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Primitive meteorites “chondrites”
record the history of the protosolar disk

Solids in Protosolar Disk

Ca-Al-rich inclusions (CAIs):

   Oldest rock (4.567 Ga) formed 
   by high-T process (1500-1600K) 
   (e.g., Amelin+ 2002)



Primitive meteorites “chondrites”
record the history of the protosolar disk

Amoeboid Ol. Aggregates (AOAs):

   Aggregates of crystalline forsterite
   formed 0.5-1 Myr after CAIs
   (Itoh+ 2004)

A PRISTINE AMOEBOID OLIVINE AGGREGATE PROTOLITH FROM THE VIGARANO CV3 

CHONDRITE E. S. Bullock1 and G. J. MacPherson1, 1Department of Mineral Sciences, National Museum of Natu-
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Introduction: Amoeboid olivine aggregates 

(AOA) are irregularly shaped inclusions found within 
all carbonaceous chondrites except CI [1,2]. Their bulk 
compositions are intermediate between those of anor-
thite-rich (Type C) calcium-aluminium rich inclusions 
and chondrules [2], and consist mostly of fine-grained 
olivine plus enclosed refractory nodules of spinel, py-
roxene, feldspathoids, Fe-Ni metal, and rarely melilite 
[1-5]. In heavily altered meteorites such as the oxi-
dized CV3s, AOAs are themselves altered and some 
primary phases (esp. melilite) in the refractory nodules 
are partially to completely replaced by secondary 
phases [1].  AOAs in reduced CV3 chondrites such as 
Efremovka and Leoville are much less altered, but 
have experienced intense parent body compaction and 
shock  [4].  Highly pristine AOAs have been found in 
the unique chondrite Acfer 094, but these are very 
small and melilite is extremely rare [6].  

We recently discovered a new AOA in Vigarano, 
designated Vigarano 3137 F5 (Figure 1), that is ap-
proximately 0.5cm by 0.4cm and has experienced only 
minor secondary alteration. Most importantly, one of 
the enclosed refractory nodules contains abundant un-
altered gehlentitic melilite that is amenable to Al-Mg 
isotopic studies (in planning). This inclusion may be 
the best example available of the protoliths of the 
AOAs observed in most CV3 chondrites.  

Method: The inclusion was studied using an FEI 
Nova NanoSEM 600 scanning electron microscope, 
equipped with a Thermo Electron energy dispersive X-
ray spectrometer. The SEM was operated at 15kV, 
with a beam current of 2-3 nA. Full-spectrum X-ray 
images were collected for the entire inclusion, allow-
ing the bulk composition of the inclusion to be calcu-
lated by summing the spectra of all (~ 1010 ) pixels in 
the image. 

Results and Discussion:  The olivine within Viga-
rano 3137 F5 is fine-grained (<50 µm) and magne-
sium-rich over a narrow composition range (Fo1-7, av-
erage Fo3; Fig. 2). Olivine grains in the interior of the 
inclusion show virtually no compositional zoning; 
those near the margins are slightly zoned and some-
what more iron-rich overall.   

Spinel-rich nodules up to ~200 µm in size are 
abundant throughout Vigarano 3137 F5, invariably 
rimmed by aluminous diopside. Most spinel is near-
end-member MgAl2O4, but some grains  contain up to 
9.5 wt% FeO. Many spinel grains enclose small (<3 
µm) grains of Ti-rich fassite.  Most of the anorthite in 
the refractory nodules has been altered to 

feldpsathoids, but sparse small grains are preserved 
near the outer margins of some nodules. Feldspathoids 
are mostly nepheline with lesser sodalite. Pyroxene in 
the refractory nodules is bimodal in composition (Fig. 
3). Pyroxene rims around both the spinel-rich nodules 
and the melilite-rich spherule are primarily aluminous 
diopside (~0-2 wt% TiO2) that become more titanium-
rich near the contact with spinel. Pyroxene grains en-
closed within spinel contain 6-23 wt%TiO2 and 20-28 
wt% Al2O3 and at least 30% of the Ti is estimated to 
be Ti3+. 

One large (~ 300 µm) refractory spherule is very 
melilite-rich (Figs. 4-5), and contains also spinel and 
timy perovskite grains.  The melilite is virtually unal-
tered, and has an average composition of Åk9 over the 
range Åk2 to Åk25 (Fig. 2). 

The bulk composition of Vigarano 3137 F5 is 
within the range of AOA from other carbonaceous 
chondrites [4] (Figure 6). Its highly porous textures 
and refractory mineralogy testify to a highly primitive 
nature. Most exciting is the presence of unaltered and 
highly gehlenitic melilite.  There have been very few 
Al-Mg isotopic studies of AOAs, some of which gave 
initial 26Al/27Al ratios close to the canonical value [7] 
of 5x10-5 and others much lower [8]. Vigarano 3137-
F5 will allow additional constratins to be placed on the 
timing of formation of this important type of inclusion. 
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Figure 1.  Ameoboid olivine aggregate Vigarano 

3137 F5, before extraction and sectioning. The inclu-
sion is ~ 4mm by 5mm. 
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Primitive meteorites “chondrites”
record the history of the protosolar disk

Chondrules:

   Silicate spherules formed by 
   rapid heating and cooling in 
   the gas- and dust-disk
   (e.g., Lauretta+, 2006; Tachibana & 
    Huss, 2005; Alexander+, 2009;
    Pascucci & Tachibana, 2010) 

Solids in Protosolar Disk





Primitive meteorites “chondrites”
record the history of the protosolar disk

Presolar grains:

   “Stardust”, survived thermal
   processes in the protosolar disk 
   (e.g., Gail & Hoppe, 2010) 

2.2 Pre-solar grains in primitive Solar System materials 17

Fig. 2.5. Presolar grains from primitive meteorites. Left: Pre-solar SiC from the

Murchison meteorite. Middle: Pre-solar graphite from Murchison; scale bar is

1 µ. Right: Pre-solar silicate grain (within the white circle) in the matrix of the

Acfer 094 meteorite; scale bar is 500 nm. Photo credit: Max-Planck-Institute for

Chemistry.

solar material. CAIs and other minerals that formed in the earliest stages

of Solar System formation also show excesses in certain isotopes that can be

attributed to the decay of now extinct radioactive isotopes that were part

of the solar nebula and still alive when these solids formed (e.g., 10Be, 26Al,
41Ca, 53Mn, 60Fe).

Pre-solar grains are found in small quantities (with concentrations of ppb

to several 100 ppm, see Table 2.1) in all types of primitive Solar System ma-

terials (Lodders & Amari 2005; Zinner 2007). This includes primitive me-

teorites (the chondrites), IDPs, some of which might originate from comets,

Antarctic micrometeorites (AMMs), and samples from comet Wild 2 col-

lected by NASA’s Stardust mission. Pre-solar grains are nanometer to mi-

crometer in size. The isotopic compositions, chemistry, and mineralogy of

individual grains with sizes > 100 nm can be studied in the laboratory. Im-

portant analysis techniques are Secondary Ion Mass Spectrometry (SIMS)

and Resonance Ionization Mass Spectrometry (RIMS) that permit isotope

measurements of a large number of elements at the micrometer and submi-

crometer scale (see Appendix 2) as well as electron microscopy (SEM/EDX,

TEM, Auger spectroscopy). These studies have provided a wealth of in-

formation on stellar nucleosynthesis and evolution, on mixing in nova and

SN ejecta, on dust formation in stellar environments, dust chemistry in the

ISM, and on the nature of the starting material from which our Solar System

formed some 4.6 Gy ago.

Solids in Protosolar Disk



Circumstellar dusts:  

   amorphous silicates + small amounts of    
   crystalline dust (Talks in this workshop)

Interplanetary dusts:  

   contain GEMS (glass w/ embedded metal and sulfides)

Solids in Protosolar Disk



Solids in PP Disks – Non-Equilibrium!

Ca-Al-rich inclusions (CAIs):

   ... formed by high-T process 

Chondrules:

   ... rapid heating and cooling

Presolar grains:

   ... survived thermal processes

Circumstellar dusts:  

   amorphous silicates 
   + crystalline dust ...

Interplanetary dusts:  

   contain GEMS ...

Dust formation – not necessarily occurs 
in equilibrium in protoplanetary disks



Dust formation – not necessarily occurs 
in equilibrium in protoplanetary disks

H.-P. Gail: Radial mixing in protoplanetary accretion disks. IV. 587
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Fig. 9. Radial variation of the fraction fFe of Fe condensed into iron
grains, normalized to the solar abundance of Fe. By diffusional mixing
the abundance of iron is locally increased over the solar Fe abundance.
Disc model with Ṁ = 1 × 10−7 M# yr−1.

from Eq. (22) and shown in Fig. 7. Figure 9 shows the result-
ing radial variation of the degree of condensation of Fe into
iron grains. The abundance of iron grains increases from out-
side inwards because in the pristine dust mixture part of the
iron is bound in olivine- and pyroxene-type silicates. This frac-
tion of the Fe is liberated in the warm inner disc regions, where
the annealed Mg-Fe-silicates evaporate, and the Fe vapour then
precipitates on the already existing solid iron. Again, the accu-
mulation of iron within a certain region of the disc due to the
outwards transport of vapour from the evaporation zone of iron
grains can clearly be seen. This effect is not particular strong,
but in any case it is non-negligible.

6.7. Abundance of the silicate dust species

The model calculation considers the destruction of the pris-
tine silicate dust components with olivine-, pyroxene-, and
quartz-type composition and the formation of the equilibrium
dust components forsterite and enstatite.

Figure 10 shows the results for the radial variation of the
degree of condensation of the different dust species for a disc
model with an accretion rate of Ṁ = 1 × 10−7 M# yr−1. It
shows the degree of condensation of Si into the different Si-
bearing solid compounds, and the fraction of the Si present
as SiO molecule. As can be clearly seen the pristine olivine-,
pyroxene- and quartz-type dust components gradually disap-
pear between the outer disc and a radius of about 0.55 AU
which is the point where the last grains of these silicates dis-
appear. The evaporation temperatures of the three species are
not identical, but too close to each other for this difference to
be recognized in the figure. The annealed olivine, pyroxene
and quartz grains disappear at a significantly lower tempera-
ture than the equilibrium compounds in the mixture, forsterite
and enstatite, because of their lower stability. The continuous
decrease of the abundance of the pristine silicates with decreas-
ing radius results from diffusional mixing, which mixes mate-
rial free of olivine, pyroxene and quartz from the inner disc,
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Fig. 10. Radial variation of the fraction of the silicon condensed
into the individual Si-bearing condensates and the fraction of sili-
con present as SiO molecules, normalized to the solar abundance
of Si. By diffusional mixing the abundance of Si-compounds is lo-
cally increased over the solar Si abundance. Disc model with Ṁ =

1 × 10−7 M# yr−1.

interior to the evaporation limit at about r = 0.55 AU, into the
outer disc zone and dilutes the unprocessed interstellar mate-
rial with material from the inner disc region. As a result part of
the pristine dust is replaced by condensation products from the
inner disc: crystalline forsterite and enstatite.

The figure also shows the fraction of Si present as
SiO molecules in the gas-phase. The zones where the pristine
silicates disappear and the zone of evaporation of the equilib-
rium components, characterized by the coexistence of solids
and a non-negligible fraction of SiO molecules in the gas-
phase, obviously are well separated. They occur in different
regions of the disc.

Figure 11 again shows the degree of condensation of the
silicates, but this time in a cumulative representation which
shows how the fractions of the silicon bound in the individ-
ual species add up to the total Si abundance. The figure shows
the total abundance of silicon bound into dust normalized to the
Si abundance of the material from the parent molecular cloud.
The most remarkable feature is that the added-up Si abundance
of the silicates exceeds unity. This is a result of the diffusion of
solids and vapour, which is predicted in the studies of Morfill
(1983) Morfill & Völk (1984), Morfill (1985), and Morfill et al.
(1985). The outwards decrease of the SiO concentration drives
a diffusion current of condensible material inside out where
it precipitates onto grains. This leads to an intermediate zone
of accumulation of Si-bearing material which corresponds in
our own Solar System to the region of the innermost terrestrial
planets. The increase of the Si abundance over its interstellar
value is not particularly strong, but on the other hand it is not
negligibly small.

fr
ac

ti
on

 o
f S

i

r [AU]

dM/dt=10-7 Msun yr-1

olivine

pyroxene

enstatite
qtz

fo
rs

te
ri

te

SiO 
gas

A series of papers 
by H.-P. Gail

Change of dust 
properties in accreting 
disks and in outflows

Kinetics:

Hashimoto (1990); Imae+ (1993); 
Tsuchiyama & Fujimoto (1995); 
Nagahara & Ozawa (1996); 
Lauretta+ (1996); Chakraborty 
(1997);  Tachibana & Tsuchiyama 
(1998); Tachibana+ (2002)

Solids in PP Disks – Non-Equilibrium!
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Fig. 9. Radial variation of the fraction fFe of Fe condensed into iron
grains, normalized to the solar abundance of Fe. By diffusional mixing
the abundance of iron is locally increased over the solar Fe abundance.
Disc model with Ṁ = 1 × 10−7 M# yr−1.

from Eq. (22) and shown in Fig. 7. Figure 9 shows the result-
ing radial variation of the degree of condensation of Fe into
iron grains. The abundance of iron grains increases from out-
side inwards because in the pristine dust mixture part of the
iron is bound in olivine- and pyroxene-type silicates. This frac-
tion of the Fe is liberated in the warm inner disc regions, where
the annealed Mg-Fe-silicates evaporate, and the Fe vapour then
precipitates on the already existing solid iron. Again, the accu-
mulation of iron within a certain region of the disc due to the
outwards transport of vapour from the evaporation zone of iron
grains can clearly be seen. This effect is not particular strong,
but in any case it is non-negligible.

6.7. Abundance of the silicate dust species

The model calculation considers the destruction of the pris-
tine silicate dust components with olivine-, pyroxene-, and
quartz-type composition and the formation of the equilibrium
dust components forsterite and enstatite.

Figure 10 shows the results for the radial variation of the
degree of condensation of the different dust species for a disc
model with an accretion rate of Ṁ = 1 × 10−7 M# yr−1. It
shows the degree of condensation of Si into the different Si-
bearing solid compounds, and the fraction of the Si present
as SiO molecule. As can be clearly seen the pristine olivine-,
pyroxene- and quartz-type dust components gradually disap-
pear between the outer disc and a radius of about 0.55 AU
which is the point where the last grains of these silicates dis-
appear. The evaporation temperatures of the three species are
not identical, but too close to each other for this difference to
be recognized in the figure. The annealed olivine, pyroxene
and quartz grains disappear at a significantly lower tempera-
ture than the equilibrium compounds in the mixture, forsterite
and enstatite, because of their lower stability. The continuous
decrease of the abundance of the pristine silicates with decreas-
ing radius results from diffusional mixing, which mixes mate-
rial free of olivine, pyroxene and quartz from the inner disc,

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.1 1 10 100

f s
il

r [AU]

olivine

pyroxene

quartz

fo
rs

te
ri

te

enstatite

SiO(g)

Fig. 10. Radial variation of the fraction of the silicon condensed
into the individual Si-bearing condensates and the fraction of sili-
con present as SiO molecules, normalized to the solar abundance
of Si. By diffusional mixing the abundance of Si-compounds is lo-
cally increased over the solar Si abundance. Disc model with Ṁ =
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interior to the evaporation limit at about r = 0.55 AU, into the
outer disc zone and dilutes the unprocessed interstellar mate-
rial with material from the inner disc region. As a result part of
the pristine dust is replaced by condensation products from the
inner disc: crystalline forsterite and enstatite.

The figure also shows the fraction of Si present as
SiO molecules in the gas-phase. The zones where the pristine
silicates disappear and the zone of evaporation of the equilib-
rium components, characterized by the coexistence of solids
and a non-negligible fraction of SiO molecules in the gas-
phase, obviously are well separated. They occur in different
regions of the disc.

Figure 11 again shows the degree of condensation of the
silicates, but this time in a cumulative representation which
shows how the fractions of the silicon bound in the individ-
ual species add up to the total Si abundance. The figure shows
the total abundance of silicon bound into dust normalized to the
Si abundance of the material from the parent molecular cloud.
The most remarkable feature is that the added-up Si abundance
of the silicates exceeds unity. This is a result of the diffusion of
solids and vapour, which is predicted in the studies of Morfill
(1983) Morfill & Völk (1984), Morfill (1985), and Morfill et al.
(1985). The outwards decrease of the SiO concentration drives
a diffusion current of condensible material inside out where
it precipitates onto grains. This leads to an intermediate zone
of accumulation of Si-bearing material which corresponds in
our own Solar System to the region of the innermost terrestrial
planets. The increase of the Si abundance over its interstellar
value is not particularly strong, but on the other hand it is not
negligibly small.
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Dust formation – not necessarily occurs 
in equilibrium in protoplanetary disks

Reaction kinetics – critical for understanding 

dust evolution in protoplanetary disks

Solids in PP Disks – Non-Equilibrium!



Kinetics of Gas-Solid (-Liquid) Reactions

Adsorption

Surface diffusion

Incorporation into structure
Desorption



What We Need is ...

The fraction of atoms and/or 
molecules incorporating into 
structure
Condensation / Reaction efficiency

Need experiments under realistic conditions
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Corundum (Al2O3)

Enstatite
(MgSiO3)

Fe metal

FeS

Key Minerals

Forstetite
(Mg2SiO4)

Thermodynamical Stability of Minerals



Corundum (Al2O3)

Forstetite
(Mg2SiO4)

Enstatite
(MgSiO3)

Fe metal

FeS

Mg-Si-O-H
system

Fe-S-H
system

Thermodynamical Stability of Minerals



Growth of Metallic Iron

5μmFe metal @1600~1700K

substrate:
Corundum@1215~1335K



Fe metal @1600~1700K

substrate:
Corundum@1235~1425K
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Fe metal @1600~1700K

substrate:
Corundum@1235~1425K

Condensation efficiency of Fe metal at 1235-1425 K:
-  1 for highly supersaturated conditions
-  0.5 for supersaturation ratio of <10

5μm

Growth of Metallic Iron

Fe metal condenses easily on preexisting silicates/oxides



Formation of Iron Sulfide (FeS)

Cometary iron sulfide
(Brownlee+ 2006)

Formation of Iron Sulfide (FeS)

..............................................................
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Sulphur is depleted in cold dense molecular clouds with
embedded young stellar objects1, indicating that most of it
probably resides in solid grains. Iron sulphide grains are the
main sulphur species in cometary dust particles2,3, but there has
been no direct evidence for FeS in astronomical sources4, which
poses a considerable problem, because sulphur is a cosmically
abundant element. Here we report laboratory infrared spectra of
FeS grains from primitive meteorites, as well as from pyrrhotite
([Fe, Ni]12xS) grains in interplanetary dust, which show a broad
FeS feature centred at ,23.5 micrometres. A similar broad
feature is seen in the infrared spectra of young stellar objects,
implying that FeS grains are an important but previously unrec-
ognized component of circumstellar dust. The feature had pre-
viously been attributed to FeO5–7. The observed astronomical line
strengths are generally consistent with the depletion of sulphur
from the gas phase1, and with the average Galactic sulphur/
silicon abundance ratio8. We conclude that the missing sulphur
has been found.
Spectroscopic analyses of primitive meteorites, cometary dust

particles and synthetic analogue materials in the laboratory provide
constraints and serve as ‘ground truth’ for evaluating various
hypotheses on the nature of interstellar grains. Comets are primitive
bodies that are widely believed to be a large reservoir of preserved
interstellar and circumstellar grains along with presolar organic
matter. The comparison of laboratory infrared data on cometary
dust with astronomical spectra has been facilitated by the high-
quality spectra obtained from the Infrared Space Observatory (ISO)9.
An emission feature is observed5,10 in ISO spectra at,23.5 mmand is
compared here with iron sulphide minerals from meteorites, inter-
planetary dust particles (IDPs) and terrestrial sources which show
infrared features in the same spectral range (Fig. 1). Figure 2
shows infrared spectra from iron oxide and iron sulphide mineral
standards. Wüstite (FeO) and magnetite (Fe3O4) show only one
strong, narrow feature at,17.5mm. FeO has been used tomodel the
23-mm feature in ISO spectra because the position of the FeO feature
can be shifted to 23 mm in calculated spectra using experimentally
derived optical constants combined with theoretical grain shapes
and sizes7. Pyrrhotite exhibits a strong, broad, asymmetric absorp-
tion maximum centred at,23.5 mm, whereas the feature in troilite
is closer to 22 mm. The pyrrhotite spectrum also shows a weak
shoulder at,17.5 mm that is consistent with iron oxide. Pyrrhotite
is well known to quickly form a thin surface oxide layer when
exposed to ambient atmospheric conditions. Figure 3 shows
infrared spectra from two pyrrhotite-rich IDPs (L2011*B6 and

U2012A-2J) together with 23.5-mm features from two Herbig
stars (HD163296 and AB Aurigae)11. The sulphide mineral stan-
dards, as well as the sulphides in the IDPs, provide an excellent
match to the 23.5-mm feature in young stellar objects in terms of
peak positions, shapes and widths (Figs 1 and 3), although minor
differences do exist.

The 23.5-mm band observed in circumstellar disks surrounding
young stars matches that of troilite (FeS) in the evolved star M2-43
(Fig. 1). The identification of FeS in M2-43 is based on the good
match in peak positions between laboratory and astronomical
spectra of not only the 23.5-mm band, but also the longer-wave-
length bands at 34-, 38- and 44-mm, and because iron sulphides are a
predicted dust component in carbon-rich evolved stars12. We
observe that the 23.5-mm band is consistently much stronger in
the astronomical data than in the laboratory spectrum of FeS
derived from optical constants13. The 34-, 38- and 44-mm bands

Figure 1 Infrared spectra of young stars showing a pronounced 23.5-mm feature from

iron sulphide grains. a, The mid-infrared spectra of the young stars AB Aurigae,

HD163296 and the evolved star M2-43. The grey lines in the AB Aur and HD163296

spectrum represent model fits to the full ISO spectra using amorphous silicates, metallic

Fe and carbonaceous material10. The grey line in the M2-43 spectrum is a fit to the

continuum using amorphous carbon and MgS. b, Residuals after subtracting the models
from the observed ISO spectra. c, Infrared spectra of troilite (FeS) and of pyrite (FeS2)
calculated from optical constants, and of pyrrhotite (Fe12xS) from laboratory

measurements. We note the major resonances of FeS at 23, 33 and 38mm in the residual

spectrum of M2-43. PAHs, polyaromatic hydrocarbons; lF l, flux in units of Wm22.
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Sulphur is depleted in cold dense molecular clouds with
embedded young stellar objects1, indicating that most of it
probably resides in solid grains. Iron sulphide grains are the
main sulphur species in cometary dust particles2,3, but there has
been no direct evidence for FeS in astronomical sources4, which
poses a considerable problem, because sulphur is a cosmically
abundant element. Here we report laboratory infrared spectra of
FeS grains from primitive meteorites, as well as from pyrrhotite
([Fe, Ni]12xS) grains in interplanetary dust, which show a broad
FeS feature centred at ,23.5 micrometres. A similar broad
feature is seen in the infrared spectra of young stellar objects,
implying that FeS grains are an important but previously unrec-
ognized component of circumstellar dust. The feature had pre-
viously been attributed to FeO5–7. The observed astronomical line
strengths are generally consistent with the depletion of sulphur
from the gas phase1, and with the average Galactic sulphur/
silicon abundance ratio8. We conclude that the missing sulphur
has been found.
Spectroscopic analyses of primitive meteorites, cometary dust

particles and synthetic analogue materials in the laboratory provide
constraints and serve as ‘ground truth’ for evaluating various
hypotheses on the nature of interstellar grains. Comets are primitive
bodies that are widely believed to be a large reservoir of preserved
interstellar and circumstellar grains along with presolar organic
matter. The comparison of laboratory infrared data on cometary
dust with astronomical spectra has been facilitated by the high-
quality spectra obtained from the Infrared Space Observatory (ISO)9.
An emission feature is observed5,10 in ISO spectra at,23.5 mmand is
compared here with iron sulphide minerals from meteorites, inter-
planetary dust particles (IDPs) and terrestrial sources which show
infrared features in the same spectral range (Fig. 1). Figure 2
shows infrared spectra from iron oxide and iron sulphide mineral
standards. Wüstite (FeO) and magnetite (Fe3O4) show only one
strong, narrow feature at,17.5mm. FeO has been used tomodel the
23-mm feature in ISO spectra because the position of the FeO feature
can be shifted to 23 mm in calculated spectra using experimentally
derived optical constants combined with theoretical grain shapes
and sizes7. Pyrrhotite exhibits a strong, broad, asymmetric absorp-
tion maximum centred at,23.5 mm, whereas the feature in troilite
is closer to 22 mm. The pyrrhotite spectrum also shows a weak
shoulder at,17.5 mm that is consistent with iron oxide. Pyrrhotite
is well known to quickly form a thin surface oxide layer when
exposed to ambient atmospheric conditions. Figure 3 shows
infrared spectra from two pyrrhotite-rich IDPs (L2011*B6 and

U2012A-2J) together with 23.5-mm features from two Herbig
stars (HD163296 and AB Aurigae)11. The sulphide mineral stan-
dards, as well as the sulphides in the IDPs, provide an excellent
match to the 23.5-mm feature in young stellar objects in terms of
peak positions, shapes and widths (Figs 1 and 3), although minor
differences do exist.

The 23.5-mm band observed in circumstellar disks surrounding
young stars matches that of troilite (FeS) in the evolved star M2-43
(Fig. 1). The identification of FeS in M2-43 is based on the good
match in peak positions between laboratory and astronomical
spectra of not only the 23.5-mm band, but also the longer-wave-
length bands at 34-, 38- and 44-mm, and because iron sulphides are a
predicted dust component in carbon-rich evolved stars12. We
observe that the 23.5-mm band is consistently much stronger in
the astronomical data than in the laboratory spectrum of FeS
derived from optical constants13. The 34-, 38- and 44-mm bands

Figure 1 Infrared spectra of young stars showing a pronounced 23.5-mm feature from

iron sulphide grains. a, The mid-infrared spectra of the young stars AB Aurigae,

HD163296 and the evolved star M2-43. The grey lines in the AB Aur and HD163296

spectrum represent model fits to the full ISO spectra using amorphous silicates, metallic

Fe and carbonaceous material10. The grey line in the M2-43 spectrum is a fit to the

continuum using amorphous carbon and MgS. b, Residuals after subtracting the models
from the observed ISO spectra. c, Infrared spectra of troilite (FeS) and of pyrite (FeS2)
calculated from optical constants, and of pyrrhotite (Fe12xS) from laboratory

measurements. We note the major resonances of FeS at 23, 33 and 38mm in the residual

spectrum of M2-43. PAHs, polyaromatic hydrocarbons; lF l, flux in units of Wm22.
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Iron sulfide in PP disk?
(Keller+ 2004)



Formation of Iron Sulfide (FeS)

No kinetic data under low pressure conditions

parabolic
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FIG. 3. Reflected light photomicrographs illustrating variations of sulfide layer morphology with increasing reaction time. All samples were
formed in !1,000 ppm H2S at 778 K. Reaction times are 5, 24, 48, and 450 hr for a, b, c, and d respectively. Each scale bar corresponds to 32 "m.

and longitudinal cracks, and of subsequent crystal growth phases (Mv,FeS/Mv,Fe ! 18.20 cm3/7.09 cm3 ! 2.57). A larger
value is due to porosity within the sulfide layer. The slopeat the metal surface were also reported by metallurgists

who studied FeS formation in S vapor and H2S–H2 mix- of the line in Fig. 5 gives the average molar volume ratio
of all the sulfide layers used in the regression. A least-tures (see Table IV and Young 1980). Thin paper-like

sulfide layers that easily detached from the metal were also squares analysis yields
observed by Orchard and Young (1989) during reactions
of H2S–H2 mixtures with Fe-Ni alloys. However, to our thsulfide ! 2.78("0.08)thFe # 0.000("0.001), (3)
knowledge, the formation of multiple smooth layers has
not been reported previously. corresponding to a mean porosity of !8 " 3%. The void

space between the inner and outer sulfide layers probably(b) Porosity measurements. We measured the porosity
accounts for most of this porosity.of the sulfide layers by plotting their thickness versus half

of the thickness change of the iron metal (Fig. 5). This (c) Surface features. Figure 6 illustrates the range of
surface features observed on the Fe sulfide layers. Abun-could be done for 60 of the 95 total samples. Assuming

that the area of the sample remained constant throughout dant small crystals growing in the striations of the iron
metal are commonly observed on samples reacted for shortthe reaction, the change in thickness is due to the increase

in volume from the conversion of Fe to FeS plus void times (Fig. 6a). The patchy sulfide growth is due to Fe
sulfide nucleation at high energy regions where imperfec-space. Ideally, the ratio of the two thicknesses should be

equal to the ratio of the molar volumes (Mv) of the two tions are present on the Fe metal surface. As the reaction

Iron sulfide

Fe metal

Sulfidation experiments of metals at 1 atm 
(Lauretta+ 1996; Lauretta 2005; Schrader & Lauretta 2010)
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Suflidation Experiments of Metallic Iron



775 K, 132 h
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Growth steps
- presence of kinetic  
  hindrance for reaction   
  on the grain surface
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Anisotropic growth?



0

0.5

1

1.5

2

0 20 40 60 80 100 120 140

ra
di

us
 o

f l
ar

ge
 g

ra
in

s 
(µ

m
)

time (h)

1Pa (H2S 160 ppm)

775 K

835 K 805 K

k [m/s]= 1.6 (±0.5) × 10-12

k [m/s]= 5.2 (±1.4) × 10-12

Linear rate law

Change of Grain Size



0

5

10

15

20

0 20 40 60 80 100 120 140

ra
di

us
 o

f l
ar

ge
 g

ra
in

s 
(µ

m
)

time (h)

Diffusion-controlled
growth at 775 K
(Lauretta+ 1996)

Reaction on the surface limits the rate

1Pa (H2S 160 ppm)

775 K

Comparison w/ Diffusion-controlled Rate



Nucleation rate “>” Growth rate Nucleation rate “<” Growth rate

- Nucleation of FeS occurs
  on all grains

Uniform degree of sulfidation

- Nucleation of FeS occurs 
  on limited grains

Various degree of sulfidation

Nucleation vs. Growth

Nucleation rate is also important! 
(~6 ×10-7 [grains µm-2 s-1] at 775K)



Outline

1.  Importance of Kinetics

2.  Condensation in the Fe-S-H system 

3.  Condensation in the Mg-Si-O-H system



Condensation in the System of Mg-Si-O-H

Smoke experiments:
various kinds of 
non-equilibrium 
condensates form

Important, but difficult 
to obtain kinetic data

e.g., Day, 1979, 1981; Kato, 1976; Day 
& Donn, 1978; Nuth & Donn, 1982, 
1983; Rietmeijer+, 1986, 1999, 2008; 
Nuth+, 1986, 2000, 2002; Colangeli+, 
2002; Kaito+, 2003; Kamitsuji+, 2005; 
Sato+ 2006a, 2006b; Toppani+ 2006; 
Jäger+, Kaito+, Kumamoto+, this WS

2Mg(g) + SiO(g) + 3H2O(g)

  Mg2SiO4(s) + 3H2(g)

Forsterite

Mg

Mg

SiO
H2

H2O

- Realistic conditions:

   pressure and gas chemistry
- Kinetic data
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Condensation in H2-H2O vapor
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Condensation in H2-H2O vapor

Mg
SiO

H2

H2O

H2O

Condensates

Fo in Ir 
crucible

Ca(OH)2 as 
H2O source

Fo 
substrate

Pressure: 
 1 Pa
Gas: 

 
 H2-H2O (H2O~0.003 Pa)
Duration: 
 12 hours

~1800 K 1235 K~400 K



Condensates on forsterite

- surrounded by flat faces
  (crystalline?)

but,
- not large enough for EBSD 
- containing Ca (contaminant)
- more Si than forsterite

1235 K, 12 h



1.
Kinetics of dust formation 

 
 – Crucial for understanding of dust evolution

2.
Condensation in the Fe-S-H system

 
 – FeS formation under low pressure conditions

 
 – Surface-reaction controlled rate
  

3.
Condensation in the Mg-Si-O-H system

 
 – Development of experimental setup for 

    
   condensation in H2-H2O gas

 
 – Experiments are now being in progress

Summary


