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ABSTRACT
Here, we report on a kinetically controlled vapour phase condensation experiment using a
low-calcium Ca–Fe–SiO–H2–O2 vapour. Under these conditions of extreme disequilibrium,
the condensate properties become predictable. They are amorphous solids with (predictable)
deep metastable eutectic compositions. This study also shows how chemical evolution of the
condensate grains will lead to chemically complex amorphous solids. The highly disordered
structure of the deep metastable eutectic condensates is the very key to this predictable chemical
evolution to grains with a silicate mineral composition, yet being amorphous. We compare our
results with astronomical observations of dust around young stellar objects.

Key words: astrochemistry – methods: laboratory – Solar system: general – planetary sys-
tems: protoplanetary discs.

1 IN T RO D U C T I O N

In our first condensation experiment, a massive clump of condensed
magnesiosilica evolved into a porous aggregate of forsterite and en-
statite crystallites and embedded nanometer-scale tridymite plates
during post-condensation heating (Rietmeijer, Nuth & Mackinnon
1986). This aggregate resembled a chondritic porous, aggregate in-
terplanetary dust particle (IDP). These IDPs are debris from active
comets (Bradley & Brownlee 1986). The experiment did not say
much about solar nebula condensation but it showed that conden-
sates can be the precursors to IDP-like particles (Rietmeijer 1998).
It was thought that circumstellar dust condensates would be small
grains of simple metal-oxides (e.g. SiO2, MgO) formed under dis-
equilibria conditions (Donn 1979) that were arranged on stands
or ‘necklaces’ in open, three-dimensional networks (Stephens &
Kothari 1978; Duley, Millar & Williams 1979).

Subsequent condensation experiments on a wide range of vapour
compositions in the improved condensation flow apparatus (CFA)
(Nelson et al. 1989; Nuth, Rietmeijer & Hill 2002) produced
nanometer-scale condensate grains that (i) are amorphous sim-
ple metal-oxides and (ii) arranged in open, three-dimensional net-
works of intertwined ‘necklaces’ (Rietmeijer, Nuth & Karner 1999a;
Rietmeijer et al. 2002). The experiments show that vapour phase
condensation is defined by metastable equilibrium.

The MgO–SiO2 system also includes the minerals enstatite
(MgSiO3) and forsterite (Mg2SiO4) that exist in comets and nebulae
around Young Stellar Objects and comets (Bouwman et al. 2001;
Molster & Waters 2003; Wooden, Harker & Brearley 2005). These
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minerals typically do not form in the condensation experiments but
rare well-ordered forsterite (Mg2SiO4) nanograins were found in
some condensed magnesiosilica samples (Molster & Bradley 2001;
Rietmeijer, Nuth & Nelson 2004) probably by oxidation of con-
densed deep metastable eutectic (DME) Mg2Si alloy grains that
were found in another magnesiosilica smoke (Kimura, private com-
munication).

During the short time of a condensation experiment, there are
complex oxidation-reduction reactions and condensed grains with
end-member compositions of equilibrium phase diagrams collide,
fuse and form amorphous chemically complex nanometer-scale
grains larger than the original simple metal-oxide condensates.
These ‘chemically complex’ grains had clear preferences for two
or more specific compositions of ferrosilica (Rietmeijer & Nuth
1991), aluminosilica (Rietmeijer & Karner 1999), magnesiosilica
(Rietmeijer et al. 2002), calciosilica (Rietmeijer et al. 2008a) and
ferroalumina (Rietmeijer, Pun & Nuth 2008b) condensates.

The preferred compositions of these condensates are systemati-
cally between the compositions of two adjacent stable eutectics in
the appropriate equilibrium phase diagram (Fig. 1). For example, the
condensate compositions in an Al–SiO–H2–O2 vapour are defined
in the Al2O3–SiO2 phase diagram (Rietmeijer & Karner 1999).

The DME compositions of the amorphous condensates match,
among others, a serpentine dehydroxylate, e.g. Fe3Si2O7, or a smec-
tite dehydroxylate composition. Their metal-oxide to SiO2 ratio re-
sembles those of the layer silicate minerals but with the (OH)−

groups of layer silicates substituted by oxygen (Nuth, Hallenbeck
& Rietmeijer 2000a; Nuth et al. 2000b, 2002; Rietmeijer et al. 2006,
2008a,b).

Experiments with two metal-oxide vapours yield amorphous con-
densate grains that are

C© 2009 The Authors. Journal compilation C© 2009 RAS

 at N
A

SA
 G

oddard Space Flight C
tr on July 1, 2014

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


Ca, Fe-silicate condensation and evolution 403

Figure 1. Hypothetical binary equilibrium phase diagram for two compo-
sitions A and B showing the position of the (deep) metastable eutectic point
with the “AB” composition at the intersection of the metastable extensions
of the liquidus surface (dashed lines) in between the compositions of both
(stable) eutectic points on the liquidus surface at the top of the diagram
(solid lines). Modified after Rietmeijer & Nuth (2000).

(i) Pure oxides: silica (SiO2), MgO, FeO, Fe2O3 and alumina
(Al2O3; Volten et al. 2007).

(ii) Binary oxide grains with DME compositions, ferroalumina
grains (Rietmeijer et al. 2008b) and chemically evolved grains with
a stoichiometric mineral composition, viz. wollastonite, CaSiO3,
a pyroxene mineral (Rietmeijer et al. 2008a) and Fe-cordierite
(Rietmeijer et al. 2006).

Condensation experiments with three metal-oxide vapours have
an additional degree of freedom that is a first step towards the forma-
tion of amorphous compounds with evolved chemical compositions,
and to the formation of minerals in nebulae around Young Stellar
Objects (Nuth et al. 2000b; Bouwman et al. 2001; Nuth et al. 2002;
Molster & Waters 2003) and dust aggregates ejected from active
comets (Hadamcik et al. 2007; Volten et al. 2007).

Condensation in Mg–Fe–SiO–H2–O2 vapours produced DME
magnesiosilica and ferrosilica grains but no mixed ferromagne-
siosilica grains (Rietmeijer et al. 1999a). Yet, common constituents
in cometary dust have unique ferro-magnesiosilica compositions
due to agglomeration, mixing and fusing of magnesiosilica and fer-
rosilica condensates (Rietmeijer 2002). We hypothesized that mix-
ing occurred along lines connecting solids with DME compositions.
Testing the hypothesis in condensing Al–Fe–SiO–H2–O2 vapours
produced amorphous aluminoferrosilica grains that behaved in
a manner consistent with our hypothesis but the overwhelming
abundance of condensate was hiding the details of the process
(Rietmeijer et al. 2006). The study highlighted that cooling rates
during the period of heat dissipation following the onset of vapour
phase condensation will affect the structural and chemical evolution
of condensed grains in these experiments.

In this paper, we trace the onset of chemical evolution by mix-
ing condensates with DME compositions during condensation of a
low-CaO Ca–Fe–SiO–H2–O2 vapour wherein we anticipated sub-
tle thermal effects during heat dissipation. We report on condensate

grains with a CaFeO DME in the pseudo-binary CaO–‘FeO’ system.
The condensates will contain both ferrous (FeO) and ferric (Fe2O3)
iron due to variable oxidation conditions in the vapour conden-
sation experiment (Rietmeijer, Nuth & Karner 1999b; Rietmeijer
et al. 2006). The ‘FeO’ designation is used to indicate the presence
of both iron oxides. Understanding chemical evolution of vapour
phase condensates will advance our knowledge on the formation
of amorphous metastable solids with predictable compositions in
condensing circumstellar nebulae, including the solar nebula.

2 ME T H O D S

2.1 Vapour phase condensation

Laboratory condensation of Ca–Fe–SiO–H2–O2 vapour was con-
ducted in the CFA at the NASA Goddard Space Flight Center. The
smoke particles condensed from a gas rapidly cooling to approxi-
mately room temperature after passing through a hydrogen oxygen
flame. The gas composition is typically more than 80 per cent hydro-
gen with variable amounts of silane, iron pentacarbonyl (in helium)
and trimethyl aluminium (in helium) to obtain the desired metal-
oxide bulk composition. The gases are mixed thoroughly by passing
through a chamber filled with glass beads prior to injection into the
furnace. The furnace is a resistively heated alumina tube maintained
at a constant temperature (∼800 K) where the reactive gas stream is
mixed with oxygen at controlled flow rates to produce a hydrogen
flame from which dust condenses after emerging from the furnace.
The oxygen fugacity is not buffered during condensation. The gas
passes through a hydrogen-oxygen flame front (∼1500 K) within
the 1-inch diameter heated furnace (∼800 K) then exits to a large
(4-inch) room temperature collection region. At the gas flow rates
used in typical experiments, this transition might require as long as
from 5 to 10 ms, though the grains could cool more slowly due to
inefficient heat transfer to their surroundings. The condensed smoke
was collected on an aluminium substrate, then carefully removed
from the CFA, and placed in clean vials for shipment and analysis.

2.2 Transmission electron microscope analysis

A small amount was removed from the vials and placed in a clean
mortar. Gentle pressure was applied to loosen the deposit. The pow-
der was embedded in epoxy (Spurrs) following standard procedures
in the Electron Microbeam Analysis Facility (UNM). Serial ultra
thin (70 nm) sections were cut from epoxy stubs with embedded
smoke material. The sections were placed on a thin holey carbon
film supported by 200 mesh standard TEM Cu grids for analyses
using a JEOL 2010FM high-resolution transmission electron mi-
croscope (HRTEM) that operated at 200 keV accelerating voltage
and was equipped with a LINK ISIS energy dispersive spectrometer
(EDS) with an ultra thin-window for quantitative chemical analy-
ses, including oxygen, using the Cliff–Lorimer thin film procedure.
The analytical probe was 5 or 10 nm but smaller than the individual
grains. The reported oxide values are within the 2σ range. A slow-
scan CCD capable of on-line, low-dose TEM imaging was used
to record the location of each grain. The images were used to cull
‘questionable’ data, e.g. due to overlapping grains that initially went
unnoted using a through-focus technique to detect condensed grains
smaller than the section thickness. Grain-sized diameters with a rel-
ative error of ∼10 per cent were measured from computer-stored
images; the amorphous or crystalline nature was established by se-
lected area electron diffraction. The statistical data are accepted
at 95 per cent confidence limit. All iron was calculated as FeO
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Figure 2. Transmission electron microscope image showing a planar cut
through the open, or porous, three-dimensional networks of the condensed
sample and individual grains (black/dark grey) arranged on short strands.
The grey background is epoxy applied for sample preparation. For HRTEM
analysis, the ultra thin sections are placed on a holey carbon film. The
circular structure is a hole in the support film. White spots indicate sample
loss. The scale bare is 90 nm.

although the compositions are constrained in the pseudo-ternary
system CaO–FeO/Fe2O3–SiO2.

3 O BSERVATIONS

Condensation of this Al–Fe–SiO–H2–O2 vapour produced a very
open (porous) structure of clusters wherein the individual grains are
arranged on short chains (Fig. 2). The smooth grain outlines and
variable sizes are readjustments to lowering the surface free energy.

3.1 Binary metal-oxides

3.1.1 Calciowüstite

These amorphous, somewhat elongated, CaFeO grains range from
30 to 60 nm (Table 1). Vestiges of small condensate grains are
preserved in some grains. The compositions match calciowüstite,
an orthosilicate-iron oxide (Fig. 3).

3.1.2 Calciosilica grains

The compositions of these amorphous, irregularly shaped and (sub)
spherical condensates define three Gaussian distributions at 88.1,
25.5 and 7.9 CaO wt per cent (Fig. 3; Table 1); two populations are
represented by only three grains.

3.1.3 Ferrosilica grains

The compositions of these abundant amorphous and poorly ordered
grains define several Gaussian distributions for populations N >

2. Small errors in assigning population ranges carried forward and
caused a residual group for 6 per cent of the data 5 < FeO <

90 wt per cent (Table 2). This artefact of data reduction has little
effect on the population means (Table 2). The grains that range from
4 to 50 nm in these populations have lognormal size distributions
(Table 2). The population, FeO = 93.2 wt per cent, has a Gaussian
size distribution.

4 TERNA RY META L-OX IDES

4.1 Low-CaO (1.5 ≤ CaO ≤ 5) CaFeSiO grains

These amorphous and poorly ordered amorphous grains define two
groups of low-CaO CaFeSiO compositions (Fig. 3). The first group
(CaO < 3 wt per cent) includes four distinct populations; the second
has two populations defined by FeO content (Table 3). The grain
sizes form Gaussian distributions, except the population FeO =
72.8 wt per cent that is slightly skewed (Table 3).

4.2 High-CaO (5–20 wt per cent) CaFeSiO grains

They are amorphous and form two poorly defined populations that
mainly differ in the FeO content (Fig. 3; Table 4). A Student’s t-test
finds that the hypothesis cannot be rejected that these grains are not
from grain-sized populations with different mean values.

4.3 Low-silica (∼3-wt per cent SiO2) CaFeSiO grains

A dense cluster of individual, uniformly low-silica CaFeSiO con-
densate grains near the iron oxide corner (Fig. 3) has distinct CaO
wt per cent populations (Table 5). The large populations have about
equal amounts of round and elongated grains supporting grain
growth in small chains and clusters. About a quarter of grains in
the population CaO = 7.2 wt per cent contain vestiges of small
condensate grains.

Table 1. CaFeO (calciowüstite) and CaSiO condensate compositions (wt per cent), grain size
[nm; mean (μ) ± standard deviation (σ )] and range and number of grains in each population
(N ).

FeO (wt per cent) CaO (wt per cent) SiO2 (wt per cent) Size Range N

6.1 ± 0.4 3.9 ± 0.4 – 45.0 ± 12.9 30–60 5
– 88.1 ± 2.6 11.9 ± 27 22.5 ± 5.3 16–28 7
– 62.5 37.5 54 – 2
– 40.6 59.4 60 – 1
– 25.5 ± 6.6 74.5 ± 6.5 54.1 ± 16.5 38–71 10
– 7.9 ± 2.0 92.1 ± 2.1 40.9 ± 9.6 26–55 19
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Ca, Fe-silicate condensation and evolution 405

Figure 3. The individual condensate grain compositions in the samples (open squares) are presented in pseudo ternary CaO–‘FeO’–SiO2 diagram. The high
concentrations along the ‘FeO’–SiO2 and CaO–‘FeO’ sides of the diagram reflect the low-CaO content of the condensing Ca–Fe–SiO–H2–O2 vapour. Its
calculated bulk composition (open star) is similar to the CI bulk composition of the Orgueil meteorite, SiO2 = 54.2 wt per cent, FeO = 43.6 wt per cent and
CaO = 2.2 wt per cent. The pure silica condensates are not indicated. These subspherical amorphous grains range from 18 to 65 nm with a mean size of 38 ±
18 nm.

Table 2. FeO wt per cent contents of ferrosilica condensate, grain size
(nm) (μ ± σ ) and range for each population (N ). The population, FeO =
93.2, has a Gaussian size distribution; all other grain size populations are
skewed, normal distributions indicated by modal size (nm) and skewness
(S: (mean-mode)/standard deviation). (∗): this residual population has a flat
size range.

FeO (wt per cent) Size Range N Modal size; S

10.5 ± 4.2 10.3 ± 3.1 3–14 19 12.3; −0.66
31.8 ± 7.5 13.9 ± 8.4 4–50 125 8.2; 0.67
38.0 ± 4.9 15.7 ± 4.1 10–29 91 12.5; 0.80
56.2 ± 6.4 20.8 ± 8.3 11–48 43 17.1; 0.44
76.4 ± 4.6 20.9 ± 5.2 12–36 48 22.2; −0.25
86.2 ± 3.1(∗) 26.8 ± 6.9 15–42 22 –
93.2 ± 2.4 28.6 ± 6.5 19–39 9 –

Table 3. FeO (wt per cent) contents of calcioferrosilica condensate com-
positions in two groups of low CaO (<5 wt per cent), the grain size (nm)
(μ ± σ ) and size range for each population (N ). The modal size and S values
are shown for a single slightly skewed size distribution.

FeO (wt per cent) Size Range N Modal size; S

1.5 ≤ CaO wt per cent < 3
12.4 ± 2.8 16.5 ± 5.1 10–21 4 NA
47.1 ± 6.6 21.2 ± 7.1 11–42 23 –
72.8 ± 6.0 20.0 ± 5.9 10–34 48 22.1; −0.35
88.7 ± 2.0 29.0 ± 7.0 24–44 8 –

3 < CaO wt per cent ≤ 5
38.0 ± 6.1 24.3 ± 10.0 13–41 8 –
69.1 ± 6.8 17.5 ± 6.0 9–30 19 –

Table 4. Average compositions of two high-CaO (5–20 wt per cent) calcio-
ferrosilica condensate populations, grain size (nm) (μ ± σ ) and size range
(N).

SiO2 FeO CaO Size Range N

76.0 14.8 9.2 26.7 ± 10.9 14–56 13
25.3 68.4 6.3 20.9 ± 8.4 10–35 11

Table 5. The CaO (wt per cent) contents for three low-silica CaFeSiO con-
densate groups, grain size (nm) (μ ± σ ) and size range for two populations
(N).

SiO2 wt per cent CaO wt per cent Size Range N

2.6 ± 0.7 7.2 ± 1.9 28.2 ± 7.9 16–49 41
2.6 ± 0.7 12.7 ± 1.7 29.1 ± 5.1 21–41 13
2.6 ± 0.7 21 20 – 1

5 G RAI N-SI ZED DI STRI BU TI ONS

5.1 General

Grain-sized distributions contain information on the processes that
modified some of the physical properties and how porosity affected
structural evolution. The lognormal grain-sized distributions for the
pure silica, calciowüstite, calciosilica and CaFeSiO condensates
support that they grew by grain fusion, a common process to reduce
surface free energy. It was facilitated in the denser grain clusters in
the condensed samples. The average size, 46 ± 15 nm, of the DME
CaSiO condensates (Table 1) suggests that they formed at the onset
of condensation due to their refractory nature ahead of the DME
ferrosilica condensates.
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5.2 Ferrosilica grains

The ferrosilica condensates have skewed normal size distributions.
A negative skewness (S) value indicates a population dominated
by the largest grains, viz. The 10.5 FeO wt per cent population
(Table 2) grew in isolation of newly condensing grains. Positive
S-values indicate arrested grain growth. The S values (Table 2)
reflect variations in porosity of the condensed sample with dense
clusters and aggregates of high porosity. Additional insight into the
growth process is obtained from normalized steady-state frequency
versus size profiles (Baronnet 1984), viz. condensate grains 31.8-
wt per cent FeO (Table 2) growth were a second-order process at
low levels of evolving grain density. The steady-state profile for the
10.5-wt per cent FeO grains confirms diffusion controlled growth
in densely packed clusters.

6 A MORPHOUS G RAIN C RY STALLIZATION

Amorphous condensates with end-member oxide compositions of-
ten crystallize during the period of heat dissipation to tridymite
(SiO2), periclase (MgO), maghémite (γ -Fe2O3) and hematite
(α-Fe2O3) minerals. When heated after condensation, the initial
adjustments of amorphous condensates will be rearrangements in
the Si–O stretching and bending modes causing subtle changes in
the infrared spectra (Nuth & Donn 1983, 1984; Hallenbeck, Nuth &
Daukantes 1998; Hallenbeck, Nuth & Nelson 2000). With contin-
ued heating, crystallographic ordering can be traced by the appear-
ance of low-order diffraction maxima of tridymite. In ferrosilica
condensates that were not heated crystallographic ordering was in-
dependent of FeO content (Rietmeijer & Nuth 1991). This was also
found for the condensed grains in this low-CaO Ca–Fe–SiO–H2–O2

vapour wherein it was independent of CaO and FeO contents. The
grains are still poorly ordered, amorphous solids that have yet to
show the high degree of crystallographic order of minerals. The
chemical evolution in this condensation experiment was possible
because the grains lacked crystallographic ordering.

7 D I S C U S S I O N A N D C O N C L U S I O N S

7.1 General

The number of DME eutectic points is determined only by the phase
relationships in the equilibrium phase diagram, not by the bulk
vapour composition (Rietmeijer et al. 2004, 2008a). The arithmetic
mean of the condensed grain compositions in this study, SiO2 =
45.7 wt per cent, FeO = 50.0 wt per cent and CaO = 4.3 wt per cent,
indicates a low-CaO CaFeSiO bulk vapour composition. It explains
the high amount of grains with ferrosilica DME compositions and
the much fewer DME calciosilica condensates (Fig. 3).

DME condensation happens when the conditions are far from
thermodynamic equilibrium when phase changes are driven by the
surface properties of the condensates. The system is simply not
yet large enough for the bulk material properties to take over. The
predominantly round grains might argue for a liquid-like charac-
ter of growing condensates with an amorphous structure. Thermal
fluctuations in a cooling gas prior to the equilibrium condensation,
when the grain and gas temperatures are equal, cause conditions
wherein the condensation rate exceeds dust evaporation (De 1979).
The condensates then have the properties of a ‘dissipate structure’
in the form of amorphous DME grains (Nuth et al. 2002) as shown
in the CaO–‘FeO’–SiO2 diagram (Fig. 4).

Figure 4. CaO–“FeO”–SiO2 ternary diagram with the locations of (i) DME
FeSiO, CaSiO and CaFeO compositions (open diamonds; Tables 1 and 2)
and (ii) chemically evolved CaFeSiO condensate compositions. The latter
are shown as a function of CaO (wt per cent) content: (i) 1.5 ≤ CaO < 3
(open triangles), (ii) 3 < CaO ≤ 5 (solid triangles) and (iii) 5 < CaO < 20
(solid squares) (Tables 3 and 4). Chemical evolution is along mixing lines
(dashed lines) between two DME compositions across the diagram (inset:
triangle). Error bars are one standard deviation; for CaFeO grains, the error
bar is the size of the dots.

7.2 Deep metastable eutectic compositions

7.2.1 FeSiO and CaSiO grains

The consistency among the DME compositions from different con-
densation experiments (Table 6) confirms the fundamental non-
equilibrium nature of these experiments including changing DME
FeSiO compositions caused by variations in iron oxidation states.
This change is expressed by the compositional shift from 13- to 29-
wt per cent FeO for ferrosilica smectite dehydroxylate grains (Ta-
ble 6) and also for ferrosilica grains with serpentine dehydroxylate
compositions from FeO = 56.2 wt per cent (Table 6) in Fe3Si2O7,
i.e. the layer silicate mineral greenalite (Newman 1987) with O2−

replacing OH− groups to FeO = 76.4 wt per cent (Table 6) for
Fe3+-rich cronstedtite (Newman 1987) with 81-wt per cent FeO,
when all iron is recalculated to FeO. These shifting DME compo-
sitions reflect a gradual change from FeO to Fe2O3 as a function of
decreasing vapour and condensate temperatures

7.2.2 FeCaO grains

As iron was not fully oxidized, the appropriate phase diagram is the
pseudo-binary CaO–“FeO” phase diagram (Allen & Snow 1955)
(Fig. 5; inset). It has a eutectic close to calciowüstite, CaO·2“FeO”
and a calciowüstite solid solution series between 28-wt per cent
CaO (CaO·2“FeO”) and ∼10-wt per cent CaO (Eitel 1965). We
replaced the original calciowüstite + liquid field of Allen & Snow
(1955) by a two-liquid field and a “FeO” + liquid field defined
by two data points closest to the “FeO” side (Fig. 5; dashed
lines). The modified diagram has two stable eutectics that de-
fine (cf. Fig. 1) a DME composition between ‘FeO’ ∼ 75 and
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Table 6. Comparison of DME FeO and CaO condensate compositions in this study (Tables 1 and 2) and those from previous studies
on FeSiO (Rietmeijer et al. 1999b; (∗)Rietmeijer et al. 2006; (∗∗)Rietmeijer et al. 1999a) and CaSiO (Rietmeijer et al. 2008a) samples,
and two non-DME compositions from these sources. The non-DME ferrosilica composition (FeO = 38 wt per cent) is similar to
grain composition in a ferrosilica sample heated in vacuo for 4 h at 725◦C (Rietmeijer et al. 1999b). The non-DME CaO composition
is uncertain. It could represent the crest of a metastable immiscibility gap in the CaO–SiO2 system (cf. Seward 1970).

Ferrosilica DME compositions (FeO wt per cent) Calciosilica DME compositions (CaO wt per cent)
Previous studies This study Previous studies This study

13 (7–18) 10.5 9 (1–18) 7.9
29 (15–45) 31.8

∼55(∗) 56.2 42.4 (36–50) 40.6
∼75(∗∗) 76.4 72 (60–80) 62.5

87.5 (75–90) 93.2 87 (80–97) 88.1

Non-DME FeO composition Non-DME CaO composition
31 (25–43) 38 (10–29) 25.5

Figure 5. The modified CaO–“FeO” phase diagram where “FeO” stands for a variable FeO/Fe2O3 ratio based on the original experimentally determined data
points (open circles and squares) from Allen & Snow (1955). The vertical dashed lines in the modified diagram delineate the metastable solid compositions in
the CaO·2“FeO” + ‘FeO’ field. The 100 per cent “FeO” phase is the mineral wüstite. The inset shows the original phase diagram. The vertical dashed lines are
discrete crystalline compounds with 10- to 13.5-wt per cent CaO (Allen & Snow 1955) and 8-wt per cent CaO (CaO × 9FeO; Martin & Vogel 1934).

∼99 wt per cent (Fig. 3). This DME CaFeO composition is repre-
sented by the grains with ∼4-wt per cent CaO (Table 1).

7.3 Chemical evolution

Chemical evolution of the condensed grains in this low-Ca Ca–Fe–
SiO–H2–O2 vapour is controlled by the efficiency of grain growth
into larger grains of homogenized compositions among grains with
(i) DME compositions in the same binary system and (ii) CaFeSiO
grains along mixing lines between the DME compositions (Fig. 4).
That is, (i) FeO = 56.2 wt per cent and CaO = 7.9 wt per cent and
(ii) FeO = 76.4 wt per cent and CaO = 40.6 wt per cent. Slightly
less dramatic along the mixing line between DME compositions
at FeO = 93.2 wt per cent and CaO = 62.5 wt per cent. Finally,
the low-silica CaFeSiO compositions at ∼7, ∼12 and ∼22 CaO
wt per cent (Fig. 4; Table 5) evolved along mixing lines across
the ternary diagram between the CaFeO DME composition and
the CaSiO DME compositions at 62.5 and 88.8 CaO wt per cent.
The dashed lines (Fig. 4) show how DME ferrosilica and DME
calciosilica condensates fuse along these mixing lines to produce
ferrocalciosilica grains. Mixing lines may be drawn between any

pair of DME compositions in Fig. 4. Their intersections will be the
loci of the most probable fully evolved amorphous grain composi-
tions. In this sample, the grain sizes (Tables 4 and 5) indicate that
chemical evolution is still in an early stage.

7.4 Astronomical implications

The CI-like bulk composition of this low-CaO Ca–Fe–SiO–H2–O2

vapour suggests that chemical evolution will lead mostly to low-Ca
CaFeSiO grain compositions. Still, the CaFeSiO grain composition,
SiO2 = 33, FeO = 33 and CaO = 34 wt per cent, just below the
centre of the diagram (Fig. 3) is identical to the olivine mineral
kirschsteinite (FeCaSiO4). This composition shows that chemical
evolution and crystallisation will lead to even rare stoichiometric
minerals despite the low cosmic Ca abundance. In meteorites, this
olivine mineral is probably the result of parent body processing
(Rubin 1997; Brearley & Jones 1998).

The results suggest that amorphous low-CaO ferrosilica grains
of variable ‘FeO’/SiO2 ratios might be present around young and
evolved stars, including the solar nebula. Molster & Waters (2003)
reported amorphous silicates (Mg/Fe ≈ 1) wherein Fe is either
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dissolved in the matrix or present as inclusions in the amorphous
silicate matrix. Both scenarios are supported by the results of this
and previous vapour phase condensation experiments (Rietmeijer
et al. 1999a,b). Amorphous silicates around young stars appear
to have stoichiometric orthopyroxene compositions while around
evolved stars they appear to have stoichiometric olivine composi-
tions but the data have no information on the presence of Ca or Al
(Molster & Waters 2003).

The chemical evolution of DME condensates with concomitant
grain size increases is still in an early stage in our experiment. Still,
the evolved grains, 3< CaO wt per cent ≤5, and FeO = 69.1 wt
per cent (Table 3), and high-CaO grains with FeO = 68.4 (Table 4)
are stoichiometric olivine compositions. The evolved amorphous
condensates, 3 < CaO wt per cent ≤ 5 and FeO = 47.1 wt per cent
(Table 3) have a stoichiometric orthopyroxene composition. The
results confirm the presence of solids that are amorphous, low-Ca
olivine and pyroxene around young and evolved stars.

There is some evidence for spherical MgxFe(1−x) (x = 0.1) grains
in dust shells around evolved stars (Molster & Waters 2003). Com-
positionally, these grains are magnesiowüstite found in meteorites
(Rubin 1997; Brearley & Jones 1998) and IDPs (Rietmeijer 1998,
2002). The results suggest that DME condensates with calciowüstite
compositions are present around young and evolved stars and they
should be considered as a candidate compound in astronomical
dust searches and among presolar grains in meteorites. The lab-
oratory analyses of comet 81P/Wild 2 are capable of detecting a
calciowüstite-like compound with up to ∼28-wt per cent CaO. Its
presence in this comet would be support for these laboratory vapour
phase condensation experiments that not only confirm some of the
astronomical observations but also predict the presence of solids
with particular compositions for dedicated astronomical searches.
These solids formed at disequilibria conditions but their metastable
and their highly disordered amorphous nature offer the conditions
to a varied and complex series of minerals evolving in natural ex-
traterrestrial environments.
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