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Observations of comets and chondritic porous interplapetast particles (CP-IDPs, grains
likely shed from comets), as well as of protoplanetary diskew that a large fraction of the
submicron silicate grains in these objects are Mg-rich tatiise silicates. Here we review
observations of the mineralogy and crystallinity of comgtgrains and anhydrous CP IDPs,
including new spectroscopy of the dust liberated by the Deggact experiment on 9P/Tempel.
Some key results of these observations are: that crystaliitates are very Mg-rich; and that
in most disks (including the Solar System’s) a gradient egliicate crystalline fraction exists.
We discuss the mechanisms by which Mg-rich crystals can@guysed in protoplanetary disks,
including: complete evaporation followed by slow-recomskgtion; or reduction of Fe in Mg-Fe
silicates (possibly facilitated by C combustion to CO orf,@ombined with thermal annealing.
Finally, we discuss how these processes might occur in piaretary disks. We conclude
that there are three viable scenarios that may operate toglametary disks to produce Mg-
rich crystalline silicates with a crystallinity gradient) Steady-state conditions can maintain
temperatures high enough in the inner diskfew AU) to evaporate dust and allow it to re-
condense; this must be followed by moderately effectivavatd radial transport of the dust
produced. Il) Transient heating events, probably shocley, eeaporate dust in the outer disk (
tens of AU) and allow it to recondense over timescales of itmidays, directly producing Mg-
rich silicates; alternatively, it may recondense rapidly be thermally annealed by a second
event. lll) Transient heating events (shocks) may heat phwars Mg-Fe silicates only te
1200-1400 K, enough to anneal the dust without destroyingxitess Fe in the silicate must
be simultaneously reduced to Fe metal. On the other handprésence and characteristics
of volatile and refractory organics in cometary materia@mdnstrate that a significant fraction
of the outer disk mass sustained low temperature30¢150 K), and so did not pass through
the hottest, inner regions of the disk in the early collapgsasp nor was shocked. All models
are as yet too incomplete for us to favor any: outward radaigport by turbulent diffusion
suffers from a lack of knowledge of the cause of the turbuideramd shock models have not
been developed sufficiently to say where in disks shocks eanhdr vaporize dust, and for how
long. All processes might be simultaneously occurring Bksli What is clear is that cometary
grains and anhydrous CP IDPs contain a component of dusstatlize Mg-rich silicates — that
necessarily saw very high temperatures, either by largke sadial excursions through the solar
nebula disk, or by very energetic transient heating eventiseé comet-forming zone.

1. INTRODUCTION silicates were abundant in the protosolar disk. While amor-

Dat ¢ dinterol tarv dust particl f hous silicates are abundant in the interstellar medium
ata on comets and Interplanetary dust particles o IorOil'SM), crystalline silicates are rare. In interstellards in

able cometary origin show that amorphous and crystallin ur Galactic disk, amorphous silicates contain magnesium



(Mg) and iron (Fe). In contrast to ISM Mg-Fe amorphous2004).
silicates, crystalline silicates in comets and protopiane Understanding the formation conditions of Mg-rich
disks are Mg-rich and Fe-poor. In the solar nebula, Mg-rickrystalline silicates in the protosolar disk sets the cante
crystalline silicates formed as the result of high tempe®at for interpreting Mg-rich crystalline silicate featureséx-
(2 1000 K) processes. ternal protoplanetary disks. Mg-rich crystalline siliest
Mg-rich crystalline silicates formed prior to their incor- are present in the most primitive solar system materials —
poration into icy cometary nucleHanner et al, 1994). comets, anhydrous chondritic porous (CP) interplanetary
Comet nuclei are the most primitive icy bodies in the soladust particles (IDPs) of probable cometary origins, and
system, having suffered no post-accretion aqueous or théype 3.0 chondritesBrearley, 1989;Scott and Krot 2005;
mal alteration and minimal alteration by cosmic rays aniiVooden et aJ.2005). On the other hand, Fe-rich crys-
collisions. When perturbed into orbits that pass comet ndalline silicates are abundant in meteoritic materialg tha
clei close to the Sun, nuclear ices, trapped volatile gasdsave experienced ‘secondary formation’ mechanisms, such
and dust grains are released into a cometary comae. &$ thermal {500 K) and aqueous alteratiosdott and
heliocentric distances of1 AU, 0.1 um silicate grains in  Krot, 2005) on asteroidal parent bodies. Therefore, Mg-
cometary comae reach radiative equilibrium temperaturesh crystalline silicates are ‘primary formation’ prodsc
of <400 K (Fig. 1, Harker et al, 2002), insufficient to of thermal processing in the protosolar disk 1000 K),
anneal amorphous silicates. Therefore, Mg-rich crystalli by either condensation or annealing. Vaporization of ISM
silicates formed in the solar nebula prior to their incogpor Mg-Fe amorphous silicates followed by condensation ther-
tion into cometary nuclei. modynamically favors the formation of Mg-rich crystalline
Cometary nuclei also contain materials from the prosilicates and Fe-metal, thus transforming the reservoir in
tosolar disk that never saw temperatures abe® K — which the iron resides from within silicates to a separate
150 K. For example, in cometary comae the ortho-to-pamineral phase.
ratio of HbO and NH, demonstrate that cometary nuclei Annealing, i.e., the devitrificiation of amorphous sili-
contain water ice and ammonia ice that last equilibrated aates into crystalline silicates by heating, does not ceang
~30 K (Kawakita et al, 2004b). At sufficiently large he- the chemical composition (stiochiometry) of the grain: Mg-
liocentric distances where water ice survives in the comi@ach amorphous silicates anneal to Mg-rich crystalline sil
(r, 2 3 AU), amorphous water ice has been detected in tHeates and Fe-rich amorphous silicates anneal to Fe-rich
near-infrared reflection spectra of comets C/1995 O1 (Halerystalline silicates. The formation of Mg-rich crystaHi
Bopp) Davies et al. 1997) and C/2004 T7 (LINEAR) silicates from the protosolar disk’s reservoir of ISM Mg-
(Kawakita et al, 2004a). Amorphous water ice has neveiFe amorphous silicates by annealing requires a mechanism
experienced temperatures above its crystallization tempeto metamorphose Mg-Fe silicates into Mg-rich silicates.
ture of ~150 K. When Mg-Fe silicates are heated in the presence of ele-
Cometary nuclei accreted from the colder, icy regions aiental carbon (C), the C combusts to CO orsCGind FeO
the solar nebula, beyond the snow ling $ AU — 100 AU). in the silicates is reduced to Fe-metal. Reduction of Fe is
The incorporation into cometary nuclei of low temperatur®ne ‘primary formation’ mechanism that may contribute to
materials, e.g., amorphous water ice that never experienctie viability of the annealing scenario for the formation of
temperatures above 150 K, and high temperature materialdg-rich crystalline silicates from ISM Mg-Fe amorphous
i.e., crystalline silicates, implies that high temperatora-  silicates.
terials had to be radially transported from hotter regiohs o The abundance of carbon in CP IDPs is on averafj2
the disk to the colder regions, prior to their accretion intavt-%, which is 2—3 times more than the most primitive ClI
cometary nuclei. If transient heating events, such as shoclchondrites Thomas et aJ1994, 1996Keller et al, 2004).
occurred and formed crystalline silicates, then there bad tn CP IDPs, carbon takes the forms of amorphous carbon
be mixing between the shocked and un-shocked regions.or poorly-graphitized carbon, and organic matter. The car-
Crystalline silicates are seen in external protoplanetatyonaceous matter appears as coatings on single mineral
disk systems, and now are thought to be tracers of thermatdystals or as the matrix that ‘glues’ the CP IDP aggregate
processing at high temperatures {000 K) and of radial together.
transport of grains (e.gkurlan et al, 2005;Wooden et aJ. There is a potential link between the primary thermal
2005). Infrared (IR) spectral features occur with remarkprocessing of silicates and carbonacoues matter in the pro-
able similarity in comet C/1995 O1 (Hale-Bopp) and in theosolar disk: C combusts to CO or Gonsuming oxygen
protoplanetary disk around Herbig Ae/Be star HD 10054@nd driving the reduction of e in silicates to surface Fe-
at wavelengths 11.2, 19.5, 23.5, and 33 (Bouwman et metal and silica. Surface Fe-metal is an important catalyst
al., 2003), which are attributable to Mg-rich crystalline sil-for the formation of organic molecules. Heating may trans-
icates Koike et al, 2003;Chihara et al, 2002). Mg-rich form organic materials to elemental carbon. Comets being
crystalline silicates are detected frequently in interrmed more abundant in carbon than CI chondrites suggests that
mass pre-main sequence Herbig Ae/Be stBugvman et materials in the colder, outer protosolar disk regions prob
al., 2001) and are present in some low mass pre-main skely provided carbon to the inner disk or to regions of shocks
quence T Tauri starg=(irlan et al, 2005; Honda et al,  for primary thermal processing.



Understanding the origins of cometary materials progate structuresBradley, 1988); (e) they are unequilibrated
vides a basis for interpreting silicate crystallinity anthm aggregates, i.e., aggregates of mineral species that would
eralogy and carbonceous species in terms of the physicait exist as adjacent subgrains if heating had occurred af-
conditions under which dust grain materials formed and ager the grains had aggregated; and (f) their refractory min-
gregated, and were transported in our protosolar disk amdal subgrains include some of the most primitive materi-
in external protoplanetary disks. The properties of siisa als known in the solar nebula, including GEMS subgrains
and carbonaceous species in cometary comae and in anfiylg-Fe amorphous silicates called Glasses with Embed-
drous CP IDPs are presented$ection2. Plausible for- ded Metal and Sulfides), submicron domains of microcrys-
mation scenarios for Mg-rich crystalline silicates, irdig  talline minerals of similar composition called ‘equilitbea
condensation, and annealing combined with Fe reducti@ggregates’, single crystal Feisefler et al, 2000), and sin-
are discussed iS8ection3. Models for protoplanetary disks gle crystal silicate minerals with Mg-contents higher than
and for shock-heating in the protosolar disk are presenteshy other solar nebula materiaBrédley et al, 1999b).
in the context of crystalline silicate formation scenaiiios Anhydrous CP IDPs are held together by a matrix of or-
Sectiond. Conclusions are presentedSectiorb. ganic materials: anhydrous CP IDP subgrains were exposed

to either high or low temperatures prior to but not subse-

2. COMET GRAINSAND ANHYDROUSCP IDPs guent to grain aggregation. The properties of anhydrous

CP IDPs reveals that primary thermal processes and radial

We utilize a combination of investigative techniques, intransport was happening to submicron-size grain material
cluding remote sensing of cometary comae mateiialbitu  at the time grains were aggregating, prior to their accretio
mass spectrometer measurements on flyby spacecraft, anib cometesimals. Within this next year, laboratory stsdi
laboratory investigations of anhydrous CP IDPs to assenof grains collected from the coma of Jupiter Family comet
ble the inventory of cometary carbonaceous and siliceo@LP/Wild 2 by the Stardust Comet Sample Return Mission
grain materials. Three types of cometary grain materi@s awill add significantly to our knowledge of anhydrous CP
presented based on their degree of volatility: the volatiléDPs.
organics, the refractory organics, and the refractory min- ) ) ) ]
erals. The volatile organics have such short lifetimes tha@.l‘Se_ml-_Refraf:tory Organic Grain Species Produce
they are only observable in cometary comae. The refractory ~Distributed” Sourcesin Cometary Comae
organic material survives transit through cometary comae The greatest alteration to the semi-refractory organic
into the interplanetary medium and is present in CP IDPgrain species in comets occurs in cometary conhdanf
Cometary refractory organics may be a mixture of presaet al, 2005). In many but not all comets, gaseous species
lar organics and organics formed by ‘primary’ processes iare observed in comae to be more radially extended than
the early solar nebula. Cometary refractory organic mattéihe dust Bockeke-Morvan et al.2004; Bockeée-Morvan
constitutes the matrix of anhydrous CP IDPs that ‘gluesand Crovisier 2002). These radially ‘extended’ sources of
the refractory minerals together. Cometary refractory-mirvolatile gases are thought to be ‘distributed’ into cometar
erals are the Mg-Fe amorphous and Mg-rich crystalline sicomae by dust grains: molecular species are hypothesized
icates, and amorphous carbon detected in cometary conta@ppear in the coma as a result the desorption of an organic
grains, as well as FeS found in anhydrous CP IDPs, argfain component(s) after a finite lifetime (typically hoats
less abundantly silica (Siin aggregate GEM3Kelleret < 3-4 AU) (Bockeke-Morvan and Crovisier2002; DiS-
al., 2005). The refractory minerals represent relic ISM Mganti et al, 2001). The production rates from distributed
Fe amorphous silicates and Mg-rich crystalline silicalt@s t sources can be similar in magnitude to the production rates
formed in ‘primary’ thermal processes including condensasf ‘native’ volatile gases released from the nucleus. Tedat
tion and annealing. the carriers of the distributed sources are a great mystery i

To date, the best-studied laboratory samples of the mostmetary science. Different species appear as distributed
primitive solar system materials are anhydrous CP IDPsources depending on the heliocentrig) (distance of the
collected in the Earth’s stratosphere. Anhydrous CP IDRsomet. In comet Hale-Bopp, the molecular species that
are thought to be of cometary origil&nner and Bradley were observed to be ‘distributed’ were: at 5-14 AU, CO; at
2004; Wooden 2002; Joswiak et al. 1996) because: (a) 3-5AU, CO, HO, CH;0OH, and BCO; at S 3 AU, H,CO,
they contain organic materials with deuterium-to-hydrogeHCN, OCS, and SO, and other species;5at.5 AU, CO,
(D/H) isotopic ratios that vary on submicron scales, ragginCN, and G. Understanding the carriers of the distributed
from sub-solar deuterium (D) -400 %) to enormous D- sources is important to translating comae abundances into
enriched materials 3000%) of presolar origin flessen- nuclear abundances and assessing the solar nebula reservoi
ger (2000);Keller et al, 2000); (b) of their relatively high out of which comets accreted.
atmospheric entrance velocities ¢ 16km s~!, Brown- Grain aggregates may fragment in comae when dis-
lee et al, 1995;Nier and Schlutter1993) that imply they tributed sources are released as the organic materials that
were released from comets on more eccentric orbits thaerve as the ‘glue’ that binds aggregates of mineral sub-
asteroid bodies; (c) they possess anhydrous silicate alinegrains together desorbdgssberger et a12001;Harker et
grains Bradley, 1988); (d) of their highly porous aggre- al., 2002). The inner coma of comet 1P/Halley (8900 —



29000 km) had-2.4 times the abundance of organic mattecarbons (10%)Fomenkova et 311994). The heterogeneity
(CHON particles) than the outer coma (29000 — 40000 kmf the chemical properties of the CHON refractory organics
according to the Vega 1 flyby mass spectrometer measuiis-incompatible with their formation in the same protosolar
ments of~1 ng of comae cluster grainBdmenkova et al. disk environment: Halley’s nucleus accreted refractory or
1994). Distributed sources in cometary comae may be thganic materials that formed in different spatial regiong,,e
primary tool for investigating the semi-refractory organi the ISM, the prenatal molecular cloud, and the protosolar

grain species extant in the early solar nebula. disk, or experienced different thermal histori€srienkova
) o ] et al, 1994).
2.2 Refractory Organic Materialsin Comet Grainsand In anhydrous CP IDPs, carbonacous material occurs in

in Anhydrous CP 1DPs three different morphologies: (1) as thin (0.0in) coat-

One-half of the carbon in anhydrous CP IDPs is in orings on single mineral crystals, (2) as discrete submicron-
ganic materials. The other half of the carbon is elementéd micron-size domains (carbonaceous units), and (3) as
C in the form of amorphous carbon or poorly graphitizedhe matrix 0.5 yum coatings or domains) that apparently
carbon Flynnet al., 2003;Thomas et a).1996). On aver- ‘glue’ subgrains togetherfynn et al, 2003). Individual
age, anhydrous CP IDPs areé wt-% amorphous carbon. CP IDPs are found to have a wide range (2—90 wt-%) of
Given the extreme variability in the C wt-% in an individual carbon abundance§tiomas et al.1994, 1996Flynn et al,
anhydrous CP IDP, these laboratory measurements of ant3003, 2004 Keller et al, 2004). The average carbon abun-
drous CP IDPs agree well with the amorphous carbon madance determined for 100 CP IDPs\i42 wt-%, which is a
fraction of 7— 12 wt-% deduced for comet Hale-Bopp afactor of 2—3 times more than CI chondrites. For a sample
0.95-2.8 AU from thermal emission model fits to observedf 19 IDPs, on average 30-50% of the carbon is in organic
IR spectral energy distributionsiérker et al, 2002, 2004) species with either aliphatic hydrocarbons (1-3 wt-%) or
(Section2.3). carbonyl (C=0) bonds~2 wt-%) (Flynn et al, 2004). In

Understanding the composition of cometary organic reanhydrous CP IDPs the aliphatic hydrocarbon is the carrier
fractory materials is important because: (1) these maserieof the D-enrichment3eller et al, 2004). The aliphatic hy-
probably are the precursors of primitive meteoritic organdrocarbons, i.e., chains of GHbonds with terminal ends of
ics and by comparison reveal the effects of primary therm&H; groups, have approximately the same mean aliphatic
processing on organics, and (2) these materials are the belsain lengths in anhydrous CP IDPs and hydrous CP IDPs,
representative samples of solid-phase organics formed It are longer than in the Murchison CI chondrikdyfin
the ISM (Keller et al, 2004). Cometary refractory organic et al, 2003). Analyses of 3 anhydrous CP IDPs suggests
grain species are best studied with laboratory investigati that the organic matter is more complicated (containing two
of anhydrous CP IDPdn situ measurements, and cometC=0 groups) than in hydrous CP IDPs and the Orgueil CI
sample return missions (Stardust). To date, there is notdireneteorite Elynn et al, 2004).
spectroscopic detection of a refractory organic grainiggec ~ The large variations in the D- andN-enrichments in
in cometary comae; a 34m feature seen in a few cometsthe matrices of anhydrous CP IDPs indicates that the or-
including Halley, C/1989 X1 (Austin), C/1990 K1 (Levy), ganic materials have experienced various degrees of ther-
and the Deep Impact-induced ejecta of comet 9P/Tempedal processing and are a mixture of protosolar disk and
(A'Hearn et al, 2005). The 3.4um feature is partly at- presolar materialseller et al, 2004). On submicron size
tributable to methanol, with the remainder of the band arisscales, D-enrichments range from subchondriti¢@0 %)
ing from gas-phase fluorescence and not from refractory ae strongly enriched £, +10,000) Keller et al, 2004;Mes-
ganics Bockeke-Morvan et a|.2004;Bockeée-Morvan et senger et al.1996). In one anhydrous CP IDP fragment,
al., 1995). An indirect assessment of the cometary refratvigh >N/'*N isotopic ratios occur in a more refractory
tory organic grain component comes from models for thphase than the D-rich material, perhaps bonded to the rel-
observed visible light scattering and polarization of comeatively rare aromatic hydrocarbonke]ler et al, 2004).
comae, which require a highly absorbing organic graihe differences between the anhydrous CP IDP organics
mantle Kimura et al, 2003). and organics in primitive carbonceous meteorites (K-,

In the coma of comet Halley, refractory organics wereidge, 1999) indicates that thermal processing: (a) converts
studiedin situ by the mass spectrometers on Vega-1, Vegaliphatic hydrocarbons from longer to shorter chains; (b)
2 and Puma-1, and found to contain primarily C, H, O, andonverts alphatic bonds to aromatic bonds; (c) alters the or
N with a wide variation in relative elemental abundancegyanic material with C=0 bond#&[ynn et al, 2003).

Halley’s so-called ‘CHON'’ particles were more abundantin o ]

the inner coma and constitutee?5% of the total popula-  2-3 Silicate Mineralogy and Amorphousness versus
tion of cluster particles, with another25% being CHON- Crystallinity in Cometsand in Anhydrous CP IDPs

free siliceous particlesSchulze et al1997) and 50% being IR spectra of comet comae, laboratory studies of an-
mixtures of CHON and silicecous materialsigsel 1999). hydrous CP IDPs, andn situ measurements of Hal-
While the majority ¢70%) of the CHON clusters were ley’'s coma all indicate that the predominant refractory
kerogen-like organic compoundsomenkoval999), asig- minerals are amorphous carbon (also discusse&en-
nificant minority was elemental carbon (19%) and hydrotion 2.2) and silicates with compositions similar to olivine,
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Fig. 1.— GEMS with D-rich amorphous carbonaceous ma-
terial (C) in an anhydrous CP IDP (L20T2) [Fig. 3 of
Keller et al, 2000.]

(Mgy,Fg1-,))2Si0O4, and pyroxene, (MgFe;_,))SiO;.
Specifically, olivines can be considered as solid solutions
of Mg»SiO, (y=1) and FgSiO, (y=0), respectively named
forsterite (F0100) and fayalite (Fo0). In the nomencla-
ture of mineralogists, olivine is crystalline, and Fo100—
Fo92 is ‘forsterite’ Henning et al. 2005). Olivine crystals
in cometary materials, however, have higher Mg-contents
(Fo98) than in any other solar system materidsafley
et al, 1999b). Because of this distinction, we will denote
Mg-rich for 1.0 > y > 0.9 and Mg-Fe fory ~ 0.5, and
in certain cases, we will use the corresponding notation
Fo100—F090 and Fo50. Correspondingly, pyroxenes range
from pure-Mg enstatite (x=1) to pure-Fe ferrosilite (x=0), :
denoted En100 and En50, respectively. 7
By comparison with laboratory minerals, the predomi-
nant 9.7um silicate feature in comets is attributed to Mg-_ N
Fe amorphous olivine, and the short wavelength rise on thd9: 2-— The 10um silicate feature of comet Hale-Bopp
feature is attributed to Mg-Fe amorphous pyroxetiarner &t 0-93 AU on 1997 April 10 UT, shown as the flux di-
et al, 1994 Wooden et a).1999: Wooden 2002; Harker  Vided by a blackbody (BB) fitted to tha < 8.4 and
et al, 2002, 2004;Hanner and Bradley2004; Wooden ~ = 12.4 um emission, is compared with the progressive
et al, 2005). In amorphous olivine and pyroxene, the vi&ddition of: (&) amorphous carbofight solid line) and
brational stretching and bending modes of the Si—O bonddd-Fe amorphous olivine (FoSGjifort dasky, (b) Mg-rich
produce the 1Qum and 20um features, respectively. At crystalline olivine (Fo90)dolid); (¢) Mg-Fe amorphous py-
any single comet observation epoch, all coma grains are '@*€ne (En50)iong dasfy; (d) Mg-rich crystalline orthopy-
the same heliocentric distance and the IR emission from tfi@xene (Fo0)dotteq. [cf., Fig. 6, Wooden et a).1999.]

coma is optically thin, so the observed flux density, espe-

cially the ratio of the 10um/20 um features, constrains o er than features from amorphous silicates. Strong far-

the grain temperatures. Radiative equilibrium grain temMpy features at 19.5. 23.5. and 3380, and weaker fea-
peratures (J,) are strongly dependent on the absorptivyres at 16 and 27.6m, from Mg-rich crystalline olivine

ity (Qass) Of sunlight at visible and near-IR Wavele”gths(ng,Fe(l,y))28i04 with y > 0.9 were detected first in

(fi%' 4), and weakly dependent on grain radiug.T o yhe |SO SWS spectra of comet Hale-Bopp at 2.8 AU pre-
al’?), So grain temperatures probe the optical properties g rihelion (Fig. 3), providing irrefutable confirmationtb

the grains. From their grain temperatures, cometary amqfjenification of the 11.2 and 10,0m features with Mg-
phous silicates are deduced to have<0.5 =~ y <0.7 (jc crystalline olivine Crovisier et al, 1997). The miner-
(Harker et al, 2002), i.e., they have approximately chon-oqical decomposition of 1om silicate feature of comet
dritic (x=y=0.5) Mg- and Fe-contents. Hale-Bopp is demonstrated in Fig. 2. Features from Mg-

Most cometary silicate features are more ‘flat-topped;., crystalline pyroxene (MgFe; _,))SiOs with 2 > 0.9
than amorphoussilicate featur€@ofangelietal, 1995): IR |, o o detected at 9.3 and 108 in ground-base_d mid-

spectros_copy first detected the 11_u21 crystalline olivine |5 spectra of Hale-Bopp at 0.93 AU, when the comet was
feature in comet 1P/HalleyCampins and Ryanl987). (ose to perihelion\Wooden et a). 1999: Harker et al,

The resonant features from crystalline silicates are nagpgo 2004). The wavelengths of the features observed

Silicate Feature Flux /BB
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Fig. 3.— SED QAF) versus)\) of ground-based photome-

try (square¥ and spectradjrcles), andISO SW&thick gray

line) data of comet Hale-Bopp at 2.8 AU plotted with the 1

best-fit thermal emission modédhdavy ling. SED is the “

sum of scattered sunligh&(5 pm) and thermal emission &

(> 3 um) from a size distribution (slope —3.4, peak grain

radiusa,=0.2 um (Hanner, 1983), 0.1um< a < 100 zm)

of discrete mineral grains: porous grains of amorphol

carbon 6olid), amorphous Mg-Fe olivine (Fo50%l{ort- ! Wavelength (“ml)o

dash, amorphous Mg-Fe pyroxene (En5®r{g-dash, and

0.1-1um solid crystalline Mg-rich olivine (Fo90)06lid).  Fig. 4.— Optical properties of minerals given by (a) the

[Adapted fromHarker et al, 2002, 2004.] imaginary index of refractiony, and by grain absorptivi-

ties (Q.»s(A)) for grains of (b) 0.1um-radii and (c) 1um-

. ) _ ) radii. From the most absorptive to least absorptive miner-

in comets are consstept with high Mg-cgntent crystal%us top to bottorat 1 zm): iron (dotted); amorphous car-

(0.9< 2 ~ y <1.0) Koike et al, 2003; Chihara et al, ),y (solid line); Mg-Fe amorphous olivine [Fo50] (dash-

2002). In comets, the Mg-content of the crystalline siksat dot); kerogen type Il organic (short-dast§hare et al,

is significantly greater than in the amorphous silicates. 1990); Mg-Fe amorphous pyroxene [En50] (solid line);
The relative abundances of refractory mineral grains arlﬂg-rich amorphous pyroxene [En95] (long-dash); and Mg-

derived byy?2-fitting thermal emission models to observeq,ich crystalline olivine [Fo100] (dash-dash- dot). [From
spectral energy distributions (SEDsjdrker et al, 2002, \yyoden et a).2005.]

2004; Wooderet al, 2004). The best-fit thermai emis-

sion model for comet Hale-Bopp at 2.8 AU is shown in

Fig. 3. The derived relative abundances depend on the reket-al, 2002, 2004) and for C/2001 Q4 (NEAF),,s+~0.7

tive grain temperatures, which depend on the mineralogyvooden et a).2004); for Hale-Bopp fc,ys:=0.79, 0.67,

and Mg-contents. Mg-rich crystals are more transparemaind 0.60 in Figs. 2, 5, and 3, respectively. In contrast,

at optical and near-IR wavelengths than Mg-Fe amorphotise crystalline mass fractiorf{.,s:~0.35) deduced for the

silicates, which are more transparent than amorphous caubsurface layers of the nucleus of Jupiter Family comet

bon and Fe-metal grains (Fig.4). A Mg-rich crystal absorb8P/Tempel, which were ejected when the Deep Impact

sunlight less efficiently than a Mg-Fe amorphous silicatdlission hit the comet (Fig. 5Harker et al, 2005), is

of the same grain radius:), so a Mg-rich crystal has a lower than for Oort cloud comets. Oort cloud comets and

lower radiative equilibrium temperature and emits less fludupiter Family comets were ejected from the trans-Jupiter

(Fx = ma® mBx(Tjust)@x(a)). AMg-rich crystal is harder and trans-Neptune regions of our protoplanetary disk out

to detect than a warmer Mg-Fe amorphous silicate grain ¢6 the Oort cloud and Kuiper Belt, respectivel@dmes

the same size. Therefore, the silicate crystalline fractio2003; Morbidelli and Levison 2003). Comparing/.,ys:

feryst, i.€., the mass ratio of submicron Mg-rich crystals tdor Oort cloud and Jupiter Family comets implies a radial-

the sum of submicron amorphous and crystalline silicatedgependence tg.,.,s; possibly existed in the protosolar disk

needs to be greater thar0.5 for Mg-rich crystals to be de- (Harker et al, 2005b).

tected (in IR spectra with a spectral resolution/v~100 Submicron solid crystals produce the shapes of the ob-

and signal-to-noise ratio 6£100). served IR resonances, so the ratio of the mass of submi-
Relatively high crystalline mass fractions are deducedron crystals to the total mass of submicron silicates de-

for the submicron portion of the grain size distribution infines the crystalline fractionHarker et al, 2002). Nev-

Oort cloud cometsfor Hale-Bopp f.,,s:~0.6—0.8 Harker  ertheless, a size distribution of grains that includesdarg
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T In-situ mass spectrometer measurements of Halley do
98 100105112 118 not reveal the amorphousness or crystalliniity of the co-
& I ] mae grains Kissel 1999), but do yield the relative mass
}%%g{% fractions of elements (Mg, Si, S, Fe), whose relative ra-
| Hale-Bopp ¢ £ tios reveal the possible minerals present. Given (Mg+ke):S
} ~1 for pyroxene and 2 for olivine, the mass spectrometer
%ﬁ%@%{g% ] measurements (Table 2 8thulze et a).1997;Schulze and
%}% % | %%3% Kisse| 1992) indicate that the dominan£(50% by mass)
i ﬁé‘%ﬁ %%% refractory mineral is Mg-rich pyroxene (08x =2 0.9).
% Also present are significant mass fractior®6%) of Mg-
| f | Fe olivine (y~ 0.5) and smaller mass fractions of pure-Mg
9P/Tempel 1 olivine (~5%), FeS £10%) and Fe-metal grains-@%)
o (Schulze et al.1997). Most (70%) of the iron is in Fe
8 Wavsd 12 14 or FeS grains, with the remaining fraction (30%) being in
avelength (um) . . . . .
siliceous grains; some siliceous grains also contain S. The
Mg-Fe olivine in Halley may be the Mg-Fe amorphous sil-
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Fig. 5.— Crystalline silicate features in the l@n spec- . q di f
tra of Oort cloud comet Hale-Boppap, 1.7 AU post- |cafsh ((ajtecte CIS Ilng)pectra_o comets. . .
perihelion) and in the Deep Impact-induced ejecta of Jupite  /\"1YArous S are important comparison materi-

Family comet 9P/Tempebpttom 1.5 AU, 1 hr after im- als for fine-tuning our understanding of the refractory min-
pact). [Fig. 2 oHarker et al 2005b.] ' erals in cometary dust. The dominant refractory mineral

phases in anhydrous CP IDPs are Mg-rich crystalline sili-
cates, GEMS%ection2; Bradley et al, 1999c), Fe-sulfides

] (Keller et al, 2000), and amorphous or poorly graphitized
] carbon. Submicron and micron-size single crystals of Mg-
] rich pyroxene and olivine can constitute 20—30% of mass of
a anhydrous CP IDP. For example, IDP L2082 (Fig. 1)
has 5-10% by mass Mg-rich crystalline silicates.

IR spectra of the major mineral phases in anhydrous CP
IDPs have features at the same wavelengths as the IR spec-
tra of comets Bradley et al, 1992; Wooden et a).2000;
Bradley et al, 1999a, c;Keller and Flynnp 2003). The
10 um absorption spectrum derived from the average of 12
, i anhydrous CP IDPs (Fig. 6) has features at the same wave-
F|g. 6.— Average absorption spectra of 12 anhydrous 'Dpﬁengths in the 1Qum emission spectrum of comets Hale-
[Fig. 2 of Keller and Flynn 2003.] Bopp and 9P/Tempel (Fig. 5). Crystalline olivine and py-
roxene are more Mg-rich than in other primitive solar sys-

(10-100um-radii) amorphous silicates contributes to thdem laboratory samples (carbonaceous chondrites, Antarc-

observed SEDs. If we try to mimic grain aggregates witfiC Micrometeorites) Bradley et al, 1999b). The wave-

a grain size distribution that contains submicron crystal§"9th positions of the far-IR spectral resonances in one an
as well as submicron- to 100m-radii amorphous silicate hyo!rous C_P IDP thin _SGCt'(_m_ (Fig. 7), howeve_r, reveal a do-
grains, we may underestimate the crystalline fraction. 12N of mlcrocrystalllne_0I|V|n.e.of Eo75 that is less FO90—
fact, crystals may be effectively spectroscopically hidde100 deduced for crystalline olivine in comet Hale-Bopp.

within larger aggregates: IR spectral features of anhysiroy " @nhydrous CP IDPs, iron is contained in macroscopic

CP IDP thin sections reveal resonances of stronger cofflicron-sized) FeS crystals and nano-phase Fe and FeS in
trast than bulk particlesMolster et al, 2001; Bradley et CEMS. Sis concentrated in Fe-sulfidéyfin etal, 2004).

al., 1999¢c). Given these caveats, taking a grain size di&eS is most frequently observed toward the outer surfaces
tribution into account out to 1@m-radii, rather than just of GEMS than the C_e”te,fs- This gradient may be a con-
the 0.1-1um grains, yields lower crystalline mass frac-Sequence of S diffusion into the GEMS, while in the solar

tions: feryst =~ 0.4 for Hale-Bopp, andf.,s: ~ 0.2 for nebula Keller, private communication).

9P/Tempel thatis still higher thaf,.,; < 0.02 deduced for When detailed laboratory studies of dozens of ind?vid-
any other Jupiter Family come$(gita et al, 2005). A sig- ual anhydrous CP IDPs are compared to the properties of

nificantly lower crystalline mass fraction ¢f,,.; ~ 0.075 comae grains deduced from IR s.pectroscopy alon_e, we find
is derived for Hale-Bopp using a grain size distributiortwit tat anhydrous CP IDPs are similar to comae grains in that
submicron crystals, submicron te100 um-radii amor- theY contain: (a) Mg-Fe amorphous silicates and GEMS,

phous minerals, and non-spherical particle shaptie t respectively; (b) Mg-rich crystalline olivine and Mg-rich
al., 2005a). crystalline orthopyroxene; and (c) amorphous carbon. At

the same time, anhydrous CP IDPs are different in that

Average of 12 anhydrous IDPs
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o8k ] Fig. 8.— The 1Qum feature of a GEMS-rich section of an

anhydrous CP IDP is broa@(adley et al, 1999], charac-
teristic of amorphous silicates, and is compared to the ISM
feature towards the Trapezium. [Frdfeller et al, 2000.]

0.04f

absorption {A.L.)

gozf

e _MM o talline silicates are rare<5%, Li and Draing 2001) to ab-
—002l .t ‘ ; P sent € 1.1 + 1.1% towards the Galactic Centdtemper
° R o =0 et al, 2004, 2005). Detailed analysis of the ISM extinction

curve implies the presence of Mg-Fe amorphous silicates
Fig. 7.— (Top) Atomic Force Microscope image of Mg- (Li and Draing 2001). Studies of the depletion of gas-
rich crystals within thin-section of anhydrous CP IDPphase atoms into dust grains in Galactic diffuse ISM clouds
L2036V25 (10pmx10 umx3 pm). (Botton) 5-50 um  show Fe, Mg, and Si are depleted together in grains, and
transmission spectrum of IDP L2036V25 thin-section comin increasing amounts for denser cloudsr{es 2000;Sav-
pared to pure-Mg crystalline olivine (forsterite) and pyro age and Sembagth996). Through depletion studies, a less-
ene (enstatite), and to the emission spectrum of comet Hakefractory dust phase that contains Mg and Si and no Fe is
Bopp (Crovisier et al, 1997). The Mg-content of the olivine seen to exist in clouds in the Galactic halo above the Galac-
(Mg,.Fe:_,))2SiO, crystals in Hale-Boppy( >0.9) are tic disk (Jones 2000). The ISM silicate absorption feature
higher than in this IDPy >0.75), based on the wavelengthstowards the Galactic center can be fitted by non-spherical
of the far-IR features. [Frorviolster et al, 2003.] amorphous pure-Mg silicates as well as by spherical Mg-Fe
amorphous silicatedv(in et al, 2005b), demonstrating that
] ] . particle shape can affect the shape of the resonances and the
they contain: (d) more enstatite than forsterikeler et jnterpretation of the mineralogy and Mg- and Fe-contents.
al., 2004;Keller and Flynn 2003); (e) a matrix composed pyowever, the depletion studies taken together with models
of not only amorphous carbon but also refractory organy, the shape of the 1pm absorption feature imply that

ics that are not detected spectroscopically; (f) domains @fiactic disk ISM silicates are Mg-Fe amorphous olivine
Mg-rich crystalline olivine with lower Mg-contents com- 54 pyroxene.

pared to that deduced from IR spectra (far-IR comparison Mg-Fe amorphous silicates are deduced to be domi-

in Fig. 7); and (g) FeS single crystalsdller et al, 2000). nant components of comet comae grain populatidec(
In situ measurements of a ng of mass of comae grains &g 2 3), and are presentin anhydrous CP IDPs as GEMS or
in concurrence with studies of anhydrous CP IDPs in thag|3sses with Embedded Metal and Sulfidesaglley et al,
they contain: (d), (¢), and (g), while (f) is not determirebl 1 999¢;Flynn et al, 2003). GEMS are not well-defined sto-
from mass spectrometer measurements. It is important fthiometric olivines and pyroxenes, but have elemental ra-
note than pure-Mg amorphous silicates as well as discrefigs syggesting a mixture of compositions spanning olivine
Fe-rich crystalline silicates are absent from anhydrous CRq pyroxene compositionBiadley et al, 1992;Brownlee
IDPs. In summary, IR spectra do not reveal the presengg al, 1999; Keller and Messenge2004a). The absorp-
of Fe or FeS grains nor d_etect the refractory organi_c grafon feature from GEMS-rich anhydrous CP IDP material
component that are seen in anhydrous CP IDPSRS@U 55 5 similar shape as the ISM absorption feature (Fig. 8;
measurements of comet comae. Bradley, 1994a, b). For more than a decade, GEMS have
. been considered as the prototypical ISM Mg-Fe amorphous

2.4 Mg-Fe Amorphous Silicates are I nter stellar silicate Hanner and Bradley2004).

Along lines-of-sight through the ISM, silicate absorp- A recent hypothesis that 80-90% of GEMS are ‘non-
tion features are well-matched by Mg-Fe amorphous olivin@auilibrium condensates that have escaped annealing and
and pyroxeneKemper et al. 2004, 2005). Mg-rich crys- further reaction with the gas phase (except for late sulidiz



tion of Fe)’, which formed in the solar systefieller and converted into the Mg-rich silicate crystals. The processe
Messenger2004a, b);Keller et al, 2005) implies a sim- that form pure-Mg or Mg-rich crystals are: (I) vaporization
ilar mass of more volatile ISM organics and ices wouldollowed by gas-phase condensation of solids under con-
have been subjected to high temperatures in the protodtitions that favor thermodynamically stable pure-Mg crys-
lar disk. However, the large abundance of ISM volatilgalline silicate minerals in chemical equilibrium; (Il) par-
gases and iceBpckeke-Morvan et a].2000;Ehrenfreund ization followed by rapid nucleation and growth of amor-
and Charnley 2000; Ehrenfreund et a).2004) and organ- phous Mg-rich silicates under kinetically controlled cond
ics (Keller et al, 2003) in cometary materials refutes thistions, followed by annealing; and (lll) annealing of Mg-
concept. Fe amorphous silicates (formed by rapid condensation or
An argument used to substantiate the solar system oimterstellar in origin) into crystalline Mg-Fe silicatest
gin for both GEMS and Mg-rich crystalline silicates is thatpled with reduction of Fe out of the grains under the typical
~99% of the mass of more than 1000 subgrains of anhyeducing (as opposed to oxidizing) conditions in the solar
drous CP IDPs have homogeneous solar isotopic ratios nébula gas. Since neither Mg-rich amorphous silicates nor
170/'60, 180/*60, and'®N/™N (Messenger2000; Mes- Mg-Fe crystalline silicates are a substantial component of
senger et a].2003). Nevertheless, grains could lose the isccometary comae or anhydrous CP IDPs, so scenarios (ll)
topic signatures of their sites of origin in AGB stars, ngvaeand (Ill) imply ~100% efficiency.
and supernovae if re-formed in ISM clouds after being sput- ,
tered or destroyed by shockiopes 2000). To date, there -1 Condensation from Nebular Gases
is no consensus as to whether the isotopic homogeneities inMg-rich crystalline silicates are thermodynamically fa-
subgrains in anhydrous CP IDPs can be interpreted as evbred to condense in hot, dense inner disks. When patrtial
dence for their formation in the protosolar disk or for grairpressures of condensible materials are high enough that ki-
homogenization in the ISM (séelens 2003). netic barriers are overcome, often under conditions of ‘su-
Sources for ISM Mg-Fe amorphous silicates include Opersaturation’, molecular species nucleate into molecula
rich Asymptotic Giant Branch (AGB) stars and supernovaelusters and cluster growth ensues (e@plangeli et al,
AGB stars primarily shed Mg-Fe amorphous silicates, bui2003). Rapid growth produces highly disordered particles
up to 4—20% of their siliceous grains may be Mg-rich crys{Nuth et al, 2002;Rietmeijer et al.2002). If temperatures
talline silicates Kemper et al.2001). Crystalline silicates are high enough, clusters rearrange themselves into regu-
dispersed via stellar winds into the ISM, however, probaar structures or crystalsCplangeli et al, 2003), or clus-
bly are rapidly amorphized by the bombardment by cosmiters grow ‘epitaxially’ as crystals on pre-existing crytie
rays. Bombardment by low energy Galactic cosmic rayseed’ grains. Growth of single crystals from nebular gases
(few—50 keV H" or He" ions) probably efficiently amor- can explain the relatively infrequeriadley, private com-
phizes crystalline silicatesCarrez et al, 2002; Jager et munication) platelet or ribbon forms of forsterite and en-
al., 2003;Brucato et al, 2004;Bradley, 1994a;Dukes et statite crystals in anhydrous CP IDR&ddley et al, 1983;
al., 1999), with chemical composition alteration occurringScott and Krot2005; see Fig. 2 iKeller et al, 2000).
at <20 keV (Carrez et al, 2002; Bradley, 1994a). Also, In protoplanetary disk environments where there are sus-
low energy (4—10 keV) cosmic-ray exposure can redudained high partial pressures of refractory eleme@i®$és-
iron from its stioichiometric inclusion in an amorphousman 1972; Pataev and Wogd2005), such as in the mid-
Mg-Fe silicate mineral grain to nano-phase Fe metal enplanes of inner disks, a high proportion of crystalline min-
bedded within the Mg-rich amorphous silicate graa(- erals are expected to be produced. The dominant mineral
rez et al, 2002), such as seen in GEMBr&dley, 1994a). phases to condense as the gas cools are (F@&gi®;2003):
Amorphization by high energy, heavy cosmic rays (1.5irst, oxides, e.g., corundum or AD3; second, Mg-rich
MeV KrT ions) occurs at one-guarter the dose for Fe-rickrystalline silicates, i.e., forsterite (M§iO;), and enstatite
crystalline olivine (FgSiO,) than for Mg-rich crystalline (MgSiOs), and Fe-metal; third, at much cooler tempera-
olivine (Mgo.ss,F&.12)2Si0y, and the distances from super-tures, troilite or FeS.
novae shocks traveled by MeV cosmic rayg(pc, Spitzer In chemical equilbrium models, orthoenstatite is pre-
and Jenking1975) are greater than for KeV cosmic raysdicted to be the dominant silicate condensate (&gss-
so preferential amorphization of Fe-bearing crystallife s man 1972; Petaev and Wo0qd1998). The conversion
icates in the ISM may explain the preponderance of Fesf forsterite into enstatite is governed by the diffusion of
bearing amorphous silicates in astrophysical objectsidicl cations and occurs on fairly long time scales compared to
ing comets, AGB stars, and post-AGB environmedégér disk evolution time scales: a Oydm radii forsterite crystal
et al, 2003). is converted into an enstatite crystal i@ at ~1350 K
(Gail, 2004). During 16 yr, protoplanetary disk mid-
3. FORMING MG-RICH CRYSTALSIN DISKS planes cool as their mass accretion rates deciveh¢stedt
and Gail 2002; Keller and Gail 2004), so the relatively
In protoplanetary disks, some fraction of the initial reserslow forsterite-enstatite conversion probably does ratrat
voir of interstellar Mg-Fe amorphous silicate grains acehemical equilibrium at all times throughout the protosola
creted into the outer regions from the prenatal cloud care adisk. The forsterite-to-enstatite ratio is diverse in ptive



2000 region are discussed hyuth et al.(2005). In addition,
amorphous silicate minerals are formed by rapid quenching
(~2000°C/sec) of a melt@orschner et al.1995), by gel-
dissication (chemical reactions forming a gelatinousiprec
itate) (Thompson et al2002, 2003), or by vaporizing crys-
e talline silicate mineral samples at5000 K with a pulsed
enstatite laser Brucato et al, 2002; Fabian et al, 2000; Brucato

1800

1600

1400 diopside

T[K]

1200 i j’ iron w ] et al, 1999). Amorphous enstatite prepared by gel desic-
1000 — g § _| cation have Si-O tetrahedonal ‘proto-forsteritic’ stures
-§/ g . (Thompson et al.2002, 2003). Amorphous silicate con-
X / X . . . .
800 — &/ S wolite densates formed by laser ablation, including forsterétg; f
600 . /i//'| vl || [ERTTT AR AT RN R TTT BB R TTIT |||||_| allte (FQSIO‘l)' enStatlte’ and S|||Ca (S@' appear to have

10 105 10* 10® 102 10t 10° more homogeneous mineral compositions than vapor-phase
P [bar] amorphous condensates, possibly because at higher temper-
Fig. 9.— The stability limits of the important solid phasesatures congruelnt evaporaypn of .mplecular clusters y|ellds
ondensates with compositions similar to the starting min-

in the pressure regime of interest for accretion discs. AlsB s wh h q t ¢ leate cl
shown are the typical P-T-combinations in the midplane af' IS, Whereas vapor-phase condensates mustnucleate clus
s from the gasHRrucatq private communicationiNuth,

the disk and in the disk atmosphere. As the gas cools in tﬁ%r ¢ icati
mid-plane, at B 103 [bar] Fe-metal grains condense outPMvate communica ion).

before forsterite (MgSiO,) and enstatite (MgSig). 3.3 Annealing of Amor phous Silicates

Amorphous silicates are prepared for laboratory anneal-
chondrite matricesScott and Krott 2005); appears high ing experiments using three different processes: vapor con
based on IR spectroscopy of comet comae (Fig. 2) but lodensation, laser ablation, and gel desiccat®ection3.2).
based on Halley fly-by measurements; and is high in arBample preparation techniques impact the composition and
hydrous CP IDPs for the domains of polycrystalline ‘equistructures of amorphous silicate materials and the tempera
librated aggregates’ (Fig. 7) but low for the largerQ.5— tures and durations of heating required to anneal these sam-
5 um) single crystals (see Fig. 2 ¢feller et al, 2000). ples (seéVooden et a).2005 for a detailed review).

A larger sample of high signal-to-noise comet IR spectra Despite the differences between the chemical composi-
as well as analyses of Stardust Mission returned sampltéigns and structures of the amorphous silicate samples pre-
will provide further constraints on the degree of forsterit pared by different laboratory techniques, the experimients

enstatite conversion in the protosolar disk. anneal amorphous silicates into crystalline silicateseton
some general conclusions: (1) The stiochiometry or chem-
3.2 Condensation of Amorphous Silicates ical composition of the starting amorphous material is not

altered by annealing, but rather revealed by annealing; Mg-

The conditions for equmbrlum c(_’;mnot be_ expected Qich amorphous silicates anneal to Mg-rich crystals, Fe-
persist throughout the disk, as transient heating events SWich amorphous silicates anneal to Fe-rich crystals, Mg-

aa shoclits are Ilkelly to occur. A r;lllgher.Froportlon of aMOrEe amorphous silicates anneal to moderately Fe-rich crys-
phous silicates relative to crystalline silicates are €& )5 and proto-forsteritic structures in amorphous eitstat

to be produced in environments characterized by low pag,,hjes prepared by gel desiccation anneal to forsterite.

tial pressures of condensable elements and rapid COO”'IQ(morphous oxide mixtures (MgO—SiOFe,0s) prepared
€.g., in stellar outflowsMolster and Kemper2005), and by laser ablation and then annealed at 1000 K for 1 hr

possibly in X-winds (Shudet ;’:‘L ZkOO%])' PFOt?Ste”_ar Wings have mid-IR resonant features at the same wavelengths as
(Kenyon et al. 1991), and s locks that melt gralrE_Se(sc annealed forsterite, but far-IR features at slightiyO(1—

and Connolly 2002). In regions where low partial pres-g 3 wm) different wavelengthsBrucato et al, 2002). This
sures of condensable elements exist, condensation will Qﬁperiment has not been repeated.] (2) Amorphous magne-
conFroIIed largely by k|net|cs,_ and not by th_ermOdynam'C§iosilica materials anneal at lower temperatures than-amor
(Gail and Sedimayr1999; Gail, 2004). Rapid growth of 1y, ferromagnesia materialda]llenbeck et al. 1998;
more highly disordered clusters will ensue when gas ten%rucato et al, 2002; Nuth et al, 2005). (3) At~1100—
peratures drop and supersaturation occurs. 1000 K, Mg-rich amorphous pyroxenes complete annealing

Experiments of vapor-phase condensation from mixturqﬁ ~1-4 hr, with the exception of vapor-condensed samples
of gases at-1000 K form highly disordered ‘smokes’ or that may take up t6-200 hr. (4) At~1100-1000 K, Mg-

fme_-_gralned films _Of magne5|o_s_|l|ca (MgO.Sior ferT_ rich amorphous olivines complete their annealing-id—
rosilica (FeO; + Si0,) compositions but not Mg-Fe sili- 15 . o1 |onger (see Table Wooden et a).2005 for a sum-
cates tiallenbeck et al. 1998; Rietmeijey 1998, Rietmei- 5y ot activation energies). (5) Mg-rich crystallineilte
jer et al, 2002; Nuth et al, 2002). Rapid condensation resonances arise from micro-crystalline structures alsasel

scenarios for amorphous silicates in the chondrule—fogmu}rom crystallized 0.1um spherulesBrucato et al, 1999).
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(7) Domains of long-range order still may exist within 3.4 Removal of Fe from Mg-Fe Silicates by Reduction,
amorphous silicates, even though IR spectroscopy nor Xn Mg-Fe Inter-diffusion Time Scales

ray diffraction can detect periodic structures of crystall

materials in laboratory-prepared amorphous silicategs,(e.  Experimental heating of Mg-Fe olivines, typically
Colangeli et al, 2003). Such domains can act as nucleatiofMgo.o,F&).1)2SiOy, in a reducing environment causes the
sites that promote crystallization more rapidly or at lowefeO in the mineral to be reduced to Fe-metal, increasing
annealing temperature$tfompson et al.2003;Colangeli the Mg-content of the olivine, and in many cases forming
et al, 2003;Brucato et al, 2002). (8) The most highly dis- Fe-metal blebs on the surfacklien et al, 1993;Weisberg
ordered vapor-phase condensates take the longest to annetdl, 1994). In these experiments, O is scavenged from the
with a ‘stall’ (Hallenbeck et al. 1998) that may be analo- silicates in a ‘locally reducing’ environment caused eithe
gous to rearragement into congruent molecular clustets thay a low partial pressure of oxygen or by a ‘reducing agent’
exist apriori in amorphous silicates prepared by laser-ablén contact with the grain surface, such as graphitic C that
tion (Rietmeijer et al.2002). Hence, the most conservativecombusts to CO or C9O

approach to computing annealing times is to use the Sili- Experiments demonstrating Fe-reduction have utilized
cate Evolution Index (SEl)Hallenbeck et al. 2000) that a wide variety of heating temperatures and sample prepa-
characterizes the annealing times of the most disordereations, including~20-100um-radii powders, bulk min-
amorphous silicate samples, i.e., the vapor-phase condemals, and thin films. Flash-melting-(873 K) chondrule-
sates Rietmeijer et al.2002). precursor 20-100m—radii ground mineral powders mixed

Fe-rich amorphous silicates and Fe-rich crystalline siliwith >5 wt-% C produces from (MgFeg;_,))2SiOs,
cates are not identified in the IR spectra of comets, are ngt0.94—0.89 nearly pure-Mg olivine (M@g,F&).01)2SiOy,
abundant in anhydrous CP IDPs, and are not inferred to eke-metal grains and silica (Si(Connolly et al, 1994a,
ist fromin situmeasurements of Halley, so the condensatioh; Connolly, 1996). Even though within the furnace the
and annealing of Fe-rich amorphous silicate phases appearygen fugacity islog(fOz[bar]) ~—9.5, the oxygen fu-
to play an insignificant role in primary thermal processingjacity in the ‘local environment’ of the melt is lower,
in the protosolar disk. Even so, it is interesting to note thdog(fO2z[bar]) ~—12. At 1873 K, the canonical solar neb-
Fe-rich amorphous silicates anneal at such high tempenala hadlog(fOz[bar])=—14.7 (-2.7 dex lower than in the
tures that partial vaporization may occur, lessening the rexperiment), so Fe-reduction can occur in an ‘oxygen-rich’
sultant radii of Fe-rich crystaldNuth and Johnsqr2006).  environment compared to the solar nebula.

Mg-rich amorphous silicates are not an abundantcompo- For Fe reduction to occur in the subsolidus, C must
nent of anhydrous CP IDPs, nor are they deduced to dorhe present on grain surfaces: heating of a bulk sample
inate cometary comae (i.e., comet Hale-Bopfarker et of Mg-rich olivine (Mgy.g0,F& 1)2SiO4 for 5-48 hr at
al., 2002). If the chemically-favored formation of pure-Mg1373 K, i.e., at a lower temperature than melts, generates
amorphous silicates by rapid condensation occurred in theg(fOz[bar])=—13, well below (by more than 4 dex) the
protosolar disk (Fig. 11), then these Mg-rich amorphouequilibrium oxygen fugacity, and causes Fe-metal blebs to
silicates were annealed to Mg-rich crystalline silicates gorm on the surface, as well as a gradient in the*Nigre*+
2 1000 K with nearly 100% efficiency. concentration (less F&) and excess SiQin near-surface

Heating GEMS, the Mg-Fe amorphous silicates in anregion, by the following reaction:
hydrous CP IDPs, produces moderately Fe- rich (Mg-Fe)
olivine crystals through a subsolidis devitrificatidréwn-  F€25104n olivine + 2Cgraphite =
lee et al, 2005). The absence of Mg-Fe crystalline silicates
in anhydrous CP IDPs and in comet spectra indicate that the
majority of GEMS-like materials never saw temperaturesieating at 1000 K a thin film of Mg-rich amorphous
above~1000 K Brownlee et al.2005). olivine, (Mg, ,Fe;_,))2SiOy4) with y=0.9, reduces the FeO

Mg-rich amorphous silicates anneal at lower temperae 0.002-0.05um Fe-metal within the amorphous olivine
tures or in less time than Mg-Fe amorphous silicates, ssnd generates domains of 0.05-0.25 size pure-Mg crys-
given a reservoir of Mg-rich and Mg-Fe amorphous sili4alline olivine (MgSiO,) (Davoisne et al.2006). In sum-
cates, Mg-rich crystalline silicates are more likely an-outmary, under low oxygen fugacity (i conditions produced
come of the primary thermal processing of annealing. Howen grain surfaces or in the vicinity of grains by the com-
ever, the transient heating events would have to be just bfistion of C into CO and C§ Fe reduction can produce
the right duration to anneal all the Mg-rich amorphous siliembedded nano-phase or surface Fe-metal grains. Under
cates into Mg-rich crystals but not anneal a significant-fracsolar nebula conditions S is available in the gas-phase, so
tion of the Mg-Fe amorphous silicates into Mg-Fe crysin conjunction with Fe reduction, ke, S grains may form
talline silicates. Given the improbability of this ‘fine- (Keller et al, 2000). Fe_..S grains are a component of CP
tuning’ of transient heating events, we look to combinéDPs and GEMS subgraing&éller et al, 2005).
another physical process — Fe reduction — with annealing Carbon is an abundant component of cometary grain ma-
to metamorphose Mg-Fe amorphous silicates into Mg-ricterials, either as elemental C in the form of amorphous
crystalline silicates. carbon or poorly graphitized carbon, or in organic grain

2Fe in surface metal T+ SlOQ in silicate + 2COin gas
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Table 1: Fe Reduction Times for aitn Radius Grain 4. GRAIN HEATING AND RADIAL MIXING IN DISKS

T(K) (M?((;g'clz)amt)(zhsr)lO‘l (M%(Eg;ga)'ots()ﬁg@‘l The metamo_rphis.m of Mg-Fe amorphous siIicate; into
1000 >3E4 6.4 18E6 494 Mg—nch crysta_llllne silicates can occur in the hotte.r., inne
1200 630 0.2 16E4 4.4 disk on Ion_g time sca!es under conditions of _‘Equmbnum
1400 20  0.006 630 0.2 + Radial Diffusion’ (Fig. 11). Large scale radial transport

subsequently is required to transport the crystals outdo th
colder, icy comet-forming regions. Mid-plane temperasure

materials that can be converted to elemental C by heati®j 1400-1000 K needed to condense or anneal Mg-rich
(Keller et al, 1996). The higher relative abundance of C_crystalllne S|I|c§1tes only occur out to 2-4 AU at earl_y times
in cometary materials compared with meteoritic materiald Protosolar disk evolution when the mass accretion rates
as well as the intimate contact between carbonaceous ai§ Nah (€.9.107°Mg yr—' SM S107°Mg yr—!, Bell et
siliceous minerals in anhydrous CP IDPs, supports that ttf: 2000). In the early £ 300,000 yr) collapse, rapid redis-
plausibility of the scenario that Fe reduction occurrednim t tribution of angular momentum phase of the protosolar disk,
solar nebula, fueled by abundant C in primitive grafe¢- & Warm nebula model generates a uniform crystalline mass

tions2.2, 2.3).

Can Fe-reduction be efficient enough to explain the at  Equilibrium + Radial Diffusion
sence of Mg-Fe silicate crystals in cometary grains? Th o
rate of Fe reduction appears to be governed by thé'Mg e SareMs
Fe?t inter-diffusion ratesl(emelle et al.2001). Fe reduc- ﬂ:ﬂf@ -

Fe grains

tion generates a gradient in the Mg-F&* concentration T peeen Ll .
because there is less Febeneath the surface where Fe- | (Mgfcsios, | BOsE > wig-ke seases
metal has been reduced on the surface. A ‘diffussivity’ pa ~L==t== LT
rameter is derived for Fe reduction that “is close to theudiff \ﬁo—'& Crpinin:” "}
sivity of F&T—Mg?* in olivine” (Lemelle et al.2001, cit- L__ Silcates |
ing Nakamura and Schmalzrigti984;Chakraborty 1997). homogenuation erpstalization

Mg-Fe inter-diffusion annealing

Figure 10 shows the inter-diffusion rates for’?FeMg?+
(data taken from figures i@hakraborty 1997) and the dif-

Transient Heating

fusion rate derived for the Fe reduction to Fe-metal on th rapid etystalization

surface at 1373 Klemelle et al. 2001). Also shown in  oporsion s P s i _
Fig. 10 is the diffusion rate deduced from the heating o now-equiibrium D s | P
0.05- 0.1pm radii GEMS at 1000 K for ‘a few hours’ STa00-1450 K A..... g
(Brownlee et al.2005), the consequence of which was bott | 0,50, | GEEE,>] Fucke

ISM amorphous | = ==00me-eeem-oo
Mg-Fe silicates
GEMS in CP IDPs
(inhomogeneous)

the homogenization (complete Mtg-Fe*t inter-diffusion)
and the annealing to a ‘moderately Fe-rich’ (denoted herei

Mg-Fe) crystalline olivine. The lower the concentration of TR c;“yfg.#,.. | T
Fe, the longer the diffusion time and longer the reductiot oo St Silicates
time. rnpildomﬂoigﬁon 1000-1400 K

Fe Reduction

annealing C Combustion

From the inter-diffusion rates (Fig. 10), we compute

f[he F.e reduction times for a OAm-radi grain, the typ- Fig. 11.— Scenarios for the thermal metamorphosis of the
ical size of a monomer within an aggregate CP IDP (Ta

ble 1). Diffusion is a ‘random walk’ process, $sec) — silicate mineral complex in protoplanetary disk&qui-
2 Diem? sec—1). At 1200 K ?h i ' | _f librium + Radial Transport in accretion disks provide

g(cm)d/ t.(cm fseco )- dit (M ’F € m;(_aosc?:egoor conditions for thermodynamically-regulated condensatio

€ reduction of a 0.Lim-radii (Mgy.5,F&.5)2S10; (FOS0) \ieh converts ISM amorphous Mg-Fe silicates into crys-
crystal is about 0.2 hr, which is faster than the Complet'olalline pure-Mg silicates and Fe-grair&ansient Heating
time for annealing for i04 (Fo0) (1 hr at 1273 K), . ) .
slower than for MggSiO F?Ol%é) (1 )hS at 1073 K)E(ru-) processes, such as in ShOCkSI _cwpp@r patf) rapidly con-

t0 et al. 2002 Seal ! d t 8).2005 f . dense amorphous pure-Mg silicates that can subsequently
cato et a, sLUe, seavooden el a). or a companson . 5nnealed into crystalline pure-Mg silicatek.ansient
of annealing times), anq slower for GEMS (Brownigeal.,_ Heating also can lower path) anneal amorphous Mg-Fe
2005). A better comparison between the Fe reduction UM&ilicates to crystalline Mg-Fe silicateBe Reduction in the

and annealing time must await future experiments on thSubsolidus phase may remove Fe from crystalline Mg-Fe

annealing of amorphous Mg-Fe silicates and GEMS. Th

best infer from th t laboratory data is th tl:silicates, transforming them to crystalline Mg-rich salfes.
estwe can Infer from the current faboratory data 1s fha Rnnealing and Fe reduction can occur at similar tempera-

reduction may transform submicron Mg-Fe silicates to Mgfures but Fe reduction may be slower (Setion3.3). In

rich silicates on time scales similar to or somewhat (mayb(?omets and anhydrous CP IDPs, some grain materials are

up to a factor of 10 times) longer than annealing time Scaleﬁresentl()old border and some are notlashed bordejs
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Fig. 10.— Temperature-dependence of diffusion coeffisinfcm? sec—!) for the inter-diffusion of F&" with Mg?+
(Chakraborty 1997), and fof~e Reduction from crystalline olivine (Fo90) at 1373 K. Reduction prodset approx-
imately inter-diffusion ratesLiemelle et al. 2001). Fé* diffuses faster in Mg-Fe (Fo50) compared to Mg-rich (Fo86,
F092) crystalline olivine.

fraction of ~0.1 throughout the diskBockeée-Morvan et planetesimals evaporate and increase the dust-to-gas rati
al., 2002). A greater fraction of the collapsing mass can bgCuzzi et al. 2003). At larger disk radii, shocks may not re-
processed through this hotter, inner region of the disk fajuire large scale radial transport (depending on the number
higher angular momentum cloud cores, yielding a highesf shocks and the shock speeds) to deliver Mg-rich crystals
uniform crystalline fractionullemond et al.2006). to comet-forming zonesSgectiord.2). To produce Mg-rich

In contrast to these uniform crystalline fractions pro<crystals by annealing, transient heating events need to re-
duced in very early stages of disk evolution, models for aanove Fe, possibly via Fe reduction (Fig. 11), from the Mg-
tive disks that incorporate the advection-diffusion-teat Fe amorphous silicate grainSéctions3.1, 3.3).
equations can produce radial-gradients in the crystalline Both Deep Impact Mission resultSéction2.3) and re-
fractions (f.ys¢). Even as the accretion rates decline withcent observations of Herbig Ae/Be stars with the MIDI
time, f..,s: Spreads to the outer disk regions. These modk0pm interferrometric instrumentindicate radial-dependent
els for actively accreting disks produce radial gradients icrystalline fractions exist in protoplanetary disks. M-
the silicate crystalline fraction, with values of a few terfis servations show crystalline fractions are enhanced inrinne
percent at-5 AU (Sectiord.1). These values of.,.,s: are  disks by factors of 2—-6van Boekel et a].2004). Simi-
at most factors of a few lower than the range determined féar enhancements in the inner disk crystalline fraction are
Oort cloud cometsSection2.3): methods to asse§s,,,: deduced fromy2-fits of passive disk models to observed
use the mass of submicron silicate crystals, but may use thierbig Ae/Be star SEDdHarker et al, 2005a). Both ‘Equi-
mass of only submicron amorphous silicates or the magébrium + Radial Diffusion’ and ‘Transient Heating’ models
of submicron- to 1Qum-radii amorphous silicates, deriv- for the formation of Mg-rich crystals out of the initial rese
iNg feryst~0.6-0.8 orf.,s:~0.4, respectively, from the voir of Mg-Fe amorphous silicates need to work towards
same IR spectra. A model that uses non-spherical particlggpducing the silicate crystalline fractions provided ty o
submicron crystals, and submicron- to 1@@-radii amor- servations of comets and external protoplanetary disks.
phous silicates derives a comparitively very low crystali
fraction of f.,,s+ ~0.075 Section2.3; Min et al, 2005). 4.1 Crystalline Radial Gradientsin Accretion Disks

Mg-rich crystals may form by ‘“transient heating” events In recent time-dependent 2-dimensional (2D) models for

such as shocks. Larger volumes of the disk are at Iowcaq ; . . L . .
e mineralogical evolution of grains in active accretion

temperatures, so annealing mechanismsl000 K) can . o i “5001: Gail, 2004; Wehrstedt and Gail2006),
act over larger volumes than can evaporation and conden- . : o L
mass accretion carries amorphous Mg-Fe silicate graias int

sation (2 1400 K). As the mass accretion rates decline ag, : . . .
) s ) : e warm inner disk zones where high temperature equilib-
the disks evolve with time, annealing can continue to act at

: . . Tlum processes, e.g., homogenization, Mg-Fe diffusion, an
disk radii where temperatures are too low for evaporation-__ . o o
ealing, and vaporization followed by condensatiGai,

condensation. Transient heating events include shocks, X: . .
. o . 004), convert the Mg-Fe amorphous silicates, which are
ray flares, and temperature increases arising from incsease

in opacity. such as mav occur when inwardly miaratin non-equilibrium mixtures, into a chemical equilibrium mix
pacty, y y mig Yure of Fe-grains and Mg-rich crystalline silicates. The
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Fig. 12.— Time-dependence of the mass accretion rate iFig. 13.— From time dependent 2-D models, the radial-
2-D active disk modelsWehrstedt and Gail006). dependence of the crystalline olivine fractiof.{,s;) at
t=10° and 16 yrs (Wehrstedt and Gail2006). A sta-

. . . tionary model Gail, 2004) with an accretion rate &f x
Mg-rich crystals are then mixed outwards by radial transiO_SMer_l over estimatesfl.., ;) at r>10 AU
TYS .

port mechanisms including turbulent diffusion and large-
scale circulation currents. The mass accretion rate fall@w

somewhat rapid decline (Fig. 12), yielding a mass accretion (.1 M, are predicted to generate shocks with speeds up
rate of3 x 10~*Myyr~" ata disk age of = 10°yr, forthe  to ~ 10kms~!, throughout the diskBoss and Durisen
initial set of disk parameters (e.g., angular momentum angbos). Annealing by shocks could persist as long as the
initial mass) Wehrstedt and Gail2006). The fraction of djsk is gravitational unstable beyond these typical raiti:
all olivines that have been transformed by titte Mg-rich  cording to the calculations &ell et al.(1997), this requires
crystalline olivine is shown in Fig 13. In the time depen-only that the mass flux through the protoplanetary disk ex-
dent 2D model, the radial-dependences of the crystallingeed~ 109 M yr~!, a condition that could persist for
fractions for olivines and pyroxenes practically are equiv many Myr in protoplanetary disk&ullbring et al, 1998).
lent (Table 2 inWehrstedt and Gail2006). Specifically, in  Shock speeds 5kms~! therefore seem achievable at he-
the 2D disk model, at 5 AU the crystalline fractigd.,s:  liocentric distances less than about 16 AU (where the Kep-
evolves from~0.3 to 0.1 between0° and10° yr. These |erian speed i45 kms—1) in the protosolar disk.
theoretical results, thus, suggest models for a less sapidl The fraction of silicate grains that could be processed by
evolving protosolar disk will produce higher silicate crys shocks is not known, but in principle could be a substan-
talline fractions in the comet-forming zoneSe(ction2.3).  tial fraction of all dust interior to the radii at which these
Model calculations based on stationary one-zeftisks  shocks occur. It is important to note that shock models for
for the dust evolution®ail, 2004), however, over estimate water-rich regions of the nebula suggest the possibéitu
the crystalline fraction f..,s) at >20 AU because mixing aqueous alteration of olivine into layer lattice or phyilos
cannot transport matter from the innermost parts of the diskates Ciesla and Cuzzi2005). Phyllosilicates are miss-
(r<1 AU) significantly beyond 20 AU within 10yrs. ing from comet comae<{1% of Montmorillonite in comet
Dust grains contribute significantly to the disk opacityHale-BoppWooden et a).1999:Wooden2002) and rare in
Changes in opacity due to the metamorphosis of the silicaighydrous CP IDP$Bfadley, 1988;Flynn et al, 2003); this
mineralogy from Mg-Fe amorphous silicates (‘Fe-rich’sili suggestsn situ aqueous alteration of siliceous grains was
cates oPollack et al, 1994) to Mg-rich crystalline silicates, not efficient, shocks were not prevalent in the water-rich
however, only moderately impacts the vertical optical eptregion, or radial mixing of phyllosilicates out to the comet

and the disk’s vertical structure (Fig. 6 Ghil, 2004). forming zone was extremely inefficient. An important as-
_ ) o pect of shock scenarios is that once the transient heatig ha
4.2 Transient Grain Heating in Shocks ended, the disk gas and dust must necessarily return to its

The physics of particle heating in shock waves dic@mbient temperature. The presence of high and low temper-
tates the peak temperature and duration of heating, as d&ure materials in comets implies mixing between shocked
cussed and compared in detail Desch et al. (2005). &nd unshocked regions. _

Several shock mechanisms, advanced as explanations for€re, an approximation to the physics of t®n-

the melting of chondrules, could create shocks with suffi?0lly and Desct{2002) model is used to demonstrate Mg-
cient speeds to anneal amorphous silicate grains. Acaretifch amorphous silicate grains can reach temperatures of
shocks with, > a fewkm s~ are predicted in the vicinity ~1200 K for a fraction of a second, and theref_ore can
of a proto-Jovian nebuldNglson and Ruffey2005), which be annealedHarker and Desch2002). We consider a
may anneal grains in the 5-10 AU region where Oort-cloudkms ™! shock incident upon a gas of ambient density
comets form. Gravitational instabilities in a disk with mas (Pamb =~ 107"°gem™?). The shock of Mach number
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5.4 compresses theoHgas a factor of 6. After cross- at near-IR wavelengths than Mg-Fe silicates by a factor of
ing the shock front, gas is immediatelAf < 1 ms) ~30in the near-IR (Fig. 4Dorschner et al.1995), one ex-
slowed to 1/6 of the incident shock speed, gas heated fropects amorphous Mg-rich silicate grains to achieve higher
Tyas ~ 150K — 2000K). The gas then cools quickly temperatures (by a factor ef 30/ ~ 2.3x) than amor-

as it collides with and exchanges thermal energy with dugthous Mg-Fe silicate grains of the same grain radius, al-
grains; the stopping times for grains of radiiare short, though the exact factor of temperature increase is se@sitiv
1.7 (a/1 pm) s. The grains are heated by frictional heatingo the calculated radiation field,, 4ins. At near-IR wave-

and by absorbing radiation from other grains in the vicinitylengths,Q..,,, is approximately linearly dependent on grain
and are cooled by emitting radiation. Because the timescaladius (Fig. 4), so smaller shock velocities are required to
for radiative equilibrium is so short, the peak temperaturbeat smaller grains to the same temperatures. Smaller par-

is found by balancing heating and cooling: ticles also are stopped quickeg(, ~ ap,/pCs x a) and
therefore heated for a shorter time.
47002 Qurm 0T, = 41a® Qups 7J + d7a® %pdvdgrift' While the peak temperatures of 1200-1150 K occur for

only ~0.1-1 sec, grain temperatures 8f1000 K are sus-

tained for fractions of an hour (sé&@esch et al. 2005 for

a detailed discussion of the parameters that affect this tem
nperature plateau). If at 1200 K, a Oun Mg-Fe (Fgo)
olivine grain requires 600 sec (10 min) to reduce the Fe

(frequency-integrated) mean intensity, q:n.s of the emis- ogt of the grain on diffusion time scales ('!'able 1), then
sion from the surrounding dust, which depends on the IOCHF'S grain would have to be ex_posed to mqltlple shocks for
(dust-dominated) opacity. Given the density of the siicat't 1© undergo a metamorphosis to a Mg-rich crysé¢-
dust grainpg ~ 3gem =2, {Qem, Qups} for Mg-Fe amor- tion 3.3.). If a plateau of warmer temperatures 1000 K)

phous pyroxene (Mgs,Fe.5)SiOs, and a shock of speed precedes the shock (fag hour) and is sustained p(_)st-shock
V, = 5kms~!, then minimum ambient gas densities 0f(for more than several hours_, as suggested by Fig. 1 of De-
0.6, 2.0, 4.0, and 5:010~'° are required for grains of radii SChet al. 2005), then annealing at1200 K and Fe reduc-

4=0.10, 0.25, 0.5, and 1 @mto reach 1200 K for.0.1 sec tion at~1000 K could happen in the same shock.
and1200 < Tyust < 1150 K for ~1 sec, sufficient to to an-
neal amorphous Mg-silicates (SHallenbeck et a.1998, _ >. CONCITUSI ONS_
2000;Brucato et al, 1999;Wooden et a).2005). Constraintson Transient Heating Events
For the protosolar disk, these ambient gas densities of Provided by Cometary Grains
~1071%gcem™3 are typically found at-1-10 AU, depend- _ , _ ,
ing on the mass flux and turbulent viscosity parameter Cometary grains contain volatile organics, refractory or-

(Bell et al, 1997). For disks aroun?lM,, Herbig Ae/Be ganics, and refractory mineral species. Studies of anhy-
stars, mid-plane gas densities-of0~0 ¢ cm—2 can occur drous CP IDPs anth situ measurements show that comet

with a factor of at least 3 uncertainty, afL.5 times greater 9rins are intimate mixtures of ISM materials and mate-
distances than in the protosolar disk. Shocks driven b[)'ﬁls thermally p_rocessed n the protosolar disk. Pnr_nary
gravitational instabilities appear capable of annealing s t erm.al processing anc_i radial tI’anISpOI’t was happening to
micron silicate grains out te-10 AU in the Solar System subm|crqn-5|ze_ subgralns_ at the t'me O_f growth of aggre-
disk, and out to perhaps 20-30 AU in Herbig Ae/Be disks 9ate grains, prior to the incorporation into cometary nu-

The peak grain temperature in the shock depends on tﬁLgi. Cometary_o_rganic materials were the probable_precur-
silicate grain mineralogy. Silicate grains are bathed & thSors of meteoritic organics and best represent solid-phase

radiation field of other grains of approximately the saméSM organic species. Compar|§or_1§ between organic species
temperatures, $@om(a) ~ Quvs(a) x aTaust, Wherea in anhydrous CP IDP and primitive carbonaceous mete-
’ em ~ aos UST

is the grain radius. Thus, the peak temperature may be aites reveals the effects of thermal processsing. Coetar
proximated as yolatlle organic grain species produce dls_tnb_uted Sesrc
in cometary comae and have such short lifetimes that they
f T PV it only can be studied in comae. The mere survival of these
Thust =~ ;ngins + m volatile and refractory organics demonstrates that a signi
cant mass of the outer disk was not subjected to the temper-
From this approximate formula one sees that high peakures required to form crystalline silicate3 (000 K).
temperatures are achieved by high gas densities, high Based on the evidence presented here, Mg-rich crys-
shock speeds, dow wavelength-dependent emissivitiestals are (I) gas-phase condensates that formed under ‘Equi-
(@x(a), Fig. 4) at wavelengths near the peak of their ablibrium Conditions’ (thermodynamically-controlled cand
sorption/emission~£ 3 pum for 7' = 1200K), i.e., low tions) or (Il) Mg-rich amorphous silicate gas-phase con-
Q@ (a) by either their mineralogy or their smaller grain radiidensates that formed during ‘Transient Heating’ events
a. Our calculated dust temperatures are for amorphous Mgkinetically-controlled conditions) and that were subse-
Fe grains. Since Mg-rich silicates have lower emissivitiequently annealed with-100% efficiency,or (111) Mg-Fe

Here Q.. is the Planck-average emissivitf){,,(\) =
Quvs()), Fig. 4) of a grain at its peak temperatutg,s
is the Planck-average emissivity of the grain at the te
perature of the incident radiation field, characterizedhgy t
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amorphous silicates that experienced both annealing aedy., Fo100. Mg-rich and pure-Mg crystalline silicates are
Fe reduction (and Mg-Fe inter-diffusion) metamorphosifound in anhydrous CP IDP$&éction2.3), and a census of
that removed the Fe from the grains. Mg-Fe amorphoubeir relative mass fractions is a subject of current redear
silicates are abundant in cometary materials, while Mg-Fen anhydrous CP IDPs.
crystalline silicates are absent. Therefore, the proposed In conclusion, an efficient mechanism for the metamor-
metamorphosis mechanism (Ill) needs to be either efficiephosis of Mg-Fe amorphous silicates to Mg-rich amor-
in converting over a sufficiently long time the entire volumephous silicates is needed for annealing scenarios to sdiccee
of annealed grains or so efficient that it works in shocks. and for shock-annealing scenarios to prevail. Furthermore

Once Mg-rich silicates form, the reducing conditiondarge-scale radial transport of crystalline grains is el
(low oxygen fugacitylog(fO2)) of the solar nebula fa- by scenarios (I) and (ll), while it may not be for scenario
vor the maintenance of the separation of Fe into Fe-metéll). Future models of radial transport will contribute to
or FeS (i.e., Fe not in the silicates), so condensation @mur assessment of how far, at what rate, and over what time
a straight forward mechanism to form Mg-rich crystalsscales different radial transport mechanisms can act.
Time-dependent 2D models for the protosolar disk under
conditions of ‘Equilibrium + Radial Diffusion’ can produce = Acknowledgments. We thank the referee Ed Scott for
radial-gradients in the crystalline fractign.,.s;. Relatively  his thoughtful comments, and Harold Connolly for discus-
rapidly evolving 2D disks produce a crystalline fraction asions on Fe reduction. This work was partially supported
~5 AU of f..,s ~ 0.3 in 10° yr, which declines at-5 AU by NASA Solar Systems Origins (RTOP 344-37-21-03) and
to feryst ~ 0.1 at 10 yr while increasingf.,,s: at larger NASA Planetary Astronomy (RTOP 344-32-21-04) (DHW,
radii (Sectiord.1). Thesef.,,s; are near or a factor of a few DEH), and by the National Science Foundation (AST-03-
lower than the crystalline fraction deduced for the submi©7466) (DEH).
cron portion of the comae grain populations of Oort cloud
comets (se&ection2.3 for caveats in computing the crys-
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