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Abstract

In order to better understand condensation processes that took place in the solar nebula and to evaluate the effect of kinetics on the
condensed matter, we have built an experimental apparatus for studying condensation of multi-elemental refractory gases at high-tem-
perature and low-pressure. The condensation of a Mg-Si-rich gas, with solar interelement ratios of Ca, Al, Mg and Si, and of a Ca—-Al-
rich gas under a total pressure of ~4 x 10~% bar at temperatures from 1045 to 1285 °C and for run times of 4-60 min results in direct
formation of crystalline oxides or silicates such as corundum, spinel, anorthite, melilite, Al-diopside, forsterite and enstatite. The min-
eralogy of the condensates, close to that predicted at equilibrium, varies with the duration of an experiment and the temperature of con-
densation. The chemical reactions between gas and condensates are rapid enough to attain a steady state in less than one hour. The
condensation results in chemical fractionation of the gas, i.e. a depletion of the gas in refractory elements at high temperature. Finally,
besides revealing the textures of refractory crystals, which condense from a gas of complex chemical composition, this study shows that
certain phases, such as spinel, have favored kinetics of condensation. Our experimental results confirm that refractory inclusions in prim-
itive meteorites could have formed by condensation from a hot nebular gas. Similarly, we confirm that crystalline grains can condense at
high temperature in the outflows of evolved stars. In both cases, our results indicate that kinetic processes certainly influence grain min-
eralogy. Kinetic processes must thus be taken into account in modeling the pressure-temperature conditions of circumstellar
environments.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Variations of properties (e.g., chemical composition,
density) of the solar system planets have been early related
(Urey, 1952) to the fractionation of elements during the
condensation of a cooling nebular gas in a radially strati-
fied protosolar nebula, with temperature and pressure
decreasing with heliocentric distance (e.g., Lewis, 1974).
In such models, elements became incorporated into solid
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nebular material depending on their thermodynamic stabil-
ity during the condensation of grains from the gas. While
the variations of chemical properties of rocky bodies with
heliocentric distance are not firmly established, it is never-
theless evident that condensation has played an important
role in establishing the chemical compositions of meteorites
(e.g., Larimer, 1967; Palme, 2000). Although it is difficult
to ascertain a condensation origin for each component of
primitive meteorites, some, such as the Ca—Al-rich inclu-
sions (CAls), the oldest objects of our solar system (e.g.,
Gray et al., 1973; Amelin et al., 2002), seem to be good can-
didates. Indeed, their composition, markedly enriched in
refractory elements relative to the solar gas, matches that
of the material calculated to have condensed at equilibrium
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at very high temperature from a cooling solar gas (Lord,
1965; Larimer and Anders, 1970; Grossman, 1972). Fur-
thermore, it was also suggested by thermodynamic calcula-
tions that their peculiar mineralogy (e.g., Christophe
Michel-Lévy, 1968; Grossman, 1975; MacPherson, 2004)
results from condensation processes (e.g., Larimer and An-
ders, 1970; Marvin et al., 1970; Grossman, 1972).

A gas-to-solid condensation origin (Gilman, 1969; Fix,
1970; Lattimer et al., 1978; Sharp and Wasserburg, 1995;
Lodders and Fegley, 1997; Ebel, 2000; Toppani et al.,
2005) has also been attributed to the interstellar dust,
which is mainly formed in the outflows of red-giant or
supernovae stars (Woolf and Ney, 1969; Gehrz, 1989). This
interstellar dust plays a fundamental role in the physics
(e.g., heat transfer) and chemistry of the interstellar medi-
um (ISM), in the chemical evolution of the galaxy and in
the formation of stars.

Condensation processes which are thought to result in
the main chemical differences between the gas and solids
in the galaxy (Field, 1974; Savage and Sembach, 1996)
are thus major mechanisms that control the cycle of dust
from evolved stars to planetary systems (Ticlens and All-
amandola, 1987). However, they are still poorly under-
stood today. Indeed, while theoretical models of
nucleation or grain growth are lacking experimental data
(e.g., Blander and Katz, 1967; Salpeter, 1977, Cameron
and Fegley, 1982; Sedlmayr, 1989), the equilibrium ther-
modynamic modeling of the chemical composition of the
grains does not take into account the effects of kinetics
(e.g., nucleation or rates of chemical reactions with the
gas) (e.g., Fegley, 2000). Laboratory condensation experi-
ments are thus required in order to provide information
about the crystallinity, texture or chemical composition
of the matter condensing from a solar gas (Toppani
et al., 2005).

While nucleation and growth of simple metal or H,O
grains from a gas have been extensively studied for applica-
tion in atmospheric or material sciences (e.g., Hirth and
Pound, 1963; Seinfeld and Pandis, 1998), condensation of
more complex vapor, such as the solar gas, is poorly con-
strained (e.g., Nuth and Donn, 1982, 1983). Indeed, while
a few experiments have been performed in non-equilibrium
and/or low-temperature conditions (e.g., Arrhenius and
Alfvén, 1971; Day and Donn, 1978; Stephens and Kothari,
1978; Nuth et al., 2000) or with non-solar gas (e.g., Naga-
hara et al., 1988), none of these attempts was able to sim-
ulate the astrophysical conditions for condensation of a
solar gas because of the difficulty in (1) producing a mul-
ti-elemental refractory gas of controlled composition and
(2) condensing it at equilibrium and at high-temperature.

In this paper, we report the first successful near-equilib-
rium laboratory condensation of refractory oxide and sili-
cate minerals (enstatite, forsterite, Al-diopside, melilite,
anorthite, spinel and corundum) at high-temperature
(~1300-1550 K) and low-pressure (~4 x 1072 bar) from
two different multi-elemental refractory gaseous systems,
with one being close to the solar composition with respect

to Ca, Mg, Al and Si. These experiments give insights into
the process of condensation of a multi-elemental refractory
gas under astrophysical conditions, and notably on the ef-
fects of kinetics. In addition, they help to constrain the for-
mation conditions of potential nebular condensates, such
as the CAls as well as those of interstellar dust.

2. Experimental method

In order to simulate the condensation of gases in nebu-
lar conditions, we have developed a new apparatus, in
which condensation experiments from a multi-elemental
refractory gas can be performed at low pressure, high-tem-
peratures, and variable oxygen fugacities or run times.

2.1. Experimental design

The new condensation apparatus (Fig. 1) consists of a
high-vacuum reaction chamber (Fig. 1a) into which a mix-
ture of gases (CO,, Ar, He, CO...) can be introduced. Vac-
uum is achieved using a primary pump and a turbo-
molecular pump (pressure down to 10~° bar). In this study,
experiments were performed in a static vacuum mode at a
total pressure of ~4 x 10~% bar of CO, or Ar background
gas. A baratron gauge was controlling the pressure during
the course of all experiments (Toppani et al., 2004, 2005).

Two main processes occur in the reaction chamber: (1)
gas production and (2) gas condensation. The production
of a multi-elemental refractory gas with a constant compo-
sition over time is achieved using a pulsed Nd-YAG laser
(1064 nm), which ablates a spinning glass target located
at the bottom of the reaction chamber. The laser
(~10 mJ, frequency 10 Hz, and pulse duration ~7 ns) is fo-
cused on a ~0.2mm? area yielding about ~1 mg/h of
ablated material. In addition to allowing an accurate con-
trol of the gas composition, the use of a glass target ensures
the lack of crystals in the cloud of ablated material. Con-
densation of the gas occurs at controlled temperature in a
platinum furnace located ~18 mm above the target and
lined with an alumina tube (Fig. 1a). The alumina lining
was essential to achieve a good thermal homogenization
of the furnace. Because the investigated temperatures are
well below melting temperature of alumina (~2100 °C), it
is unlikely that the alumina lining will affect the partial
pressure of aluminum. The furnace was designed to have
a negative temperature gradient from bottom to top in or-
der to avoid a cold condensation point (Fig. 1b). Measured
temperatures decreased from furnace bottom to target sur-
face almost linearly.

2.2. Starting material

Most experiments were performed using a glass with Ca,
Al, Mg and Si interelement ratios close to solar (Anders
and Grevesse, 1989), hereafter referred to as Mg-Si-rich
glass. Other experiments were done using an AnsgDisq glass
(Table 1). The Mg-Si-rich glass was chosen to produce a
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Fig. 1. Sketch of the experimental design (not to scale). (a) General scheme of the device. The Pt-furnace is lined with an alumina tube of about 12 mm of
height and 3 mm of interior diameter. Distance between the target and furnace is about 18 mm. (b) Scheme showing the experimental procedure. The
reaction chamber is divided into four different zones (laser ablation, low-temperature condensation, evaporation and high-temperature condensation
zones, see text for explanation). Condensates are collected on the Pt-grid welded to the end of a Pt-Rh;, thermocouple. The condensation temperature
(T¢), defined as the Pt-grid temperature (+20 °C), was monitored during each experiment. Note that the schematic temperature gradient is given for a
condensation temperature of 1250 °C.

Table 1

Composition (wt%) of the starting material

Starting material MgO Al,O4 SiO, CaO Total Mg/Si Al/Si Ca/Si
Mg-Si rich glass 36.1 4 56.9 3 100 0.94 0.08 0.06
AnsoDiso 9.3 18.7 48.6 234 100 0.29 0.45 0.52
Solar gas™ 38.9 3.9 54.1 3.1 100 1.07 0.08 0.06
CAIs* 10.2 29.6 29.1 28.8 97.7" 0.52 1.2 1.06
CAIs® 13.1 26.6 33.7 21.6 95" 0.57 0.93 0.68

% From MacPherson et al. (1988) and references therein, Type Bl CAls (average of 12 microprobes analyses).

® From MacPherson et al. (1988) and references therein, spinel-rich fine-grained inclusions (bulk analyses).

* Elements such as Ti, Fe and Na are present in minor proportions (<2 wt%).

** Compositions recalculated for solar gas containing only Ca, Al, Mg and Si elements (Anders and Grevesse, 1989).
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gas, which will be considered, in the following, as a proxy
of the solar gas whereas the AnsyDisg was used to produce
a more Ca—Al-rich gas (see composition in Table 1). Glass-
es were synthesized from mixtures of reagent grade oxides
(SiO,, Al,O3, MgO) and carbonates (CaCO3), twice fused
in air at 1600 and 1400 °C for the Mg-Si-rich and AnsoDis
compositions, respectively. Parallelepipeds of glass were
sliced and abraded in order to improve laser absorption
at 1064 nm. Mg-Si-rich glass was difficult to quench with-
out partial recrystallization. Therefore, only the near-sur-
face portion of the glass slabs was ablated in order to
ensure the absence of crystallites in the ablated material.
Compositions and homogeneities were checked using the
Cameca SX50 electron microprobe at “Service Commun
de Microanalyses” of the Henri Poincaré University, Nan-
cy, France.

2.3. Experimental procedure

The primary gas produced by laser-ablation of the glass
target is not condensed directly at high-temperature. To en-
sure condensation of the multi-elemental refractory gas at
high-temperature, a four step experimental design was
adopted, each step corresponding to a zone in the reaction
chamber (Fig. 1b). The first step consists in the laser-abla-
tion of the glass target in zone 1. Then, amorphous nano-
particles of glass target composition form in zone 2 from
the “primary” gas produced in zone 1. Following the pref-
erential direction of the laser plume, these particles are
swept into zone 3. In zone 3, a secondary gas is produced
by evaporation of the nanoparticles. Finally, this gas con-
denses in zone 4 at a controlled temperature and for differ-
ent run times. Each step is described in detail below.

2.3.1. Steps 1 and 2: Low-temperature non-equilibrium
condensation

Calibration experiments were performed in order to
study the formation of nanoparticles in zone 2 (chemical

Saser-ablati

~ droplets

composition, morphology, crystallinity of nanoparticles,
etc.). For this purpose, horizontal steel plates were
placed ~4 mm above the target (and below the furnace),
and a mixture of two types of products was collected: (1)
fluffy aggregates of ~10 nm-sized amorphous nanoparti-
cles and (2) large amorphous droplets (50 nm to 2 um)
(Fig. 2).

(1) At the relatively high total pressure of ~4 x 10~ bar,
the hot laser-ablated gas (zone 1 in Fig. 1b) expanding in
the cold background gas is rapidly supersaturated in zone
2. This leads to the condensation of neutral and ionized
species of the laser-ablated gas above the target and the
production of nanoparticles (Fig. 2) (Abraham, 1974) in
agreement with observations from pulsed laser deposition
techniques (e.g., Chen, 1994; Gnedovets et al., 1996; Mar-
ine et al., 2000). In our design, this non-equilibrium low-
temperature condensation of nanoparticles occurs between
25 and 630 °C, depending on the temperature gradient in-
duced by the Pt-furnace.

(2) The large amorphous droplets (Fig. 2) are material
ejected as liquid, directly from the heated glass target
sub-surface and will be referred as laser-ablation droplets.
Note that their formation by condensation of liquid is ru-
led out because their presence is observed at any tempera-
ture and at any total pressure (down to 10~° mbar in total
pressure). Rather, their occurrence is very common in
pulsed vapor deposition experiments (Chen, 1994) and
has been reported around ablation pits in laser ablation
ICPMS work (e.g., Wiechert and Hoefs, 1995). Indeed,
although most of the laser energy is used to break atomic
bonds in the glass, some dissipates at the sub-surface of
the glass as heat, which leads to the melting of the sub-sur-
face. Droplets of melt are then ejected from the surface
mainly due to the reverse shock resulting from the expan-
sion of the gas plume and are quenched in the low-temper-
ature zone 2. The surfaces of our glass targets were
observed by SEM and consistently show features indicating
a sub-surface melting.

Fig. 2. Bright field transmission electron micrographs of non-equilibrium low-temperature nanoparticle condensates (~4 x 107> bar total pressure). (a)
Nanoparticles from Mg-Si-rich gas collected at 25 °C. Material from a horizontal collection plate was scratched and deposited on a Cu TEM grid. (b)
Nanoparticles from Mg-Si-rich gas collected at 280 °C. (c) Nanoparticles from AnsoDisq gas collected at 600 °C. For (b and c) nanoparticles were
deposited on a vertical Pt-grid which was directly observed by TEM. Black support is the platinum. Diffraction patterns associated with (b and c)
micrographs show the amorphous nature of the nanoparticles. Note the absence of significant differences between the nanoparticles condensed from

different gases and/or various temperatures.
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To provide evidence that the amorphous nanoparticles
are not dust particles ejected from the glass during the laser
ablation but true condensates from the laser-ablated gas,
an experiment has been performed under a total pressure
of ~1077 bar at a temperature of 25 °C. The TEM observa-
tion of the collected products revealed the presence of an
amorphous thin film and laser-ablation droplets. Contrary
to the previous test experiments performed at 4 x 10~ bar,
the amount of collisions between the ablated species and
the ambient gas at 107 bar is very low, so neither supersat-
uration of the silicate gas nor condensation of nanoparti-
cles is achieved. As described in thin-film deposition
techniques, the observed thin film has grown by the depo-
sition of individual molecules or atoms ablated from the
glass target. This experiment clearly shows that the laser
ablation of the glass target produces only (1) the gas that
subsequently condenses as amorphous nanoparticles and
(2) the laser-ablation droplets.

The amorphous nanoparticles were analyzed by trans-
mission electron microscopy energy dispersive X-ray spec-
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troscopy (TEM-EDX). Within analytical error (£20%),
they are not chemically fractionated relative to the target
composition (Fig. 3). In contrast, the amorphous laser-ab-
lation droplets have compositions chemically fractionated
relative to the target, consistent with fractional evapora-
tion, not condensation, of the molten droplets (Fig. 4).
Fig. 4 shows that small droplets are more fractionated than
larger ones, due to the higher surface/volume ratio of the
former.

2.3.2. Step 3: Formation of the secondary gas

The primary gas produced by laser-ablation of the glass
target in zone 1 has been “converted” to nanoparticles by
homogeneous condensation in zone 2. These nanoparticles
(and the laser-ablation droplets) are swept into zone 3 fol-
lowing the preferential flow of the gas plume. To verify the
presence of this preferential flow, we collected material on
large horizontal plates in zone 2. The amount of material
decreases from the center of the plate (right above the
plume of gas) to the edge of the plate, which indicates a

R 25°C 280°C 610°C
i T T
2] 1 irp gl
g -+ H— % Mg target
T £ = T ! % Si target
TP brer il
X 13
3 A
g 37
21, 1 11 1
J - =+ % Al target
sz amsEransa i
14 % ‘: T S S N % Ca target
Mg-Si-rich i %Ca
0 : © % Mg
b 25°C O %Si
20 1 ‘Tr
13'{1—-!— |TT"'T|T {T % Si target
Lo tIT fppilotgrptis
3 1] 1 1
E 12 -
10 1 _- L
— % Al target
8 1 i—] T =+ % Ca target
6 - Q
% Mg t t
. uﬁ—}%g—é—ﬁ—ﬁ—ﬁ—ﬁ—ﬁ—_rgﬁ g targe
2 7 .
AnsgDisg 1 o errors
0

# nanoparticles

Fig. 3. Chemical compositions of the nanoparticles condensed in zone 2 (Fig. 1) under non-equilibrium conditions compared with that of the target for
two starting compositions (Mg-Si-rich glass (a) and AnsoDisq glass (b)). Chemical compositions of the nanoparticles formed from the Mg-Si-rich gas are
given for three temperatures of homogeneous condensation. Nanoparticles were analysed by EDX using TEM (Nancy) whereas glass was analysed by
WDS using electron microprobe at Nancy (Université Henri Poincaré).
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Fig. 4. Chemical compositions of the laser-ablation droplets collected at
25 °C in zone 2 (Fig. 1b) compared with that of the target for two starting
compositions (Mg-Si-rich and AnsoDisy glasses). Note that for the
AnsoDis, composition, laser-ablation droplets were arranged according
to their approximate size (from ~300 nm to ~2 pm). Error bars (£8 % of
the values) are not reported for clarity.

preferential flow of material transport along the vertical
axis of the plume (which is perpendicular to the glass
target).

The nanoparticles (of target composition) are evaporat-
ed at the bottom of the furnace (zone 3) to produce a sec-
ondary gas. In order to determine the temperature regimes
that produce secondary gases of the target composition
(Table 2), we performed the calibration experiments at
evaporation temperatures varying from 950 to 1360 °C.
These experiments show that the amorphous nanoparticles
entering the highest temperature part of the furnace (~1%
of the ablated material) are vaporized (in less than a few
seconds) at temperatures lower than the expected
volatilization temperature of the corresponding glass target
(liquidus temperature of ~1580 °C for the Mg—Si-rich com-
position, ~1275 °C for the AnsoDiso composition) resulting
in the production of a metastable gas. This low tempera-
ture of evaporation (zone 3) mainly results from the nano-
metric size of the nanoparticles. Indeed, nanoparticles
between 1 and 100 nm are in an intermediate state

between the solid and the molecular states (Wautelet,
2005). Their physical properties are thus different from
those of macroscopic matter because of their extremely
large surface/volume ratio. For instance, their melting tem-
perature is known to decrease strongly with decreasing
radius (Buffat and Borel, 1976; Wautelet, 2005), down to
30% decrease for 2 nm-sized Ni particles (Qi et al., 2001).

At the evaporation temperature of 982 °C, not all nano-
particles are evaporated in zone 3, so the residue of this
partial evaporation was captured and analyzed (Experi-
ment # 346, Table 2). The evaporated residues of the
Mg-Si-rich nanoparticles show enrichment of Al and Ca,
and depletion in Mg and Si due to the partial evaporative
loss of Si and Mg (Fig. 5). At the evaporation temperature
of 1015 °C (zone 3), residues of the evaporated nanoparti-
cles were mainly aluminous particles of maximum sizes
estimated <1-2 nm (experiment # 343, Table 2). Evapora-
tion of the Mg-Si-rich nanoparticles in zone 3 is thus al-
most complete at 1015 °C. To ensure the production of a
gas of target composition in zone 3 and free of solids
>1 nm, all condensation experiments were carried out
using an evaporation temperature >1115°C. However,
the presence of some Al-rich nuclei (solids <1 nm) in this
gas cannot be completely ruled out since it was not possible
to experimentally prove their total disappearance at an
evaporation temperature >1115°C. The AnsyDis, glass
has a lower volatilization temperature than the Mg—Si-rich
glass, therefore the AnsoDisy nanoparticles are also likely
to be totally evaporated at a temperature >1115°C.
Fig. 6 summarizes the temperature conditions for which
partial and total evaporation take place inside zone 3 of
the furnace. Note that the use of this nanoparticle evapora-
tion strategy has eliminated a possible influence of the laser
and of the ionized species present in the laser ablation
plume on the condensation process.

An upper limit of ~7 x 107 bar for the sum of the par-
tial pressures (P;Fgg) of the evaporated gas species (e.g., Ca,
Mg, Si, Al and O for the Mg-Si-rich gas) inside the furnace
is calculated using the ideal gas law (1300 K, volume of the
furnace) for a residence time upper limit of 0.5 s. Assuming
that the molecules go through the furnace in a straight ver-
tical path (~3mm) at a mean velocity of ~1000m/s
(1300 K), a lower limit residence time of 10~ s can be esti-
mated, which corresponds to a pressure lower limit on P;rv(zg
of ~10"" bar.

2.3.3. Step 4: High-temperature condensation

As the hot gas produced in zone 3 moves upward due to
the negative furnace temperature-pressure gradient, it slow-
ly cools down and condensation takes place in zone 4 of the
furnace. Condensates were collected at the top of zone 4 on
a vertical Pt-grid welded to the end of a Pt-Rh;, thermo-
couple (Tissandier et al., 2002). Although condensation
could occur in the entire zone 4, the condensation temper-
ature (7T,) is defined as the Pt-grid temperature (420 °C).
Because of the high thermal conductivity of the platinum,
the Pt-grid is supposed to be relatively homogeneous in
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Type No. Location Evap Cond. Temp.© Run times  Pressure  Target Gas  Major phase found
(mm)* Temp.? (min) (mbar)
Calibration 343 6 1015 945 62 5 Mg-Si CO, (Fo, res), Cor
346 6 982 912 63 4.5 Mg-Si CO, En, Fo, res, Cor
Annealing test 308 6 25 and 1070¢ 52 and 62 5 Mg-Si CO, Fo
318 0 1040° 67 4.5 Mg-Si CO, En, Fo
Formal-An50Di50 233 5 1120 1050 61 5.4 AnsoDiso COZ Al-diOp, Mel, C3S
253 45 1215 1145 66 6.5 AnsoDiss  CO,  Sp, Al-diop, Mel
Formal- Mg-Si-rich 295 6 1115 1045 52 4 Mg-Si CO, En, Fo, Al-diop, Sp, Cor
304 6 1140 1070 56 4.8 Mg-Si CO, En, Fo, Al-diop, Sp, Cor
296 6 1165 1095 63 5 Mg-Si CO, Fo, Al-diop, Mel, An, Sp, Cor
327 6 1210 1140 51 4.5 Mg-Si CO, Al-diop, Mel, An, Sp, Cor, Lar
297 6 1248 1178 56 5.3 Mg-Si CO, An, Sp, Cor
305 6 1350 1285 50 5 Mg-Si CO, Sp, Cor
339 6 1115 1045 13 5.2 Mg-Si CO, Fo, Al-diop, Mel, Cor
340 6 1208 1138 4 5.5 Mg-Si CO, Fo, Al-diop, C;S, Mel, An, Cor
336 6 1209 1139 14 6 Mg-Si CO, Al-diop, Mel, An, Sp, Cor
Formal- Ar gas 267 5.5 1145 1075 65 6 Mg-Si Ar Fo, Al-diop, An, Sp, Cor
341 6 1211 1141 14 4.5 Mg-Si Ar Al-diop, Mel, An, Cor
Blank 321 6 925-1077 278 5 Mg-Si CO, Al-diop, Mel, An, Cor, Hib
285 6 850-1250 300 10 Mg-Si CO, Mel, An, Sp, Cor
293 6 960-1125 143 7.5 Mg-Si CO, En, Fo, Mel, An, Sp, Cor

En, Fo, Al-diop, Sp, Cor, Mel, Hib, C;S and Lar stand respectively for enstatite, forsterite, Al-diopside, spinel, corundum, melilite, hibonite, Ca;SiOs and
larnite. Res. stands for residue of evaporation. Mg-Si stands for Mg-Si-rich gas.
Notes. phases only found once are not reported in this table except for the short experiments for which only a few analyses have been carried out and for

blank experiments.
# Distance in mm from the bottom of the 12 mm high furnace (Fig. 1b).

® With the exception of experiments # 343 and # 346, evaporation temperatures in °C (zone 3, Fig. 1b) were not measured but estimated from
temperature gradients. The temperature gradient were calibrated for different temperatures of condensation.

¢ Temperatures of condensation (zone 4, Fig. 1b) are given in °C (420 °C). They were measured during the course of experiments.

4 During this annealing test experiment # 308, nanoparticles condensed at 25 °C were collected during 52 min on a vertical Pt-grid inside a cold furnace

and then in the same run, they were heated at 1070 °C during 62 min.

¢ During this annealing test experiment # 318, nanoparticles condensed between 300 and 500 °C were collected on a vertical Pt-grid at the bottom of the

furnace at temperature of 1040 °C during 67 min.
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Fig. 5. Chemical fractionation of evaporation residues from the 982 °C
evaporation temperature experiment (# 346) normalized to Si and to
the Mg-Si-rich glass target composition (fractionation factor Fx =
(X/Si)sampte/(X/Si)initial). The four symbols stand for four different
analyzed residues. Residues in the hatched zone are almost unfractionated
relative to the target. Some corundum grains with no silicon enrichment
(Fx not calculated) were also found among these evaporation residues.

temperature and in thermal equilibrium with the surround-
ing gas. In addition, the large size of the grid relative to
that of the furnace (2.5 mm width, 3 mm height compared
to 3 mm diameter, ~9 mm height, respectively) tends to de-
crease the vertical thermal gradient and homogenize the
gas temperature around the Pt-grid. The Pt-grid was al-
ways located in the middle of the furnace in order to opti-
mize the range of explored temperatures of condensation
(Fig. 6). Although slightly variable from one experiment
to another, the estimated thermal gradient between the
evaporation zone 3 and the Pt-grid was about 70 °C. The
radial thermal gradient across the furnace was about 20 °C.

The systematic observation of amorphous laser-ablation
droplets on the Pt-grids at the end of high-temperature
experiments indicates that they were not completely evapo-
rated while being in the furnace (zones 3 and 4). Their
EDX analysis shows evidence for evaporation with deple-
tion in magnesium and to a lesser extent, in silicon accom-
panied by enrichments in Ca and Al (Fig. 7). Their
abundance was observed to increase with the duration of
the experiment and the furnace temperature. An increase
in the furnace temperature induced an increase of the tem-
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Fig. 7. Chemical composition of laser-ablation droplets collected on Pt-grid in zone 4 (Fig. 1) after 1-h condensation experiments of Mg-Si-rich gas
performed at various temperatures (from 1045 to 1285 °C) and run times (from 4 to ~60 min). Laser-ablation droplets are arranged according to their Mg-
contents. The observed correlated MgO decrease and Al,O; and CaO increase indicates evaporation. For clarity, error bars (+8 % of the values) are not

shown.

perature of the surface glass-target due to radiative heating.
As the production of the laser-ablation droplets is related
to the melting of the sub-surface target, very high furnace
temperature resulted in an increased production of laser
ablation droplets. In order to optimize the amount of
deposited matter on the Pt-grid relative to the amount of
laser-ablation droplets, experiments lasted between 4 to
60 min and were performed at temperatures below
1300 °C (T.). In addition, experiments showing more than
10% by volume of laser-ablation droplets were discarded.

We estimated that evaporation of laser ablation droplets
did not change the concentrations of Mg and Si in the
gas by more than 10%, even in the worst conditions result-
ing in both a high abundance of laser-ablation droplets and
a high amount of evaporation (50% for Mg).

2.4. Experimental conditions

In each experiment, the reaction chamber was pumped
and filled with CO, or Ar at the desired pressure after
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the insertion of the Pt-grid inside the furnace and installa-
tion of the glass target at the bottom of the reaction cham-
ber. Then, the Pt-furnace was slowly heated until thermal
equilibrium was reached in order to avoid any rupture in
the Pt-furnace. Even at such treatment, the rupture of the
Pt-grid usually occurred around 1300 °C (7T¢). Temperature
was monitored using the thermocouple welded to the Pt-
grid. Laser ablation of the glass target started once thermal
equilibrium of the furnace and of the Pt-grid was reached.
Each experiment was quenched (~2000 °C/min) in a few
seconds by (1) ending the laser-ablation, (2) shutting off
the power of the furnace and (3) removing the Pt-grid from
the furnace using the translation motion feedthrough
(Fig. la). The Pt-grid was subsequently removed from
the thermocouple and recovered for analysis. In the follow-
ing, we call “condensation time” the duration of an exper-
iment, i.e. the duration of ablation. Before each
experiment, the Pt-furnace was chemically cleaned using
hot hydrofluoric acid (100 °C) followed by several wash-
ings in hot hydrochloric acid and finally water (~100 °C).
Alumina linings were replaced before each experiment.

Most condensation experiments were performed in the
CO, carrier gas, at oxygen fugacity ranging from ~-6 to
~-8 log units, at temperatures between 1045 to 1280 °C
and with run times between 4 and 60 min. Some experi-
ments were performed under more reduced conditions
using argon as the background gas. The conditions of these
four-steps condensation experiments, hereafter referred to
as formal experiments, are listed in Table 2. They are also
shown in Fig. 6, which summarizes experimentally ex-
plored temperatures of evaporation and condensation in
the furnace. In addition, test experiments were conducted
to demonstrate that the run products of the formal exper-
iments were true condensates (annealing test experiments
and blank experiments, Sections 4.2 and 4.4). Their condi-
tions are also listed in Table 2.

Pt-grids or condensed material were studied by a
200 keV TEM (Phillips CM20) at the Henri Poincaré Uni-
versity, Nancy, France. Grains were examined using
brightfield and darkfield imaging. Grains compositions
were measured using EDX spectroscopy. X-ray thin-film
correction procedure (Cliff and Lorimer, 1975) was used.
Experimental X-ray correction factors (K-factors) were de-
rived from ultra-thin standard minerals and glasses. Crys-
tal structure of the grains was determined by selected
area electron diffraction.

3. Results

TEM observations revealed the presence of crystalline
phases and few amorphous laser-ablation droplets on the
Pt-grids in formal experiments under all explored condi-
tions (Table 2). Although TEM work was difficult to per-
form on these condensates, our set of experiments (about
40 crystals probed per sample except for short run times
where only 15-20 crystals were probed) allows good esti-
mates of the influence of condensation temperature and

gas composition on the mineralogy of the condensed crys-
tals to be made. The evaluation of the time-dependence is
less accurate because of the difficulties in analyzing tiny
and scarce crystals dispersed on the Pt-grids in the shortest
experiments (4 min). Note that the possible effects of minor
variations in total pressure have been neglected in this
study. Although TEM analyses are semi-quantitative, our
data set provides information about the variations of
chemical composition of the condensed phases as a func-
tion of time, temperature and gas composition. Because
diffraction work was difficult to perform on the fairly thick
(~15 pm) and irregular homemade TEM Pt-grids, only few
diffraction data were collected together with chemical anal-
yses on the same crystal.

3.1. Influence of the experimental parameters on the
mineralogy of condensed crystals

As most experiments were performed using Mg—Si-rich
gas, the effects of temperature, time and oxygen fugacity
on the mineralogy of condensed crystals were evaluated
for this gas composition. The results of the AnsyDiso gas
condensation are used to study the effect of the gas compo-
sition on the mineralogy.

The condensation of the Mg-Si-rich and AnsyDis, gases
at various temperatures and run times resulted in the for-
mation of different phases, namely, enstatite, forsterite,
Al-diopside, melilite, anorthite, spinel, corundum and more
rarely, larnite and Ca3SiOs (C5S).

3.1.1. Influence of time

The duration of condensation affects the mineralogy of
the condensates. The effect of time was studied at the con-
densation temperature of ~1140 °C (Tables 2 and 3). The
condensate mineralogy changes as run time increases from
4 to 14 min, and then remains the same as run time increas-
es up to 51 min. Short run time of 4 min results in the
occurrence of Cs;S and the lack of spinel or larnite com-
pared to the condensates produced in the 14 or 51 min
runs. At temperature of 1045 °C, similar changes can be
observed, with the occurrence of melilite, and the absence
of spinel and enstatite in the 14 min run.

3.1.2. Influence of temperature

Our results (Tables 2 and 3) show that the mineralogy of
the condensates varies with temperature. The effect of tem-
perature was studied for the longest run times, i.e. around
50-60 min (Tables 2 and 3). The presence of Mg, Si-rich sil-
icates at low-temperature (e.g., enstatite and forsterite at
1045 °C) along with that of only Al-rich oxides at high-
temperature (1280 °C) clearly shows that the refractory
character of the condensates increases with the temperature
of condensation. In addition, except for spinel and corun-
dum condensing over the entire range of experimental tem-
peratures, different phases are present in defined
temperature ranges (e.g., melilite was only found in the
1095 °C-63 min and 1140 °C-51 min experiments # 296
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Table 3

Distribution of the phases in condensation experiments of Mg-Si-rich and AnsoDis gases at ~4 x 107> bar of CO, for different temperatures and run
times

Expt 295 304 296 327 297 305 339 340 336 233 253 267 341
Gas MgSi MgSi MgSi MgSi MgSi MgSi MgSi MgSi MgSi AnDi AnDi MgSi* MgSi*
Run time (min) 52 56 63 51 56 50 13 4 14 61 66 65 14
Temperature (°C) 1045 1070 1095 1140 1178 1285 1045 1138 1139 1050 1150 1075 1141
Enstatite X X (X)

Forsterite X X X (X)? (X) X X

Al-diopside X X X X X X X X X X X
Melilite (X) X X XX X X X X
Anorthite X X X) X) X X) X
Spinel X X X X X XX X X X

Corundum X) X) X) X) X X X X) X X) X
Ca;SiOs X X

Larnite (X)

MgSi stands for Mg-Si-rich gas, and AnDi stands for AnsoDis gas.

Modal proportions of phases were determined qualitatively by TEM observations: XX stands for a major occurrence of the phase on the Pt-grid, (X)
stands for a minor occurrence. In experiment # 297, (X)? stands for a rare occurrence of forsterite (only found on a limited area of the Pt-grid) suspected to
be contamination, e.g., annealed nanoparticles that were not well evaporated in zone 3. Phase proportions are more difficult to estimate for short run times
(1140 °C-4 and 14 min, experiments # 340, 336) due to the scarcity and tiny size of the crystals sitting on the Pt-grid.

@ Experiments performed in argon gas.

and #327, respectively, Table 2). Duplicate experiments
were performed for 1050 °C < T'< 1240 °C and show simi-
lar changes.

3.1.3. Influence of the background gas

We found no significant influence of the background gas
on the mineralogy of condensate. Experiments performed
at slightly more reducing conditions in Ar gas (oxygen
fugacity buffered by the oxygen from the target) at
1141 °C-14 min (# 341, Table 2) and 1075 °C—65 min (#
267, Table 2) produced crystals mineralogically similar to
those condensed in CO, ambient gas.

3.1.4. Influence of gas composition

At similar temperatures and run times, the mineralogy
of the condensates is highly dependent upon the gas com-
position (Mg-Si-rich versus AnsyDisg). For example, at
1050 °C, condensation of the AnsoDiso gas resulted main-
ly in the formation of Ca-Al-rich crystals (Al-diopside
and melilite or Ca3SiOs), while condensation of the Mg—
Si-rich gas resulted in the formation of Mg, Si-rich sili-
cates (forsterite and enstatite) in addition to Al-diopside,
spinel and corundum (Table 2). The mineralogy of the
condensates from AnsoDisg gas does not significantly
change over the explored range of temperatures
(1050 °C < T < 1150 °C).

3.2. Size, morphology and texture of the condensed crystals

The condensed crystals are usually evenly distributed on
the Pt-grids, and except for some specific textures discussed
below, the crystals are not piled up. Crystal size shows wide
variation (50 nm up to 4 um, average size of ~250 nm),
with the largest grains having been condensed at highest
temperatures. As run duration decreases, the amount of
material decreases with crystals becoming smaller (average

size of ~40 nm) and more scattered on the Pt-grid (Fig. 8b
and f).

The morphology of the condensed crystals varies from
euhedral to spherical (Fig. 8) regardless of the compositions
of the glass target and background gas (CO, or Ar). Al-di-
opside, forsterite, enstatite, melilite and anorthite crystals
show different morphologies from euhedral (Fig. 8h) to
completely spherical (Fig. 8a,) whereas spinel and corun-
dum crystals are mainly euhedral (Fig. 8d and ¢). Few crys-
tallographic defects were observed at the TEM scale, as
shown by the diffraction patterns in Fig. 8a—e and g. How-
ever, in order to confirm the lack of any defects in the crys-
tals, a more careful TEM or High-Resolution TEM study is
needed. The crystals often have a rim of 3-10 nm on their
surface (Fig. 8f), which sometimes thickens at the contact
with the Pt-support. Darkfield imaging in conjunction with
specimen tilting revealed that the rim was amorphous. The
presence of such rims is independent on the run time or con-
densation temperature.

The condensed grains show various textures, from single
crystal (Fig. 8a and b) to aggregates of crystals of similar
composition (300-500 nm) (Fig. 81). They also form chains
of euhedral crystals (300 nm—>2 um) of different or similar
mineralogy (Fig. 8c and h). Forsterite—forsterite (Fig. 8c),
diopside—diopside (Fig. 8h), forsterite—anorthite, melilite—
CasSiOs5 or melilite-melilite chains have been observed. A
few crystals of the same mineralogy were observed to grow
on each other in significantly different orientations (e.g.,
anorthite, 1140 °C-51 min experiment # 327, Table 2).
Spinel and corundum were often observed as plates stacked
together, which has been well documented at the highest
temperatures in our experiments (Fig. 8e and f). Note that
spinel whiskers were observed in the 1285 °C-50 min, Mg-
Si-rich gas condensation experiment (# 305, Table 2,
Fig. 8e). Their tips also seem to show an amorphous rim
of about 10 nm thick.
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Fig. 8. Bright field transmission electron micrographs of high-temperature condensates (4 x 102 total pressure, Mg-Si-rich gas). (a) Single crystal of sub-
spherical melilite with its associated diffraction pattern along the [212] zone axis (1140 °C, 51 min, CO,; Table 2, # 327). (b) Sub-euhedral crystal of Al-
diopside (1139 °C, 14 min, CO,; Table 2, # 336) with its associated diffraction pattern along the [110] zone axis. (c) Two forsterite particles (1070 °C,
56 min, CO,; Table 2, # 304) with associated diffraction pattern along the [213] zone axis. (d) Large corundum (1285 °C, 50 min, CO,; Table 2, # 305) with
associated diffraction pattern along the [111] zone axis. (e) Large spinel showing two whiskers indicated by arrows (1285 °C, 50 min, CO,; Table 2, # 305)
with associated diffraction pattern along the [112] zone axis. (f) Sub-spherical melilite (1138 °C, 4 min, CO,; Table 2, # 340) showing an amorphous rim
indicated by an arrow. Pit from TEM analyse is also visible (indicated by an ellipse). (g) Anorthite (1178 °C, 56 min, CO,; Table 2, # 297) with its
associated diffraction pattern along the [313] zone axis. (h) Chain of euhedral diopside crystals (1050 °C, 59 min, CO,; duplicate experiments) showing
monoclinic crystallographic shape (indicated by arrows). (i) Crystals of diopside (1070 °C, 56 min, CO,; Table 2, # 304) showing the late arrival of one of

them (indicated by an arrow) on the grid.

3.3. Chemical compositions of the condensed crystals

Variations of chemical composition with temperature,
run time, gas composition and oxygen fugacity are de-
scribed below for each condensed phase. Typical chemical
compositions of the phases found in our experiments are
reported in Table 4. Care was taken during analyses of sin-
gle crystals to avoid contamination by adjacent phases
when present. Within analytical errors, analyzed crystals
are homogeneous with the exception of a few melilites.
As the amorphous rims surrounding the condensates were
very thin, uncontaminated analyses of their composition
were difficult to obtain. In most cases, their compositions

were very close to those of the crystals, except for spinel
and corundum.

3.3.1. Forsterite

Forsterites from different experiments are stoichiometric
(Mg/Si=1.93 £0.22=2) within analytical errors, but
show aluminum enrichment up to 10 wt% (Fig. 9) indepen-
dent on the time or temperature of condensation. Because
this enrichment does not change the stoichiometry of the
crystals, it could be explained by the presence of an Al-rich
nanophase such as Al,O3. A specific search for such nano-
phases is required to solve this question. Within detection
limits, forsterite does not show any calcium enrichment.
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Table 4

Mean compositions of phases observed in selected formal, blank and annealing test experiments of Mg-Si-rich and AnsoDis, gases at ~4 x 1073 bar of

CO, for different temperatures and run times

Crystal Exp Type Gas Nbr Composition (wt%)" Range®
MgO 1 Al,O3 o SiO, 1 CaO o
Enstatite 318 1 Mg-Si 9 37.6 0.7 26" 16 58.6 L7 1.2 L5
295 2 Mg-Si 2 40.6 2.0 1.8 0.8 56.9 1.4 0.7 0.2
293 3 Mg-Si 1 35.8 — 2.9 — 58.8 — 2.5 —
Forsterite 318 1 Mg-Si 3 56.3 1.2 0.8 0.3 423 0.7 0.6 0.3
308 1 Mg-Si 9 55.6 1.4 1.3 0.4 423 1.4 0.74 0.3
304 2 Mg-Si 9 54.0 2.3 3.2 3.0 42.0 2.4 0.8 0.7
293 3 Mg-Si 5 55.6 1.7 1.7 1.5 41.6 2.1 1.1 0.4
Al-diopside 233 2 AnsoDis, 2 11.0 1.9 23.7 2.8 40.1 1.4 252 0.4 44.7-53.8 (49.3)
253 2 AnsoDisg 10 14.6 1.3 16.4 3.5 46.6 2.6 22.5 1.3 24.1-46.2 (35.9)
295 2 Mg-Si 7 16.4 4.7 13.7 5.0 48.1 3.3 21.9 4.0 15.9-44.4 (28.9)
327 2 Mg-Si 11 134 2.1 16.4 4.9 44.6 4.3 25.5 1.7 19.1-48.0 (34.2)
321 3 Mg-Si 6 9.1 3.3 21.2 5.8 44.4 4.4 254 4.3 32.4-70.9 (48.2)
336 2 Mg-Si 7 11.5 2.7 19.7 5.8 41.3 4.9 27.5 1.2 23.3-44.3 (36.2)
Melilite 233 2 AnsoDiso 10 6.9 1.7 22.7 3.2 32 2.8 38.5 2.0 29.3-57.2 (43.1)
253 2 AnsoDis, 4 6.4 0.2 25.5 2.8 31.9 4.2 36.2 3.2 36.4-39.2 (38.0)
327 2 Mg-Si 12 7.4 3.0 21.4 8.9 32.6 6.1 38.6 1.8 25.2-87.2 (47.2)
321 3 Mg-Si 7 4.1 0.9 27.8 34 32.1 2.7 36.0 1.3 20.5-39.9 (29)
285 3 Mg-Si 5 2.0 1.7 332 2.9 26.9 1.2 379 1.9 0-24.5 (17)
340 2 Mg-Si 8 8.8 4.1 18.3 11.3 35.1 7 37.7 2.1 16.4-90.4 (55.8)
Anorthite 327 2 Mg-Si 4 1.1 1.5 35.1 1.9 45.7 2.5 18.2 1.7
293 3 Mg-Si 6 1.8 1.5 354 22 44.5 3.2 18.3 12
Spinel 295 2 Mg-Si 4 27.2 2.0 67.4 3.7 4.7 4.2 0.7 0.5
305 2 Mg-Si 6 28.8 1.6 68.9 1.2 1.9 0.7 0.5 0.3
253 2 AnsoDisg 5 29.6 0.9 67.4 1.0 2.5 0.8 0.5 0.2
285 3 Mg-Si 3 28.2 0.2 69.5 0.9 1.5 0.4 0.7 0.6
Corundum 295 2 Mg-Si 3 34 1.1 93.6 4.7 2.2 54 0.8 0.7
305 2 Mg-Si 3 32 2.1 90.2 84 5.3 53 1.3 1.1
285 3 Mg-Si 2 2.2 0.8 95.1 1.2 1.5 1.4 1.2 0.6
Larnite 327 2 Mg-Si 2 2.2 1.0 1.6 0.4 36.6 0.2 59.6 1.2
CsS 233 2 AnsoDis, 2 1.4 0.1 3.3 0.7 19.1 2.8 76.2 2.1
Hibonite 321 3 Mg-Si 1 2.2 — 89.2 — 1.3 — 73 —

Analyses were chosen in order to represent the evolution of the chemical composition of the crystal as a function of temperature and type of experiments
(blank (3), formal (2) and annealing test (1) experiments). Nbr., gives the number of analyses. Exp., corresponds to the label of the experiment, whose

conditions can be found in Table 2. Mg-Si stands for Mg-Si-rich gas.

It is of note that analysed melilite, anorthite or diopside may show a slight depletion of calcium which can be related to sputtering damage by the electron

beam during TEM analyses.

% Range and means (in parenthesis) of pyroxene or melilite compositions expressed as the content of the Ca-Tschermak (CaAl,SiOg) end-member in the
diposide—enstatite-Ca-Tschermak solid-solution or of akermanite (Ca,MgSi,O;) end-member in the gehlenite-dkermanite solid-solution, respectively.
* Compositions of crystals were obtained by TEM energy dispersive X-ray spectroscopy. Typical precision is about 10%, ¢ is the standard deviation

between the measurements.

** Contents below 2.3 wt% for corundum, below ~1.5 wt% for other phases are subject to caution.

Forsterite condensed in the Ar ambient gas shows the same
compositional trend.

3.3.2. Anorthite

Anorthite is stoichiometric within analytical errors. It is
enriched in MgO up to 5 wt% (mean around 1.5 wt%) inde-
pendently on either the time or the temperature of conden-
sation. Anorthite condensed in Ar ambient gas shows the
same compositional trend.

3.3.3. Spinel
Spinel has nearly constant Mg/Al ratio of 0.5 but can
show enrichments in silica (Fig. 10). Calcium is not

enriched in spinel except for the two grains highly enriched
in silicon. The deviations from stoichiometry seem to be
less pronounced at high temperature. Spinels condensed
from the AnsyDis, gas have about the same chemical com-
positions as those condensed from the Mg—Si-rich gas. The
enrichment of spinel in Si is difficult to explain by the con-
tamination from adjacent phases because if occurred, it
would also have changed the contents of other elements.
In contrast to forsterite, such enrichment is certainly not
due to a nanophase contribution (e.g., SiO,) but rather
due to the amorphous rim contribution. Indeed, although
having large error bars, analyses of the amorphous rims
(Table 5) of some spinel reveal SiO, content up to
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Fig. 9. Concentration of Al,O3; (wt%) versus Mg/Si ratio of forsterite
from condensation and annealing test experiments of Mg-Si-rich material.
Forsterites from blank experiments, 4-14 min experiments (with temper-
atures from 1045 to 1139 °C), and 60 min experiments (temperatures from
1045 to 1285 °C) show the same enrichment in aluminum independently of
their atomic Mg/Si ratio (the star represents stoichiometric forsterite
composition). In contrast, forsterites from annealing test experiments (#
308, # 318, Table 2) show no Al enrichment. Because the chemical
compositions of forsterite from the ~60 min-experiment are not depen-
dant on the condensation temperature, they were not reported as a
function of temperature on the graph. Dotted line gives the analytical
TEM detection limit. Numbers in parentheses correspond to the number
of the experiment (Table 2).
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Fig. 10. Concentration of SiO, (wt%) versus Mg/Al ratio of spinel from
condensation experiments of Mg—Si-rich gas. Spinels from blank exper-
iments are similar to those from ~60 min experiments. Note that high-
temperature spinels (>1178 °C) are in average less enriched in SiO, than
low-temperature spinels (1045-1140 °C). Dotted line gives the analytical
TEM detection limit. Numbers in parentheses correspond to the number
of the experiment (Table 2).

80%wt. The influence of time on the chemical composition
of the spinel is not obvious since only a few spinels were
found in the short duration experiments.

3.3.4. Corundum
Corundum is mainly stoichiometric, with no calcium
enrichment within detection limits. However, as shown

Table 5
Mean compositions of condensed crystals of corundum and spinel
surrounded by an amorphous rim

Exp Gas Composition (wWt%)

MgO A1203 SlO'_; CaO

Corundum Crystal 336 Mg-Si 7.60 87.04 434 1.01
Rim 336  Mg-Si 13.47 77.23 7.82 148

Spinel Crystal 327 Mg-Si 27.94  69.26 227 0.54
Rim 327  Mg-Si 3.06 1372  78.36 4.86

Spinel Crystal 253  AnsoDisp  30.73  67.11 191 0.26
Rim 253  AnsoDisg 346 15.77 7257 8.21

Mg-Si stands for Mg-Si-rich gas.

by Fig. 11, it can be slightly enriched in magnesium (up
to 8 wt%), independently of the temperature or duration
of the condensation experiments. In such cases the compo-
sition of corundum lies on the corundum-spinel join. Con-
tribution of the amorphous rims could not account for
such compositions. Indeed, analyses of the amorphous rims
(Table 5) reveal that they are not homogeneous, and show
SiO, enrichment, accompanied by either MgO or CaO
enrichments. The magnesium enrichment of some corun-
dums could rather be explained by a chemical reaction with
the gas during condensation (see Section 5.2.5). Some
corundum grains also show large enrichments in silicon
(up to 11 wt%), magnesium and calcium (up to 8 and
3 wt%, respectively) that could be related to contamination
by adjacent phases during analyses or contribution of the
amorphous rim.

3.3.5. Pyroxene

Low-Ca pyroxenes are stoichiometric in terms of cation
to oxygen ratios (4/6 & 0.01). They belong to one of the
enstatite polymorphs. They show slight enrichment in
CaO and Al,O;, with the bulk compositions being consis-
tent with the diopside—enstatite solid-solution (Fig. 12).

Calcic pyroxenes condensed from the Mg-Si-rich gas are
also stoichiometric in terms of cation to oxygen ratios (4/
6 £0.01) and show variable aluminum contents up to
22 wt%, consistent with the diopside—-Ca—Tschermak sol-
id-solution (Fig. 13). Although close to the analytical pre-
cision, it seems that the calcic pyroxene becomes more
aluminous with increasing temperature and run time. Com-
positions of the calcic pyroxenes from the lower tempera-
ture 1045 °C-52 min experiment show large depletions in
calcium and lie on the diopside-enstatite join (Fig. 12).
The pyroxenes condensed in the Ar ambient gas at low-
temperature (e.g., at 1075 °C) are compositionally similar
to those condensed in CO, ambient gas at low-temperature
(<1090 °C). Calcic pyroxenes condensed from the AnsoDis
gas are, on average, slightly more enriched in aluminum
than those condensed from the Mg-Si-rich gas (Fig. 14).

3.3.6. Melilite
Melilite contains various amounts of dkermanite and
gehlenite end-members (Fig. 15). It is stoichiometric in
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Fig. 11. Concentrations of Al,O3, SiO, and CaO versus MgO (wt%) in
corundum from condensation experiments of Mg-Si-rich gas (graphs a, b,
¢, respectively). There is no large difference between the corundum from
the 4-14 min-experiments, ~60-min experiments and the blank ones. Most
corundums are stoichiometric with CaO, SiO, and Al,O3; within detection
limits (dotted lines). However, graph a shows that some corundums
enriched in MgO plot toward the spinel end-member. Graphs b and ¢
show that these corundums are, however, not enriched in CaO and SiO,.
The gray dots inside the circle correspond to corundum grains enriched
both in MgO, SiO; (and CaO for one of them). Because compositions of
60 min-experiment corundum are independent of condensation tempera-
ture, they are not reported. Numbers in parentheses correspond to the
number of the experiment (Table 2).

terms of cation to oxygen ratios (5/7 4 0.02). Melilite from
the Mg-Si-rich gas-1140 °C-51 min experiment shows var-
iable contents of dkermanite (mean Ak 47). In addition,
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Fig. 12. MgO/(Al,0; + SiO,) ratio versus CaO (wt%) concentration of
pyroxene and melilite from condensation and annealing test experiments
of Mg-Si-rich gas. The compositions of pyroxene and melilite lie between
the Ca-Tchermak/diopside/enstatite end-members and the dkermanite/
gehlenite end-members, respectively. The evolution of the chemical
compositions suggests that there might be a continuum between melilite
and calcic pyroxene. Encircled black dots indicate the chemical differences
between the edge (depleted in calcium) and the core of a single grain (from
experiment # 321), suggesting a chemical reaction between the grain and
the gas. Note also the difference in chemical composition and evolution
between enstatite formed by condensation (experiments # 293, # 295 and
# 304, Table 2) and those obtained by annealing (experiment # 318, Table
2). Di, CaTs, En, Ak and Ge stand for diopside, Ca—Tchermak molecule,
enstatite, akermanite and gehlenite, respectively. Dotted line gives the
analytical TEM detection limit. Numbers in parentheses correspond to the
number of the experiment (Table 2).

melilite is more akermanitic (Ak 73) in shorter experiments
(1140 °C-14, 4 min, CO; or Ar ambient gas). Compositions
of melilite condensed from the AnsoDisy gas (1050 °C-
61 min or 1145°C-66 min) are roughly similar to those
condensed from the Mg-Si-rich gas (mean Ak 49), except
for the lack of the most dkermanitic grains (Fig. 14).

Analyses reveal also that some melilite grains are not
chemically homogeneous. For instance, one of them has
a melilitic crystalline core and a crystalline rim depleted
in Ca and enriched in Si (see Fig. 12).

3.3.7. Rare phases

Rare phases observed in this study include larnite (Ca,.
Si0,4) and Ca;SiOs (Tables 2 and 4). Two crystals of larnite
found in the Mg-Si-rich gas-1140 °C-51 min experiment #
327 (Table 2) show excess of MgO (up to 3 wt%). Ca;3SiOs
crystals found in the Mg-Si rich gas-1138 °C—4 min and in
the AnsgDiso—1050 °C-61 min experiments (# 340 and #
233, respectively, Table 2) are enriched in aluminum and
magnesium (1.5-4 wt%).

4. Condensation tests

In this section, we describe all the experimental tests per-
formed, mainly on the Mg-Si-rich gas composition, in or-
der to prove that the observed crystalline grains were
formed by condensation. Since our experiments used la-
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Fig. 13. MgO/Al,O; ratio versus SiO, (wt%) of calcic pyroxene from
condensation experiments of Mg-Si-rich gas. Calcic pyroxenes from blank
and formal experiments are similar. Calcic pyroxenes become less
diopsidic with increasing temperature and run time. Calcic pyroxenes
condensed in the Ar ambient gas show no difference with those condensed
in the CO, ambient gas. Calculated compositions of evaporated Mg-Si-
rich nanoparticles using our evaporation data were reported on the graph.
The large difference in composition between the modelled evaporated
particles and the calcic pyroxenes confirms the condensation origin of the
latter. On this graph are also reported in outline the range of compositions
of natural TiO, and FeO poor (<1%wt) calcic pyroxenes from CAls
(sources: diopside from type A CAls (Grossman, 1975), from CM
chondrites, (MacPherson and Davis, 1994), from the fine-grained Yamato
81020 CAI (Itoh et al., 2004), from CAIs from CR chondrites (Aléon
et al., 2002), and from spinel-rich inclusions (Kornacki and Wood, 1985)).
Numbers in parentheses correspond to the number of the experiment
(Table 2).

ser-ablation to produce a primary gas and nanoparticle
evaporation to produce the secondary gas to be condensed,
it is important to demonstrate that the ablation droplets
and the nanoparticles could neither result in the formation
of the observed crystalline phases on the Pt-grid nor influ-
ence the condensation process.

4.1. Crystallization of laser-ablation droplets

It is necessary to ensure that the crystalline phases ob-
served in our experiments have not been formed by the
crystallization of partially evaporated laser-ablation drop-
lets. The crystallization of large laser-ablation droplets
could result in the formation of phases such as anorthite
and diopside in the AnsyDiso experiments, or to the crystal-
lization of forsterite and enstatite in the Mg-Si-rich exper-
iments. If these droplets partially evaporate (e.g., loss of
magnesium in Fig. 7), they may form more refractory phas-
es. However, the crystallization of such droplets would
produce either single crystals embedded in a certain
amount of melt or several crystals of similar or different
chemical compositions whose bulk composition accounts
for that of the melt. None of these features is observed in
our experiments. For all run times and condensation tem-
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Fig. 14. MgO/Al,O; ratio versus SiO, (wt%) concentration of Melilite
and calcic pyroxene showing the differences between crystals condensed
from AnsoDiso or Mg-Si-rich gas. Whereas melilites condensed from the
AnsoDis, gas are mostly similar to those condensed from the Mg-Si-rich
gas, AnsoDis calcic pyroxenes are slightly more enriched in aluminum
than the Mg-Si-rich one.

peratures, laser-ablation droplets found on Pt-grids are
not crystalline. They are quenched amorphous droplets
deposited on the Pt grid where the temperature was too
low (<1250 °C) to allow their crystallization in 1 h or less.

4.2. Annealing of the nanoparticles

Two types of test experiments were performed to show
that the observed condensates could not be formed by
the aggregation of annealed nanoparticles in the gas or
on the Pt-grid. The first experiment was a classical anneal-
ing experiment with nanoparticles deposited on a cold grid
and subsequently reheated. The second experiment aimed
at testing the annealing occurring during collection on a
grid in thermal equilibrium with a hot background gas.

In the first test experiment (# 308, Table 2), nanoparti-
cles condensed from a Mg-Si-rich gas at 25°C,
~4 x 1072 bar of CO, were collected during 52 min on a
vertical Pt-grid inside a cold furnace. Then, in the same
run (~4 x 1072 bar of CO,) these nanoparticles were heat-
ed at 1070 °C during 62 min, typical conditions of a con-
densation experiment. TEM observations of the products
showed that annealing of Mg—Si-rich nanoparticles results
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Fig. 15. MgO/Al,0; ratio versus SiO, (wt%) of melilites from conden-
sation experiments of Mg—Si-rich gas showing that all condensed melilite
lie on the akermanite-gehlenite solid-solution. Melilites from short-time
experiments (in CO, or Ar ambient gas) are more akermanitic than those
from ~60 min-experiments. Melilites from blank experiments are more
gehlenitic than other ones. Calculated compositions of evaporated Mg-Si-
rich nanoparticles using our evaporation data were reported on the graph.
Again, condensed melilites do not follow the evaporation trend. On this
graph are also reported in outline the range of compositions of natural
melilites from CAls (sources: melilite from fluffy type A CAls (Christophe
Michel-Lévy, 1981), from type B in CV Vigarano chondrite (Davis et al.,
1991), from compact type A (Podosek et al., 1991), from type B in CV
Allende chondrite (Bischoff and Palme, 1987), from CAls from CR
chondrites (Aléon et al., 2002), and from the fine-grained Yamato 81020
CAI (Itoh et al., 2004)).

in the formation of a continuous thick film (~300 nm) of
crystalline olivines (see Fig. 16d). The presence of a small
amount of glass is also expected to account for the initial
nanoparticle composition. The olivines, whose chemical
composition are reported in Fig. 9 and Table 4, are stoichi-
ometric, with no calcium and aluminum within detection
limits, in contrast to the olivines of condensation origin
(e.g., Fig. 9 or Table 4, # 304). Note that duration of
annealing was comparable to those reported in other stud-
ies (e.g., Fabian et al., 2000; Rietmeijer et al., 2002).

In the second test experiment (# 318, Table 2), nanopar-
ticles condensed from a Mg-Si-rich gas between 300 and
500 °C (~4 x 1072 bar of CO,) were collected on a vertical
Pt-grid at the bottom of the furnace (just at the bottom of
the evaporation zone), at grid temperature of 1040 °C (in
zone 3) during 67 min. TEM observations of the Pt-grid re-
vealed the presence of crystals of enstatite and forsterite
which covered most of the grid (Fig. 16c). Again, the oli-
vines are stoichiometric, with no calcium and aluminum
in contrast to the condensed olivines (Fig. 9). The enstatite
shows very slight enrichment in Ca and Al but does not lie
on the enstatite—diopside join (Fig. 12).

Thus, the annealing of Mg—Si-rich nanoparticles results
in products with compositions expected from the crystalli-
zation of Mg—Si-rich material. It does not yield phases with
compositions similar to our condensates. In addition, the
texture, size and morphology of the crystals formed by

annealing of the nanoparticles are different (e.g., compare
Fig. 16¢c, d and 8 or 18) from those condensed from a
gas. Notice that although the observation of enstatite in
test experiment # 318 may be indicative of slight evapora-
tion of the nanoparticles at the bottom of the furnace, this
test experiment shows that the evaporation of the nanopar-
ticles before their entrance in the furnace was negligible.

4.3. Annealing of partially evaporated nanoparticles

In order to test whether the crystalline phases observed
in our experiments can be formed by the annealing of par-
tially evaporated Mg-Si rich nanoparticles, we calculated
compositions of such particles based on the evaporation
data from the laser-ablation droplets (e.g., Fig. 7).

Compositions of laser ablation droplets recovered (1) in
calibration experiments before their entrance in the furnace
and (2) on the Pt-grids after 1-h high-temperature conden-
sation experiments were determined by EDX-TEM. Com-
positions of the laser ablation droplets recovered on the
Pt-grid were normalized to the mean composition of those
captured before the entrance in the furnace in order to de-
fine enrichment/depletion coefficients due to evaporation.
The depletion coefficient of Mg was taken as a proxy for
the amount of evaporation. Starting from the unfractionat-
ed composition, theoretical compositions of evaporated
nanoparticles were calculated using these coefficients.

It was found that evaporation of Mg-Si-rich nanoparti-
cles might result in the formation of particles composition-
ally similar to anorthite, gehlenite or corundum with
increasing rate of evaporation (Fig. 12). However, the
chemical variations shown by melilite and pyroxene (Figs.
13 and 15) observed in the formal experiments cannot be
reproduced by this model. In addition, clusters of ““‘corun-
dum” residues from nanoparticle evaporation were ob-
served in the calibration experiment # 343 (Table 2),
where evaporation temperature was not high enough to
completely vaporize the nanoparticles. Although crystal-
line, they have, however, a texture completely different
from that of the condensed euhedral corundums
(Fig. 16a and b).

Thus, with the possible exception of anorthite, the ob-
served crystalline phases are unlikely to result from the
annealing of partially evaporated nanoparticles.

4.4. Blank experiments

To ensure that (1) the crystalline phases formed in our
condensation experiments did not result from secondary
reactions between the gas and partially evaporated nano-
particles, and that (2) the possible pre-existing silicate or
oxide nuclei in the formal experiments did not influence
the condensation process, we have performed special exper-
iments, hereafter referred to as blank experiments (Fig. 17).
They were carried out using Pt-furnaces lined with porous
alumina tubes from previous formal experiments, i.e. satu-
rated with evaporated Mg-Si-rich gas and partially covered
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Fig. 16. Bright field transmission electron micrographs of products of the calibration and annealing test experiments. (a and b) Crystallized aluminous
products of calibration experiments # 343 (evaporation temperature of 1015 °C). (c) Forsterite and enstatite from experiment # 318 of annealing of Mg—
Si-rich nanoparticles (1040 °C, 67 min, ~4 x 1072 bar of CO,, bottom of the furnace). (d) Forsterite crystals from experiment # 308 of annealing (1070 °C,
62 min, ~4 x 1073 bar of CO,) of Mg-Si-rich nanoparticles condensed at 25 °C. Note that the crystals produced during the annealing experiments cover

the entire platinum TEM grid.

with laser ablation droplets. Before performing blank
experiments, the alumina tubes were partially cleaned using
the same HF-HCI chemical treatment as for the Pt-fur-
nace. Pt-grids were then held in these furnaces heated up
to 1077, 1125 and 1250 °C (T,) at 10~ bar of CO, during
278, 143 and 300 min, respectively (experiments # 321,
293 and 285, respectively, Table 2).

Although the gas evaporating from the alumina rods
was free of any nanoparticles and laser ablation droplets,
these blank experiments yielded condensation of crystals
on the Pt-grid with similar textures and structures to those
condensed during formal experiments using laser ablation
(Fig. 18). Crystals ranging from 50 to 300 nm in size were
euhedral to spherical (Fig. 18c and e), with few crystallo-
graphic defects at the TEM scale. Some crystals have also
an amorphous rim on their surface (Fig. 18c). They have
various textures: single crystals (Fig. 18a—c), aggregates
of crystals of similar composition (300 nm) (Fig. 18f),
chains of euhedral crystals (>2 pm long) of different or sim-
ilar mineralogy (Fig. 18d). In addition, spinel and corun-
dum were also observed as plates stacked together
(Fig. 18e).
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Fig. 17. Schematic drawing of the blank experiments.

As reported in Table 2, all the mineralogical phases ob-
served in the formal experiments were also found to con-
dense in these blank experiments. In addition, based on
chemical composition, one crystal of hibonite was identi-
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Fig. 18. Bright field transmission electron micrographs of high-temperature condensates from blank experiments (~4 x 107> bar total pressure). (a)
Crystal of anorthite, the arrow indicates the presence of an euhedral crystal (7, = 925-1077 °C, 278 min; Table 2, # 321). (b) Micrograph showing the
usual distribution of the crystals on the platinum TEM grid (7, = 960-1125 °C, 143 min; Table 2, # 293). Crystal at the bottom of the micrograph is an
anorthite. (c) Spherical crystal of anorthite bordered by an amorphous rim indicated by an arrow (7, = 850-1250 °C, 300 min; Table 2, # 285). (d) Chain
of euhedral crystals of forsterite and anorthite (7. = 960-1125 °C, 143 min; Table 2, # 293). (e) Corundum crystals stacked together (7. = 960-1125 °C,
143 min; Table 2, # 293) showing features looking like platelets. (f) Aggregate of corundum crystals (7. = 960-1125 °C, 143 min; Table 2, # 293).

fied in the 925-1077 °C (278 min) experiment # 321 (Table
4). Because neither the temperature was constant, nor the
chemical composition was well controlled in these experi-
ments, the variations of the mineralogy with temperature
are more difficult to understand. Nevertheless, the most
refractory minerals (e.g., spinel, corundum) were also
found in the highest temperature experiment.

Chemical compositions of minerals found in these
experiments are reported in Figs. 9-15. Forsterite, anor-
thite, corundum and spinel do not show any differences
from those condensed in formal experiments (Fig. 9-11).
Melilites are more gehlenitic (mean Ak 20) (Fig. 15). Calcic
pyroxenes are similar (Fig. 13) to those condensed in for-
mal experiments except for one grain, which is very Al-rich
(31 wt% of Al,O3).

The test experiments show unequivocally that the ob-
served phases in the formal experiments are condensed
crystals. Our experimental technique of high-temperature
condensation of a multi-elemental gas (e.g., use of a laser
or of nanoparticle evaporation) does not influence the nat-
ure of the condensation products nor the condensation
process.

5. Discussion
5.1. Unresolved questions

Since condensation process is largely involved in the cy-
cle of dust in the galaxy, from its formation in evolved stars

such as Asymptotic Giant Branch stars, red giants or
supernovae to its formation in the protoplanetary accretion
disks, numerous studies, mostly theoretical, were focused
on understanding dust condensation. Condensation can
be divided into two processes, which are closely related
to each other, (1) nucleation, i.e. the mechanism by which
a stable nucleus is produced in the gas and (2) growth of
the particle in the gas. Nucleation can be considered either
as a statistical phenomenon of an ensemble of particles
(classical thermodynamics) or as a consequence of a specif-
ic chain of networked chemical reactions with specified
rates. Because of the very large number of chemical reac-
tions involved in the formation of complex silicates, nucle-
ation has usually been modelled using modified classical
theories of nucleation (e.g., Blander and Katz, 1967; Sal-
peter, 1977; Draine, 1979; Cameron and Fegley, 1982; Gail
and Sedlmayr, 1986, 1987). However, because of the lack of
experimental data (e.g., surface energy), nucleation in pro-
tostellar or circumstellar environments (Sedlmayr and Krii-
ger, 1997; Tielens et al., 1998) is still poorly understood.
Processes of particle growth are particularly studied for
stellar envelopes where the rapid expansion of the dust
shell limits the timescale for equilibrium of the grains with
the gas and their growth (e.g., Dominik et al., 1993; Gail
and Sedlmayr, 1999).

Most of the work has focused on the chemical composi-
tion of the dust condensed at equilibrium from a solar gas
or from a gas with elements in solar proportion except for
carbon (variable C/O ratios) (e.g., Lord, 1965; Gilman,
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1969; Grossman, 1972; Larimer and Bartholomay, 1979;
Sharp and Wasserburg, 1995; Lodders and Fegley, 1997,
Petaev and Wood, 1998; Ebel, 2000). Thus, a “condensa-
tion sequence’’ of minerals forming at equilibrium from a
cooling solar gas is widely used to explain the chemical
properties of planets (Barshay and Lewis, 1976), meteorites
(Larimer and Anders, 1970; Palme, 2000), their compo-
nents (e.g., CAls, Grossman, 1975), interstellar dust (e.g.,
Bernatowicz and Cowsik, 1997), and ultimately the condi-
tions prevailing in their environments of formation. How-
ever, although thermodynamic models take into account
all possible chemical reactions among the gaseous and con-
densed species included in their thermodynamic databases,
they do not predict the chemical paths for individual reac-
tions (e.g., transition states? energy barriers?), nor the rates
at which they proceed. The influence of energy barriers, for
instance, may significantly alter the predictions of these
models (e.g., Fegley and Prinn, 1989; Fegley, 2000).

5.2. Experimental contribution

5.2.1. Nucleation and crystal growth

5.2.1.1. Nucleation in the gas. Both the number and the size
of the crystals increase with experiments duration which
indicates that crystal growth did not inhibit nucleation of
new crystals. This reflects the simultaneous occurrence of
two processes in the furnace during the course of an exper-
iment: the nucleation of grains from the gas entering con-
tinuously the furnace and the growth of the already
condensed grains in thermal equilibrium conditions (as
the grains on the Pt-grid have the same temperature as
the gas). The morphology of the crystals growing on the
Pt-grid (Fig. 8) suggests that condensation occurred largely
on the Pt-grid, without an epitaxial relation between the
substrate and the condensed crystals (Volmer—Weber
growth mode, Zhang and Lagally, 1997). However, the
occurrence of chains of euhedral crystals of different or
similar mineralogy (e.g., Fig. 8h) suggests that these crys-
tals directly formed in the gas by condensation and stacked
together in the gas to form a chain. Their nucleation in the
gas might have been induced by the presence of remaining
Al-rich nuclei from the evaporation of the nanoparticles or
by the presence of some small laser-ablation droplets in the
furnace. However, the occurrence of chain-like crystals in
the blank experiments, i.e. in the total absence of silicate
or oxide nuclei, supports their formation by direct nucle-
ation in the gas.

5.2.1.2. Morphology of the crystals. Most crystal morphol-
ogies observed in our experiments (melilite, anorthite, for-
sterite, enstatite and Al-diopside) are not specific to
condensation (e.g., euhedral crystals). However, rounded
crystals are not commonly observed and may be character-
istic of grain growth from a gas. Spinel and corundum crys-
tals were often found as platelets stacked together. The
corundum morphology could be explained by (1) the affin-
ity of corundum to form platelets (Givargizov, 1987) and/

or (2) the growth of corundum at supersaturation which fa-
vors the kinetically controlled growth of platelets. Spinel
platelets may be attributed to their formation from corun-
dum platelets (see Section 5.2.4). Finally, spinel whiskers
are commonly observed associated to spinel platelets
(Givargizov, 1987). Whisker and platelet morphologies
are typical of grain growth from a gas. Such habits of oliv-
ine and pyroxene have already been observed in interplan-
etary dust particles (e.g., Bradley et al., 1983) and in
meteorites (e.g., Weisberg et al., 1997).

5.2.2. Crystallinity of the condensed phases

Because of the difficulty in performing equilibrium high-
temperature condensation experiments, previous experi-
mental evidence concerning the degree of crystallinity of
gas-to-solid condensates was not unequivocal (Nagahara
et al., 1988; Nuth et al., 2000 and references therein). In
their condensation experiments, Nagahara et al. (1988) suc-
ceeded in condensing crystalline olivine, pyroxene, a silica
mineral and metallic iron from 1200 to 500 °C in H, at
10~? bar from a Mg-Fe-Si-O-H gas produced by vapori-
zation of olivine. Based on the euhedral shape of the con-
densed olivine, they suggested that the condensates were
crystalline as soon as they condense. However, as their
experiments were long (several tens of hours), the role of
annealing processes on the crystallinity of their conden-
sates was difficult to quantify. Other experiments were per-
formed in non-equilibrium and low temperature conditions
and thus, do not provide answers to the questions of the
degree of crystallinity of the high-temperature equilibrium
condensates (e.g., Arrhenius and Alfvén, 1971; Day and
Donn, 1978; Stephens and Kothari, 1978; Nuth et al.,
2000). For instance, Nuth et al. (2000) have performed
non-equilibrium condensation of e.g., Mg-SiO-H,-O, or
Al-SiO-H,-0O, vapors at ~0.1 bar on short timescales
and found that in the temperature range of 227-827 °C,
only amorphous material are condensed, with composi-
tions interpreted to be imposed by inferred metastable
“eutectics” of the corresponding phase diagrams (e.g.,
Rietmeijer et al., 1999).

In our experiments, phases were crystalline (i.e. either
totally crystalline or with a 3-10 nm amorphous rim) under
all conditions including the shortest run times of 4 min
(e.g., Fig. 8b and f). Several possibilities can be considered:
(1) annealing of liquid droplet condensates of non-stoichi-
ometric composition, (2) annealing of liquid droplet con-
densates of stoichiometric mineral composition and (3)
direct condensation of crystals.

The annealing of liquid droplet condensates of non-stoi-
chiometric composition is likely to yield the formation of
several crystals of different composition, which has not
been observed (see also Section 4.1). In addition, in the case
of formation of single crystals, the amorphous rims cannot
be considered as residues from the crystallization of such
amorphous droplets because their very small volume rela-
tive to that of the crystals would imply that the initial com-
position of the droplet was very close to that of the final



5054 A. Toppani et al. 70 (2006) 5035-5060

crystal. Note also that the characteristics of the rims (e.g.,
thickness, occurrence) are independent on the experiment
durations contrary to what is expected in the case of
annealing.

The annealing of liquid droplet condensates of stoichi-
ometric mineral composition is also highly unlikely because
crystalline condensates (e.g., enstatite, forsterite, Al-diop-
side or melilite) were also recovered in the top, low-temper-
ature part (800-900 °C) of the furnace in additional
experiments (~1 h). These condensates have spent less than
a few seconds in the furnace. They are thus likely to be al-
ready crystalline when they reached the Pt-grid since these
temperatures are too low for annealing on such a timescale
(e.g., ~800 °C, Fabian et al., 2000).

Our experiments indicate that at high-temperature (and
low pressure), solids condense directly as crystals. The
occurrence of amorphous rims suggests that mechanisms
of crystal growth may involve a boundary layer between
gas and crystal, facilitating the accommodation of chemical
elements and the ordered growth of the crystal. The rims
show chemical compositions supporting this mechanism
since they are usually enriched in the elements which do
not enter in large amount in the host crystals (e.g., Si-rich
rim for spinel, see Table 5). Under our conditions, both
supercooling needed to initiate nucleation (e.g., to over-
come surface energy barriers) and kinetics of chemical
and surface reactions (e.g., rate of atoms attachment or dif-
fusion of atoms at the surface of the grains) did not result
in the formation of amorphous material during high-tem-
perature condensation process (e.g., Salpeter, 1977; Camer-
on and Fegley, 1982). Our results do not support models
(Blander and Katz, 1967) of preferential condensation of
metastable liquid droplets rather than crystalline phases.

5.2.3. Attainment of a steady state

Experiments at 4, 14 and 60 min (CO, ambient gas, Mg—
Si-rich gas) show that most mineralogical changes occur in
the first 1020 min (~4 x 107> bar, ~1140 °C). Reactions
involved in the formation of the different phases (e.g.,
nucleation, chemical reaction with the gas phase and diffu-
sion in the grains) are thus rapid enough to attain a steady
state in less than 1 h at ~4 x 107> bar and 1140 °C. We in-
fer that a steady state was also attained in ~1 h for all tem-
peratures studied here.

This observation reveals that chemical reactions in-
volved in the grain growth are rapid enough for the grains
to reach chemical equilibrium with the gas in less than 1 h.
Thus, despite the occurrence of nucleation during the entire
experiment, once a steady state is reached, the crystals that
are in chemical equilibrium with the gas dominate the con-
densate. In contrast to earlier far-from-equilibrium experi-
ments (e.g., Day and Donn, 1978; Nuth et al., 2000), our
experiments can thus be considered as the first successful
near-equilibrium laboratory condensation. Therefore, it
appears that under astrophysical conditions similar to
those of our experiments chemical equilibrium should be
attained on the timescales of ~1 h or less.

5.2.4. Chemical fractionation of the gas

Experimental condensation of Mg-Si-rich gas results in
the formation of minerals. Our results therefore confirm
that condensation of amorphous phases with stochastic
composition is not favored. Being 50 nm to 4 pm in size,
most of our condensates may not be considered as nano-
particles and their properties can be compared with those
expected for macroscopic samples. The experimentally con-
densed minerals are among those thermodynamically pre-
dicted to form at high-temperature in a closed-system at
equilibrium (e.g., Wood and Hashimotom, 1993; Ebel
and Grossman, 2000). Furthermore, our experiments show
that high-temperature condensation of a multi-elemental
refractory gas at ~4 x 1072 bar results in the formation
of crystals whose chemical compositions and proportions
vary with gas composition (AnsyDiso or Mg-Si-rich
gas), temperature (1045-1285 °C) and duration of conden-
sation (4-66 min). Thus, the condensation process results
in a chemical fractionation of the gas varying with these
parameters.

The mineralogical evolution of the condensates with
temperature is qualitatively consistent with that predicted
by thermodynamic calculations (e.g., Petaev and Wood,
1998; Ebel and Grossman, 2000), with less refractory min-
erals forming at low temperature in ~1-h steady-state
experiments (Fig. 19). Therefore, our results define an
experimental condensation sequence as a function of
temperature.

1300
S e ke bbby S Foo
(0]
L 412504
= 50 Error bars
©
8 1200
£
2
T 11501
C
[0}
£ 11004
[}
o
x
w1050 I_ ________________________ S S
1000 T T T T T T T
2 L 3 2 2 T £
5 5 D E £ c =
C e 9 < S
< o

Fig. 19. Experimental range of condensation temperatures of phases
formed from the Mg-Si-rich gas at a total pressure of ~4x 1072 bar
(CO,). Experimental data are given for run time of ~60 min. Dotted lines
limit the experimental range of condensation temperatures. Experimental
temperatures of appearance of the phases have been extrapolated from
their experimental occurrences listed in Table 3 (except for the 1178 °C-
forsterite, experiment # 297, Table 2). Stability fields are represented by
straight lines. Horizontal lines on the straight lines indicate that the
temperature of disappearance of a phase has been determined whereas
arrows indicate that either the temperature of disappearance is below
1045 °C, or that the temperature of appearance was not determined. Error
bars are 35 °C.
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5.2.5. Influence of kinetics on the condensation process

Our experiments provide two ways to study the effects of
kinetics on the condensation process. First, the changes of
mineralogical and chemical composition of the condensates
as a function of time may give information about the reac-
tions of the grains with the gas, which control the forma-
tion and disappearance of phases. Second, as the
experimental condensation process takes place in a system
with a constant supply of gas in the condensation zone, the
mineralogical assemblages observed at steady state may re-
veal the phases whose formation is kinetically favored. On
the contrary, in a closed system at equilibrium, early
formed kinetically favored phases may disappear as system
reaches an equilibrium state.

Despite the observation of an experimental condensa-
tion sequence as a function of temperature in the Mg—Si-
rich system, the systematic presence of corundum at all
temperatures (1045-1280 °C) points to a fast kinetics of
nucleation of corundum (Fig. 19). The presence of corun-
dum in all blank experiments indicates that it forms rapidly
even without pre-existing nuclei that could be present in the
formal experiments (Al-rich nuclei or small laser ablation
droplets). The absence of hibonite or other Al-Ca-rich
refractory phases at high temperature in almost all the
experiments suggests that their nucleation was not kineti-
cally favored compared to that of the corundum. The ab-
sence of corundum, in the AnsyDisy system suggests,
however, that kinetic effects are sensitive to gas composi-
tion. For instance, in this system, reequilibration of the
corundum with the gas phase could be more rapid than
its nucleation or some phases may nucleate more easily
than corundum. Note that the rapid kinetics of formation
of the corundum in the Mg-Si experiments is certainly
not related to a buffering of the Al partial pressure by
the alumina lining of the furnace since, for e.g., the alumi-
num content of pyroxene and melilite varies with conden-
sation temperatures whereas corundum is present at all
temperatures.

The presence of corundum with high Mg content
(Fig. 11), the absence of spinel in short experiments and
the similarity of crystal morphology between corundum
and spinel all suggest that spinel is formed rapidly by a
back-reaction of the corundum with the gas phase. In addi-
tion, its occurrence over the whole experimental range of
temperatures (1045-1280 °C) indicates its slow rate of
reequilibration with the gas phase. As evaporation of laser
ablation droplets will not change the composition of the
gas in magnesium by more than 10% (see Section 2.3), its
influence on the kinetics of spinel formation can be consid-
ered negligible. Thus, in the Mg-Si-rich system, the forma-
tion of spinel is kinetically favored.

The occurrence of melilite in the short experiments also
suggests a fast kinetics of condensation for melilite. How-
ever, it is premature to draw conclusions about its nucle-
ation rate because melilite could also form by reaction of
a primary phase with the gas. Nevertheless, the occurrence
of Mg-rich melilite in short experiments points out that

either nucleation of dkermanitic melilite is kinetically fa-
vored or that the primary phase was Mg-rich. The chemical
compositions of pyroxene and melilite along with the
chemical zoning in melilite (Fig. 12) suggest that pyroxenes
could be the products of reaction between melilite and the
gaseous phase, but other modes of formation such as direct
condensation of pyroxenes from the gas cannot be exclud-
ed. Forsterite shows aluminum contamination, probably
due to the presence of Al,O3 impurities in the crystals,
which indicates that olivine could have nucleated on preex-
isting corundum. The presence of Al-rich forsterite in the
blank experiments indicates that these corundum nuclei
may not be the nanometer-sized Al-rich evaporation resi-
dues possibly present in the formal experiments but rather
suggests the nucleation of forsterite on previously con-
densed corundum.

Our observations show that kinetic parameters can play
a key role on the mineralogical assemblages and chemical
compositions of the crystals formed by condensation. As
the observed kinetics of grain formation highly depends
on grain physical properties, the kinetics observations
reported in these experiments may help to better understand
the mineralogy of the grains condensing from a solar nebula
gas, even if some experimental conditions (e.g., metastablity
of the gas, composition of the gas) are different from the
conditions of condensation in the solar nebula.

5.3. Application to the formation of circumstellar and
nebular dust

5.3.1. Nebular condensates

The Ca—Al-rich refractory inclusions (CAls) from the
primitive chondritic meteorites provide valuable informa-
tion about the early nebula because they are the oldest ob-
jects of our solar system (Gray et al., 1973; Amelin et al.,
2002). Furthermore, as their mineralogy is close to what
is predicted at high-temperature in a theoretical condensa-
tion sequence (Christophe Michel-Lévy, 1968; Grossman,
1975; MacPherson, 2004), they may represent the first
material condensed from the hot nebular gas. However,
studies have shown that some, such as type B and C CAls
(Stolper, 1982; Wark and Lovering, 1982; Beckett and
Grossman, 1988), or the compact type A CAls (e.g., Simon
et al., 1999) have probably crystallized from molten objects
and could have also underwent a complex series of events
including evaporation (Grossman et al., 2000, 2002; Rich-
ter et al., 2002) or partial melting (MacPherson and Davis,
1993). The complex history of other CAls, such as fluffly
type A inclusions (e.g., MacPherson and Grossman,
1984), spinel rich objects (MacPherson et al., 1983; Fegley
and Post, 1985; Kornacki and Wood, 1985; McGuire and
Hashimoto, 1989; MacPherson and Davis, 1994; Lin and
Kimura, 2003; Krot et al., 2004a) or amoeboid olivine
aggregates (Grossman and Steele, 1976; Komatsu et al.,
2001; Krot et al., 2004b; Weisberg et al., 2004) is still not
well understood (MacPherson et al., 1988; MacPherson,
2004). Their texture (e.g., fluffy aggregates of concentric
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objects for the spinel-rich inclusions) and irregular shape
(e.g., amoeboid olivine aggregates) argue against crystalli-
zation from a liquid, with some inclusions such as most
fine-grained spinel rich objects, showing a group II rare
earth element pattern, interpreted as a condensation signa-
ture (Boynton, 1975; Kornacki and Wood, 1985; Sylvester
et al., 1993). Numerous authors have therefore suggested
that they may have formed by aggregation of high-temper-
ature condensates. However, evaluation of the effect of
kinetics on the condensation process, and knowledge of
the structure and texture of condensates are missing in
establishing their origin by direct condensation. In the ab-
sence of experimental evidence, different other origins for
this type of refractory inclusions have been proposed,
which require very specific nebula conditions. For instance,
in a study on nucleation of grains from the solar gas, it has
been proposed that grains could form in the nebula by
growth of amorphous chemical heterogeneous matter on
corundum nuclei and experience annealing at high temper-
ature that would result in a complex structure (e.g., Cam-
eron and Fegley, 1982).

Our high-temperature experimental condensates from
the Mg-Si-rich gas reproduce the crystallinity of CAIs min-
erals. In addition, although our crystals have not con-
densed from a true solar gas (e.g., H,-bearing, oxygen
fugacity, titanium—iron-bearing composition), their com-
positions reproduce fairly well those of most CAI minerals
(Figs. 13 and 15). Note that whereas hibonite, which is ob-
served in CAls, has not been observed in our experiments,
corundum, which is not common in CAls, is largely ob-
served in our experiments. These differences may be attrib-
uted to the experimental conditions of condensation
different from that of the solar nebula (7, < 1300 °C, con-
tinuous flow of gas entering the furnace that favors contin-
uous nucleation). Both the crystallinity and the chemical
composition of our experimental condensates support
models of CAlIs formation by condensation from a hot so-
lar gas in a relatively short period of time (<1 day,
Pp = ~107" bar). Besides the direct formation of grains
in the gas, nucleation and grain growth occur mainly on
a solid medium (Pt-grid and possibly Al-rich residues) in
our experiments. Similarly, CAIs minerals may have nucle-
ated on seed nuclei that should be present in nebular disks
(e.g., refractory metals, nanometer-sized refractory preso-
lar dust, e.g., Cameron and Fegley, 1982).

In addition, as our experiments show that kinetics effects
can control the mineralogy of the condensates, our experi-
ments suggest that the formation of CAls with peculiar
mineralogy and texture that contradicts equilibrium con-
densation calculations may be better understood if kinetic
effects are taking into account (e.g., inversion melilite/
spinel).

Finally, this study also suggests that igneous CAls have
not crystallized from metastable liquid droplets (Blander
and Fuchs, 1975) condensed from the gas. Several studies
have suggested that they either formed from stable liquid
condensates under high dust/gas ratio or high total pres-

sure (e.g., Wood and Hashimotom, 1993; Yoneda and
Grossman, 1995), or from molten precursors (e.g., Stolper,
1982).

5.3.2. Stellar condensates

Most of the interstellar refractory dust controlling the
chemistry and physics of the interstellar medium (ISM) is
formed in the outflows from evolved stars (Gehrz, 1989).
Infrared (IR) observations have shown that such dust is
dominated by Mg-rich amorphous silicates (Woolf and
Ney, 1969; Day and Donn, 1978; Tielens et al., 1998), with
few crystalline silicates (forsterite, enstatite and possibly
diopside and melilite) (e.g., Waters et al., 1996; Demyk
et al., 2000; Molster et al., 1999, 2002) and oxides (corun-
dum, spinel and FeO) (e.g., Molster et al., 1999; Fabian
et al., 2001; Kemper et al., 2002, respectively). In addition,
the findings of presolar grains in primitive chondrites,
whose anomalous isotopic compositions point to their for-
mation in stellar envelopes, have shown that crystalline
corundum, spinel, hibonite and silicates can be formed in
such environments (Nittler et al., 1994, 1997; Huss et al.,
1994; Choi et al., 1998, 1999; Stroud et al., 2002; Messenger
et al., 2003; Nagashima et al., 2004). However, because of
the lack of experimental data, the conditions of formation
of interstellar refractory dust are still poorly constrained.

Although astronomical observations predict low pres-
sure in stellar atmospheres (10~° to 10~ bar), nucleation
models (Salpeter, 1977) and studies of presolar grains (Ber-
natowicz and Cowsik, 1997; Bernatowicz et al., 1996) sug-
gest that pressures above 107/ bar are required for
nucleation and growth of micrometer-sized grains in time-
scales relevant to stellar outflows. In addition, small-scale
heterogeneities with higher densities are likely to be present
in circumstellar outflows (e.g., Woitke and Niccolini, 2005;
Redman et al., 2003). At such high pressures (>10 bar),
our experiments may provide information about the condi-
tions of dust formation in circumstellar shells. They show
that condensation at high-temperature could result in di-
rect formation of crystalline grains, rather than amorphous
silicates formed at high-supercooling, and later annealed in
specific conditions (e.g., in high-mass loss stars, Kozasa
and Sogawa, 1997). The direct condensation of forsterite,
spinel, corundum, or diopside would explain the crystalline
features of IR spectra of evolved stars. However, the pres-
ence of both crystalline and amorphous silicates in circum-
stellar dust shells implies that Mg and Si condensation has
not uniquely taken place by such high-temperature near-
equilibrium condensation processes, and/or that initially
crystalline grains are rapidly amorphized by stellar radia-
tion (e.g., Bradley, 1994; Carrez et al., 2002).

Our experimental condensates from a proxy of the solar
gas reproduce the crystallinity and the mineralogy of most
oxygen-rich presolar grains (e.g., Nittler et al., 1994, 1997;
Huss et al., 1994; Choi et al., 1998, 1999; Stroud et al.,
2002; Messenger et al., 2003), which suggests that these
grains may have formed by high-temperature condensa-
tion. However, kinetics probably also plays a role in the
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mineralogy of these circumstellar grains. The high abun-
dance of corundum among presolar grains, which is at var-
iance with its relative rarity in meteorites, suggests such
kinetics effects. Our experiments show that the reaction
of corundum with the gas to produce spinel is rapid. The
survival of large presolar grains of corundum in stellar out-
flows therefore implies that they have been preserved from
back reaction with the gas phase, either because of very ra-
pid cooling, rapid density decrease or by physical removal.
In addition, our results suggest that in order to be of micro-
metric size and preserved from back reaction with the gas
phase, they should have grown at very high temperature,
far above the stability field of spinel (e.g., T> 1228 °C at
Pr =107 bar, Ebel and Grossman, 2000). The observa-
tion that some presolar spinels or corundums are non-stoi-
chiometric (Choi et al., 1998; Zinner et al., 2005) suggests
that some corundum grains did begin to react with the
gas phase before their removal. Finally, C-rich presolar
grains show unexpected amorphous rims (e.g., Croat
et al., 2003), such as those observed on our condensates
(Figs. 8 and 18). Although an origin of these rims by sput-
tering has been proposed, an origin by the condensation
process itself must now be considered.

6. Conclusions

Using the techniques of laser-ablation and nanoparticles
evaporation, we have developed a new apparatus allowing
us to perform the first successful near-equilibrium high-
temperature condensation of multi-elemental refractory
gases at low-pressure. Our experimental results show that
high-temperature condensation of multi-elemental refrac-
tory gases (“Mg-Si-rich” and AnsyDisy) at ~4 x 107> bar
results in direct formation of crystalline grains, that
condense either directly in the gas or on the Pt-grid. The
condensation of amorphous phases with stochastic
composition is thus not favored.

The mineralogy of the condensed crystals, close to that
predicted by equilibrium thermodynamic calculations, var-
ies with temperature and duration of the condensation
experiments. We have shown that chemical reactions be-
tween gas and condensates are rapid enough to attain a
steady state on a relatively short period of time (~1h at
~4 x 1072 bar). Furthermore, high-temperature condensa-
tion results in chemical fractionation of the gas, i.e. deple-
tion in refractory elements at high-temperature. This
experimental work also reveals that condensation of some
phases such as spinel may be kinetically favored.

This experimental study demonstrates that the non-igne-
ous CAls could have formed by high-temperature conden-
sation in the early nebula. It also shows that crystalline
grains can be formed in the outflows of evolved stars by
high-temperature condensation. However, our experimen-
tal work indicates that the mineralogy of such condensed
material, as well as the pressure-temperature conditions
in their stellar environments cannot be completely under-
stood without taking into account the influence of kinetics.
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