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Abstract9

Rocky planetesimals in the early solar system melted internally and evolved10

chemically due to radiogenic heating from 26Al. Here we quantify the para-11

metric controls on magma genesis and transport using a coupled petrological12

and fluid mechanical model of reactive two-phase flow. We find the mean13

grain size of silicate minerals to be a key control on magma ascent. For grain14

sizes & 1 mm, melt segregation produces distinct radial structure and chem-15

ical stratification. This stratification is most pronounced for bodies formed at16

around 1 Myr after formation of Ca,Al-rich inclusions. These findings suggest17

a link between the time and orbital location of planetesimal formation and their18

subsequent structural and chemical evolution. According to our models, the19

evolution of partially molten planetesimal interiors falls into two categories. In20

the magma ocean scenario, the whole interior of a planetesimal experiences21

nearly complete melting, which would result in turbulent convection and core-22

mantle differentiation by the rainfall mechanism. In the magma sill scenario,23

segregating melts gradually deplete the deep interior of the radiogenic heat24

source. In this case, magma may form melt-rich layers beneath a cool and25
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stable lid, while core formation would proceed by percolation. Our findings26

suggest that grain sizes prevalent during the internal heating stage governed27

magma ascent in planetesimals. Regardless of whether evolution progresses28

toward a magma ocean or magma sill structure, our models predict that tem-29

perature inversions due to rapid 26Al redistribution are limited to bodies formed30

earlier than ≈ 1 Myr after CAIs. We find that if grain size was . 1 mm dur-31

ing peak internal melting, only elevated solid–melt density contrasts (such as32

found for the reducing conditions in enstatite chondrite compositions) would33

allow substantial melt segregation to occur.34

35

Keywords: Planetary formation, Planetesimals, Magma ocean, Melt36

migration, Chemical differentiation, Achondrites37

1. Introduction38

At the time of planet formation, the inner solar system was populated by39

rocky planetesimals that seeded today’s terrestrial planets through dynamical40

accretion of many smaller bodies (Goldreich et al., 2004), and whose internal41

evolution was governed by radiogenic heating from short-lived 26Al (Hevey and42

Sanders, 2006). For large planetesimal radii and sufficient 26Al incorporated43

upon formation, the released energy led to volatile degassing (Castillo-Rogez44

and Young, 2017; Monteux et al., 2018) and significant silicate melting, sur-45

passing the rheological transition from solid-state creep to disaggregation and46

melt-dominated deformation at melt fractions φtrans & 0.4–0.6 (Costa et al.,47

2009). In comparison with solid or partially molten interiors, which lose heat48

by conduction and/or laminar convection, disaggregation results in significantly49
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increased heat flux by turbulent convection and rapid metal-silicate differenti-50

ation by the raining out of iron droplets (Stevenson, 1990).51

The interior evolution of early solar system planetesimals has broad im-52

plications for the formation of both rocky planets and main-belt asteroid pop-53

ulations, the most immediate remnants of the accretion process. Meteorites,54

broken-up pieces of asteroids fallen to Earth, are currently our only source55

of direct evidence from the early solar system. Therefore, our understand-56

ing of planetary growth and evolution is fundamentally limited by our ability to57

reconstruct the thermo-chemical evolution of planetesimals as evidenced by58

meteorites. Achondritic meteorites, which are thought to originate from differ-59

entiated planetesimals, show a remarkable diversity and likely originate from60

more than 50–100 parent bodies (Wasson, 1990). However, spectral proper-61

ties of asteroids do not match this diversity, as most known asteroids with an62

achondritic surface are interpreted to represent the debris of only a few parent63

bodies (Burbine et al., 2017). This apparent lack of achondritic asteroids is at64

odds with the available meteorite record.65

A possible solution to this conundrum is that internally differentiated plan-66

etesimals can retain their primitive, chondritic surfaces if magma remains con-67

fined to the interior instead of being erupted by volcanism (Elkins-Tanton et al.,68

2011; Weiss and Elkins-Tanton, 2013). Some paleomagnetic studies on CV69

and CM meteorites suggest previous dynamo activity consistent with this hy-70

pothesis (Carporzen et al., 2011; Cournede et al., 2015). Furthermore, Rosetta71

spacecraft data indicates a carbonaceous or enstatite chondrite surface for 2172

Lutetia and an average density of ≈ 3400 kg m−3 (Sierks et al., 2011; Pätzold73

et al., 2011), higher than known chondrites and consistent with past com-74

3



paction and partial melting beneath a primitive, chondritic crust (Weiss et al.,75

2012; Neumann et al., 2013).76

Based on the available evidence, most current models propose a magma77

ocean scenario, where high melt fractions (φ & φtrans) dominated the ther-78

mal and chemical evolution of planetesimal interiors. For the purposes of this79

study, we characterise the magma ocean scenario as a planetesimal exhibiting80

a fully molten interior of a well-mixed composition and an adiabatic tempera-81

ture profile located beneath a thin (≈ 10 km), unmolten, chemically primitive lid82

with a linear conductive thermal profile. Recent modelling studies investigat-83

ing this scenario have relied either on thermal modelling with parameterised84

melting (e.g., Hevey and Sanders, 2006; Elkins-Tanton et al., 2011), or on85

one-phase convection models (e.g., Golabek et al., 2014; Lichtenberg et al.,86

2016a, 2018) that capture the collective flow and thermo-chemical evolution of87

partially molten rock or partly crystalline magma.88

However, two-phase theory of partially molten systems (e.g., McKenzie,89

1984) suggests that silicate melts may buoyantly ascend relative to the am-90

bient rock matrix. Depending on the compositional and rheological proper-91

ties of silicate minerals and their melts, this segregation may have delayed,92

or even precluded, the generation of a magma ocean structure. Ascending93

melts may instead have formed melt-rich layers beneath the primitive lid, here-94

after referred to as magma sills (Wilson and Keil, 2017). For the purposes of95

this study, we define this magma sill scenario as a body with radial hetero-96

geneities of melt fraction that differ from the fiducial magma ocean case. This97

scenario implies a potentially significant redistribution of 26Al, which is a mod-98

erately incompatible element and preferentially partitions into silicate melts.99
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The transfer of the major heat source into shallow magma sills might then re-100

sult in a transient, inverted temperature profile with a thermal history distinct101

from the magma ocean scenario. To date, only few studies have quantitatively102

investigated this effect. These were either based on melt transport models103

with parameterized melt ascent velocities (Moskovitz and Gaidos, 2011; Wil-104

son and Keil, 2012; Mandler and Elkins-Tanton, 2013; Neumann et al., 2013,105

2014, 2018), or focused on metal-silicate separation (Šrámek et al., 2012;106

Ghanbarzadeh et al., 2017).107

The efficiency of melt transport in planetesimals depends on various pa-108

rameters. The presence of primordial volatiles favours rapid segregation by109

increasing the buoyancy and lowering the viscosity of magmas. However,110

if volatiles are exsolved before the onset of silicate melting, Fu and Elkins-111

Tanton (2014) argue that the segregation rate of dry melt is mostly controlled112

by the oxygen fugacity and the degree of melting. The oxygen fugacity con-113

trols the relative abundance of FeO and Fe-FeS in the primordial rock, with114

parts of the latter potentially lost to the core by percolation before the onset of115

major silicate melting (Yoshino et al., 2003; Bagdassarov et al., 2009; Ceran-116

tola et al., 2015; Ghanbarzadeh et al., 2017). Higher oxygen fugacity may117

therefore result in more Fe-rich silicate melts with reduced (or even inverted)118

density contrast relative to the host rock. Lower oxygen fugacity, in contrast,119

may produce iron-poor, buoyant melts that ascend rapidly.120

In this study, we seek to establish regime boundaries that separate primary121

evolution scenarios of early solar system planetesimals by assessing the ef-122

fects of melt segregation on thermal evolution and chemical differentiation. We123

focus on the melting and transport of the major lithophile phases in primitive124
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bodies and investigate the potential for melt accumulation and heat source re-125

distribution. We employ a computational model of coupled fluid dynamics and126

thermo-chemical evolution that combines multi-component petrological reac-127

tions with a two-phase magma transport model. We quantify the leading con-128

trols on melt segregation in planetesimals using theoretical considerations and129

numerical calculations of idealized planetesimal evolution. Our results show130

that both the magma ocean and magma sill scenarios are realized within a rel-131

evant parameter space. We will focus our discussion on the latter case, where132

melt segregation is most important.133

2. Melt segregation scaling134

To gain a leading-order understanding of silicate melt ascent in 26Al-heated135

planetesimals, we first consider the characteristic time scales of melt transport136

in partially molten bodies. In two-phase theory (McKenzie, 1984), the charac-137

teristic length scale of melt migration by porous flow relative to a permeable138

rock matrix is given by the compaction length139

δc =

√
k0η0

φ0µ0

, (1)140

141

with characteristic rock viscosity η0, melt viscosity µ0, melt fraction φ0, and142

rock permeability143

k0 =
a2

0

b

φn
0

(1− φ0)m
, (2)144

145

where a0 is the characteristic grain size, b a geometric factor, and m, n power-146

law exponents. The characteristic velocity of segregating melts is147

w0 =
k0∆ρ0g0

µ0φ0

, (3)148

149
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with ∆ρ the solid-melt density contrast, and g0 the surface gravity. In primor-150

dial, homogeneous planetesimals, gravity increases with increasing distance151

r from the center,152

g(r) = g0r/RP, (4)153
154

where RP is the total planetesimal radius. The first silicate melts in sufficiently155

large planetesimals form in an adiabatic zone stretching from the center, where156

gravity is negligible, to below the upper conductive lid (Hevey and Sanders,157

2006; Lichtenberg et al., 2016a). As melting progresses, the permeability in-158

creases and melts in shallower regions of the planetesimal, where gravity is159

highest, begin to segregate from the residual rock. Melt segregation can al-160

ter the chemical and thermal structure of 26Al-heated planetesimals, because161

early-formed melts are preferentially enriched in incompatible elements includ-162

ing 26Al.163

We define the characteristic melt segregation time scale, τsegr, as164

τsegr = RP/w0 . (5)165
166

To achieve a substantial redistribution of heat-producing 26Al, the rate of melt167

transport must exceed the rate of melt generation. We thus define the heating168

time scale, τheat, of a planetesimal at a given time t0 after Ca,Al-rich inclusions169

(CAIs) as170

τheat = cp∆T0/H26Al(t0) , (6)171
172

with the specific heat capacity of silicates, cp = 1100 J kg−1 K−1, the temper-173

ature difference between accretion and solidus temperature, ∆T0 ≈ 1100 K,174
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and the decay power of 26Al per unit mass,175

H26Al(t0) = fAl ·
[

26Al
27Al

]
0

· E
26Al

τ26Al

· e−t0/τ26Al . (7)176

177

Here, fAl is the chondritic abundance of aluminum per unit mass (Lodders,178

2003),
[

26Al
27Al

]
0

= 5.25× 10−5 is the canonical ratio of 26Al to 27Al at CAI forma-179

tion (Kita et al., 2013), E26Al = 3.12 MeV = 5 × 10−13 J is the decay energy,180

and τ26Al = t1/2,26Al/ln(2) = 1.03 Myr is the mean lifetime of 26Al.181

Using these characteristic scales, we define the non-dimensional melt seg-182

regation number,183

Rseg = log10

(
τheat

τsegr

)
= log10

(
k0∆ρ0g0cp∆T0φ0

RPµ0H26Al(t0)

)
, (8)184

185

which quantifies the propensity of a planetesimal to undergo substantial melt186

segregation during the internal heating by 26Al as a function of the key model187

parameters. To anticipate the expected melt segregation regimes in planetes-188

imals, we calculate Rseg for a reasonable range of melt fractions (φ0 ∈ [0, 0.4])189

below the rheological transition (φtrans ≈ 0.4–0.6, Costa et al., 2009), forma-190

tion times (t0 ∈ [0, 4] Myr), grain sizes (a0 ∈ [10−5, 10−2] m) and melt-rock191

density contrasts (∆ρ0 ∈ [120, 1200] kg m−3). Figure 1 shows that a grow-192

ing melt fraction increases the melt segregation number through its effect on193

permeability. Larger grain sizes and higher density contrasts also significantly194

enhance segregation, but the effect of the latter is less pronounced than the195

former. In Figure 1b, holding melt fraction fixed, the heating rate decreases196

with later formation times, which again serves to favour melt segregation rela-197

tive to melt production.198

From this scaling analysis, we conclude that melt segregation can in prin-199

ciple occur on a time scale that is relevant compared to the internal heating200
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by 26Al in planetesimals (e.g., Hevey and Sanders, 2006; Lichtenberg et al.,201

2016a, 2018). However, it crucially depends on the dynamic evolution of the202

melt fraction, which is controlled by the fluid mechanics of melt transport in203

a deforming rock matrix, and the thermo-chemical evolution of the body. In204

particular, Figure 1 highlights the importance of considering the evolution of205

internal heating and melt segregation over time. The scaling analysis does not206

yet capture any time-dependent effects of interest here, which include the po-207

tential accumulation of magma beneath a primitive lid and the redistribution of208

the heat source by transport of melt enriched in 26Al. In order to assess these209

dynamic processes we require a time-dependent evolution model, which we210

introduce in the next section.211

3. Method212

3.1. Melting and heat source partitioning213

Studies of primitive meteorites (McSween et al., 1991; Dunn et al., 2010)214

and equilibrium condensation sequence calculations (Ebel and Grossman,215

2000) suggest that the main rock-forming mineral phases in solar system plan-216

etesimals were olivine (dominantly forsterite, Mg2SiO4), pyroxene (dominantly217

enstatite, MgSiO3), and feldspar (dominantly anorthite, CaAl2Si2O8). Ignoring218

minor contributions from CAIs and trace minerals, feldspar represents the ma-219

jor host phase of 26Al in rocky planetesimals. In addition to the timing of accre-220

tion and size of a planetesimal (e.g., Lichtenberg et al., 2016a, 2018), magma221

genesis depends on the relative abundance of these phases and the concen-222

tration of volatiles. However, to avoid further complexity, we will consider only223

dry melting here, which is justified if volatile degassing during accretion is effi-224
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cient (e.g., Monteux et al., 2018). We therefore formulate a model for melting225

and melt-rock partitioning of these major mineral phases.226

We employ the R_DMC method of Keller and Katz (2016) to calculate an227

idealised thermodynamic equilibrium at given temperature, pressure, and bulk228

composition, and linear kinetic reaction rates for a multi-component system.229

We define three compositional pseudo-components and their mass-concentrations230

in the solid (rock), cis, and liquid (melt), ci`. These capture the leading-order be-231

havior of classes of minerals grouped by similar melting points and partitioning232

behaviour: olv (olivine-like, i = 1), pxn (pyroxene-like, i = 2) and fsp (feldspar-233

like, i = 3). The mass fraction of all three components must sum to unity in234

both phases.235

Using a simplified form of ideal solid solution theory (Rudge et al., 2011),236

we determine the component partition coefficients at given P, T -conditions,237

Ki =
ci,eq
s

ci,eq
`

= exp

[
Li

ri

(
1

T
− 1

T im(P )

)]
, (9)238

239

which are the ratios of solid, ci,eq
s , to liquid, ci,eq

` , component concentrations at240

equilibrium. The latent heat of pure-component fusion,241

Li = ∆ST im,0 , (10)242
243

is given by the entropy gain of fusion, ∆S, and the pure-component melt-244

ing temperatures at zero pressure, T im,0. Curvature coefficients ri adjust the245

temperature dependence of partition coefficients. The pressure-dependent246

pure-component melting points are parameterised as247

T im(P ) = T im,0 +BiP , (11)248
249

with linear slopes Bi.250
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At a given volume-averaged bulk composition (lever rule)251

c̄i = (1− φ)cis + φci` , (12)252
253

we numerically determine the equilibrium melt fraction φeq that satisfies the254

partitioning coefficients Ki by combining the lever rules with the unity sum255

constraint on all components256

n∑
i=1

c̄i

φeq/Ki + (1− φeq)
=

n∑
i=1

c̄i

φeq + (1− φeq)Ki
. (13)257

258

From φeq, we then calculate the equilibrium phase compositions for solid and259

melt,260

ci,eq
s =

c̄i

φeq/Ki + (1− φeq)
, (14a)261

ci,eq
` =

c̄i

φeq + (1− φeq)Ki
. (14b)262

263

Dynamic changes in pressure, temperature or bulk composition over time264

create disequilibrium. The mass transfer of component i from solid to liquid265

that drives the system back towards equilibrium is assumed to occur at linear266

kinetic rates,267

Γi = R
(
φeqci,eq

` − φci`
)
, (15)268

269

with a rate factor R = ρ0/τΓ, which restores equilibrium over a time scale τΓ270

at reference density ρ0. The sum of all component reaction rates is the total271

melting rate Γ =
∑

i Γ
i. All parameter values are given in Table 1.272

We first consider the aluminum partitioning behaviour in a closed, isobaric273

(P = 0) system under increasing temperature. For consistency with earlier274

work (Tkalcec et al., 2013; Golabek et al., 2014; Lichtenberg et al., 2016a;275
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Monteux et al., 2018; Lichtenberg et al., 2018; Hunt et al., 2018), we choose276

the lowest component melting point, T fsp
m,0 = 1350 K, to conform with previous277

estimates of the silicate solidus. To test different partitioning behaviours, we278

vary the relative temperature difference between the melting points for the279

26Al-hosting fsp and the pxn components, ∆Tm = T pxn
m,0 − T fsp

m,0, with T pxn
m,0 ∈280

[1400, 1600] K. The resulting rock and melt compositions in the ternary system281

olv-pxn-fsp are shown in Figure 2. The larger ∆Tm between fsp and pxn,282

the more incipient melt will be enriched in fsp, and thus 26Al. As the degree283

of melting increases with temperature, more pxn is dissolved into the melt.284

Finally, in absence of melt migration, the melt composition would converge285

to the bulk composition as the system approaches complete melting. At our286

chosen reference calibration T pxn
m,0 = 1500 K, the melt initially comprises ≈287

80% fsp, but becomes relatively enriched in pxn by the time the melt fraction288

reaches φtrans.289

3.2. Two-phase, multi-component fluid model290

As partial melts segregate from their residual, the interior becomes gradu-291

ally depleted of fsp and thus its heat source 26Al. To model this dynamic pro-292

cess, we couple the multi-component melting model above to the two-phase293

reactive transport model of Keller and Katz (2016). The fluid mechanics part294

of the model is based on McKenzie (1984). Here, we give a brief summary of295

the governing equations and constitutive relations.296

The physical model is derived from statements for the conservation of297

phase and component mass, phase momentum, and total energy. We con-298

sider the model in a Cartesian coordinate system with gravity pointing down299

the vertical coordinate, g = −gẑ. The governing equations are formulated in300
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the geodynamic limit (liquid viscosity µ� rock viscosity η), using the extended301

Boussinesq approximation (densities ρs = ρ` = ρ0 taken equal and constant302

except when multiplying gravity). The fluid mechanics governing equations are303

304

∇ · η
[
∇vs + (∇vs)T −

1

3
I∇ · vs

]
−∇P` + φ∆ρg = ∇PC , (16a)305

−∇ · vs = ∇ · vD , (16b)306

vD = φ(v` − vs) = −kφ
µ

(∇P` + ∆ρg) , (16c)307

PC = (1− φ)(Ps − P`) = −ζ∇ · vs . (16d)308
309

They are posed in four independent variables, the dynamic pressures, Ps, P`,310

and velocities vs, v`, of the solid and liquid phases. Two dependent variables,311

the Darcy segregation flux, vD, and the compaction pressure, PC, express the312

mechanical interactions between the phases. If these vanish, the equations313

become identical with the Stokes system. Assuming a diffusion creep rheology314

with melt-weakening, the shear viscosity of the rock matrix is given by315

η = A0 a
3
0 exp

(
Ea + PVa

RT
− λφ

)
, (17)316

317

with prefactor A0, activation energy, Ea, and activation volume Va as in Hirth318

and Kohlstedt (2003) and Mei et al. (2002). R is the universal gas constant,319

and λ ≈ 30 the melt-weakening factor. Permeability is set by the Kozeny-320

Carman relation (Eq. 2), with powerlaw exponents n = 3, m = 2 for the melt321

and solid fractions, respectively. The compaction viscosity is set to ζ = rζη/φ,322

with rζ ≥ 1 the shear to compaction viscosity ratio.323

To these equations we add thermo-chemical evolution equations for tem-324

perature, T (assuming thermal equilibrium between phases), melt fraction, φ,325
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and pseudo-component concentrations in the solid and liquid phases, cis and326

ci`:327

D̄T

Dt
= κ∇2T −

n∑
i=1

LiΓi

ρ0cp

+
Ψ

ρ0cp

+
H26Al(t)

cp

+
αT

cp

gwz , (18a)328

Dsφ

Dt
= (1− φ)∇ · vs + Γ/ρ0 , (18b)329

D`c
i
`

Dt
=

Γi − ci`Γ
φρ0

, (18c)330

Dsc
i
s

Dt
= − Γi − cisΓ

(1− φ)ρ0

. (18d)331

332

Temperature evolves due to advection, thermal diffusion, latent heat exchange333

of reactions, heating by viscous dissipation Ψ and internal heating H26Al(t),334

and adiabatic decompression. Melt fraction evolves due to advection, com-335

paction and reactions, and composition by advection and reaction. The mate-336

rial derivative of the two-phase mixture is D̄/Dt = (1 − φ)Ds/Dt + φD`/Dt,337

with Ds/Dt = ∂/∂t + vs · ∇, and D`/Dt = ∂/∂t + v` · ∇. κ is the thermal338

diffusivity, wz = [(1−φ)vs +φv`] · ẑ the vertical bulk speed, and α the thermal339

expansivity.340

The governing equations for the fluid mechanics (Eqs. 16a–16d) and thermo-341

chemistry (Eqs. 18a–18d) are discretized using the finite difference method342

on a rectangular, staggered grid and solved by two coupled Newton-Krylov343

solvers. The simulation software uses parallel data structures and solvers344

provided by PETSC (Balay et al., 1997; Katz et al., 2007). Nonlinearities be-345

tween the fluid mechanics and thermo-chemical sub-problems are resolved346

using a Picard fixed-point iterative scheme. During every iteration, Equation347

13 is solved using Newton’s method to update the equilibrium melt fraction.348

The adopted model is strictly valid only for melt transport by porous flow below349
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the disaggregation threshold. However, we cannot avoid models producing350

regions with higher melt content. To ensure that the equations do not pro-351

duce numerically unstable solutions in these regions, we apply lower viscosity352

cut-offs to the shear viscosity (ηnum = η + ηmin) and compaction viscosity353

(ζnum = ζ + ζmin/(1 − φ)). The effect of this regularisation is to dampen the354

segregation velocity and compaction pressure at elevated φ. As a result, our355

model will produce stable solutions above the rheological transition, but will356

underestimate chemical mixing and heat transport by rapid convection in the357

crystal-bearing suspensions that characterise this limit.358

3.3. Model setup and parameter space359

We model magma genesis and transport along a 1D Cartesian column360

from the center to the surface of an initially homogeneous and isothermal body361

of 60 km radius. Planetesimals of this size are qualitatively representative of362

the interior evolution of planetesimals of RP & 50 km as these are dominated363

by a relatively large adiabatic interior and a thin (. 10 km) conductive lid,364

whereas the relative dimensions of these domains vary significantly for plan-365

etesimal radii . 50 km (cf. Castillo-Rogez and Young, 2017; Lichtenberg et al.,366

2018; Hunt et al., 2018). The computational domain includes 500 grid cells for367

a spatial resolution of 120 m. The surface boundary is Tspace = 290 K, simi-368

lar to the temperature in the protoplanetary disk inside of the water snowline,369

while the center boundary is insulating, ∂T/∂z |z=0= 0. We assume the ac-370

creted body is initially at ambient temperature, Tinit = Tspace. As noted above,371

gravity decreases linearly from the surface gravity down to zero at the center.372

Magma and rock composition are modelled in the three-component com-373

positional space of olv, pxn and fsp (Section 3.1). We use component melting374
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points as in Figure 2 (solid lines). The solid-melt density contrast is varied as375

∆ρ ∈ [200, 1200] kg m−3 between runs to reflect FeO content and thus density376

of the melt reflecting the planetesimal’s oxygen fugacity (Fu and Elkins-Tanton,377

2014; Wilson and Keil, 2017). Grain size a0, which controls both the permeabil-378

ity and rock viscosity, is held constant during calculations; we consider values379

a0 ∈ [10 µm, 1 cm], from chondrite matrix-like dust to pallasite-like crystal sizes380

(cf. Figure 1). Heating is induced solely by 26Al in the fsp component, whose381

redistribution hence affects the local heating rate. The initial heating rate is382

varied from H26Al(0) ∈ [1.52, 0.19] × 10−7 W kg−1 reflecting planetesimal for-383

mation times tform ∈ [0, 3] × t1/2,26Al = [0, 2.2] Myr after CAIs. To limit model384

complexity, we ignore the potential heat contribution from 60Fe (see, e.g., Tang385

and Dauphas, 2015; Lichtenberg et al., 2016b).386

4. Results387

4.1. Parameter study388

We find that model results across the tested parameter range fall into three389

qualitative categories. Some models show no substantial melting or segre-390

gation; we will not further discuss these undifferentiated models here. The391

time evolution of the latter two categories shown in Figure 3 is generally the392

same: rapid initial heating leads to substantial melt production, followed by393

some degree of segregation, before ending with slow cooling from the top394

down. One category of models, which we identify as the magma ocean end-395

member (red), evolve to where most of the interior is above the disaggregation396

threshold, whereas the other, the magma sill end-member (blue), result in a397

melt-depleted interior beneath melt-rich sills (Fig. 3A–E). The latter clearly398
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shows a thermal inversion (Fig. 3F–J) related to fsp-enrichment in the magma399

sills beneath the lid (Fig. 3K–O).400

The scaling analysis above predicts that grain size, a0, and density con-401

trast, ∆ρ, are pertinent controls on melt segregation. Figure 4 shows the402

results of a detailed study of that parameter space. To quantitatively analyse403

the results, we introduce three metrics measuring the degree of404

• melt segregation: ∆φ = φmax– φctr,405

• temperature inversion: ∆T = Tmax– Tctr,406

• fsp differentiation: ∆cfsp = cfsp
max– cfsp

ctr.407

Here, (·)max denotes the maximum value in the computational domain and408

(·)ctr denotes the value at the base of the domain, i.e., the planetesimal center.409

With these metrics, we quantify the deviation from an interior structure with410

near-constant melt fraction, temperature, and bulk composition, as it would be411

expected in the absence of significant segregation.412

Figure 4 shows the three metrics across a range of a0 ∈ [10−5, 10−2] m413

and ∆ρ ∈ [200, 1200] kg m−3. We find that grain size strongly controls the414

interior evolution of the planetesimals. If grain size remains below a0 < 10−4
415

m, melt density contrasts of < 500 kg m−3 are not sufficient to drive significant416

segregation. For density contrasts > 1000 kg m−3 and for larger grain sizes,417

melt segregation becomes significant, as evidenced by a step-increase in each418

of the three metrics. However, we find that since initially fsp-enriched melts419

migrate on time scales comparable or longer than t1/2,26Al (≈ 0.72 Myr), the420

temperature inversion effect remains minor throughout (Figure 4, panels B &421

F).422
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4.2. Silicate differentiation423

As the planetesimals cool and crystallize, magma sill end-member cases424

exhibit a silicate differentiation trend towards compositional layering. In Figure425

5, we compare a representative magma ocean with a magma sill model out-426

come. Magma ocean models evolve towards a uniformly molten interior, with427

melt fractions above the rheological transition φ > φtrans and cool relatively un-428

segregated, such that the bulk concentrations of the fsp, pxn and olv compo-429

nents remain similar to the initial composition (Figure 5A). However, in magma430

sill models, the melt-rich layers above a low-melt-fraction interior crystallize431

into distinct layers enriched in fsp, pxn and olv. This stratification reflects the432

component melting points (T fsp
m < T pxn

m < T olv
m , Figure 5B). The melt-depleted433

central parts of the planetesimal are strongly depleted in fsp and somewhat434

less in pxn. In general, such compositional layering forms during the cooling435

stage and therefore does not cause substantial temperature inversion. The436

densities of the minerals represented by the pseudo-components suggest that437

such layering would be dynamically stable.438

4.3. Magma dynamics regimes439

Figure 6 shows the regimes of melt segregation and compositional stratifi-440

cation for different formation times, tform, and melt segregation numbers, Rseg.441

We quantify the boundaries separating the three characteristic regimes as fol-442

lows.443

(I) Magma ocean regime: φctr > φcrit := 0.5, where the whole interior melts444

to above the disaggregation threshold.445

18



(II) Magma sill regime: ∆φ > φcrit, where melt segregation generates a446

melt-rich layer beneath the lid and depletes the interior of melt.447

(III) Undifferentiated regime: ∆cfsp < cfsp
bulk,0 = 0.15, where melting and melt448

segregation do not redistribute a substantial amount of fsp.449

In addition to these segregation and differentiation criteria, we show which450

models are most affected by substantial temperature inversions, ∆T > 250451

K. These inversions occur both for magma sill and magma ocean models and452

reflect rapid magma ascent on time scales shorter than t1/2,26Al. We find that453

the magma sill regime generally occurs at higher segregation numbers—at454

larger grain sizes or elevated density contrasts—and formation times less than455

2 Myr after CAIs, with a peak at around 1 Myr after CAIs. Very early formation456

time, tform ≤ 1 Myr, or lower melt segregation number, Rseg . -1.5, favour457

magma ocean-type evolution. Formation later than 2 Myrs after CAIs results458

in limited melting and undifferentiated planetesimals. Temperature inversions459

occur for tform . 1 Myr and Rseg & -1.5.460

5. Discussion461

5.1. Parametric controls on magma segregation462

The models above present thermo-chemically coupled two-phase flow cal-463

culations that resolve the partitioning of the major rock-forming components464

and their transport by magma. Using this method, we show that magma seg-465

regation in planetesimals formed within 2 Myr of CAIs was potentially signif-466

icant if magma ascent was rapid with respect to the rate of melt production467

controlled by 26Al decay. Expressed in terms of the melt segregation number468
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Rseg, magma sill models (∆φ > 0.5) were produced for Rseg ≥ -1.5. This re-469

quires that (i) the average grain size in these planetesimals was comparable470

to or larger than chondrules, on the order of a0 ≥ 10−3 m, or (ii) in reducing471

environments (iron-wÃijstite IW-2.5, or ∆ρ ≈ 1200 kg m−3, respectively, Brett472

and Sato, 1984; Fu and Elkins-Tanton, 2014) at a0 ≥ 10−4 m. Moreover, we473

find that even in the case of significant magma redistribution into shallow sills,474

the segregation time scale is comparable to the evolutionary time scale of the475

protoplanetary disk and thus the accretion time scale. Therefore, scaling anal-476

ysis alone (see Section 2), does not adequately capture the time-dependent477

competition between melting, partitioning, and melt transport. Because of the478

protracted onset of melt ascent during heat-up, 26Al-hosting phases release at479

least part of the 26Al decay energy in the deeper region of planetesimals, and480

substantial temperature inversions on the order of a few hundred K are only481

observed for extreme cases with Rseg & -1, or early formation times tform . 1482

Myr with Rseg & -2.483

At tform = τ26Al ≈ 1 Myr after CAIs the models show a clustering of magma484

sill cases. This peak is due to the competition between heating and segre-485

gation, as introduced in Section 2. For formation times earlier than ≈ 1 Myr,486

heating, and thus melting, is dominant, and new melt is generated faster than487

transported away. Around tform ≈ 1 Myr, melt upwelling velocities become fast488

enough to exceed melt generation. Finally, at later times (tform & 1.5 Myr after489

CAIs or 2 × t1/2,26Al, respectively) melt production remains low and minimal to490

no segregation occurs.491

Melt–rock density contrast is thought to be controlled by the oxidation state492

of the body. The chemical composition of accreting planetesimals is inherited493
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from the oxidation state in the midplane of the protoplanetary disk. Hence, the494

time and place of formation is expected to influence the subsequent interior495

evolution as it relates to the effects of melt segregation. For example, plan-496

etesimals accreted towards the inner disk may feature lower oxygen fugacities497

and therefore higher ∆ρ, compared to planetesimals accreted further out (Ru-498

bie et al., 2015). In our models, we find that the effect of density contrast on499

magma segregation is of secondary importance. If grain sizes were too small500

to allow for a sufficient permeability, variations in density contrast would not501

have led to significantly different outcomes. This finding is in contrast to pre-502

vious studies (Moskovitz and Gaidos, 2011; Wilson and Keil, 2012; Šrámek503

et al., 2012; Fu and Elkins-Tanton, 2014; Wilson and Keil, 2017; Fu et al.,504

2017), which did not consider magnitude variations in grain size, or relied on505

grain growth by pure Ostwald ripening without taking into account mechanisms506

of growth inhibition and grain destruction (Neumann et al., 2013, 2014).507

5.2. Implications for the role of grain size508

A main conclusion from our models is that the mean grain size a0 is the509

dominant parameter controlling the magma transport rate inside planetesi-510

mals. There are two main mechanisms that affect grain size during planetes-511

imal accretion and early evolution. First, grain sizes may differ depending on512

the orbital location and mineralogical composition (van Boekel et al., 2004) of513

the dust that agglomerates1 to form the planetesimals. Coagulated dust aggre-514

1Note that in astrophysics literature grain size usually denotes the characteristic size of

porous dust aggregates embedded in the disk flow, whereas we here use the term grain size,

a0, for the characteristic size of mineral grains in a granular, polymineralic rock aggregate.
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gates on the order of a0 ≥ 10−4 m are in the critical size regime for fast radial515

drift towards the protostar, depending on orbital location and evolutionary state516

of the protoplanetary disk (Weidenschilling, 1977). However, these sizes may517

facilitate planetesimal formation from local dust-gas interactions (Johansen518

et al., 2015; Birnstiel et al., 2016) and can trigger planetesimal formation at519

various orbital separations and times (Dra̧żkowska and Dullemond, 2018) with520

varying dust particle distributions within newly-formed bodies (Wahlberg Jans-521

son and Johansen, 2017). Second, grain sizes may evolve during the heating522

and melting in the planetesimal interior after accretion. In this process, the523

grain size evolves due to competing mechanisms for growth and destruction524

(Rozel et al., 2011; Bercovici and Ricard, 2016). Grain growth by either nor-525

mal grain growth before the first melts arise, or Ostwald ripening during partial526

melting in a solid–liquid aggregate, is driven by the reduction of interfacial en-527

ergies, and competes with size reduction due to the presence of secondary528

solid phases (Hiraga et al., 2010) and mechanical work due to solid-state de-529

formation in planetesimal interiors (Tkalcec et al., 2013). During later stages,530

when the melt fraction reaches or exceeds the disaggregation threshold, grain531

sizes are governed by the convective flow regime in the magma, leading to a532

variety of possible scenarios (Solomatov, 2015).533

As a comparison, grain sizes of meteorite classes span a wide range,534

from µm-sized dust to pallasite-like, cm-sized phenocrysts (Hutchison, 2004).535

Chondrites, generally regarded to be the most pristine rock samples from the536

early solar system, display a bimodal size distribution, split between µm-sized537

dust (‘matrix’) and chondrules, which vary in size from ≈ 10−4 m to 10−3 m,538

with drastically differing textures and mineral grain sizes. The ratio of chon-539
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drules to matrix varies greatly between different chondrite groups, resulting in540

complex mixtures and grain size distributions. Meteorites that likely underwent541

partial melting (‘primitive achondrites’), like Acapulcoite-Lodranites, Winonites542

and Brachinites, display grain sizes around 10−4 m (Hutchison, 2004; Wilson543

and Keil, 2017). Ureilites, Aubrites, and Angrites, which come from bodies with544

more extensive, or even body-wide, silicate melting feature larger grains, on545

the order of 10−3 m. However, these textures are the end result of million-year546

long evolutionary processes, and may have undergone repeated destruction547

and reaccretion cycles that reset their thermal histories and textures (Lichten-548

berg et al., 2018). Therefore, based on the grain sizes observed in meteorites,549

we cannot yet assess the grain size evolution in planetesimal interiors at the550

time of their first melting.551

Interpretation of our results in this context suggests that the planetesi-552

mal interior evolution and the redistribution of chemical and isotopic hetero-553

geneities during planetary accretion can be influenced by the planetesimal554

formation mechanism, its accretion location, and the local compositional dis-555

tribution of grains in the protoplanetary disk. Further studies of planetesimal556

formation and mineralogical inventory are needed to link their formation pro-557

cesses to their subsequent dynamic evolution. The local grain-size distribu-558

tion within planetesimals may be evolving during rapid gravitational collapse559

(Wahlberg Jansson and Johansen, 2017) or more gradual growth (Kataoka560

et al., 2013). Also, ongoing accretion, for instance due to subsequent peb-561

ble accretion (Visser and Ormel, 2016), may influence whether magma can562

reach the surface through fractures. Future experimental studies on grain size563

evolution of partially molten aggregates spanning the meteoritic compositional564
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space will be needed to advance our understanding of melt migration in early565

solar system planetesimals.566

5.3. Implications for chemical differentiation567

Recently, it was shown that differentiation by percolation of Fe,Ni-FeS liq-568

uids in primordial planetesimals may not be complete and that at least some569

material remains trapped in the rock matrix (Bagdassarov et al., 2009; Ceran-570

tola et al., 2015). But once silicate melting has reached the disaggregation571

threshold, the remaining metal droplets will rain out rapidly towards the form-572

ing core (Lichtenberg et al., 2018). Therefore, even though the models in this573

study do not include a metal phase, they allow leading order predictions re-574

garding core formation.575

In the magma ocean case, we expect core formation to be rapid, with576

nearly complete loss of metals to the core. In the case of a magma sill , a577

two-step process may occur. First, a small proto-core may form from incom-578

plete percolation. Then, after the formation of the sill structure, the remaining579

metal within this region may rain out and accumulate at the interface between580

the melt-depleted deep interior and the magma sill zone. This emerging metal581

pool will either percolate downwards or form diapirs sinking through the weak-582

ened partially molten rock. The thermo-mechanical evolution of such a two-583

step process needs to be tested by taking into account metal phases in self-584

consistent multi-phase flow models, in order to make robust predictions that585

can be compared to laboratory studies of the core formation process. Neu-586

mann et al. (2018) recently suggested a multi-stage core formation scenario587

for the IVB parent body, which is qualitatively consistent with the magma sill588

regime we propose based on our models.589
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The limited melt segregation in our undifferentiated models may offer an590

explanation for the absence of remnant differentiated materials in the aster-591

oid belt (Weiss et al., 2012; Mandler and Elkins-Tanton, 2013). Conversely,592

chemical stratification resulting from melt segregation may help to explain the593

paucity of olivine-rich deposits on 4 Vesta’s surface (Clenet et al., 2014; Con-594

solmagno et al., 2015; Raymond et al., 2017). Furthermore, the magma sill595

models and the resulting chemical stratification we describe here are consis-596

tent with earlier work by Neumann et al. (2013, 2014, “shallow magma ocean”)597

and Mizzon (2015, “completely liquid layer”), predicting a subsurface layer of598

accumulated silicate melts below a cold lid resulting from efficient melt segre-599

gation (cf. discussion in Raymond et al., 2017; Neumann et al., 2018).600

Finally, our results indicate that the importance of melt segregation in plan-601

etesimal interiors varied substantially and affected the redistribution of heat-602

producing elements, such as 26Al, during melt ascent. In the case of our603

magma sill end-member models, we also expect other incompatible elements604

to be preferentially segregated to shallow layers of a planetesimal. The crustal605

stripping paradigm of planetary accretion assumes that frequent impacts dur-606

ing planetary growth eroded and redistributed significant amounts of shallow607

materials between planetesimals. The strongly variable degree of melt seg-608

regation, and the resulting range of variably differentiated major, trace, and609

isotopic compositions of shallow planetesimal layers could result in compo-610

sitional differences between forming planets and chondritic meteorites (e.g.,611

Carter et al., 2018). Our simulations indicate that magma ascent governing612

material redistribution to the planetesimal crust occurs on a ≈ Myr time scale,613

i.e., comparable to the collisional time scale of planetary accretion. This sug-614
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gests that models quantifying compositional deviations between planets and615

chondrites should take into account the evolution of planetesimal interiors dur-616

ing planetary accretion.617

5.4. Limitations & future directions618

One of the limitations of our model is the use of a 1D Cartesian geometry,619

which introduces systematic errors as compared to a 1D spherical geometry620

assuming radial symmetry. Among these errors, our model over-predicts the621

heating-to-cooling ratio of planetesimals. Because we focus on planetesimals622

of 60 km radius that show a nearly isothermal evolution in the deep interior623

(cf. Figure 3, Castillo-Rogez and Young, 2017; Hunt et al., 2018), the heat-up624

phase is consistent with a radial model. However, geometric errors result in an625

under-prediction of the rate of heat loss through the surface. Similar problems626

apply to melt segregation velocities and melting rates. For example, the liquid627

mass conservation equation, in spherical coordinates with radial symmetry,628

contains the term 2w`/r, which is neglected here (a similar term appears in629

the solid mass conservation equation). For radially outward melt migration,630

this term has the effect of reducing ∂φ/∂t; its absence therefore leads to an631

over-prediction of melt fraction. To quantify the error introduced by neglecting632

this term we compared its size, computed a posteriori, with the flux divergence633

∂φw`/∂z that appears in the same equation. We made this comparison across634

models of the magma ocean and magma sill regimes. The results indicate that635

the geometrical error can reach a magnitude comparable to the divergence.636

However, throughout most of the domain and once magma sill structures are637

established, the term is negligible.638

In this work we consider a diffusion creep rheology only. A more realistic639
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rheology would be a composite of both diffusion and dislocation creep (e.g.,640

Bercovici and Ricard, 2016; Mulyukova and Bercovici, 2018). At the highest641

temperatures and grain sizes tested here, model behavior would likely fall into642

the dislocation creep regime, where the matrix viscosity becomes independent643

of grain size. In this case, the grain size sensitivity of the compaction length644

(Equation 1) would decrease.645

Furthermore, we use a constant melt viscosity of 1 Pa s (Table 1). However,646

silicate melt viscosity varies with temperature and composition (e.g., Moskovitz647

and Gaidos, 2011; Mizzon, 2015). For the compositional space explored here,648

a temperature dependent viscosity of 1–100 Pa s may be considered realistic.649

As we are interested in the consequences of melt segregation in planetesi-650

mals here, we chose a reasonable lower limit. In addition, because the ratio651

of permeability to melt viscosity controls the upwelling timescales (grain size652

squared versus linear melt viscosity, Equation 1), the order of magnitude vari-653

ability in grain size outweighs potential variations in melt viscosity.654

As a consequence of our limiting assumptions on the geometry, rheology,655

and melt viscosity, the extent of the magma sill regime in Figure 6 may be656

overestimated. More efficient cooling in a spherical geometry would lead657

to decreasing melt fractions and thus lower migration speeds (Figure 1), as658

would a stronger heat flux from turbulent convection above the disaggrega-659

tion threshold (Solomatov, 2015), and the geometric influence in spherical or660

higher-dimensional geometry. A weaker dependence on grain size in the mod-661

els with the highest temperatures and largest grain sizes would also decrease662

migration speeds. Therefore, while our models constrain the possible phase663

space of melt migration in early solar system planetesimals, more complex664
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models not bound to the above limitations would result in a reduced stability665

field where melt segregation becomes dominant than shown in Figure 6.666

Our models do not feature a metal phase that would allow the direct reso-667

lution of metal percolation (Ghanbarzadeh et al., 2017; Neumann et al., 2018),668

and therefore our results only allow for qualitative inferences about possible669

core formation scenarios. However, the complexities of textural equilibrium670

phase topologies are not yet fully understood (cf. Rudge, 2018), in particular671

for systems with several immiscible liquid phases. For example, the wetting672

angles formed between metal liquids with silicate minerals in the presence of673

a silicate melt remains unclear, leaving open the debate around a possible674

percolation threshold for metal liquids at low melt fractions (Cerantola et al.,675

2015). Further work needs to be undertaken to better quantify these effects.676

Our choice of melting model in the form of a ternary ideal solution limits677

the degree to which the model may represent natural melting behavior. For678

example, our model does not reproduce the eutectic behavior expected for sil-679

icate compositions as the ones considered here (see discussion in Keller and680

Katz, 2016), nor does it include volatiles and incompatible elements produc-681

ing low-degree, incompatible-enriched melts at temperatures below the an-682

hydrous solidus. Using a more consistent petrological model that takes into683

account the non-ideal thermodynamics of the full range of major elements and684

mineral phases would likely lead to more complex relations between heating,685

melt production, and element partitioning (Keller and Suckale, 2018). Signif-686

icant differences in aluminium partitioning, which is the focus here, are likely687

confined to the onset of melting, where low-degree, enriched melts may have688

important control on geochemical evolution. Moreover, our dry models neglect689
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volatile-driven eruptions, which were previously discussed as a catalyst for up-690

ward transport via explosive volcanism (Fu et al., 2017; Wilson and Keil, 2017).691

If substantial volatile quantities could be retained, this mechanism would de-692

crease the retention of magma in the upper layers of planetesimals and poten-693

tial chemical stratification upon crystallization of the silicate material. However,694

the relatively low pressure at the planetesimal sizes we consider disfavours a695

high volatile solubility in silicate magma, and degassing would therefore be ex-696

pected to be nearly complete in the earliest stages of melting and segregation697

(Monteux et al., 2018).698

Finally, the melt in our magma ocean and magma sill models cannot breach699

the cold surface layers, as the temperature is too low for melt to exist in700

the porous medium. Our simulations cannot resolve potential melt transport701

through the upper lid by fracturing (Keller et al., 2013) or gravitational instabil-702

ity in the layered structure in Figure 5, which may bury the primitive lid (Wilson703

and Keil, 2012), and lead to efficient heat loss and magmatic resurfacing. This704

would decrease the total retention of magma on the inside of planetesimals.705

However, this does not affect our conclusions or any constraints on tempera-706

ture inversions of planetesimals unless this transport is faster or comparable707

to the magma segregation in the interior.708

6. Summary & conclusions709

In this study we investigated magma genesis and redistribution in planetes-710

imals during and shortly after the protoplanetary disk phase. Using scaling711

relations we demonstrated that the interior evolution of planetesimals sensi-712

tively depends on a variety of model parameters, with the grain size exerting713
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the primary control on melt segregation. Based on average chondritic abun-714

dances of the most common mineral groups in meteorites, we calculated the715

composition for rock–melt aggregates comprising idealized components using716

a reactive, multi-component melting model. We quantified the effects on 26Al717

partitioning and magma ascent with a coupled, two-phase flow model. We de-718

fined the melt segregation number Rseg as the ratio between the heating and719

melt transport time scales in a planetesimal, which establishes the leading or-720

der parametric control on the propensity for magma redistribution during the721

heating stage of planetesimal evolution. We predicted that the primary two722

controls are the melt–rock density contrast ∆ρ and the mineral grain size a0.723

Investigating the relative importance of model parameters for the evolution724

of planetesimals, we categorize model outcomes in terms of their melt segre-725

gation numbers Rseg and their formation times tform. Using this scheme, we726

find:727

• Planetesimal melt migration behavior can be classified in three general728

regimes:729

– The magma ocean regime with global interior magma oceans, where730

rapid melting overwhelms melt segregation.731

– The magma sill regime, where global interior magma oceans are732

prevented by rapid magma transport that concentrates melt in sills733

beneath the cool lid.734

– The undifferentiated regime with a low degree of melting, minor735

melt segregation, and therefore chemically primordial and largely736

undifferentiated interiors.737

30



• Magma sill models crystallize to a compositionally stratified structure,738

with shallow depth layers dominantly enriched in the low melting point739

components, feldspar and pyroxene, and a paucity of high melting point740

components, such as olivine (cf. Ghosh and McSween, 1998; Mizzon,741

2015). The crystallization sequence, and thus the compositional strat-742

ification, however, may be affected by convective motions beyond the743

disaggregation limit, which we do not model here.744

• Magma ocean and magma sill models show temperature inversions for745

high Rseg and early tform, where the temperatures in the shallow- to mid-746

mantle are higher than at the center of the planetesimal. These thermal747

inversions, however, are restricted to formation times tform . 1 Myr and748

Rseg & 1.5 for ∆T ≥ 250 K. Therefore, the majority of planetesimals749

likely underwent thermal evolutionary scenarios that can be qualitatively750

reproduced with models that do not take into account melt segregation751

and 26Al partitioning, depending on the level of detail that needs to be752

assessed.753

• The magma sill regime can be achieved depending on a combination of754

a few key parameters:755

– The formation time tform controls the total amount of energy avail-756

able from 26Al and restricts the regime for melt segregation to 0.5757

× t1/2,26Al . tform . 1.75 × t1/2,26Al, with a peak at ≈ 1 Myr after758

CAIs, when the rate of melt transport dominates over the genera-759

tion of new melts.760

– The grain size a0 controls the rate of melt transport and thus whether761
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a planetesimal with sufficient heating evolves towards a melt segre-762

gated structure. Below a0 . 0.1 mm no segregation occurs; above763

a0 & 1 mm segregated structures form.764

– The solid–melt density contrast ∆ρ is of secondary importance, but765

can enhance melt segregation in the regime transition from a0 = 0.1766

mm to 1 mm.767

To conclude, in this manscript we have advanced the technical capabilities768

to simulate multi-phase and multi-component planetesimal evolution, gaining769

insights into features not accessible to single-phase fluid dynamics models.770

However, unraveling more detailed evolutionary regimes of planetesimals will771

require a time-dependent treatment that includes metal and volatile phases,772

which shape the structure and subsequent evolution of these bodies (Keller773

and Suckale, 2018). Further work is required to understand planetesimal evo-774

lution and its connection to the meteoritic record and rocky planet formation775

(Lichtenberg et al., 2018). In particular, robust scaling laws for the evolution776

of grain sizes in partially molten and heated systems relevant for planetesimal777

settings are required to establish more detailed regimes for melt segregation.778

In the mid-term, future spacecraft missions (A’Hearn, 2017) may be able779

to deliver further observational constraints on asteroid-belt objects. In con-780

junction with self-consistent evolutionary models of metal–silicate and solid–781

melt segregation, these can help to further decipher the interior evolution of782

planetary bodies in the early solar system and sharpen our understanding of783

terrestrial planet formation in the solar system and elsewhere.784
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Supplementary Materials785

Supplementary material associated with this article can be found attached786

to the submission and, online, at this URL. The video shows a comparison787

between magma ocean and magma sill end-member models. Magma ocean788

stages are indicated in yellow. The H3 annotation describes the heating value789

below which radioactive heating from 26Al is inefficient. Shown are various790

parameters for both models, from left to right: melt fraction φ, temperature T ,791

radiogenic heating H, melt/liquid upwelling velocity wliq, composition fraction792

of liquid ci
liq, and composition fraction of solid ci

sol. The composition is broken-793

down into the defined pseudo-components fsp, pxn, and olv. The model is794

started (= planetesimal formation time) at 0.9 Myr after CAIs.795
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Figure 1: Scaling analysis of melt segregation propensity, with melt segregation number Rseg =

log10 (τheat/τmt). (A) At t = 0 Myr (CAI formation) and with rising melt fraction φ, the migration

velocity increases, and so the system is more likely to become segregated. At around φ &

0.4–0.6, the magma ocean regime is reached and the system would be dominated by turbulent

convection. (B) For fixed melt fraction φ = 0.4 and later times (= weaker radiogenic heating)

the melt segregation number rises further.
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Figure 2: Temperature dependence of melt fraction (A), melt (B) and rock (C) composition,

with varying melting point difference between fsp and pxn, ∆Tm = T pxn
m - T fsp

m,0, which changes

the partitioning coefficient of fsp and the composition of the earliest melts. If the fsp melting

point is close to the one of pxn, the initial melt composition is close to a 50–50 mixture.

For higher melting point difference, the first melts are dominated by fsp, and thus the heating

component (26Al) of the system preferentially follows the dynamics of the earliest melts. When

the absolute temperature of the system further rises and approaches the olv melting point, the

composition converges towards the initial pure solid setting.
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Figure 3: Time evolution of melt fraction (A–E), temperature (F–J) and fsp bulk composition

(K–O) for two end-member models with radii RP = 60 km and formation time tform = 1.25 ×

t1/2,26Al = 0.90 Myr after CAIs. Red lines show a magma ocean model with ∆ρ = 200 kg m−3

and a0 = 10−4 m, blue lines a magma sill model with ∆ρ = 800 kg m−3 and a0 = 10−3 m. Upon

progressive heating, the magma sill model builds up melt accumulates below the cold upper

lid, depleting the center of the planetesimal of silicate melts. High melt fractions φ > φcrit :=

0.5 (yellow areas) are only reached in the sub-lid sills. fsp enrichment in the sill structure leads

to a temperature inversion of ≈ 400 K at peak melting. The magma ocean model, in contrast,

shows a near-isothermal internal temperature and thus constant melt fraction structure in

the interior. The fsp component shows notable deviations from the initial bulk composition

only after t ≥ 2 Myr, when most of the 26Al is already decayed. A video showing the time

evolution of the major thermo-chemical parameters and composition can be accessed in the

Supplementary Materials.
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Figure 4: Parameter study of the influence of grain size a0 and density contrast ∆ρ on melt

segregation ∆φ, temperature inversion ∆T , and compositional stratification ∆cfsp, for plan-

etesimals with RP = 60 km, tform = 1.5 × t1/2,26Al. Panels (A,E,I) show the metric deviation

for constant density contrast ∆ρ = 600 kg m−3 and varying grain size a0, indicating a steep

gradient between grain sizes of 10−4 m and 10−3 m. For these two values fixed (blue: a0

= 10−3 m, green: a0 = 10−4 m), panels (B,F,J) display the metric deviations for varying ∆ρ.

Here, variations in density contrast are outweighed by those in grain size. Models with a0 =

10−3 m feature notable melt segregation, temperature inversions, and compositional differen-

tiation. Models with a0 = 10−4 m only do so towards the high end of density contrasts, ∆ρ &

700 kg m−3. Panels (C/D, G/H, K/L) show the radial profiles for the end-member models of

the variations from (A/B, E/F, I/J). In general, variations in grain size a0 outweigh effects from

increasing density contrast ∆ρ. Magma sill structures only form for grain sizes a0 > 10−4 m.
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Figure 5: Compositional stratification after cooling and crystallization of magma beneath the

primordial lid for magma ocean (A) and magma sill-type (B) models. Magma sill cases with

intermediate temperatures and thus high concentrations of fsp in the upper layers produce

this signature.
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Figure 6: Evolution of silicate melt segregation with formation time tform versus melt segre-

gation number Rseg at a reference melt fraction of φ0 = 0.1. Colormap values are plotted for

the time of peak melting for each model (circles). We identify three primary melt dynamics

regimes. (I) Magma ocean models, where melting occurs more rapidly than melt migration,

feature high melt fractions above the rheological transition in their center, φctr > φcrit := 0.5.

Magma ocean-type evolution is preferred for early tform and low Rseg, i.e., small a0 and ∆ρ.

(II) Magma sill models feature efficient melt segregation, with additional compositional strat-

ification towards cooling-down of the planetesimals (cf. Figure 5). Magma sill-type evolution

is preferred for intermediate tform ≈ 0.5–1.75 × t1/2,26Al, and high Rseg. (III) Undifferentiated

models never show melt fractions φctr > φcrit, and never experience substantial compositional

redistribution. They are preferred for late formation times tform & 2.0 × t1/2,26Al. In addition

to these three regimes, we show the region of increasing temperature inversion in yellow.
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Parameter Symbol Unit Value

Geometric factor b non-dim. 100

Melt fraction exponent n non-dim. 3

Solid fraction exponent m non-dim. 2

Melt shear viscosity µ Pa s 1

Thermal expansivity α K−1 3 × 10−5

Specific heat capacity cp J kg−1 K−1 1100

Thermal diffusivity κ m2 s−1 1.14 × 10−6

olv initial mass fraction c̄olv wt % 50

pxn initial mass fraction c̄pxn wt % 35

fsp initial mass fraction c̄fsp wt % 15

olv melting point T olv
m,0 K 2050

pxn melting point Tpxn
m,0 K 1500

fsp melting point T fsp
m,0 K 1350

Entropy gain of fusion dS J K−1 320

Curvature coefficients rolv, rpxn, rfsp J kg−1 K−1 50, 20, 10

Linear P -coefficients Bolv, Bpxn, Bfsp K GPa−1 60, 100, 120

Rock density ρ0 kg m−3 3200

Reference rock viscosity η0 Pa s 1019

Shear viscosity cut-off ηmin Pa s 1016

Compaction viscosity cut-off ζmin Pa s 1017

Initial temperature Tinit K 290

Surface temperature Tspace K 290

Planetesimal radius RP km 60

Grain size a m [10−5, 10−2]

Formation time tform Myr [0, 4]

Melt-rock density contrast ∆ρ kg m−3 [120, 1200]

Table 1: Scaling quantities, definitions and parameter values introduced in the scaling anal-

ysis, R_DMC and two-phase flow models. Varying model parameters are named in the text

and figures. Parameters not listed here are as given in Table 1 in Keller and Katz (2016).

50


	Introduction
	Melt segregation scaling
	Method
	Melting and heat source partitioning
	Two-phase, multi-component fluid model
	Model setup and parameter space

	Results
	Parameter study
	Silicate differentiation
	Magma dynamics regimes

	Discussion
	Parametric controls on magma segregation
	Implications for the role of grain size
	Implications for chemical differentiation
	Limitations & future directions

	Summary & conclusions

