IR spectroscopy of comets, and
the Story of the “The Diversity of Primitive Refractory Grains”
Diane H. Wooden (NASA Ames), with contributions from:

« comet observations team: Mike Kelley (UMD), David Harker (UCSD/CASS),
Chick Woodward (UMN)

* review article ‘WIZ2017’ : Wooden, Hope Ishii, Mike Zolensky
* discussions with Stardust team members, including Rhonda Stroud
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» In the solid state refractory materials ...

» More Primitive is related to greater diversity and
on smaller scales (nanoscale to submicron scale)



Thomas+92-94 studies showed Carbon content of
cometary ‘anhydrous IDPs’ can have 5 wt%—25 wt% C

or as high as 45 wt% (90 vol%)

pyroxene- (Enstatite-)
dominated IDPs have
systematically higher C
abundances

2-3x to 13x Cl abundances

up to 90 vol% C

acts as matrix holding
mineral grains

IDPs). We performed point-count analyses of thin sections of two
pyroxene-dominated IDPs: W7027H14and L.2006B23. Results show
that W7027H14 contains 40-50 vol% carbonaceous material, which
is in good agreement with an estimate of ~40 vol%, assuming a
particle diameter of 10 pm, a particle density of I g cm-3 [9], and
g ~23 wt% C (bulk). L2006B23 has ~45 wt% C, the highest reported
= bulk C of any IDP. The volume percent of C is ~90, determined by

. point counting, and agrees with the theoretical estimate of 90 vol%
75 based ona particie diameter of 15 pm, density of 1gcm~3[9], 45 wt%
g C (bulk), and ~50% porosity.

o, he nature of the carbonaceous material in anhydrous IDPs is
}_’, poorly known. We have not observed graphitized C (i.e., 0.34 nm
g spacings) in any particles, nor have we observed C in the form of

2 carbonates. Rather, the carbonaceous material could be poorly graphi-
—~ tized or amorphous. The C-rich phases in L2006B23 have a vesicu-

lar texture, indicating the loss of volatiles, probably hydrocarbons.
It seems plausible that several C phases could co-exist in anhydrous
IDPs.

Carbon content of IDPs

U

Oiivine | L I
o 5 10 15 20 25

Carbon (wt%)

Modal Mineralogy of Anhydrous Silicates

* Error is the standard deviation of the average
of fragments from the same particle

FI1G. 3. The modal silicate mineralogy of 11 thin-sectioned IDPs plotted against their carbon abundance. Although
the particles are grouped by only three broad mineralogy groups, the correlation of these groups with the C abundance
is cvident. Olivine-dominated IDPs: (A1) W7013G1. (A2) W7013C16. (A3) U2015E3. Mixed mineralogy 1DPs: (Bl )
W7013G6. (B2) U2015D21. (B3) U2015D22. (B4) W7013E17. (B5) W7013E9. Pyroxene-dominated 1DPs: (C1)
W7013D12. (C2) W7029*A28. (C3) W7027H14. Points marked with an asterisk have larger uncertainties because
the error is the standard deviation of the average of several fragments of the particle.




Stardust & IDPs: Near-IR transmission spectra

Figure 1. Transmission electron micrograph of IDP GS. (A) Carbon map of the particle. The bright areas are C-rich. (B) Bright field image of the particle.

» [IDP GS = 26P/Grigg-Skjellerup collection (Earth running through stream)

THE ASTROPHYSICAL JOURNAL, 765:145 (18pp), 2013 March 10

THE ORIGIN OF THE 3.4 um FEATURE IN WILD 2 COMETARY PARTICLES
AND IN ULTRACARBONACEOUS INTERPLANETARY DUST PARTICLES

G. MatraJT', G. FLYNN?, D. BROwNLEE?, D. JoswiAk®, aAND S. Bat?




Stardust & IDPs: Near-IR transmission spectra

Figure 2. Micrographs of IDP GS showing the different textures for the carbonaceous materials. (A) Vesicular. The arrow points to the small vesicles. (B) Globular.
(C) Dirty. (D) Spongy. (E) Smooth.




Stardust & IDPs: Near-IR transmission spectra
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Figure 7. IR spectrum of particle Chocha.

Figure 6. Micrographs of IDP Chocha showing the different textures of the carbonaceous materials. (A) Spongy. (B) Vesicular. (C) Smooth. (D) Globular (note tha
this is a filled globule). (E) Dirty.




Stardust & IDPs: Near-IR transmission spectra

1 micron

D

Figure 11. Micrographs of particle Ada. (A) Bright field of an area of the particle. The arrow points to the C-rich globule. (B) Carbon map of the area shown in (A).
The bright areas are C-rich. (C) Bright field image of another C-rich area in this particle. The arrow points to a C-rich globule. (D) Carbon map of the area shown in (C).
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Figure 12 shows two FTIR spectra of two different micro-
tomed sections. Peaks are observed at 2954, 2918, 2847, 2160,
1714, 1418, 1216, 1136, and 1106 cm™'. Peak assignments
(Table 1) indicate that this particle contains chains of aliphatic
hydrocarbons, some of which have C=C groups attached to
them. There is also evidence of carbonyl in ketone and car-
boxylic acids and either olefinic or aromatic C=C bonds.
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Figure 15. Left panel: IR spectrum of asteroid 24 Themis ratioed to the water-ice model of Rivkin & Emery (2010). Right panel: zoom of the spectrum shown in the
left panel. Spectrum reproduced from Rivkin & Emery (2010) and Campins et al. (2010).
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Figure 14. Comparison of particles Ada and Chocha to acrylic.




Stardust & IDPs: Near-IR transmission spectra

THE ASTROPHYSICAL JOURNAL, 765:145 (18pp), 2013 March 10

Table 1

Peak Assignments

MATRAJT ET AL.

Peak Position (in cm")

Vibration Mode

Interpretation

Sample That Has It

3255, 3270

2990

2951, 2954, 2950, 2949, 2958
2920, 2918, 2929, 2925, 2922
2896, 2870, 2860, 2874
2845, 2847, 2855

2160

1740

1730, 1717, 1700, 1714, 1727
1685

1654, 1650

1545-1455

1480

1447-1448

1418, 1435

1350, 1386

1240, 1270

1220

1147, 1190

1160

1065

987,970, 910

1070, 1060, 952

1216, 1136, 1106, 1010, 930
880

OH
C=C-H
CH3z asymmetric stretching
CH; asymmetric stretching
CH3 symmetric stretching
CH; symmetric stretching
C=C stretching
C=0 carbonyl
C=0 carbonyl
H-O-H
C=C stretching
co’-

CHj3 asymmetric bending
CH; asymmetric bending
C=C stretching
CHj3 symmetric bending
Cc-0-C
CH; symmetric bending
Unknown
CH; twisting
C-OH
CH=CH bending
Si-O
Si-O
Si-O

Water

Aliphatic hydrocarbons
Aliphatic hydrocarbons
Aliphatic hydrocarbons
Aliphatic hydrocarbons

Esters
Ketone, carboxylic acid
Water
Aromatics
Carbonates
Aliphatic hydrocarbons
Aliphatic hydrocarbons
Aromatics
Aliphatic hydrocarbons
Esters
Aliphatic hydrocarbons

Aliphatic hydrocarbons
Secondary cyclic alcohols

Pyroxene
Silicates
Olivine

GS. Chocha
Acrylic

GS, Chocha, Febo, Ada, Acrylic, DISM

GS, Chocha, Febo, Ada, DISM
GS., Febo, DISM
GS. Chocha, Febo, Ada, DISM
Ada
Chocha
Febo, Ada, acrylic
Febo
Chocha, Febo, Ada, acrylic
GS
Chocha, acrylic
Chocha, acrylic
Chocha, Febo, Ada, acrylic
Acrylic
Acrylic
Chocha
Chocha
Acrylic
Acrylic
GS, Febo
Febo, Ada
Febo

Note. The assignments are based on what was previously reported in the literature (Matrajt et al. 2004, 2005; Mufioz Caro et al. 2006 and references therein).




Stardust & IDPs: Near-IR transmission spectra

Table 2

CH, /CHj3; Band Depth Ratios

Object/Sample

CH;/CHj3;

Reference

DISM (GC IRS7)

DISM (GC IRS7)
Extragalactic ISM (Seyfert 2)
Tagish Lake

IDPs

IDPs

Wild 2 samples

Wild 2 samples

IOM Murchison

IOM Murchison

IOM Orgueil
Ultracarbonaceous IDP Chocha
Ultracarbonaceous IDP GS
Wild 2 Febo

Wild 2 Ada

0.96-1.25

0.92-1.2 average 1.06

20

436

1.0-5.6 average 2.4
1.88-3.69 average 2.47
1.7-2.8 average 2.15 aerogel 2.15

25

1.5

1.09

1-1.51

4.6

1.01

1.96

43

Sandford et al. (1991)
Pendleton et al. (1994)
Dartois et al. (2004)
Matrajt et al. (2004)
Flynn et al. (2003)
Matrajt et al. (2005)
Muiioz Caro et al. (2008)

Keller et al. (2006); Sandford et al. (2006)

Ehrenfreund et al. (1991)
Flynn et al. (2003)
Ehrenfreund et al. (1991)
This study
This study
This study
This study

Comet 103P/Hartley 2 (coma) No CHj3 or CH; bands so no ratio calculated
Asteroid 24 Themis Not calculated

A'Heam et al. (2011); Wooden et al. (2011)
Campins et al. (2010): Rivkin & Emery (2010)




103P/Hartley 2 (prelim Wooden+11, paper in prep.)
aliphatics and aromatics revealed when molecules subtracted

000 [X/ 103P: GNIRS and highres NIRSPEC de-resolved to GNIRS

weak aromatic, ~30 cm”-1 wide
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Stardust & IDPs: Other studies

The \
Meteoritical Meteoritics & Planetary Science 47, Nr 4, 525-549 (2012)
Society doi: 10.1111/.1945-5100.2011.01310.x

Diverse forms of primordial organic matter identified in interplanetary dust particles

Spme_ 111

-1000 - 500 1000 1500 2000

Graciela MATRAJT'", Scott MESSENGER?, Don BROWNLEE', and Dave JOSWIAK'

Meteoritics & Planetary Science 44, Nr 10, 1611-1626 (2009)
Abstract available online at http://meteoritics.org

Organic matter from comet 81P/Wild 2, IDPs, and carbonaceous meteorites:
similarities and differences

S. WIRICK!". G. J. FLYNNZ, L. P. KELLER3. K. NAKAMURA-MESSENGER?, C. PELTZER!,

C. JACOBSEN!, S. SANDFORD*, and M. ZOLENSKY?
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Fig. 4. Comparison of a heated IDP iron sulfide to an 81P/Wild 2 iron sulfide (SD=Stardust). The colored regions are CLUSTER areas with
the CLUSTER in the graphs to the right of the images. The CLUSTER areas were overlaid onto STXM images
of both of the particles.

A&A 433,979-995 (2005)
DOI: 10.1051/0004-6361:20041605

FTIR analysis of the organics in IDPs: Comparison with the IR
spectra of the diffuse interstellar medium

G. Matrajt1 . G. M. Muiioz Caro!, E. Dartois', L. d’Hendecourt', D. Deboffle!, and J. Borg1

Fig. 14. EFTEM carbon image of an ultramicrotome section
of IDP Chocha (top). 8D isotopic image of the same section
shown above (bottom). The color scale bar corresponds to the
8D value in the H isotopic image. The outlines of seven
morphologically distinct regions identified by BF and EFTEM
images are shown in the 3D image, including three spongy
regions (V1-V3) and four vesicular regions (S1-S4). The shapes
of the carbonaceous morphologies identified in TEM imaging
correspond very well to isotopically distinct subregions in the H
isotopic image.
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Fig.9. Comparison of the spectrum of the particles W7116B-Y
(hydrated) before HF, L2021-K2 (cluster, hydrated) after HF and
W7116B-U (anhydrous) after HF to the IRS 7 source (Galactic
Center). Only the 28003100 cm™' region is shown. The Galactic
Center source spectrum has been obtained from the Infrared Space
Observatory (ISO) Data Center.




CP IDPs: Other studies

Comparison of Carbon XANES Spectra from an Iron Sulfide from Comet Wild 2 with an Iron Sulfide
Interplanetary Dust Particle. S. Wirick', G. . Flynn2. L. P. Keller’, S. A. Sandford®, M. E. Zolenskys. K.
Nakamura Messenger3 C. Tacobsen', 1Dept of Physics and Astronomy, SUNY StonyBrook. NY 11794, USA.(
swirick@bnl.gov ), Depart of Physics. SUNY Plattsburgh, NY 12901 USA. *NASA Johnson Space Center,

Houston, TX, 77058, USA, *NASA AMES Research Center, Moffett Field, CA 94035
Lunar and Planetary Science XXXIX (2008) 1450.pdf

ORGANIC ANALYSES OF PARTICLES FROM THE STRATOSPHERIC COLLECTION COINCIDING
WITH THE EARTH’S 2003 PASSAGE THROUGH THE DUST TRAIL OF COMET 20P/GRIGG-
SKJELLERUP. G. J. Flynn, and S. Wirick, Dept. of Physics, SUNY Plattsburgh, 101 Broad St., Plattsburgh, NY
12901 (George.flynn@plattsburgh.edu).

42nd Lunar and Planetary Science Conference (2011) 1856.pdf

Wiveiumbers (Gni1)

Figure 2: Infrared spectra in the C-H stretching region for L2055D1 (red P
and L2055E4 (blue). The L2055D1 spectrum is dominated by silicone oil, with a large ahphatlc C-Hj;
absorption, while the other three spectra are dominated by aliphatic C-H, absorption features.

2 microns I D microns

Figure 1. Carbon map of L2009 (a) and Comet Wild 2 particle
C2044,0,36,1 ().

Comet Wild 2 ‘s iron sulfide’s carbon map shows
more carbon associated with this sulfide then carbon
with the IDP iron sulfide. Only one of the 5 sections
has carbon XANES spectra similar to the carbon
XANES spectra of L2009 shown in Figure 1 where
the carbon species is-with a carbonyl
attached ( fig. 2)

r —TT T T T T T T T T T T T T T T T T ]
03 .
C -
- C ]
] C ]
s f .
3 0.2 :—.__ —-
a2 F ]
° L p
o1F :
D.O: PP SR N S S S NN ST ST SR S N S SR S S S S S ' ]
280 285 200 205 300 305

eV
Figure 2. Carbon XANES spectra from iron sulfide in Comet Wild 2
( solid black ) and the iron sulfide from IDP L2009 cluster 10.



CP IDPs: Other studies

Organic matter in IDPs

Fig. 11.a. FTIR spectra, in the C-H stretching region, of 14 anhydrous IDPs. These data are scaled to have the same Si-O
absorption depth. b. FTIR spectra, in the C-H stretchirlg region, of 5 hydrated IDPs. These data are scaled to have the same
Si-O absorpdon depth.

The origin of organic matter in the solar system: Evidence from the
interplanetary dust particles

G.J. Fonae M* L. P. Keurer 2 M. Feser,? S. Wmrick,? and C. Jacossex®
Geochimica et Cosmochimica Acta, Vol. 67, No. 24, pp. 4791-4806, 2003
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Organic matter in IDPs
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The origin of organic matter in the solar system: Evidence from the
interplanetary dust particles

G.J. Fonae M* L. P. Keurer 2 M. Feser,? S. Wmrick,? and C. Jacossex®
ica et Cosmochimica Acta, Vol. 67, No. 24, pp. 4791-4806, 2003
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When we pertorm F1IK spectroscopy on whole 1DPs (~10
pm 1n size), which are too thick for good transmussion of
infrared light through the thickest portion of the particle, we
detect the 10 pm silicate absorption features but generally do

not see the ~3 4 pum C-H stretching features. When we crush
the IDP, exposing the intenior, we detect the 10 um and the 3 4
pm features, suggesting that organic matter is not present near
the surface of the IDP but 1s present in the intenior. The loss of
near-surface organic matter would be expected for IDPs ex-
posed to damaging ultraviolet light and particle radiation in
space, and this provides some evidence that the aliphatic hy-

drocarbon 15 mdigenous to the IDPs. M
aliphatic hydrocarbons near the surface of the IDPs might also

result from the hexane washing, used to remove the surface
coating of silicone o1l from the IDPs, or from surface heating
during atmosphenc entry.
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Earth Planets Space, 65, 1159-1166, 2013

Organic grain coatings in primitive interplanetary dust particles:
Implications for grain sticking in the Solar Nebula

George J. Flynn', Sue Wirick?, and Lindsay P. Keller®

the time or mechanism of its production. The individual grains in these CP IDPs are coated by layers of
carbonaceous material [3]. typically ~100 nm thick, which holds the §rains together. We have analyzed these

286 288
4 eV

Fig. 4. Carbon-XANES spectrum of the organic ri terial in CP IDP L2011*B6, showing the absorption features of C=C (near 285 ¢V) and C=0

o {
N
S

G. J. FLYNN et al.: ORGANIC RIMS ON PRIMITIVE GRAINS

Optical Density

o
)
N

- ﬂ (near 288.6 eV).

Fig. 1. Scanning electron microscope image of an ~11 um chondritic

IDP collected from the Earth’s stratosphere by a NASA aircraft. The Fig. 2. High-resolution (~25 nm per pixel) x-ray absorption image of part
individual surface features are micron or submicron grains that have of an ultramicrotome slice of a CP IDP, L2011*B6, showing the individ-

ted to form this dust particle. (NASA phot ual micron- and submicron-size mineral grains (dark gray). An image
aggregated to form this dust particle. ( photo) of the organic matter selected by cluster analysis (red) is superimposed,
showing that the ~100 nm thick rims of organic matter form the contact
surfaces between the individual mineral grains. (Field of view ~2.5 um
wide.)

Organic Coatings on Primitive Grains in IDPs: Implications for the Formation of

Solar System Organc Matter
Flynn. G.J.; Wirick. S ; Keller. L. P.; Sandford. S. . .
observations are consistent with the alternative model, that primitive organic matter was produced by

irradiation of carbon-bearing ices that condensed on the grain surfaces. References: [1] Ishii, H. A. et al
(2008) Science 319, 447-450. [2] Flynn, G. J. et al. (2003) Geochim. Cosmochim. Acta 67, 4791-4806. [3]
Thomas, K. L. et al. (1996) in Physics, Chemistry and Dynamics of Interplanetary Dust, ASP Conf. Series,
104, 283286. [4] Lerotic, M (2005) Journal of Electron Spectroscopy and Related Phenomena, 144-147,
1137-1143.




Stardust C-XANES spectra

Meteoritics & Planetary Science 46, Nr 9, 1376-1396 (2011)
doi: 10.1111/j.1945-5100.2011.01237.x
Correlated microanalysis of cometary organic grains returned by Stardust

Bradley T. D GREGORIO"?", Rhonda M. STROUD', George D. CODY?, Larry R. NITTLER®,
A. L. DAVID KILCOYNE?, and Sue WIRICK®

Microanalysis of cometary organic grains

ig. 2. (A, B) Transmission electron microscopy (TEM) images of two adjacent ultramicrotomed sections from FC9,0,13,1,5
ontaining dense, lobate, organic matter. (C) A different section of the same particle (FC9,0,13,1,4) only consisted of a single

bnetatite orain (Fna.Feo) with na acenciated carhanacenne matter

contaminants. Only two types of cometary organic matter appear to be relatively unaltered
during particle capture. These are (1) (polyaromatic carbonyl-contfaining organic matter.
similar to that observed in insoluble organic matter (IOM) from primitive meteorites,
interplanetary dust particles (IDPs), and in other carbonaceous Stardust samples, and (2)
highly c ‘
features. Anomalous isotopic compositions in some of these samples also confirm their
cometary heritage. There also appears to be a significant labile aliphatic component of Wild 2
organic matter, but this material could not be clearly distinguished from carbonaceous

contaminants known to be present in the Stardust aerogel collector.

which primarily constitutes nanoglobule-like

C
T G*

A. T35, P32

B.T13, P1
Section A

C.T13, P1
Section B

D.T13, P1
Section B

Intensity (arbitrary units)

E. T16, P1

Epoxy

- rp‘h‘C/\

270 280 290 300
eV

Fig. 3. Electron energy loss spectroscopy (EELS) spectra of
organic matter from the Stardust Preliminary Examination. (A)
Organic matter in compressed aerogel from sample
C2054,0,35,32,10 (Fig. 1A). (B, C, D) Solitary organic matter
in sample FC9,0,13,1,5. Spectrum B was acquired from the
organic matter shown in Fig. 2A, while Spectra C and D were
acquired from the organic matter shown in Fig. 2B. (E) Epoxy
and organic mixture from sample FCI12,0,16,1,10. (F) Pure
epoxy in sample FCI12,0,16,1,10. (G) Laboratory-produced
amorphous carbon film.




Stardust C-XANES spectra

Meteontics & Planetary Science 46, Nr 9, 1376—1396 (2011)
doi: 10.1111/1.1945-5100.2011.01237.x
Correlated microanalysis of cometary organic grains returned by Stardust

Bradley T. D GREGORIO"?", Rhonda M. STROUD', George D. CODY?, Larry R. NITTLER®,
A. L. DAVID KILCOYNE?, and Sue WIRICK®

section. The XANES spectrum of this section (Fig. 7A)
contain photoabsorptions due to @romatic carbon-carbon
bonding, aromatic ketones, and carboxyl functional
groups (Table 2), similar to XANES spectra from the
organic matter from Track 13 (Fig. 7B, and Spectra 7
and 8 from Fig. 1 of Cody et al. 2008a). These spectra
imply that the cometary organic matter in this particle
consists of complex polyaromatic domains modified by
oxygenic functional groups and interconnected by short
aliphatic chains (Cody et al. 2008a; De Gregorio et al.
2010).

EET 92042

A.T80,P43
Section A

B. T13,P1
Average

C.T80,P43
Section B

D.T2,P4
Contaminant

g
E
g
7
3
5

E. T80,P41

285

Fig. 7. Carbon-X-ray absorption near-edge structure spectros-
opy (C-XANES) spectra of (A) sample C2092,6,80,43,2A
(Fig. 6A), (B) an average of adjacent organic ultramicrotome
sections from sample FC9,0,13,1,5 (modified from Cody et al.
2008a), (C) sample C2092,6,80,43,2B (Fig. 6B), (D) a possible
organic contaminant from sample FC3,0,2,4,5 (De Gregorio
et al. 2010), (E) sample C2092,6,80,41,1, and (F) a cometary
organic globule from sample C2092,6,80,43,2 (De Gregorio et al.
2010), compared with spectra of graphite and IOM from the
primitive meteorite EET 92042. The position of the characteristic
graphite exciton photoabsorption is denoted by “g.”




UCAMNMSs: chocked full of organics, GEMS and olivine (crystals)
with ranges of Mg-Fe contents from Fo100—-Fo60 (mineral
compositions similar to Stardust and some Giant IDPs)

-
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Fig. 3. Bright field transmission electron microscope (TEM)
images of one assemblage in ultracarbonaceous micrometeorite
UCAMM) DC02-09-41. The polycrystalline assemblage contains
nstatite (Eng;_g), olivine (Fogg) with a grain size ranging from 100
to 150 nm in diameter and Fe-Ni metal (~50 nm).

Geochimica et Cosmochimica Acta 76 (2012) 68-82
Transmission Electron Microscopy of CONCORDIA
UltraCarbonaceous Antarctic MicroMeteorites (UCAMMs):

Mlneraloglcal propertles Fig. 8. Bright-field transmission electron microscope (TEM) images of four Glass with Embedded Metal and Sulfides (GEMS) like objects in
the ultracarbonaceous micrometeorite DC06-09-19. These objects are embedded in the carbonaceous material. They are composed of
nanometer-sized sulfide embedded in a Mg, Si-rich glassy phases.

E. Dobrica®*, C. Engrand®, H. Leroux®, J.-N. Rouzaud ¢, J. Duprat®

UCAMMs are dominated by disordered carbonaceous matter that extends over surfaces of up to ~90% of the particle.
Embedded in this carbonaceous matter, we observed small and complex assemblages of fine-grained mineral phases, isolated
minerals, glassy phases that resemble Glass with Embedded Metal and Sulfides (GEMS) that were first found in Interplan-
etary Dust Particles (IDPs), and rounded objects containing both glass and crystalline materials. The mineral assemblages
are chondritic in composition, within a factor of 2. Crystalline materials represent at least 25% of mineral phases. This value

M{hmfb‘m& Planetary Science 46, Nr 9, 1363-1375 (2011) Icarus 224 (20]3) 243-252
fo eI S 2eT T —s . UltraCarbonaceous Antarctic micrometeorites, probing the Solar System beyond
Raman characterization of carbonaceous matter in CONCORDIA the nitrogen snow-line
Antarctic micrometeorites E. Dartois**, C. Engrand®, R. Brunetto®, J. Duprat®, T. Pino®, E. Quirico?, L Remusat %, N. Bardin®,

E. DOBRICA™, C. ENGRAND', E. QUIRICO?, G. MONTAGNAC®, and J. DUPRAT' G. Briani‘f. S. Mostefaoui®, G. Morinaud*, B. Crane*, N. Szwec*, L. Delauche ®, F. Jamme’, Ch. Sandt |
P. Dumas



UCAMMSs: chance to highlight FeS, which is present in most
cometary samples and chondrites

Table 2

FeS can be primary condensate or alteration product

Size and composition range and average of olivines, pyroxenes (low-Ca pyroxene and high-Ca pyroxene) and sulfides in UCAMMs DC06-09-
45, DC06-09-19 and DC02-0941 (N is the number of crystals analyzed).

Sample
DC06-0945

Olivine

Low-Ca pyroxene
Ca-pyroxene

Iron sulfide
Olivine

Low-Ca pyroxene
Ca-pyroxene

Iron sulfide
Olivine

Low-Ca pyroxene
Ca-pyroxene

Iron sulfide

N

14
57
2
33
39
85
1
105
55

1
R

Size variation (nm)

40-270 (avg. 170)
50450 (avg. 200)
150-160

40-1100 (avg. 200)
80495 (avg. 160)
50485 (avg. 220)
110

15-500 (avg. 95)
60-335 (avg. 170)
45-1000 (avg. 260)
110

30-990 (avg. 150)

Composition range

Fogs og (avg. Fooa)

Ens; 100 (avg. Eng)

Eny; iWos oFsg Engg 4WossFss ¢

Fe + Ni:S-50.3:49.7;Ni (at%) 0-38 (avg. 3 at%)
Foso 100 (avg. Fogy)

Ense 100 (avg. Engy)
Eng; 1Woug aFs4 7

Fe + Ni:S-53:47;Ni (at’%) 0-24 (avg. 2 at’)
Fosi_100 (avg. Fogs)

Eng, 100 (avg. Eng;)

Engs sWo47.7Fss g

Fe + Ni:S-49.4:50.6;Ni (at%) 0-4.2 (avg. 0.5 at%)

10°

Pollack+94 FeS complex
index of refraction:
missing data
highly absorptive!

10°

10'

10°

10"

Geochimica et Cosmochimica Acta 76 (2012) 68-82

Transmission Electron Microscopy of CONCORDIA
UltraCarbonaceous Antarctic MicroMeteorites (UCAMMs):

10? 10%
10" 10° 10' 10° 10° 10* 10°

Mineralogical properties

E. Dobrica ®*, C. Engrand®, H. Leroux®, J.-N. Rouzaud ¢, J. Duprat®




Cluster IDPs: Other studies - must mention refractory silicates

THE SOLAR NEBULA'’S FIRST ACCRETIONARY PARTICLES (FAPs) - ARE THEY

PRESERVED IN COLLECTED INTERPLANETARY DUST SAMPLES?
D. E. Brownlee and D.J. Joswiak. Astronomy Dept. 351580, Univ. of Washington. Seattle, WA 98195 -
brownlee@astro.washington.edu

Lunar and Planetary Science XXXV (2004) 1944.pdf

We believe that we have seen materials that are
strong candidates for being the first (or fundamental)
accretionary particles. Some primitive IDPs are
made almost entirely of submicron components that
are likely to be FAPs. (They are generally equant and
range from 0.1 to 1 jim across. They average about a
quarter of a micron and very few are smaller than
100nm. They are solid materials composed of

Some are single mineral phases but most are made of
several components. They are solid (non-porous)
rocks and we refer to them as “femtorocks™ because
of their mass and multi-component nature. The
femtorocks often contain organic materials and
silicates and we believe that they are functionally
equivalent to Mayo Greenberg’s core-mantle
interstellar grain model even though they consist of
multiple cores and not a single core surrounded by a
single organic mantle. The elemental composition
variation among femtorocks is remarkable. As seen
in Figure 1, their Fe. Mg and Si compositions vary
widely with little modulation due to mineralogical Mg F ¢
control.

Figure 1 Atom fraction ternary of submicron grains
the (femtorocks) from U2-20 GCA- a cluster IDP. The large
IDPs made of heterogeneity at the submicron scale 1s remarkable and
femtorocks (FAPs?) similar to those seen in figure 1 relatively unconstrained by mineralogical stoichiometry.
match CI relative abundances for aggregates larger The large dispersion is similar to data on particle

the Fe-Mg-Fe ternary . the only first order effect is

than 3 microns but at the submicron. fundamental
component, level they vary all over the map.

compositions obtained at comet Halley.




Halley & IDPs: Mineralogies show olivine contains Mg and Fe
WI1Z2017 Fig.1 - see caption for full citations and for full discussion
of mineralogy (comets, compared to carbonaceous chondrites)
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Meteoritic IOM

» remarkably similar XANES
(especially compared to

Imine Nitrile  Amide

o)
C=N C=N _<
NH;

diversity in comets): /\
functional groups similar ———

M

» variations on nano to Togish Lake JI|  \ xANES

Orgueil e

mICron Slze Scales a 380 390 aooev-uo 420 430

» 40% of Cis ‘lost’ in isolation -l
of IOM. What was lost?

e [OM shows tremendous variation in its elemental and isotopic
compositions both within and between chondrite groups (Fig. 1).
These variations are due, at least in part, to parent body processes,
but may also reflect variations in the materials accreted by the dif-

. . ; ALH 77307
ferent chondrite groups (Section 6). In the chondrites that appear to .
. . " CO30 Tagish Lake O-XANES
have experienced the most benign parent body conditions (Cls, CMs i
" ; . e v

and CRs), the bulk compositions of their IOM, normalized to 100 275 280 285 200 205 300 510 520 530 540 550 560 570
Cs, are in the range ~C,goH70-80015-20N3-451-4. For comparison, the av eV
SOM in the Murchison (CM2) meteorite has an estimated bulk com-
position of ~CypgH155020N3S3 (Schmitt-Kopplin et al., 2010) that, Fig. 9. Average bulk XANES spectra of IOM from several primitive carbonaceous
except for its H/C, resembles the bulk composition of IOM. How- chondrites; Murchison (CM2), Orgueil (CI1), QUE 99177 (CR2), Tagish Lake (C2,
ever, the abundances of the different compounds in the SOM vary lithology 5b) and ALH 77307 (C03.0). The C XANES spectra show the greatest vari-
considerably within and between chondrite groups (Table 1). The ation in functional chemistries between different meteorite groups and petrologic
compositional variations in SOM, at least within a group, appear to types, but are still very similar. As shown in the representative spectrum from Tag-
be large]y determined by parent body processes (e‘g" Martins et al., ish Lake, the N XANES spectra from primitive IOM are l‘elatively featureless, Only
2007; Aponte et al., 2011; Glavin etal., 2011; Hilts et al., 2014), with containing minor spectral “shoulders” on the main N absorption edge. In addition,
some fraction of the SOM possibly being the product of altel:ation I0M O XANES spectra rarely show spectral features other than the main =* and ¢*

esses . peaks for (=0 and C—0 bonds, respectively. The C XANES data are taken from De
:: Lcl)hggg;;arent DOy PRoC (5 Sepiiom 4.5, ANES; Haang Gregorio et al, (2013), while the data for Tagish Lake are unpublished.

o C-0O




Meteoritic IOM (Alexander+17)

CM.O'D. Alexander et al. / Chemie der Erde 77 (2017) 227-256

o I b)_ 7
» different textures, ‘fluffy’, ‘globules’ ‘_*ﬁ’», 'Pof';lt
» greater diversity on smaller scales

» differences between chondrite — L,
classes A

» aggregate of nanoglobules- texture
dominated by fine-grained structure e T e

n situ microanalyses of of JE 99177 (CR2). (a) A bright field STEM image ion cut through the organic-ricl
t). Figures (b) and (c) are bright field STEM imagy i
. Te i

......

n

o1
Lt
ACM(H)
XCR
xcv

00 02 04 06 . . o 001 002 003 004
H/C (at.) N/C (at.)

Fig. 1. The variations in bulk [OM H and N elemental and isotopic compositions within and between chondrite groups (updated from Alexander et al,, 2007b, 2010). The OC
WSG 95300 is not shown in (a) because its 8D value is almost 12,000% and H/C=0.103. TL is Tagish Lake, Sem is Semarkona (LL3.00), DOM is DOM 08006 (C03.00), Kaba is
a OV 3.1 and Bells is an anomalous CM2. CM(H) are heated CMs, probably as a result of impacts.




Meteoritic IOM

» remarkably Slmllar Nevertheless, the degradative chemical and pyrolysis tech-
( com p are d to d ive rSIty in niques both indicate that at least the chemically accessible and

thermally labile components of IOM are composed of small aro-

CometS) matic units (typically 1-3 rings, although some larger units are
present) that have a high degree of substitution by aliphatic sub-

groups. The high degree of substitution and the macromolecular

» vVa r|at|0ns on Nano tO nature of IOM indicate that there must be considerable cross-
. . linking by the aliphatic material between the aromatic units that
MICron SizZze Sca | esS has generated a 3D network. This is consistent with the bulk IOM

properties inferred by NMR and FTIR, which also indicate that the
aliphatic material must be composed of short chains that are highly
branched. Both the chemical degradation and Raman studies sug-
gest that a significant fraction of the cross-linking moieties involve
0O-bearing functional groups. Relatively little is known about S and
N speciation in IOM. XANES shows that S occurs in a number of
different functional groups with a range of oxidation states, but at
present it is not possible to say anything more quantitative. The
N XANES spectra are almost featureless, providing few clues to its
speciation, and the difficulty of obtaining '*N NMR spectra from
IOM is a puzzle.

Table 1

The abundances of insoluble (IOM) and soluble (SOM) organic components in the
least metamorphosed carbonaceous chondrites, including the ungrouped C2 Tagish
Lake. For the CMs, all data are from the Murchison CM2 meteorite (updated from
Botta and Bada, 2002), unless otherwise noted, The abundances are in pg/g (ppm),
except where indicated,

Ci ™M CR Tag. Lake

Matrix (volx) 100 ~50 ~30 ~80
Bulk C (wt.%)* 37 20 1.2 41

Cin IOM (wt.%)" 2.1 0.96 0.48 18
Amino acids ~5¢ 14-71F ~1-250¢ 1.9-49°
Aromatic hydrocarbons 3 167

Aliphatic hydrocarbons >35

Monocarboxylic acids >300 96" 359-656"
Hydroxy- and dicarboxylic acids 14-15 212¢

Purines and pyrimidines 13

Basic N-heterocycles 7

Amines 5-7! 103%

Alcohols 1

Aldehydes and ketones 27

Sulphonic acids

Phosphonic acids

Polyols >gh

3 Averages from Alexander et al. (2012),

b Averages for recovered 10M from Alexander et al. (2007b, 2014b).

© Average of the abundances in Orgueil and Ivuna (Ehrenfreund et al., 2001),

d Range of abundances in EET 92042, GRA 95229, and GRO 95577 (Martins et al.,
2007).

¢ Range for different lithologies of Tagish Lake (Hilts et al., 2014),

f Abundance in Y-791198 (Naraoka et al., 1988),

8 Abundances in GRA 95229 (Pizzarello et al., 2008).

b Lower limit for glyceric acid in Murchison (Cooper et al., 2001).

! From Aponte et al. (2014a, 2015).




carus 223 2013) 534-5¢3 [
g . Mid-infrared study of the molecular structure variability of insoluble organic
I\/I eteo rltl C I O M I n I R matter from primitive chondrites

» large chemical and structural variations between chondrites F.-R. Orthous-Daunay **, E. Quirico?, P. Beck?, 0. Brissaud ?, E. Dartois®, T. Pino ¢, B. Schmitt?
» but note 3.4um band is less diverse than in comet samples

F--R. Orthous-Daunay et al. /Icarus 223 (2013) 534-543
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Spectra normalized to absorbance at 1600 cm  for clarity
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Fig. 2. Corrected and normalized absorbance spectra used for this study prior to Gaussian fitting.
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Fig. 1. Raw IR absorbance spectra used in this study. An arbitrary offset is applied
for the sake of clarity.
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67P/C-G IOM-like organic matter

mOSt Similar to high mOIGCUIar Weight N/C atomic ratio in the particles of 67P  S513
macromolecular carbon (meteoritic IOM) (Fray+16)

higher H/C ratio (Fray+16)

higher N/C ratio (Fray+17), but less than in
UCAM MS IOM from

(a)

(Bardyn+17)(Fray+17)
missing lower molecular weight -COOH (carboxylic) | “
|OM-like material constitutes 50% of C in 67P chonaries

much more organics than in Stardust

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
N/C atomic ratio

of the N/C atomic ratios measured in 27 cometary
n 22 IOM samples of CI, CM and CR
panel b) and in 17 IOM samples from
1 ¢). All the N/C atomic ratios of IOM

chondrites and IDPs. Thus, the 67P particles and the nucleus are
rich in organic matter, as already suggested from indirect obser-
vations (Fulle et al. 2016; Herique et al. 2016), and this indicates

that comets have been aggregated in an organic-rich region of the
protoplanetary disc.

Bardyn+17



Comet IR spectra have 5 components, which
includes warm featureless grains that produce
near-IR ‘continuum’ emission at >3um:

Amorphous Mg:Fe silicates; porous —

GEMS-like
Amorphous-like olivine (glassy, disordered)
(glassy,
disordered) n.
Abundant amorphous carbon-like (n.k) 10 20
Crystalline silicates (when detected) are: Wavelength (um)

9P/Tempel 1 (Harker, Woodward,
Wooden 2005, Science, 310, 278)

— Mg-rich [Mg/(Mg+Fe)>0.9]
* NO layer-lattice silicates (e.g.,
Montmorillonite, smectite)
- no spectral detection of Al,O,



Intro to Cometary Spectral Energy Distributions: Hale-Bopp & changes with time (rh)
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wide range of amorphous
carbon-to-silicate ratios

DusT COMPOSITION OF 103P
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Intensity Map Enhanced Intensity Map  Polarization Map

2005.7.3

2005.7.5

Fig. 1. The intensity, enhanced intensity, and linear polarization degree maps taken on July 3 (12:51-14:55 UT), 4 (12:12-14:48), and 5 (12:04-14:55). Up is the
North, left is the East, and the area is 90 x 90 arcsec for each map. Cross mark denotes the optical center of the comet.




19% of CHON are elemental C-only grains

Table 2. Groups of CHON particles observed by cluster analysis,

Carbonaceous components in the comet Halley dust

M. N. FOMENKOVA,' S. CHANG,' and L. M. MUKHIN?

Geochimica et Cosmochimica Acta, Vol, 58, No, 20, pp. 4503-4512, 1994

3

a (total)

@ (100)/

Distance to the Closest Approach, thousands km

Nenon + Nuixed

inorg( 100) =

FIG. 1. Spatial variability of dust grain distribution in the coma (PUMA-I data). For 100 second intervals along
the trajectory, we considered agy( 100), the proportion of particles containing organic material (CHON and Mixed),
and ajnoy(100), the proportion of particles lacking organic material (Rock):

NRock

A in
PUMA-1_TUMA-2

3

C
0.59 + 0.01

0.12 = 0.05
0.33 * 0.00
0.52 = 0.06
0.68 + 0.03

C
0.88 £ 0.05
0.67 t 0.06
048 + 0.06
032 + 043

H
0.11 004
0.30 £ 0.03
046 = 0.05
065 = 004
052 = 017

C
0.87 £ 0.04
0.67 = 0.04
0.48 * 0.04
034 + 0.04
0.23 £ 0.06

N
0.02 £ 0.01
0.03 £ 0.02
0.00 = 0.03
0.01 £ 001
0.26 + 0.11

H
0.05 £ 0.07
0.57 + 0.03
0.06 + 0.02
0.66 + 0.05
0.42 £ 0.03
0.60 = 0.12

0.29

C
0.87 + 0.09
0.40 + 0.05
048 = 0.10
0.22 + 0.03
023 = 0.07
0.05 = 0.03

0.67

0
0.08 £ 0.02
0.03 £ 0.02
0.46 £ 0.09
0.12 ¢ 0.06
0.35 £ 0.05
035 = 0.09

1
2
i
4
S
6
7
X

-

o

H
0.04 = 002
0,19 £ 0.03
047 + 0.08
0.61 + 0.05
0.73 & 0.03
0.09 £ 0.05
0.05 £ (.01
0.35 + 0.06
043 £ 003
027 ¢ 007
0.62 + 0.06
045 + 0.10
031 + 0.09
0.07 £ 0.05

C
086 + 0.05
074 £ 0.05
0.50 £ 0.06
026 £ 0.03
023 £ 0.02
062 = 0.06
041 £ 0.0
041 £ 0.06
0.19 = 0.05
0.18 + 0.05
008 + 0.04
0.33 £ 0.07
0.21 £ 0.06
0.31 £ 010

N

.04 £ 0.02
0.02 £ 0.01
0.005 + (LOD4
0.01 £ 0.005
0.0t £ 0.01
0.03 £ 0.02
0.01 £ 0,01
0.015 £ 0.04
0.01 + 0,003
0,005 = 0.005
002 + 002
0.10 £ 0.05
0.08 + 0.03
0.42 + 0.11

C

N

g (100) =

Nenon + Nuiixed + Nrock Neron + Nuixed + Nrock

Or Organics
represent ~22% of measured comet Halley dust grains
(by number) and reveal a wide variety of compositional
types. Decomposition of these particles in the coma may
provide extended sources of some gaseous species.

0.90 + 0.04
0.86 + 0.08
0.82 + 009
0.62 + 0.10

0.10 £ 0.03
0.02 £ 0.01 0.12 £ 0.06
0.18 £ 0.00

003 £ 0.03 035 £ 0.12

3) Elemental carbon grains, various kinds of hydrocarbons,
and probably polymers of cyanopolyynes and multicarbon
monoxides appear to be distinct contributors to the par-
ticle population. They represent, correspondingly, 19, 10,
2, and 1% of all CHON grains.




Hale-Bopp at perihelion
7 8 9 10 11 12 13 14
3.0 L. Amorphous Mg-Fe Olivine
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Oort cloud comets C/2001 Q4 (NEAT) & Hale-Bopp have similar silicate
mineralogy; both have strong jet activity and abundant Forsterite crystals
f crystal = crystal/(amorphous+crystalline) = 0.7
C/2001 Q4 has variable silicate-to-amorphous carbon ratio, which lowers the
contrast (height) of the silicate feature (next slide)

Silicate Feature Flux/Continuum Ratio
C/2001 Q4 (NEAT) HIFOGS 11May04.30UT

2.2 . Sompared with 0.3 Hale-Bopp Torebo T
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C/2001 Q4’s silicate feature drops in contrast (height) over 1.5 hours,
as jets move grains through beam and dust composition changes:
there are fewer silicate grains relative to amorphous C grains (right).

C/2001 Q4 (NEAT) on 2004 May 11

-14 14
10 E 1 T T 1T 171] T 4 F T T rrrrj T = 10
i 107 | - 107
= F =
L’ - -
107 1078

1 1 1 1 { : : 1 i
3 4 5 6 7 8910 20 3 4 5 6 7 8910 20
Wavelength [um]

Is this true? Assertion: Amorphous Carbon is a separate grain component
from the silicates in this comet.



~40<90% amorphous carbon

Object Object ' Amorphous | Titan Tritan | Ice Kerogen | Water ine A Refs
Class Name Carbon Tholin | Tholin | Tholin | Type II Ice
a b c d

2

Centaur
Epochl,2

Trojan ; pyroxene,

Asteroid G=graphite serpentine

Modell 0.2 0.4,0.4

Model2 0.01 0.29, 0.7

Model3 0.4+0.15G

Notes: [a] Titan Tholin N2:CH4=0.9:0.1 [15]; [b] Tritan Tholan: N2:CH4=0.999:0.001 [17]; [c] Ice Tholin H2O:C2He
[15]; [d] Kerogen Type II [ ]; [e] A means Albedo at 0.55um; [f] Jarosite KFe3(SO4)2(OH)s

Refs: 1: Bauer et al. 2002; 2: Barucci et al. 2002; 3 Boehnhardt et al. 2002; 4: Boehnhardt et al. 2003, EMP 92: 5:
Brown et al. 1997; 6: Cruikshank et al. 1998; 7: Cruikshank et al. 2001; 8: Cruikshank & Dalle Ore 2003, EMP 92;
9: de Bergh et al. 2003; 10: Dotto et al. 2002; 11: Dotto et al. 2003a; 12: Dotto et al 2003b; 13: Dotto et al. 2003c,
EMP 92; 14: Doressoundiram et al. 2003; 15: Khare et al. 1984; 16: Luu et al. 2000; 17: McDonald et al. 1994; 18:




» Carbonaceous matter in comets is highly variable in abundance, and has different forms of carbon with organic and
possibly inorganic C

* not all organics are like insoluble organic matter (IOM)
* some organic matter is highly labile (soluble organic matter)

» some elemental carbon is seen (with names highly disordered carbon, poorly graphitized carbon, or amorphous
carbon)

« different cometary IDPs have different characteristics:

 chondritic porous IDPs can have high C as amorphous carbon or IOM-like (high molecular
weight organic matter), Forsterite and Enstatite crystals

» Giant IDPs have Olivine with range of Fe contents and IOM-like

» IDPs with higher concentrations of Mg-rich crystals (Enstatite in particular) have higher C
abundances (Thomas+93 GCA)

 Ultra Carbonaceous Antarctic Micrometeorites (UCAMMSs, likely cometary) have high contents of carbonaceous
matter (90% by volume).

» Thermal modeling of IR spectra of comets show a large variation in the ratio of dark absorbing grains [near-IR
continuum] to silicates, i.e., 'amorphous carbon’-to-‘silicate’ ratios

» Cometary organics are more diverse than meteoritic organics (IR spectra and XANES), in functional groups and
ratio of -CH2 to -CH3 in aliphatics

* Is there link between organics in samples and dark particles spectrally seen in cometary coma?
* What role may FeS play in darkening surfaces compare to organics? We need betterFeS optical constants.



» Details on minerals follow, for those who are interested



T o vouRoP /o 1 proppeD | THEN WHY ARE |~ EB
= N & T HERE? = r.‘r :Txb'\.‘o BLOLKS You LOgKING BECAVSE
5 1M LOOKlNG Vs o ‘DOWN THE FOQ&:"ERE? THE LIGHT

} 4 s 7| ) s BETTER

T

{FOR MY QUARTER ) .
Y 1 DROPPED!

’

.

PHILOSOPHICAL Cometary Dust: The Diversity , o = LD .

TRANSACTIONS A - .
of Primitive Refractory Grains

rsta.royalsocietypublishing.org D. H. Wooden!, H. A. Ishii? and M. E.
Zolensky®

Research Gtk INASA Ames Research Center, Moffett Field, CA
e 94035-0001, USA




?Qﬂ;mt o*e

When & Where

T\’t{h_f‘)or‘\, ovtward (comets X(Tn{\‘dns 2;’)
LIME Low \'mw.MA-Enn'L&eo( ! "Mg]»t?do\ " Olivine Todledtel

1007 ¢ Mg <48,

OLTYNE

bh-rich € ‘early"

a )
 Giant Cluster IDP (this study) 25 3

S N
,5@09%#’ L3

Acfer 094 +Y 81020 - literature
CR3/CR2 - lterature
it

PRS-

Crystalline Shicate Condamsachion

TwsT

Enskohie

(
%%48)! 160% ¢ Mg £ q0%
;I\—;dds Fed kin AGrossman
can be condeunsate

of  dust-enricaed to“),,

‘@ queonsly-alderet €

fncreases

fOo2

-60 -50 -40 -30 -20 -10 0 10 20 30
&%0

Some -~

CP1oP%

50% by volume

very Bigh

100

Abunda Nel Qahie

IWCAMMs
Ha”tj

mmmmmmmmmmm

k
5% need wale,
‘/‘u'm;\/

na Pilal
T

frey | o

Regime of Fe-Grated, Chondrule Fovmatin
e S in Sardust s an 392;00" Systenq “mini”

2127 Fe&™ rondrile £y ==

o0

e T

S oo, 59,
:2:“\‘ c%‘aﬂ‘(.sir&w% Dooran  UCAMM s
Bm»ws\ze KTA GM’ e ¢cre dist
& A .fOZ n{,ql‘&S"" ﬂeb‘ghh 3.:,.. .
27 ¢

Sapdus+

,QJ:‘H“ Cavbon
Captuve - de;

%Vloon
/ﬂl\ow»us et af \“q“( “"?S‘ S‘Lwocv‘ef

Carbon content of IDPs

i "“"‘m" ol 3 4%_
7]

¢ ;
2 of sdps

S e

% e

| alut o

§

3

2 g ‘

°

s e
Carbon (W%)

* Error is the standard deviation of the average
of fragments from the same partcie

2

Enstatite-rich IDPs
have more carbon

GEMS-rich IDPs have
more Mg-rich crystals
and little Fe-rich
crystals

Do GEMS-rich IDPs
have more carbon? Is
survival of
amorphous silicates
and carbonaceous
matter correlated?

T[K]

troilite

10710

10°

CAT
M'O

» Radial —\WS()V’\’ fliewr evooush ouew

s herge Hm, ramye
- Faw\:}'o@c §e x Siwadar

S-20 pw~

o
LAY
.
b
by o A
XA
.
o,
-
200 300
Size (nm)

[
( J 4
BV
o
3

o Ot
o
o

T 7 (uowug yog

E I\j\c\/)‘- S—\'orjk‘_.‘—’%’)c T<=CR are a&%mb@c{

- of min! Tgneows sysleuns
¢ Stardust A Guaut IDIX Liarve LIME< Cﬂ-%&i

7 eowe’ B «@Md—fw*ft\/\ -Ste A Mﬂly'copr& "-‘JO\A Adime

[T} FeO (wt.%)
o g2 10 20 30 40 50
P
[ olivine
( . CRtypell Cometary I R CR
® (_):l . i "
s % 12 A
'y ¥ %
® a ' < 10 ‘
oe 1 g .
° o! 4 5 . :A‘
/TN o2 2 o8}, ¢
3 ) . 2 % ”A
oo co c 15 .6 Y
" o3 ’& .
B
b 04 i
.
A B Cl olgfhee
B, W
o 02 04 06 08 1 12 0 02 04 06 08 1 12 0 02 04 06 08 1 12 14 OO

Fe [afu] Fe [afu]

C) red=Giant Cluster IDP

blue tri=Stardust,
black dots=Stard

Fe [afu] olivine

Frank+14
ust, Brownlee+16

Ca0 (Wt.%)




O Stardust (literature)

© IDP (literature)

A Stardust (this study)

¢ Giant Cluster IDP (this study)

-60 -50 -40 -30 -20 -10 0 10 20 30
O¥%()

Acfer 094 + Y 81020 - literature
» CR3/CR2 - literature
[ LL3 literature
O Stardust - literature
A Stardust - this study
@ Giant Cluster IDP - this study



CR/CH matrix
L/LL3.00-3.05 matrix
Wwild 2

wild 22

Track 35

Track 69

Track 74

0.0
1500 1400 1300 1200 1100 1000 900 800 700
Temperature (° C)

= |iquid - Feldspar
= Spinel = Clinopyroxene
= QOlivine - Nepheline

1500 1400 1300 1200 1100 1000 900 800 700
Temperature (°C)




o CR/CH matrix

o L/LL3.00-3.05 matrix
Wwild 2

* Wild 22

Track 35

Track 69
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type | chondrules a
type | chondrule, dusty olivine

type Il chondrules

type Il chondrules, FeO-poor relict grains




O typell chondrules

Al Rais Ch1

EET 87770,31 Ch2
GRO 03116,15 Ch2
PCA 91082,15 Ch1
QUE 991776 Ch7
Shisr 033 Ch1

L ]
[ ]
A
o]
v
*

MnO*100

s overgrowth on relic olivine
—— Al Rais Ch1
—— EET 87770,31 Ch2
= GRO 03116,15 Ch2 "
PCA 91082,15 Ch1 - composition
—— QUE 991776 Ch7 of relict
= Shisr 033 Ch1

mean composition
of relict

wt% oxide

16 24 ' 10 20
distance, microns distance, microns







DC06-09-45
Nol=14
Npx =57

DC06-09-19
Nol=39
Npx=285

DC02-09-41
Nol=55
Npx=114

80 75 70 65 60 55
Mg/(Mg+Fe) (mol%)

*Wild 2 representative analyses N=68

O 10 20 30 40 50 60 70 80 90 100
mol% Fayalite




*Condensation of Fe-
bearing silicates requires
high oxygen fugacity in the
solar nebula:

— drive In silicate dust
(silicates donate oxygen)
— drive in ice grains

(H,O donates oxygen)
Cuzzi and Zahnle 2004

* Inward migration of
cometesimals

B - Outward transport of
| Fe-bearing silicates

* While comet grains
are aggregating &
before or during
nuclei accretion

Evaporation Front




» Could some of the dust ‘bunnies/rhinos’ that
were heat-zapped to form chondrules have
GEMS-like precursors?

Enlargemen of above




UICGSRHSR

CDP TOAPe

AP CASLIr

M IPREL

M D DTE
PIUTY
DS A
PT

Cometary Collection ->
or

Processes ->

Primitive Matter
presolar refractory (SiC,
diamond)

presolar silicate crystals
(Fo, En)

presolar refractory Xx XX

organics (D, °N)

presolar semi-refractory$ - - - - —
organics (D, °N)
presolar Mg-rich X x X x
amorphous silicate

matrices with iron

(nickel) metal and

sulfides (isotopically

presolar GEMS)¢

amorphous silicates®

ISM amorphous silicates + + + +
(isotopically solar GEMS)®

carbon (C, amorphous

carbon, aromatic)

refractory organics

(aromatic, aliphatic,

COOH)

semi-refractory$ org.

(limited coma lifetime)

CAI (type C), AOA,

osbornite

Mg-rich silicates (Fo, En) X x X x
Fe-rich silicates X X e X
Fe-rich olivine (Fal0—

Fa25)

Fe-rich silicates Fe-rich ¢ x
olivine (Fa25—Fa50)
type I chondrule
FeS X X X x
solar system GEMS 20?2 (?(?
(isotopically solar)¢

Mg-carbonates

Fe-carbonates
magnetite

Table notes:

Solar
uv

Cosmic
-ray
Irradiat
ion

near

1sM, disk
outer
disk ?

source
region

AGB, SNe

O-rich AGB

coldcdloud = (V)
s-chem

cold cloud

g-s-chem

cold

condensa-

tion

ISM,
cold disk,
?

)

cold disk

hottest
nebula

solar
nebula

ppdisk
condens. /
chondrule
ppdisk
type IT
chondrule
various
vp rapid
cooling
ppdisk
high fCO,

strongly debated tentative or putative identification

+ = tentative or putative identification
— = not discernible by measurement technique(s)
* = rare
x = reported
abundant

dominant

surface low fO,

Condens  Particle Trans Thermal Thermal

ation  agglom metamo metamor

eration Heati rphism
ng

Conde
nsation ient
phism
ppdisk
dust-rich
and/or

solar

nebula, ppdisk | parent

water- body

rich

Aqueous
metamor

phism

parent
body

§ = semi-refractory organic has a limited lifetime in the coma, and is a probable parent of gas-phase ‘distributed sources’ (CO, formaldehyde, CN)

hem = grain surface chemistry, via gas-grain reactions on cold grain surfaces

vp = vapor phase

# = Remote sensing not in the mid-IR to far-IR, including visible light scattering and near-IR molecular spectroscopy, radio spectroscopy

= process plays a role; (V)= process may play a role

G CPIDP
ROSETTA

iant CP IDP
from COSIMA ToF-SIMS analyses

€ = the origins of cometary amorphous silicates are debated so the evidence is delinated into 4 distinct rows: isotopically anomalous presolar GEMS,

amorphous silicates (no isotopic information),

(hypothesized to be solar system amorphou

sotopically-solar GEMS (hypothesized to be ISM amorphou
cates)

cates), and isotopically-solar GEMS




Fo100 or Fa0
Forsterite

FoO or Fa100
Fayalite

Flux = Continuum

0
LL
+
o
=
e
o
=

Mg/(Mg+Fe)

- * Mid-IR wavelength positions of
sPrremeer1 || e crystalline resonance peaks
| show high Mg-contents:
- crystalline pyroxene:
(Mg,,Fe ) S510; 0.7<x<0.9
LA RRL Ry - crystalline olivine:
Pyroxene i} (Mg,,Fe,;);510, 0.9<y<1.0

. enstatite x=1

oﬁ(ﬁhe

Olivine: Koike et al. 2003, A&A 399, 1101
Pyroxene: Chihara et al. 2002, A&A 391, 267

L
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Wavelength (um)




