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Introduction:  Condensation, (partial) evaporation 

and (partial) melting are all processes that played im-
portant roles at different times and in different loca-
tions of the solar nebula. Melt-vapor and melt-solid 
relationships are critical to understanding the chemical 
complexity of CAIs and chondrules. The condensation 
experiments conducted to simulate CAI and chondrule 
compositions [e.g. 1] are different from the vapor-to-
solid condensation experiments we conducted to simu-
late the formation of (Mg,Fe)SiO circumstellar dust [2] 
of the abundant silicate-forming elements. The con-
densing metal-SiO-O2-H2 vapors contain (SiO)x clus-
ters that yield the Si2O3 metasilicate prior to the forma-
tion of SiO2, which is critical in the evolution of our 
smokes [3]. Amorphous mixed FeSiO and MgSiO 
condensates are uniquely defined by deep metastable 
eutectic (DME) compositions: (1) smectite dehydroxy-
late, (2) serpentine dehydroxylate, and (3) a very low-
Si Mg- [4], Fe- [5], or Al- [6] mixed silicate. Aggrega-
tion of these FeSiO and MgSiO condensates yield Mg-
rich ferromagnesiosilica grains with identical composi-
tions as some of the distinct entities in the matrix of 
aggregate interplanetary dust particles (IDPs) wherein 
the amorphous silica phase contains minor amounts of 
Al and Ca. [7]. 

While maintaining the fundamental DME behavior, 
condensation of Mg-SiO-O2-H2 vapors showed that the 
relative proportions of the DME silicate dust with their 
unique Mg/Si ratios varied systematically with the 
bulk vapor Mg/Si ratio [4]. Element abundance will 
affect the relative proportions of non-equilibrium 
DME vapor condensates. Since the Ca cosmic abun-
dance is two orders of magnitude less than for Mg, Fe 
and Si, we anticipate low-Ca CaSiO condensates to 
match low-Ca contents of pristine solar nebula dust, 
such as the Mg-rich ferromagnesiosilica entities in 
aggregate IDPs [7]. 

We report the initial results of condensation in a 
Ca-SiO-O2-H2 vapor. Rankinite with its Ca3Si2O7 (ser-
pentine dehydroxylate) composition is a eutectic phase 
between larnite (Ca2SiO4) and wollastonite in the CaO-
SiO2 phase diagram (Fig. 1). If DMEs control conden-
sate compositions, then Ca-serpentine dehydroxylate 
condensates cannot occur. 

Experiment:  The conditions for this vapor con-
densation experiment are the same as used for the pro-
duction of our previous smokes [2], except that the 
furnace temperature was set at 1100K rather than 

775K. Ca-metal, the source for Ca in the vapor, may 
be (partially) under-oxidized [9]. We measured oxygen 
during HRTEM analyses of ultrathin (70nm) sections.  
 

 
Figure 1:  The CaO-SiO2 phase diagram; modified after 

[8]. Our previous work showed a eutectic close to MgO, Fe-
oxide and Al2O3 in their binary silicate systems. A similar 
situation exists in the CaO-SiO2 phase diagram. The arrows 
indicate the DME compositions in this experiment  

 
Observations:  The sample is a very porous ag-

gregate of individual grains, short smoke chains and 
clusters of variable density, and micron-sized particles 
of typical interlaced and tangled smoke chains of con-
densate grains. The Si-Ca-O (at) diagram shows the 
clusters of amorphous condensate grains: (1) Si2O3 
metasilicate and SiO2, (2) low-Ca (<10 at%) silica 
grains, and (3) high-Ca CaSiO grains (Fig. 2).  

 
 
Figure 2:  Ternary Si-Ca-O (atomic) diagram with con-

densate compositions in a Ca-SiO-O2-H2 vapor and the CaO-
SiO2 join (solid line; star: CaSiO3). The Si-Ca system has a 
DME at Ca/(Ca+Si) ≈ 0.85 [10] that is connected to O by a 
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dotted line. The bulk vapor composition Si:Ca:O = 21:18:61 
matches Ca-smectite dehydroxylate. 

 
About 25% of CaSiO condensates have O >67 at% 

for which we have no ready explanation at this time. 
Pure silica and low-Ca-silica grains, 13–52 nm (mean 
= 24 nm) in diameter, are mostly in smoke chains. The 
CaSiO grains (Ca >28 at%) form individual, massive, 
rounded to subhedral grains, 30-150 nm (mean = 68 
nm) in diameter. Both size distributions confirm size 
sorting by condensate grain agglomeration and fusion.  

The grain compositions, 2<Ca<10 at%, form a 
normal distribution; the mean indicates CaSi11O20, or 
CaO.5SiO2.3Si2O3. Grains Ca>28 at% form a normal 
distribution; the mean is consistent with Ca7SiO12, or 
CaO.3Ca2O3.SiO2. Their O-contents are in excess of 
CaO-SiO2 solids but they are more or less centered on 
a Ca2O3–rich composition (Fig 2).  

Discussion:  The silica-rich portion of the diagram 
allows for DME condensates with a CaSi11O20 compo-
sition based on measured grain compositions. Despite 
the fact of a solid line delineating the “Lim+Liq” field 
in Fig 1, the Ca-rich part of this system was never veri-
fied experimentally. A very low-Si CaSiO eutectic 
with an intermediate two-liquid field towards larnite is 
then a distinct possibility for Ca7SiO12 DME conden-
sates. There is also the possibility of another very low-
Si DME that compositionally would be close to the 
aforementioned one. The CaSiO (Ca >28 at%) grain 
compositions suggest the possibility of two clusters but 
the present data is insufficient to resolve them statisti-
cally. If so, there can be two very low-Si DME CaSiO 
populations close to a Ca3SiO5 (hatrurite) composition.  

There is a remarkable dearth of DME condensates 
with intermediate compositions on the CaO-SiO2 join. 
It is surprising considering that the central portion of 
the diagram has ample opportunities for DME behav-
ior, incl. Ca-smectite dehydroxylate (Fig. 2). There are 
no Ca-serpentine dehydroxylate grains but only a few 
stoichiometric pyroxene and olivine grains. Such rare 
stoichiometric silicates were also observed in the other 
systems we studied. This particular behavior that we 
haven’t seen before requires an explanation that could 
be unique to this experiment involving refractory CaO. 

A solution could be found when vapor condensa-
tion would be constrained by the metallic Ca/Si me-
tastable eutectic, thus controlling the Ca/Si ratio of the 
high-Ca CaSiO condensates (Fig. 2; dotted line). 
These grains are distinctly larger than the low-Ca silica 
condensates, which could indicate that autoannealing 
that occurs in all our condensation experiments, in-
duced the formation of Ca2O3 in high-Ca CaSiO me-
tastable grains following their initial condensation. The 
metallic Ca/Si metastable eutectic ratio fixed the Ca-

content of these Ca-rich CaSiO grains at Ca/(Ca+Si) ≈ 
0.85 that during autoannealing readjusted the metal to 
metal-oxide bonding by a solid-state readjustment, viz. 

Ca + 3Si4+  =  Ca3++ 3Si3+ (Eq. 1). 
The oxygen fugacity and kinetic conditions during 

condensation favored co-condensation of CaO and Ca 
metal. CaO nanograins with variable oxidation levels 
were produced in the same Condensation Flow Appa-
ratus used in the present study [9]. These nanograins 
readily reacted with water or moisture in the air to 
Ca(OH)2 [9]. What role hydrogen played in the con-
densing vapor will require further study. 

 
Conclusions:  Deep metastable eutectics are de-

fined by the low-Ca and high-Ca CaSiO grain compo-
sitions in the condensed Ca-SiO-O2-H2 vapor that also 
produced Si2O3 and SiO2 condensates. Variable Ca 
metal/Ca-oxide ratios in the vapor, and a metallic 
Ca/Si metastable eutectic, are probably responsible for 
a dearth of intermediate CaO-SiO2 grain compositions. 
Si2O3 and Ca2O3 formed at different but intimately 
related stages during condensation proper and autoan-
nealing. DME condensates are highly disordered, 
amorphous solids with unique compositions that do 
not match common rock-forming silicate minerals. In 
the CaO-SiO2 system, wherein Ca-serpentine-
dehydroxylate DME dust is not possible and metallic 
Ca was present in the vapor, offers the exciting possi-
bility that these DME initial condensates could be the 
precursors of microporous heterosilicate minerals 
wherein Si2O3 and Ca2O3 replace Al2O3, viz. (1) 
[3+Si6

4+Si5O20]2- and [3+Ca6
4+SiO12]2, low-Ca and high-

Ca CaSiO grains, respectively. Such minerals are char-
acterized by “crystalline” ordering of pores of uniform 
size and they are active natural catalysts in reactions of 
abiogenic formation of complex organic compounds. 
When non-equilibrium silicate condensates in 
cometary aggregate IDPs had annealed to microporous 
heterosilicates in active comets, which so far have not 
been sought by IR studies, they might have facilitated 
the emergence of biomolecules. 
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