
; Ghiorso and Sack, 1995; Gualda et al., 2012;
ualda, 2015). For small bodies with a radius

housand kilometers, the energy is essentially
the decay of short-lived radionuclides such
e is another short-lived radionuclide, with
e decay energy, but a half-life almost four
(Castillo-Rogez et al., 2009). Quitté et al.
d that there were probably important hetero-
ron isotopes in the early solar nebula. The
6Fe ratio of the reservoir from which angrites
originated could be as low as ∼ 10−8 (Quitté
Tang and Dauphas, 2012). For some chon-
d be in the range of 4−7×10−7 (e.g. Mishra

chose to neglect this radiogenic heat source. The
power supplied by 26Al content is:

Q(t) = XAlQ0 exp [−λ26Al(t+ tacc)] ,

where Q0 is the heating rate per mass unit of p
minium at CAI condensation, tacc the accretion tim
the 26Al decay constant and XAl the aluminium m
tion of the material. Recently, the homogeneity of
tribution in the early solar system has been dispu
Larsen et al., 2011). However, (Wasserburg et a
Kita et al., 2013) questioned the assumptions m
Larsen et al., and numerous studies support hom
of 26Al at large scales (e.g. Villeneuve et al., 2009;
burg et al., 2012; Kita et al., 2013; Wimpenny et a
It seems that variations in the initial 26Al/27Al
any, do not exceed about 10% at the time of c
formation (Budde et al., 2018). Hence, a canonic
of 5×10−5 (Jacobsen et al., 2008; MacPherson et a
Wasserburg et al., 2012; Kawasaki et al., 2019) h
considered here for modeling, together with the g
content of H-type chondrites (see Table A.1, for v
reference).

2.2. Melting time scale and melt lifetime

The two thermal time scales relevant to melt m
i.e. the melting rate time scale and the melt pe
time scale, are presented on Figure 1 as a functio
radius and accretion time of the body.

The first of these time-scales is related to heatin
Rather than considering the time required to r
onset of silicate melting as in Lichtenberg et al
the choice is made here to focus on the time s
tween the onset of melting and the maximum d
melting. This choice is the result of the fact that
centrate on the comparison of time intervals durin
melt is present. From a practical point of view, gi
the temperature evolution at the centre is mark
plateau before its maximum, we considered the
reach Tmax − 5K. The temperature to reach 50%
melting is another upper bound. As mentioned e
marks the dissociation of the solid matrix and is a
nied by a drop in viscosity of several orders of ma
This is the tipping point for the melt migratio
magma ocean. Therefore, Figure 1.a shows the
quired to reach min(Tmax − 5K,T50%) since the
melting.

In this representation, we note that size only
role for bodies with a radius of less than 50 km,
that the cooling time appears to be a limiting f
melt production only for the smallest bodies. Ab
size, the melting time is only a function of the a
cretion. Figure 1.b displays the time during which
1% of melting is present. As expected, this time i
as the square of the radius. It is also marked by a
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Melting Time Scale (Myr)
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Melt lifetime (Myr)

wo time scales of thermal evolution of small bodies as
eir accretion time and radius. (a) The melting time
the time elapsed between the beginning and the max-
g, or 50% of melting. The time at the maximum of
red here is actually the time at the maximum of tem-
5 degree ; this choice permits to avoid the plateau

the temperature evolution at the center of a body.
melting threshold corresponds to the transition to-
opment of a magma ocean beyond which silicate melt
its relevance. (b) The melt time is the time during
percent melt is present inside the body. These maps
from 101 × 101 numerical models of thermal evolu-
with 300 radial levels.

reached at the centre of the body. They are there
representative of the main part of a body larger
km, and only of a very restricted central part o
bodies.

3. Melt drainage time scale

The two thermal time scales presented abov
be compared with a time scale related to the mo
silicate liquids. For this purpose, we have chosen
late the time required for the separation of the fl
the solid in an initial homogeneous mixture. T
namics are described by the compaction equatio
introduced in geosciences by McKenzie (1984). H
used the formalism developed by Bercovici et a
and Bercovici and Ricard (2003) that treats bot
as equivalent. This formalism is summarized in A
A.

3.1. Drainage time for small bodies

The rate of fluid-matrix separation depends on
ity of the matrix to deform and the fluid to flow
the matrix. The two processes have different ch
istic times. The former, the compaction time τC
defined as the ratio of matrix viscosity µm divide
fluid-matrix difference pressure scale, δρgsR:

τC =
µm

δρgsR
∝ µm

R2
,

with δρ = ρm−ρf , the density contrast between th
and the fluid, R the radius of the body and gs th
at its surface. As gs is proportional to R, τC is
proportional to R2.

The second characteristic time, the Darcy tim
the ratio of the body radius R to the filtration ve

τD =
Rµf

δρgsk0
∝ µf

a2
.

The filtration velocity is proportional to the flui
difference pressure, to the matrix permeability
permeability at the reference porosity ϕ0— and
proportional to the fluid viscosity µf . As a cons
this time scale does not depend on the body size.
the relevant length that appears here is the grain
Indeed, the permeability is proportional to the s
the cube of the matrix grain size, depending on
geometry. Here, we adopted the classic permeab
considered for connected melt tubes : k(ϕ) = a2ϕ
(Maaløe and Scheie, 1982). Other geometries may
sidered. For instance, in case of connected films,
meability law becomes a3ϕ3/648 (Schmeling, 200

Interestingly, the ratio of the two characteris
corresponds to the square of the ratio of the tw
ral length scales of the problem, the body radiu
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porosity matrix occurs (McKenzie, 1984) and
on the properties of the matrix and the fluid:

. (5)

ned above, since the surface gravity of a small
ortional to its radius, it is also worth not-
Darcy time does not depend on the size of
ereas the compaction time decreases as its
consequence, in the case of porous flow dom-
es, the radius of the body will not control
characteristic time. On the contrary, when
ation is the slower mechanism, the drainage
uch longer for smaller bodies than for larger

e experiments

experiments consist in solving the flow equa-
(A.13) with no source term, but from an

nt porosity profile. They were performed for
s of ϕ0 and R/Lc ratios. Figure 2 reports the
f the drainage time τ as a function of both
τ is arbitrarily defined as the time necessary
of segregation between the fluid and the solid.
ion is evaluated through the function s(ϕ):

1

ϕ0(1− ϕ0)

∫
ϕ(1− ϕ)dv, (6)

dv is the volume of the body. s(ϕ) is also the
l moment of the fluid distribution:

1

1− ϕ0)

∫
(ϕ− ϕ0)

2dv. (7)

id is homogeneously distributed within the
me fraction is constant and equal to ϕ0 ev-

0) is then zero, while s(ϕ) is maximum and
en the separation is complete, i.e. when ϕ is
1.
hows that the drainage time is proportional
ction time for smaller bodies and to the Darcy
r ones. As explained above, in small bodies,
of fluid is controlled by the ability of gravi-

s to deform the matrix, whereas in large ones
factor is the friction between the fluid and
ompaction waves develop in the latter case,
former, the radial distribution of the liquid
notonically increasing function of the radius.
he transition between both regimes around
. An eye-fitting gives ϕ0τ/τC ≃ 63ϕ0.1

0 +
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paction time τc (3), is plotted as a function of the non di
number R2/L2

c where Lc is the compaction length (5).
lines correspond to the empirical fit τ = 63 ϕ−0.9

0 τC + 3
This plot highlights the dependence of the drainage time o
tial fluid content ϕ0. (b) the quantity ϕ0τ/τc plotted as a f
(ϕ0R/Lc)2 appears almost independent on ϕ0. It is propo
τc below ϕ0R/Lc ≃ 4 and to τD above. (c) Plot of ϕ0τ as
of two independent parameters µm/R2 and µf/a

2, ϕ0τ
rived from the empirical relationship ϕ0τ = 63 ϕ0.1

0 τC + 3
The dash line, whose equation is ϕ0R/Lc = 4, separate
controlled by the compaction of the matrix (white) from
controlled by the Darcy flow (grey region). The latter
where compaction waves take place. The blue arrow des
possible trajectory of a body in this parameter space due t
sive partial melting, which goes along with grain growth an
of both liquid and solid viscosities.
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pends on the characteristic dimensionless number ϕ0R/Lc.
This is well illustrated by Figure 2b.
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A is a thermally activated rate constant (Atkinson, 1988):
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age time is found to be τ ≃ 63ϕ−0.9
0 τC +

varies as function of three independent quan-
/R2 and µf/a

2 :

G

[
63ϕ0.1

0

µm

R2
+ 3.25× 72π

µf

a2

]

04
µm

R2
+ 6.3× 105

µf

a2
,

(8)

hs and viscosities in SI. A graphical repre-
this relationship is given in Figure 2c. The
= 4 separating the two regimes is an axis of
r the quantity ϕ0τ . From any point located
decrease of µm/R2 or µf/a

2 does not affect
time, whilst an increase by a given factor in-
rainage time by the same factor. The blue
ure 2.c depicts what could be the trajectory
ring its progressive melting, both matrix and
decreases and grains grow. A more precise

f such a trajectory is given in section 3.4 and
extent of the path in the parameter space is
the next section.

ameters of the drainage time

rg et al. (2019) emphasize the key role played
in the differentiation of small bodies, point-
ent percolation below a millimetre grain size.
onstrated that melt drainage is in fact con-
o independent quantities, µm/R2 and µf/a

2,
radius of the body, and the viscosities of the
lid silicate are also involved.

size

e thermal evolution of a body, the quantity
y to experience a drop by six to seven orders
, jointly due to a decrease in liquid viscosity
ase in grain size. First, the thermally acti-
grain growth will promote a significant in-

in size. As a matter of fact, the size of the
s observed in meteorites increases with the
mperature they have experienced. It ranges
0µm in chondrites depending on their meta-
e, goes up to 500-700µm in some achondrites
s (Krot et al., 2014) where the melting degree
, and even to one centimeter for olivines in
which the melting degree has exceeded the

the matrix disaggregation.
grow more or less quickly depending on the
their size can be computed by integration
law along their thermal history. In general
l grain growth is commonly described by an
he form:

, (9)

A = A0 e
−Ea/RgT ,

with Ea an activation energy, Rg the gas const
A0 a constant. The exponent, n, theoretically an
may adopt various values from 2 to 5 dependin
mechanism controlling the grain coarsening (e.g
1976; Atkinson, 1988; Evans et al., 2001).

For the implementation of grain size evolution
numerical model of small body differentiation, N
et al. (2012, 2013, 2014, 2018) adopted a pure
retical expression of relation (10). They followe
et al. (1993) who used the Lifshitz-Slyozov-Wag
tionship established for diffusion-controlled coars
particles in dilute solutions (e.g. Greenwood, 19
this case the exponent is n = 3 and the rate
A = 8V2γcD/9RgT , with V the molar volume of
cate, γ the surface free energy of the crystal-liqu
face, c the equilibrium concentration of solute an
diffusion coefficient. Beyond the fact that all t
rameters are considered as constant in Taylor et a
and Neumann et al. (2012), which yields a grow
inversely proportional to temperature contrary to
mental observations, the assigned values (the sam
studies) lead to a rate constant A = 1.6 × 10−13m
1500K. This predicts a grain size of 0.55mm afte
1.2mm after 104 yr, 2.5mm after 105 yr and 5.4m
106 yr; this latter value is higher by one order o
tude than the size of the most evolved crystals m
in achondrites, whose thermal history is well ove
lion years. The overestimation of crystal growt
the Neumann et al.’s model well above the pe
efficiency threshold identified by Lichtenberg et a
and may affect the conclusions drawn in their pape
will be discussed later.

In addition to the many processes that may
grain growth, various parameters can also be i
such as the presence of impurities, secondary p
melt. Therefore, only an experimental approach c
tify those really at work. Several studies have b
formed aimed at determining the values of the
exponent n and the activation energy Ea on pe
material. For the first one devoted to olivine, t
retical growth exponent derived for a pure singl
n=2 or 3, (Ea = 520, 600 kJ/mol, respectively) h
satisfactorily fitted by experimental data run w
Carlos olivine at 0.1MPa and 300MPa in dry
condition (Karato, 1989). However, in experime
ducted at 0.1MPa on dry aggregates of syntheti
Fo91, Nichols and Mackwell (1991) determined
in the range of n = 4 to 5 (with Ea = 290 kJ/
345 kJ/mol, respectively). They attribute this hi
to the control of grain growth by coalescence thro
face diffusion of a second phase, the residual
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∼ 5%. In sintered samples, porosity is inevitable in sam-
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ch may explain the low value of the exponent
o (1989) experiments at 300MPa, but not
Pa. Nichols and Mackwell (1991) noticed
ent without being able to explain it. Poros-

measured in H-chondrites at equivalent levels
ave the same effect. Metallic grains, present
itic material, also play the role of a secondary
ard et al. (2012, 2016) studied a mixture of
rsterite in proportions representative of the
t of chondrites. In this case, the growth of
ins is limited by that of the metallic particles
process is controlled by diffusion along one
aths due to their location at triple junctions,
5. The activation energy was found to be

J/mol. Moreover, these experimental data
o be consistent with the size of metal par-
ed in H-chondrites at various metamorphic
nard et al., 2016), indicating that the param-
growth law are supported by natural points
growth over several million years. Lastly,

ts on partially molten olivine aggregates con-
ul and Scott (2006), porosity cannot account
effect. However, the growth exponent n is
ed above 3, close to 4 with an activation en-
J/mol similar to that measured for forsterite
e of melt. Thus, in a single-mineral medium
rities, the appearance of silicate liquid seems
in growth, while in poly-mineral or impurity-
ium, it has a promoting effect compared to
low the melting point.
resent study, we used the relations (9) and
parameters determined by Guignard et al.
the melting point and Faul and Scott (2006)
= 5, Ea = 400 kJ/mol, A0 = 10−19.04 m5/s
Ea = 400 kJ/mol, A0 = 10−12.02 m4/s, re-
he initial grain size a0 has been set in our
o 1 micron, a characteristic grain size of the
mitive chondrites.
isplays the time integration of these growth
e thermal history of small bodies. Figure 3a
time evolution of grain size located at the

00km radius body accreted at various times.
s the appearance of the liquid silicate and
on the growth of the grains, when the size
a few tens to a hundred microns with the

of liquid. After that point in time growth is
high temperature, notably during the long
plateau that follows the extinction of heat

shows a map, as a function of accretion time
dius, of grain size reached just before this
plateau or before the tipping point to the
that occurs at 50% of partial melting, i.e.

− 5K,T50%) (see section 2.2 for more detail
hold). On this map, the grain size reaches

meltno melt

Figure 3: Predicted size of silicate grains in the centre
body (a) over time for a body of 100km radius and different
times, (b) at min(Tmax − 5K,T50%). Grain growth law
from Guignard et al. (2016) below the melting point and
and Scott (2006) above. On panel (a), we note the increase
rate during melting, then the increase in size at constant tem
corresponding to the temperature plateau of the thermal
The size reached at the end of this temperature plateau
change during cooling, which corresponds to the horizont
each track. The curves have not been extended beyond
panel (b), we observe that the maximum grain size at mi
5K,T50%) is reached for bodies that experience a maximu
degree (red contour lines) of 50%. In bodies accreted earlie
reached more quickly, leaving less time for grain coarsenin
accreted bodies, temperature is less important.

a maximum of 2mm for those bodies accreted a
1.3million years, reaching a maximum of 50% part
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ing. For bodies formed earlier, the 50% partial melting
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lution does n
ing the abilit
phase.

In summa
three or four

3.3.2. Viscos

The visco
beginning of
of lattice elem
present in pl
out of the m
ages of liquid
about 104 Pa
to about 100
uids) and to
(Dingwell et
viscosity of a
chondrite com
figure also sh
Composition
puted with t
tor (Ghiorso
Gualda et al.
that the refe
Moskovitz an
the following
corresponds t
melting (dash

3.3.3. The pa

During m
eters can lea
nitude in the
on the drain
Fig. 2c, show
dius 100 km f
at the begin
Pas and the
reach a state
correspondin
terestingly, th
region where
(white area o
then only dep
the grain gro

Figure 5 p
a 100 km rad
puted followi
presented in
this decrease
ing melting f
and of lesser
et al. (2019)
for a grain si

0.0

0.2

0.4

0.6

0.8

1.0

Melting degree
M

ass fraction

the resid-
ed curve).
”Rhyolite-
2015, and

of 1Pas,
hreshold
ws that,
es above
ue of 106

efficient.
so calcu-
vitz and
nn et al.
constant
action of
is simply
al to the
igration
ercent of
vitz and
se stud-
extract

, leading
oskovitz
liquid in
t exceed

wo stud-
Gaidos

fraction,
if theo-
s as dis-
the very
Jo
ur

na
l P

re
-p

ro
of

ot allow the grain to grow as much, reduc-
y of the liquid to migrate during the melting

ry, grain growth can account for a decrease of
orders of magnitude in the µf/a

2 parameter.

ity of silicate liquid

sity of liquid silicates varies strongly at the
melting due to a dependence on the content
ents, Si and Al, and notably Al that is only

agioclase, one of the earliest phases to melt-
atrix, with clinopyroxene. The first percent-
(andesitic composition) have a viscosity of

s (Collinet and Grove, 2020), which decreases
Pas between 10% and 15% melt (basaltic liq-
about 1Pas above 40% melt (picritic liquids)
al., 2004). Figure 4 shows as an example the
silicate liquid produced by melting of a H-
position as a function of temperature. This
ows the composition of the residual solid.
and viscosity of the liquid have been com-
he ”Rhyolite-Melts” thermodynamic calcula-
and Sack, 1995; Asimow and Ghiorso, 1998;
, 2012; Ghiorso and Gualda, 2015). We note
rence value taken for the liquid viscosity by
d Gaidos (2011), Neumann et al. (2012, and
papers) and then Lichtenberg et al. (2019)
o a liquid produced by about 50% of partial
ed line on Figure 4).

rameter µf/a
2

elting, the variations of the different param-
d to a drop of seven to eight orders of mag-
µf/a

2 ratio, which has a significant impact
age time. For example, the blue arrow in
s the hypothetical trajectory of a body of ra-
or which the drainage time is almost infinite
ning of the fusion (a = 10µm, µm = 1019

viscosity of the first liquids µf = 104 Pas), to
(a = 10−3 m, µm = 1017 Pas and µf = 1Pas)
g to a draining time lower than 100 kyr. In-
e decrease of the µf/a

2 ratio can lead to the
the drainage is controlled by the compaction
n Figure 2c) and where its characteristic time
ends on the viscosity of the matrix, whatever
wth or the melt viscosity decrease.
resents the µf/a

2 variations at the centre of
ius body during its thermal evolution, com-
ng the grain growth and melt viscosity laws
Figures 3 and 4 respectively. It highlights
of seven to eight orders of magnitude dur-
or bodies accreted before 1.5 million years,
magnitude for later accretions. Lichtenberg
have shown that melt migration is inefficient
ze of less than 1mm. Since their calculations
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Figure 4: Viscosity of the silicate melt and composition of
ual solid as a function of temperature and melting degree (r
Composition and viscosity have been computed with the
Melts” thermodynamical software (Ghiorso and Gualda,
references therein) from a H-type composition.

were performed with a constant melt viscosity
this grain size threshold corresponds to a µf/a

2 t
of 106 Pas/m2. Importantly enough, figure 5 sho
except in some cases and for partial melt degre
40%, the parameter µf/a

2 remains above this val
Pas/m2, i.e. in a range where melt migration is in

For comparison, the µf/a
2 parameter was al

lated with the grain growth laws used by Mosko
Gaidos (2011) (grey dotted line) and by Neuma
(2012) (dashed lines), the melt viscosity being
and fixed at 1Pas in both studies. Since the comp
the matrix was neglected there, the drainage time
equal to the Darcy time and thus only proportion
parameter µf/a

2. For both studies, the effective m
threshold of 106 Pas/m2 is crossed for the first p
liquid, up to 10% of liquid in the case of Mosko
Gaidos (2011). It is thus of no surprise that the
ies have popularised the idea that silicate liquids
rapidly to the surface taking the 26Al with them
to no further melting at depth. As an example, M
and Gaidos (2011) showed that the percentage of
the centre of a body formed at 1Myr would no
27%.

However, the grain growth laws used in these t
ies remain highly questionable. In Moskovitz and
(2011), it is an ad hoc dependence on the melt
while the one used in Neumann et al. (2012),
retically correct, adopts inappropriate parameter
cussed in paragraph 3.3.1. This, combined with
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This study

Moskovitz & Gaidos (2011)
Neumann et al. (2012)

tacc= 0.1Myr
tacc= 1.2Myr
tacc= 1.4Myr
tacc= 1.6Myr
tacc= 1.8Myr

arameter µf/a
2 calculated for the thermal evolution

dius body accreted at different times, with the grain
iscosity obtained from the laws chosen in this study
ines) and from grain growth laws used by Neumann
olored dashed lines) and by Moskovitz and Gaidos
tted line), the melt viscosity being constant and fixed
e last two studies. The grey shaded area corresponds
here melt migration is effective, i.e. where the grain

han 1mm (after Lichtenberg et al., 2019, since the
s also set to 1Pas in this study). In the latter two
age time is 6 to 7 orders of magnitude lower than with
rowth and melt viscosity laws, leading to an artificial
ncy of silicate liquids and of heat sources well before

osen for the melt viscosity which does not
o the viscosity of the migrating melt, makes
ion about the high mobility of silicate liquids
es questionable. On the other hand, the use
ws for both grain growth and melt viscosity
that liquids only start to migrate at melt

everal tens of percent, or even do not have
ct before the rheological limit of a magma
hed.

viscosity

age time is dependent on a second parame-
olely proportional to the matrix viscosity for
. In this respect it is of note that the vis-
s depends on the creep mechanism at work.
et al. (2019) assume that the matrix defor-
ins in the diffusion creep regime, but it could
dislocation or grain boundary sliding (GBS)
cially when the grain size is large and the
Here we will consider all of these possibili-

he most efficient one at each time step.
the creep mechanism, the rheological behav-

edt, 2004), which rewritten here in term of viscosi

µm =
σ

ϵ̇
=

1

A
σ1−qan exp(Ea/RgT − αϕ),

where A is a constant, q the stress exponent, n t
size exponent, Ea the activation energy and a t
size. α is a constant corresponding to the dep
on the melt content ϕ. The presence of melt w
aggregate plays a well identified role on their d
tion by favoring the sliding mechanism at grain b
Hirth and Kohlstedt (2004) reported a link betw
effective viscosity and the melt fraction that ca
proximated to first order by an exponential rela
up to liquid fraction of 12%. It is not obvious t
law can be extended beyond that. Indeed, the
measured in these experiments is the effective vis
the liquid-solid mixture. In the formalism we us
the viscosity of the solid. The value of this para
subject to change due to the presence of liquid,
because the presence of liquid promotes disloca
accommodation at grain boundaries, resulting in
ation of the von Mises criterion. It nevertheless
possible that this effect does not increase with
ing liquid fraction. For this reason, we will res
application of this law to the first 12 percent of
µm ∝ exp(−αmin(ϕ, 0.12))), the range over whic
been determined experimentally. This choice has
dence on our conclusions, as discussed in the next

The coefficient α depends on the creep me
estimated for lherzolitic material around 20 for
creep and 25 for dislocation and GBS creeps. T
constants or exponents depend on the creep me
too. For instance, the stress dependence is linea
fusion creep (q = 1), but not for dislocation or GB
(q = 3.5). In addition, there is no dependence on t
size for dislocation creep, but it is nonlinear for
(n = 3) and for GBS (n = 2) (Hirth and Kohlsted

The temperature, the liquid fraction and the g
are calculated throughout the thermal history of t
but here the stress can only be estimated a pri
upper estimate is the pressure difference at the
the body between the fluid and the matrix:

σ =
2π

3
ρmδρGR2,

Hence, σ ≈ 1.41 × 10−3R2 Pa, ranging from 0.5
50MPa for body radii from 30 km to 300 km, resp

The variation of all these parameters during t
ing of silicates is likely to result in a variation of th
viscosity of six orders of magnitude, a range that
likely to shift by six orders of magnitude as a fun
the size of the body, mainly because µm is propor
σ2.5 and finally to R5.
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ime trajectories for three body radii and various accretion times drawn in µm/R2 and µf/a
2 parameter space a

τ map. The color indicates the time since the onset of melting, tracks progressing from blue to grey. The black dots
0%, 20%, 30%, 40% and 50% of partial melting. (b) Drainage time as a function of the time from the onset of melt
lting degree. On both series of diagrams, trajectories are not plotted beyond the critical threshold of 50% partial m

e time variation during melting

displays the time trajectories for bodies of
and accretion times on the ϕ0τ map shown
These tracks highlight the magnitude of the

m/R2 and µf/a
2, the two independent pa-

he drainage time, and thus underline the im-
ot considering material properties as constant
of small body differentiation.
first percent of liquid, the trajectories begin
ase in matrix viscosity and a decrease in the
eter, both due to the noticeable grain growth
he appearance of silicate liquid, as shown in
hen, both parameters decrease while keep-
ctories in the Darcy domain, such that the
e during melting is not very sensitive to vari-
viscosity of the matrix. This is particularly
100 km and 300 km radius bodies for which
in matrix viscosity differs greatly without

drainage time. For the 30 km bodies, this be-
act, their evolution pathways progressing into
on domain, where the variations in matrix vis-
their influence, i.e. where drainage time in-
rtionally to the matrix viscosity. Recall here
tent has been limited to 12% in the viscosity
ise, we would observe a greater decrease in
iscosity as melt content increases above this
er, this has no effect on the drainage time as

long as the evolution remains in the Darcy doma
would only affect the evolution corresponding to
body accreted at 1.4Myr in its red part which co
progressed into the Darcy domain. This remain
ondary issue. For each body size, the three tra
corresponding to the earliest accretions reach the
old of 50% degree of fusion —and have not been e
beyond that for this reason— indicating a possib
tion into a global magma ocean. However, this end
not certain if the drainage time becomes shorter
remaining time before reaching the threshold. T
be appreciated on Figure 6.b that shows the time e
of the drainage time since the onset of melting. In
of very early accretion, within the first million ye
CAIs and whatever the size of the body, the drain
never becomes short enough to allow a significant
before reaching the threshold. In contrast, the
ries at 1.3Myr show that the time required to r
threshold remains greater than the drainage time
falls below 1Myr. Thus, despite an accretion t
potentially allows the threshold to a magma ocea
to be reached, migration of the liquid and heat so
the surface is very likely, interrupting melting in th
of the body and leading to shallower liquid accum
that could itself develop into a shallow magma oce
scenario may also concern later accretion as in t
for example, for 100 km radius bodies formed bet

10



Journal Pre-proof

and 1.5Myr, for which the drainage would be completed
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AIs. In that case, the concentration of heat
induce an overheating of the shallow liquid
usion of the overlying part (Neumann et al.,
berg et al., 2019).
lso shows that differentiation may take place
e long cooling time of the body. This corre-
cretions occurring between 1.5 and 1.7Myr,
100 km radius. Later accretions may lead to
rtial melting but not to differentiation. The
e window for this regime is wider the smaller
smaller bodies experience lower temperatures
oling: between 1.5 and 1.8Myr for 30 km ra-
1.7 to 1.8Myr for 300 km radius.

evolution of small bodies

ry, both representations of Figure 6 help to
rious melt migration regimes. Three have al-
escribed by Lichtenberg et al. (2019): magma
w sills and undifferentiated bodies. We add
ains here by separating differentiation dur-
ith heat source transport from differentiation
g, and by subdividing undifferentiated bod-
that have melted and those that have not.
es correspond to conditions for which:

inage is unable to prevent the melt fraction
aching the 50% rheological threshold and thus
elopment of a global magma ocean before
tiation;

inage is efficient enough to allow extraction
bsurface accumulation of the melt and the
rces it contains before their extinction, which
olve into a shallow magma ocean above a
l harzburgitic or dunitic core;

inage is not efficient enough to extract the
fore the heat source is extinguished, but effi-
ough to allow a moderate differentiation
ody during its cooling;

erentiation occurs despite moderate partial
;

no melting, just thermal metamorphism.

isplays a global view of the different possi-
pathways according to the radius and ac-
of the body. Criteria have been defined to
ve types. Type I (in yellow) corresponds to
ce of a magma ocean. This must satisfy two
tly, the maximum possible degree of partial
cated by the red contours, must exceed the
d. Secondly, this threshold must actually be
s second criterion defines the limit with type

26Al

Figure 7: Possible evolution for small bodies. I)(yellow
ocean: The internal heating is intense enough to push th
of the body above the 50% partial melting rheological th
which a magma ocean forms, before any liquid-solid segrega
place; II) (orange) Upward migration of the 26Al heat sour
solid segregation is sufficiently efficient to drain the liquid
extinction of the heat sources, leaving a 60% to 70% residua
gitic core; III) (green) differentiation occurs after the ext
heat sources, leaving a 70% to 80% harzburgitic core; IV)
terior partially melts up to 25% without significant differ
V) (grey) chondrite parent body domain. Red contour line
the maximum possible degree of partial melting. Black con
within the orange area indicate the degree of partial meltin
liquids become highly mobile and thus the degree actual
after the heat sources have been removed. The dashed con
on the green and blue areas indicate the ratio of the me
to the drainage time. For instance, where this ratio is high
(green area), liquids have enough time to migrate and yiel
tiation. Conversely, where it is lower than 1 (blue area) t
migration and no differentiation.

II. Type II corresponds to conditions that allow
cient drainage before the end of melting or before
the 50% melting degree threshold. To define this
the moment when the drainage time becomes sma
the time remaining before reaching Tmax − 5K o
partial melting is inferred for each radius and a
time based on Figure 6. The orange region of Figu
resents the area where this criterion is satisfied.
the contour lines indicate the melting degree at w
criterion is satisfied, showing that drainage only
effective from about 30% of fusion. This perce
not a threshold in itself, but results from severa
such as the viscosity of the liquid and the matrix
grain size. The migration of liquids certainly st
fore this value, which is more indicative of the d
which partial melting stops in the center of the b
to the drainage of heat sources. This value also co
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the composition of the unmelted residue remaining in the
centre of the body.
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he type II region, the 50% partial melting
separates type I, ending into a magma ocean,
I (green) and IV (blue). The distinction be-
ter two types is based on the ratio of melt
efined in Figure 1b, to the drainage time at
value. On Figure 7, the dashed contour lines
of this ratio. Values less than one indicate an
inage at the time scale of the body cooling.
regions, we have added a fifth one (grey) cor-
the conditions leading to non-melted bodies,
t bodies of chondrites.
, these boundaries between regimes are more
an simple lines drawn in Fig.7, for two main
he one hand, as mentioned earlier, the drainage
rage quantity of an active process depending
volving conditions. On the other hand, the
to distinguish these types has been applied
in the centre of the body that differs from
the surface. While these conditions may be

e of a large part of a body, a greater fraction
reases, the fact remains that its outer parts
rbored conditions corresponding to another
obvious for the parent bodies of chondrites,
rrespond to the outer parts of bodies of type

t is even more striking for very small bodies,
h the radius is comparable to the thickness of
oundary layer, thus those for which the cen-
ure is not representative of the body interior.
the parent body proposed for the primitive
afassasset, whose composition is compatible
basaltic content, has a radius possibly in the
m to 30 km with an accretion time between
1.2Myr (Breton et al., 2015). This falls in
, near the type III border. Details of the ra-
ture profile derived from the thermal history
satisfy isotopic dating shows a peak melting
in the center, while the overall composition

rite —olivine and pyroxene rich with plagio-
corresponds to a residue from 20% of partial
ved at mid-radius, the outer 40% of the ra-
g unmelted. Of course, such a description
the lack of deep magma ocean and melt mi-
lings and cannot be fully representative of the
n of a body accreted under such conditions.

al magma oceans exist on small bodies?

rrence of a global magma ocean in the early
mall bodies is not an idea that is unanimously
ong the arguments against this hypothesis

hat liquid silicates drain efficiently towards
s soon as melting begins, either by filtration
porous matrix resulting from partial melting
itz and Gaidos, 2011; Neumann et al., 2012),
tion through a hierarchic network of small and

ability based on overestimated grain sizes and a
estimated viscosity of percolating liquids (see pa
3.3.1 and 3.3.2 for a detailed discussion), both le
an overestimation of the percolation velocity by six
orders of magnitude compared to a calculation us
istic laws of crystalline growth or melt viscosity (s
graph 3.3.3).

In this respect, the theoretical arguments deve
Wilson and Keil (2012, 2017) deserve more detaile
sion. Briefly, these ideas are largely inspired by
text of mid-oceanic ridges. The formation of the v
dikes network is conjectured from the matrix-liqu
play described by the compaction formalism of M
(1984), on which those exposed in Lichtenberg et a
or here in Appendix A also rely (see Wilson et a
for a detailed argumention of the vein network
ment). To put numbers on his analytical develo
McKenzie uses a grain size of 1mm and a liquid
of 1Pas. Interestingly, these values are those
ployed by the other work supporting the ideas of
melt extraction (Moskovitz and Gaidos, 2011; N
et al., 2012; Wilson and Keil, 2012, 2017), but the
correspond to the conditions occurring at the beg
melting on rocky-bodies in the early solar-system
the grain size is closer to 100µm and the viscosit
around 104 Pas. As noted above, the values use
literature are more relevant to conditions already
the onset of a magma ocean, with the value of
corresponding to a liquid produced by more than
partial melting.

Hence, the work presented here indicates tha
tion of a silicate melt from the interior of a smal
not as effective as believed up to now, and that th
opment of a global magma ocean is probable fo
range of early accreted bodies. Indeed, most of
ies accreted within the first 1.1Myr of CAI cond
probably experienced a global magma ocean stag

4.2. The fate of magma ocean: pallasites, irons
crites

Taylor et al. (1993) stated that “the lack o
ene in pallasites suggests that core formation in
was accompanied by > 40% melting of the assoc
icate”. Indeed, pallasites provide simple but co
evidence of a past magma ocean experienced by t
ent body(ies). Aluminum is only present in feldsp
have been completely removed from the solid resid
a partial melting degree of 15%. If the silicate liq
highly mobile and drain heat sources with them,
cannot continue much further. Alternatively, if
uids remain in the matrix, nothing can prevent the
from reaching the rheological threshold, which inc
corresponds to the disappearance of pyroxenes.

With the onset of a magma ocean regime,
exchange switches to effective convective coolin
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temperature probably remains buffered at the rheological
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to melt and
the surface i
wards. While
the scope of t
this context d

First, me
if it is someti
the silicate m
Sween, 1998;
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slim down the layer above the ocean, up to
f sufficient, and then being dissipated out-
the demonstration of this point goes beyond
he present study, metal-silicate separation in
eserves discussion.
tal is still present in the magma ocean even
mes assumed to be able to percolate through
atrix as soon as it melts (e.g. Ghosh and Mc-
Sahijpal et al., 2007; Neumann et al., 2012;
., 2012). To segregate, it should form a con-
rk along the silicate grain boundaries. Due to
ce tension between the solid silicates and the
this only occurs at a metal content of 20 vol%
et al., 2009; Néri et al., 2020; Solferino et al.,
ove the 10 vol% present in chondrites. Thus,
s inside planetesimals are a mixture of liquid
vol%), olivine crystals (∼ 45 vol%) and liquid
s (∼ 10 vol%). This context differs from that
er giants impacts in which the metal-silicate
usually considered under the paradigm of iron
ly liquid bath (Rubie et al., 2003; Ichikawa
Here, crystals are a significant component of
nd interact with the metal liquid. Néri et al.
sed this situation and showed that metallic
in attached to olivine crystals and probably
l-olivine aggregates. The separation finally
he extraction of the interstitial silicate liquid
action of the matrix, leading to core forma-
rocess is similar to the scenario of pallasites
ere olivine crystals issued from 50% of par-
oat in between the liquid core and the liquid

orites are issued from parent bodies larger
nd accreted less than 1 Ma after the conden-
Is. They are the products of a high degree
lting and a complete metal-silicate differen-
ding to Figure 7, their parent bodies indeed
magma ocean stage.
asteroid Vesta, as it most likely has a metal-
akov et al., 2013), it must have undergone
ma ocean stage, pointing toward an early
e (less than 1.15 Ma after CAIs, type I re-
n, Figure 7). However, a slightly delayed ac-
(1.15-1.5 Ma after CAIs), for which a Vesta-
simal would go through a shallow magma
type II, Figure 7), does not necessarily pre-
ation of a metallic core. On the basis of ex-

éri et al. (2020) showed that the interconnec-
lic phases remains mechanically possible well
ercolation threshold and proposed a mech-
an explain the formation of a core without
gh a global magmatic ocean stage. The up-
on of the silicate melt (predicted in type II)
ompaction of the solid silicate mixture with
al liquid metal. Due to its much lower vis-

at contents below its equilibrium connection th
thus making it capable of migrating downward a
ing a core. In summary, whether Vesta was subj
a global or shallow magmatic ocean, core formati
occur. Thus, the presence of a metallic core o
weak constraints on its accretion time.

Geochemical data are more precise: various rad
ters indicate indeed that Vesta formed within
million years of CAIs condensation. Based on 87

systematics in eucrites and on the similar 87Sr/
tial ratio for CAIs and eucrites after correctio
nucleosynthetic anomalies, Hans et al. (2013) co
that the eucrite parent body, i.e. Vesta, accreted
not completely condensed nebula in less than 1 M
CAIs. The 182Hf-182W chronometer, which inform
metal/silicate separation widely interpreted as cor
tion even if it is not exactly the same thing, also in
very early accretion, before 0.5 Myr (Touboul et a
Last but not least, both the 26Al-26Mg and 207P
systematics constrain the timing of eucrites crysta
at 3 Ma after CAI (Bizzarro et al., 2005; Wadhw
2009, respectively). Altogether accretion during
million years clearly means that Vesta underwen
magma ocean stage. The age of eucrites brings co
on the lifespan of this magma ocean or at least on
of the formation of the crust on its surface.

4.3. Incipient differentiation in the absence of a
ocean

Some other meteorites such as primitive ach
(winonaites, acapulcoites, lodranites) are characte
a lower degree of partial melting and incipient
tiation. In more detail, winonaites are thought
been heated slightly above the Fe-FeS eutectic t
ture and potentially slightly above the silicate soli
Hunt et al., 2017), acapulcoites show signs of extr
small amounts of silicate and Fe-Ni-S melts, while
ites point to a maximum degree of ∼ 20% partial
and the removal of both a basaltic and a S-rich
melts (Mccoy et al., 1997). In all these cases, t
ing degree does not reach the threshold required
onset of a magma ocean. Even so, winonaites,
ites and accapulcoites might not be representativ
center of their parent bodies, but of the outer p
proposed by Neumann et al. (2018). Combining
ferred from different chronometers together with m
they concluded that acapulcoites and lodranites
issued from a single parent body 260 km in radius,
at 1.7Myr after CAIs with burial depth of ≈ 7
for acapulcoites and lodranites, respectively. Inter
they noted that their model is unable to fit the
chronological data with the grain coarsening law
1Pas melt viscosity that they usually adopt, bec
migration of the silicate melt along with the en
of 26Al disturbs the evolution of the temperatur
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all grain size (0.2µm), or by increasing the
up to 100Pas. We note that a 260 km radius
at 1.7Myr lies at the boundary between the
e areas of Figure7, where silicate melt migra-
le, but too slow to allow heat sources redis-
ese regions correspond to regimes III and IV,
patible with lodranites and acapulcoites, re-
ere we assumed a long term evolution of the
dranite parent body with no major distur-
rtheless, based on cooling rates, the parent
ulcoites and lodranites seems to have been
this breakup occured during cooling as pro-
el and Manhès (2010), this would not affect
ns.

mary points

to the idea popularised by Moskovitz and
) and the series of articles published in the
ade, we show here that melt migration is not
cient enough to drain and remove 26Al heat
the interiors of small bodies before their heat
hausted. This conclusion is drawn from new
s regarding grain size and melt viscosity.
ry, melt percolation rate is proportional to
atrix permeability to melt viscosity, i.e. the
uare of the matrix grain size to the melt vis-
ture studies used ad hoc or unsuitable grain
— that overestimate grain size by more than
agnitude—, associated to the canonical melt
e, 1 Pas, chosen by McKenzie (1984) to assess
n rates in the context of MORB generation
ic spreading centres. Up to a partial melt-
20%, the relevant values are closer to 100µm
corresponding to a migration rate five order
lower.
ng underlines the importance of not assuming
es for properties that play a role in magma
en modelling the differentiation of small bod-
nsequences concerning small body evolution

odies accreted within 1.15 million years of
ndensation underwent a magma ocean stage
ermitted the formation of a metallic core.
odies are possible parent bodies of pallasites;

igration and drainage of 26Al heat sources
ed the differentiation of bodies larger than
adius and accreted between 1.15 and 1.5Myr
Is, leaving an olivine-pyroxene rich core over-
a shallow magma ocean;

rent bodies of winonaites, accapulcoites, and
tes are consistent with expectations for bodies
d more than 1.5Myr after CAIs condensation.
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Appendix A. Two phase flow formalism

To describe the migration of the silicate melt
small body, we follow Šrámek et al. (2012) that e
the two-phase flow formalism of Bercovici et a
and Bercovici and Ricard (2003) in spherical g
Here, we just recall the principal steps of this a
This formalism consists in averaging on a unit vo
mass and conservation equations written for the fl
the matrix. This introduces an additional varia
describes the volume fraction of the fluid ϕ, w
require a closure relation to be solved (Drew and P
1998).

Appendix A.1. Conservation equations

In absence of phase change, the formulation of
conservation for the fluid and the matrix are
(hereinafter, subscripts f and m refers to the fluid
matrix phases respectively; all notations are sum
in TableA.1.):

∂ϕ

∂t
+∇∇∇ · [ϕvf ] = 0

and

−∂ϕ

∂t
+∇∇∇ · [(1− ϕ)vm] = 0

whose sum shows that the average velocity v̄ = ϕv
ϕ)vm is solenoid:

∇∇∇ · v̄ = 0.

The average and difference quantities of the ph
defined as q̄ = ϕqf+(1−ϕ)qm and ∆q = qm−qf . I
tensions are neglected, the conservation of mome
the fluid and the matrix phases can be written
Bercovici and Ricard, 2003, for details):

−ϕ [∇∇∇Pf − ρfg] + c∆v = 0

and

−(1−ϕ) [∇∇∇Pm − ρmg]+∇∇∇· [(1− ϕ)σm]− c∆v =

P is the pressure. The term ∇∇∇ · [(1− ϕ)σm] is the
dissipation, where σm, the matrix deviatoric stres
is:

σm = µm

[
∇∇∇vm + [∇∇∇vm]

⊺ − 2

3
(∇∇∇ · vm)I

]
,
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Table A.1: Notations and parameters.

Symbol

A /mol
E26Al /atom
λ26Al

m26Al mol

XAl

[26Al/27Al]0

H g

kT m/K

Q0 kg
Q kg
T
Te

a
a0

A
A0

g, gs
2

Ea ol
G kg/s2

k
k0
K
Lc

Pf,m

r
R
Rg ole/K
s(ϕ)
t
vf,m

µf,m

ρ m3

δρ m3

σm

τD
τC
ϕ

aCastillo-Roge rot et al.
(2014), fDing

µm being th
fluid viscosit
µm), this dis
tion. The ter
coefficient be
cosity ratio b
(Bercovici an

c =
µfϕ

2

k(ϕ)
.

k(ϕ) is the p
the matrix m
facial pressur

ing coef-
on when

.2) and
form an
Pm,vf ,vm

llows to
approxi-

(A.8)
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Quantity value unit

Avogadro’s number 6.02214076× 1023 atom
26Al decay energya 3.12 MeV
26Al decay constant 3.063× 10−14 s−1

26Al molar mass 0.026 kg/

Mass fraction of Al in H-type chondritesb 11.3× 10−3

initial 26Al/27Al ratioc 5× 10−5

enthalpy J/k

thermal conductivityd 4
√

Te/T W/

initial radiogenic heat power per Al kg
[
26Al/27Al

]0 Aλ26AlE26Al/m26Al ≃ 1.77× 10−5 W/
radiogenic heat power W/
temperature K
external temperature temperature 292 K
grain size m
initial grain sizee 10−6 m
grain growth rate
growth rate constant
gravity, surface gravity m/s
activation energy J/m
gravitational constant 6.67430× 10−11 m3/
permeability m2

reference permeability m2

non dimensional geometrical factor
compaction length m
fluid, matrix pressure Pa
radius m
surface radius m
gaz constant 8.314 J/m
segregation function
time s
fluid, matrix velocity m/s

fluid, matrix viscosityf ,g Pas

average chondritic material densityh 3800 kg/
solid-liquid density contrast 1000 kg/
matrix deviatoric stress tensor Pa
Darcy characteristic time s
compaction characteristic time s
fluid volume fraction, matrix porosity

z et al. (2009), bWasson and Kallemeyn (1988), cMacPherson et al. (2010), dMonnereau et al. (2013), eK
well et al. (2004), gHirth and Kohlstedt (2004),hConsolmagno et al. (2008)

e matrix viscosity. Because of the very low
y compared to the matrix viscosity (µf ≪
sipation term is neglected in the fluid equa-
m c∆v is the Darcy term where c is the drag
tween both phases that, in case of large vis-
etween the matrix and the fluid, reduces to
d Ricard, 2003):

(A.7)

ermeability. The term ∆P∇∇∇ϕ, appearing in
omentum conservation (A.5), is the inter-
e force acting between both phases. It ap-

pears in each momentum equation with a weight
ficient that is zero for the fluid momentum equati
µf ≪ µm.

The mass conservation equations (A.1) & (A
momentum conservation equations (A.4) & (A.5)
incomplete system to solve the five unknowns (Pf ,
and ϕ). The conservation of energy and damage a
write a closure relation that, under the previous
mations, is (Bercovici et al., 2001):

∆P = −K
µm

ϕ
∇∇∇ · vm,

where K is a dimensionless factor related to the g
of the two-phase mixture, taken equal to 1 in B
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et al. (2001). The combination of momentum equations,
(1− ϕ)(A.4) - ϕ (A.5), yields to the action-reaction equa-
tion:

−∇∇∇ [(1− ϕ)∆

that gives an
tution of ∆P
(A.3) indicat
spherical geo

vm = ϕ∆v.

In 1D sph
velocity is th
spherical geo
or in Mizzon

k(ϕ)
∂

∂r

(1− ϕ

r2

+

[
4k(ϕ)

r

∂ϕ

∂r

g(r), the rad
the average d
only depende
small bodies,

g(r) =
4πG

r2

∫

Solving equa
of the liquid
time. This is
tion and a se
tails can be f

Choosing
scales, the m

∂

∂r

F

r2
∂r2vm
∂r

where F = (1
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P ] + (1− ϕ)∆ρg

+∇∇∇ · [(1− ϕ)σm]− c∆v

ϕ
= 0

(A.9)

equation for the matrix velocity after substi-
from (A.8) and of ∆v from (A.3). Equation
es that the average velocity is constant. In
metry, it is necessarily null, so that:

(A.10)

erical geometry, the equation for the matrix
us (the full development of these equations in
metry can be found in Šrámek et al. (2012)
(2015)):

)
[
1

ϕ
+

4

3

]
∂r2vm
∂r

− µf

µm

]
vm =

k(ϕ)(ρ̄− ρf )g(r)

µm
.

(A.11)

ial gravity profile, is obtain by integration of
ensity profile, ρ̄(r) which is assumed to be
nt on the composition —due to the size of
the pressure dependency is neglected—:

r

0

ρ̄(x)x2dx. (A.12)

tions (A.2) and (A.11) allows the calculation
and solid fraction as a function of depth and
achieved through a finite volume discretiza-
cond order Runge-Kutta method. More de-
ound in Mizzon (2015).
R and τC (cf equation 3) as length and time
atrix velocity equation (A.11) reads:

+

[
4

r

∂ϕ

∂r
− ϕ2

0R
2

ϕ2L2
c

]
vm = (1− ϕ)g (A.13)

−ϕ) [1/ϕ+ 4/3]. r, vm and g are dimension-
. g is the gravity acceleration normalised by
avity gs. A dimensionless number appears in
:

R2µf

µm
. (A.14)

ting that it does not depend on ϕ0.

2. Analytical solutions

ity of the numerical resolution of equation
ntrolled by comparing it to an analytical so-
is done in the case of a constant porosity

Ra
di
us

Figure A.1: a: Analytical solution of the matrix velocity
stant porosity profile (eqn A.16), with parameters: R =
ϕl = 0.1, ρ = 3260 kg/m3, ρf = 2900 kg/m3, Lc = 17.
a number of radial levels nr = 1000. b: Relative error be
analytical solution and the numerical solution computed
agonal inversion and a backward Euler finite difference sc

profile, for which the matrix velocity equation (A
duces to:

F
∂

∂r

1

r2
∂r2vm
∂r

− R2

L2
c

vm = (1− ϕ0)r,

whose analytical solution, considering an imperme
face (vm(R) = 0), is:

vm =
(1− ϕ0)L

2
c

R2

[
(A− r)e

r
A − (A+ r)e−

r
A

Br2
− r

]

whereA = Lc

√
F/R andB = (A− 1)e1/A − (A+

Equation (A.15) is solved numerically by a tridia
version method and backward Euler finite differenc
As shown in FigureA.1, the numerical solution o
locity equation is solved to a precision of ∼ 10−6

Appendix A.3. Benchmark

The numerical solution of liquid transport wa
marked against two drainage experiments describe
card et al., 2001). The separation between a low
ity fluid and a highly viscous matrix, under the
gravity, is computed for an imposed constant init
fraction. The authors used a slightly different fo
to which we adapted our code to allow the com
of the experiments (see Mizzon, 2015, for more
FigureA.2 shows this comparison. The profiles
fractions and the time evolution calculated here
consistent with the numerical simulation of Rica
(2001). The dependency of the flow regime on t
ratio is reproduced. When the size of the system
compared to the compaction length, compaction w
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metal interconnectivity in a partially molten silicate m
ing 3D microtomography. Phys. Earth Planet. Inter. 30
doi:10.1016/j.pepi.2020.106571.

Néri, A., Monnereau, M., Guignard, J., Bystricky, M
leau, C., Duployer, B., Toplis, M.J., Quitté, G., 202
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• Differentiation of asteroids relies on the interplay of various time scales: heating due to 26Al
radionuclide, cooling and drainage of silicate liquids.
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The drainage of silicate liquid has a major impact as it controls the drainage of 26Al heat sources

The drainage time of silicate liquids is proportional to two independent parameters: µm/R
2, the

ratio of the matrix viscosity to the square of the body radius and µf/a
2, the ratio of the liquid

viscosity to the square of the matrix grain size.

The classic idea that liquid migration was efficient enough to remove 26Al heat sources from the in
terior of bodies and dampen their melting relies on percolation rates of silicate liquids overestimated
by six to eight orders of magnitude.

In bodies accreted during the first few million years of solar-system history, drainage cannot preven
the occurrence of a global magma ocean.
1
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