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Introduction

In the present study!t, we model the thermo-chemical evolution of asteroid 21 Lutetia using new data obtained by the Rosetta flyby in July 2010. We investigate the dependence of the evolution on the
accretion onset time and duration for both Instantaneous accretion and continuous accretion scenarios, assuming late runaway material accumulation. The thermo-chemical evolution model considers
accretion, compaction (sintering by hot pressing), melting and differentiation by porous flow. The evolution scenarios arising from assumptions on the present-day macroporosity ¢., are examined to derive
Implications on the compaction of an initially highly porous material, (partial) differentiation and the internal structure. The calculated final structures are compared with the observational data to derive
bounds on the present-day macroporosity of Lutetia. Varying the macroporosity ¢, we calculate the initial material properties such as intrinsic density, composition, and radiogenic heat source abundance,
assuming an enstatitic origin of Lutetia’s primordial material. We obtain a number of possible compaction and differentiation scenarios consistent with the properties of the present-day Lutetia.

e .
Model

\We use the model of a partially molten planetesimal from [2]. The heat conduction equation with a
radiation boundary condition IS modified to consider latent heat of melting and crystallization and
also melt heat transport.

Melt segregating from the solid matrix transports the energy of the hot material, increasingly with
progressing melting. This process is treated as a flow In porous media, where the melt velocity Is
computed from the Darcy flow equation:
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In a partially molten system small particles dissolve and redeposit on the surfaces of larger crystals
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The accretion Is considered as radial growth by modifying the radius R (t) via an asymptotical b° =~ D4 +8V27/Cdt/9RT
accretion law® dR/dt ~ R2. In the initially porous state, the fit from [4] is used to account for the
low thermal conductivity. Compaction of porous material obeys an Arrhenius-like porosity
evolution law adopted from [5]. Thereby, the effective stress ¢ follows from the geometric model
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Table 1. Mass and volume fractions of the iron and silicate phases and
average thermal conductivity of the mixed phases (assuming zero
porosity) as a function of the macroporosity.

Initially homogeneous distribution of the heat producing nuclei changes due to the chemical
differentiation, as it depends on the fractions of iron and silicates. Furthermore 2°Al is enriched in the

oy silicate melt:

grain size Ctot Ctot P
activation energy tot | S | Al 5 Al
gas constant Chni = ¥aiCp + (1— y 4 -)C C. =

; _ Al Si YAl Si /YAl Al
relative density P + ZSi (]_— P)
geometric parameters

C concentration,
P partition coeffitient,

Al — I,s liquid, solid,
P+ Xsi (1_ P) Xsi silicate melt fraction
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Fig. 5. The final bulk density (solid 15
blue lines) and core size (in km; dot-
dashed brown lines) as functions of
the intrinsic density (macroporosity,
In %) and the formation time f{;
relative to CAIls formation: a)
pp=3100 kg m=3, b) p,=3400 kg m=,
c) p,=3700 kg m=3. The green dot-
dashed lines show the maximum
temperature T5=1213 K. Note that
the isolines for T5=1425 K almost
coincides with the isolines for the
core size of 5000 m and are not
plotted here for clarity. The present-
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Volume  Thermal  Fe/Al mass Abundance
density fraction fraction conductivity fraction of Fe /Al
[kg m] [%] [%] [W m K] [%] [kg]
19.19 9.07 434 17.40 1.75-10%
80.81 90.93 ' 0.74 1.72-10%
25.31 12.45 456 22.96 2.30-10% |
7469  87.55 | 0.69 1.59-10% gl
26.84 13.35 4.6 24.35 2.44.10% "
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83.86 0.63 1.46-10% ) _ i
21.23 - 3547  3.56-10% in kg m= are given along with the
core radius. The core radius IS

Macro- Intrinsic Initial bulk  Phase Mass
porosity  density
[%] [kg m]

0 3400 2040 Iron
Silicates

4 3542 2125 Iron
Silicates

5 3579 2147 Iron
Silicates

6 3617 2170 Iron
Silicates

8 3696 2217 Iron
Silicates

13 3908 2345 Iron
Silicates

25 4533 2720 Iron

Silicates
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Fig. 1. Initial mass (red line for
0.9 Volume fraction of Si silicates and blue line for iron)
0 and volume fractions (purple
line for silicates and green line
for iron) of the phases
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Fig. 2: Heat generation rate by
26A1  (solid lines) and ©°Fe
(dashed lines) per 1 m3 of the
undifferentiated sintered material
for ¢.,=0 (red lines), ¢.,,=0.04
(black lines) and ¢.,,=0.13 (blue
lines), assuming p,=3400 kg m-3.
With increasing macroporosity,
the crossover time, at which the
heating rate by ®Fe dominates
over the heating rate by 2°Al,
moves to earlier times.
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Fig. 3. Maximum
relative core size
of a completely
compacted  and
differentiated
body for different
macroporosities
assuming p,=3400
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Conclusions

a variety of possible structures with the present-day bulk density is
obtained

formation times range from 0 to =8 Ma relative to the CAI'S
¢,=>0.04 is necessary to obtain p,=3400 kg m-

Internal structures range from partially differentiated to highly
porous with varying degree of thermal metamorphism without
melting

differentiated interior is possible for 0.04 < ¢,,<0.06
In a such case the core radius iIs less than 25 km

this argues against the estimates of Weiss et al. 2012 who suggest
that differentiated interior is only indicated for ¢>0.13

no melt eruptions at the surface are observed, which corresponds to
the lack of basaltic crust on Lutetia

the results are robust relative to the variation within the interval
pp=3400+300 kg m-3

SO L 039 091107 colour coded according to the scale

on the right-hand side of the figure
In units of tens of km. The models
have p;=3579. The successful model
has a bulk density of 3400 kg m-3
and a macroporosity of ¢.,=0.05.
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day bulk density iIs reached for the
macroporosities between 4.1% and
4.4%, 4% and 6%, and 3.7% and
6.2% for the present-day bulk
density of 3100, 3400, and 3700 kg
m-,

Fig. 6. Final structure of the bodies
for p,=3400 kg m3. Panels a-f
correspond to the parameters
p;i=3542, 3579, 3617, 3696, 3908
and 4533 kg m= (¢,,=0.04, 0.05,

0.06, 0.08, 0.13, 0.25), respectively.
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