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Cometary material and pristine interplanetary dust particles (IDPs) best resemble the unaltered components
from which our solar system was built because they have remained largely unaltered in a cold undisturbed
environment since accretion in the outer protoplanetary disk. IDPs might supply more primitive assemblages
for laboratory analysis than Stardust samples from comet 81P/Wild 2 but their individual provenances are
typically unknown. We speculate that some IDPs collected by NASA in April 2003 may be associated with comet
26P/Grigg-Skjellerup because their particularly pristine character coincides with the collection period that was
predicted to show an enhanced flux of particles from this Jupiter-family comet. Some IDPs from this collection
contain the most primitive assembly of interstellar matter found to date including an unusually high abundance
of presolar grains and very isotopically anomalous and disordered organic matter as well as fine-grained
carbonates and an amphibole associated with a GEMS-like object (glass with embedded metals and sulfides) that
potentially imply formation in a nebular rather than planetary environment. The two most primitive IDPs may
contain assemblages of molecular cloud material at the percent level which is supported by the presence of four
rare '’O-depleted presolar silicate grains possibly of supernova(e) origin within one ~70 um?-sized IDP and the
close association of a Group 1 Mg-rich olivine from a low-mass red giant star with a carbonaceous nano-globule of
potentially interstellar origin. Our study together with observations of comet 9P/Tempel 1 during the Deep
Impact experiment and 81P/Wild 2 dust analyses reveal some compositional variations and many similarities
among three Jupiter-family comets. Specifically carbonates and primitive organic matter or amorphous carbon
were widespread in the comet-forming regions of the outer protoplanetary disk and not all comets contain as
much inner solar system material as has been inferred for comet 81P/Wild 2. The bulk and hotspot hydrogen and
nitrogen isotopic anomalies as well as the carbon Raman characteristics of the organic matter in IDPs and the most
primitive meteorites are remarkably similar. This implies that the same mixture of molecular cloud material had
been transported inward into the meteorite-forming regions of the solar system.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction the most pristine materials because they spend most—or all—of their

lifetime in the colder outer regions of the solar system (Alexander

Understanding the evolution of our solar system from the
protosolar cloud of dust and gas to its present state requires analysis
of the most primitive materials available, i.e., matter that was not
severely altered by thermal or aqueous processing either in the solar
nebula or on planetary bodies. Comets are thought to best preserve
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et al., 2007b; Charnley and Rodgers, 2008a; Wooden, 2008). Many
interplanetary dust particles (IDPs) collected in the stratosphere show
highly primitive characteristics testifying to their origin in comets
(Brownlee et al., 1995; Bradley, 2003) or pristine planetary bodies in
the asteroid belt not sampled by known meteorite classes. Only the
most unaltered meteorites have comparably primitive properties
(e.g., extreme isotope anomalies associated with organic matter, and
high presolar grain abundances) to those found in many IDPs. Hence,
IDPs are the most relevant reference materials available for compar-
ison with the dust from Jupiter-family comet (JFC) 81P/Wild 2 that
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was returned to Earth by NASA's Stardust mission and found to
contain surprisingly large amounts of processed material (Brownlee
et al., 2006; Ishii et al., 2008).

In contrast to Stardust samples, the specific parent bodies of IDPs
are in general unknown. However, calculations (Messenger, 2002)
predicted that 1 to 50% of the total flux of IDPs >40 um in diameter
collected after Earth passed through comet Grigg—Skjellerup's dust
stream in April 2003 would originate from this comet. We analyzed
several IDPs from NASA's dedicated “Grigg-Skjellerup collection”
(GSC, Table 1) and compared them to Wild 2 dust, primitive
meteorites and IDPs not associated with a specific dust stream. Four
collectors (L2054, L2055, U2120, and U2121) were exclusively
exposed for 7.9h between April 30 and May 1, 2003 to the
interplanetary dust stream thought to be enriched in dust from
comet Grigg-Skjellerup (see http://www-curator.jsc.nasa.gov/dust/
Leonid_shwr_Grigg_Skjellerup.cfm). The comet, probably first ob-
served in 1808 by J. L. Pons (Kresak, 1987) and officially “discovered”
in 1902 and 1922 by J. Grigg and . F. Skjellerup, has an average orbital
period of 4.98 yr (at present 5.31 yr). In 2003, the comet completed its
39th revolution since 1908 with perihelion at 0.75 to 1.12AU. For
comparison, Wild 2 showed a perihelion of 4.95 AU before 1974 and of
~1.5 AU since closely encountering Jupiter (present orbital period
~6.17 yr, 5rev until 2004 with the close orbit around the Sun).

2. Experimental
2.1. Sample preparation

All IDP samples were transferred from NASA glass slides (free from
silicone oil that is used for collection) with a Narishige MMN-1/MMO-
202D micromanipulator system and commercial W micro-needles
with sharpened tips of <1 pm diameter. The IDPs were pressed into
cleaned and annealed high-purity gold foils placed on Al stubs to
allow high conductivity for secondary ion mass spectrometry with
reduced sample charging and focused imaging of the entire particles.

2.2. Scanning electron microscopy (SEM)

Electron images (Figs. 1 and S1) and energy dispersive spectrom-
etry (EDS) X-ray analyses were obtained, prior to SIMS analysis, with
the Carnegie Institution JEOL JSMG6500F FE-SEM. An accelerating
voltage of 10 keV and rapid acquisition were used to prevent beam
damage and C contamination. X-ray spectra show the roughly
chondritic composition of the IDPs.

2.3. Secondary ion mass spectrometry (SIMS)

The analyses were performed with Cameca ims-6f and NanoSIMS
50 L ion microprobes at the Carnegie Institution of Washington
(CIW) and the NanoSIMS 50 at MPI Mainz (Hoppe et al., 2004). All
measurements were made in scanning imaging mode, where the
primary Cs* beam is rastered over the sample and secondary ions
are synchronously collected in up to seven (CIW) or five (Mainz)
electron multiplier detectors (6f: one multiplier, peak jumping mode),
resulting in 256 x 256 or 512 x 512 pixel images. Data were reduced
using the L'Image software package (L. R. Nittler, Carnegie Institution).
Due to spatial drift of the sample stage during analysis, measurements
were divided into numerous planes and shifts between individual
image planes were corrected. We used a primary Cs™ ion beam with
16 keV (6f: 17.5 keV) and currents of typically 0.5 to 2pA (6f: 10 to
40pA). Prior to data collection, all samples were exposed for several
minutes to a higher Cs™ current of 100 to 400pA to remove surface
contamination, increase the work function and reach sputtering
equilibrium. Primary beam diameters, and hence approximate spatial
resolutions, were typically 100 nm for the NanoSIMS and 1 pm for the
ims-6f measurements. Hydrogen isotopes were measured along with
12C and 19180 with the ims-6f in peak-jumping mode: count rates
were interpolated between image planes to take into account tem-
poral drift. Carbon and N isotopes were measured in Mainz with
simultaneous detection of negative ions of '2C, 13C, 12C'N, 2C'>N
and 3°Si. Presolar grains were searched for in all IDPs except for P2

Table 1
H and N isotope anomalies and C Raman band parameters in the IDPs.
Sample 6D 615N D band G band
(%) (%) (em™1) (em™7)

Collector Bulk Hotspot max. Bulk Hotspot max. Width Position Width Position
L2054 Cluster 1 E1#1 43104460 12,700 4+ 1900 395+10 12904140 368.7+1.2 1362.04+0.3 127.5+03 1569.74+0.3

E1#2 8700+ 1000 21,500 £ 3600 485435 13104150 396.1+£5.7 1361.14+1.1 136.8+1.3 1565.8 £0.7

29,300 + 5800°

E1#3 2860 +480 9500 £ 3200 367.3+3.0 1363.84+0.8 129.24+09 1569.24+0.5

E1 44304480 29,300 £ 5800 405410 13104150
12054 Cluster 1 F1 2600 + 140 4100 4400 n.d. n.d. 344.0+1.2 1363.84+0.3 1283403 1563.3+0.2
L2054 Individual G2 13704200 9900 + 1200 395410 14704220 2914+1.0 1357.44+0.3 1154404 1580.24+0.3

29,300 + 12,700°

12054 Individual G3 190+110 4400 4850 25420 950 + 390 287.6+1.0 1353.7+04 115.04+0.7 1585.54+0.3
12054 Individual G4 2500 + 340 12,900 + 1800 145415 410480 362.1+£9.6 1358.7+1.3 1313+ 2.1 1569.94+1.2
L2054 Cluster 2 P2 n.d. 319.2+8.1 13469434 148.3+3.8 15623+ 1.4
L2036 Cluster 9 P1A 420+170 1300 £ 450 70+£20 n.d. n.d. n.d. n.d.

P1B 5704200 2100 £ 600 250+30 940 + 140 n.d. n.d. n.d. n.d.
12036 Cluster 20 20P3 8604220 11204300 460420 1400 4300 295.6 +£5.7 13463413 1469+ 2.6 1575.3+0.7
L2036 Cluster 20 20P4 15404290 3100 + 500 401+6 930+ 120 259.5+20.4 1343.84+46 163.1+15.0 1576.24+2.2
12036 Cluster 3 3P1 n.d. 31864184 13643 +44 1289464 1566.0 +2.7
12036 Cluster 3 3pP2 n.d. 3445+4.7 1357.5+1.6 136.54+2.5 1563.3+£09
12036 Cluster 3 3p3 n.d. 271.0+£15.2 1335.7+34 180.7+8.1 1559.5+1.8
L2036 Cluster 3 3Px n.d. 297.3+42 1347.6+19 1184423 15723 +1.0
12036 Cluster 9 9P3 n.d. 276.5+3.6 13459409 113.84+26 1579.2+1.2
12036 Cluster 9 9P4 n.d. 252.6+£2.0 1349.94+0.6 106.24+1.0 1584.5+0.4
L2036 Cluster 9 9P5 n.d. 251.7+4.0 1357.24+09 121.0+25 1586.3+1.1
L2036 Cluster 9 9P6 n.d. 229.8+3.6 13455+ 1.7 1216463 1587.2+1.3

2 Sub-region of D-rich hotspot in section E1-A.
b A repeat measurement with more planes revealed a smaller enrichment (8D/H = 9900 = 2600%.) indicating that this D-rich OM was superficial and partially sputtered away
during SIMS analysis.
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Fig. 1. Scanning electron images of Grigg-Skjellerup Collection IDPs E1 (panel A) and G4 (B) and secondary ion mass spectrometry (SIMS) isotopic ratio maps (C-G). The IDPs are
particularly fine-grained—typical for unprocessed chondritic porous IDPs—and consist of various mainly anhydrous minerals, glassy silicates and organic coatings that may act as
“glue” between the phases. 5'70/'°0 maps of IDPs E1 (C) and G4 (D) show four and seven isotopically anomalous regions, respectively (Fig. 3). These grains are identified as presolar
silicates because the O isotopic anomalies are spatially correlated with Si. Presolar grain #9 (C) is olivine (Fig. 4). SIMS maps of the H (E, F) and N (G, H) isotopic compositions show
localised so-called “hotspots” (arrows) with 6D and 6'°N values up to 21,000%. and 1300%., respectively (Table 1). The H isotopic ratio images were acquired using the ims-6f and
thus have lower spatial resolution. Variations in isotopic ratios are given as deviations from terrestrial standards in permil (=6 notation). The scale bars are 2 pum.

(Table 1) by simultaneous mapping of '2C, 18/17/18g 12¢C14N 28sj
negative ions and secondary electrons. Two IDPs with identified
presolar grains were subsequently re-analyzed for their Si isotopic
compositions; 28293°Sj and 2*Mg'°0 were measured along with '°0
and '70 to precisely locate the presolar grains. All data were corrected
for electron multiplier deadtime. For the H, C and N measurements,
instrumental mass fractionation (IMF) was corrected for with well-
characterized terrestrial samples and meteoritic insoluble organic
matter (IOM) (Alexander et al., 2007a). O- and Si-isotopic data were
internally normalized to the average composition of non-presolar
material within each image. Moreover, the effect of quasi-simulta-

neous arrival (Slodzian et al., 2004) on the O-isotopic data was
empirically corrected by fitting the linear relationship between pixel
isotope ratios and °0 count rates. Quoted uncertainties are based both
on counting statistics and the uncertainty in the IMF.

2.4. Raman spectroscopy

Raman spectroscopy is relatively non-destructive and requires
little sample preparation, which renders this method very useful for
the analyses of fragile IDPs. IDPs have previously been examined at
a bulk particle scale (~5 to 10 um) (Wopenka, 1988; Quirico et al.,
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2005). Our study uses the WiTec alpha-SNOM micro-Raman spectro-
scope at the Carnegie Institution (Busemann et al, 2007). This
instrument uses a Nd:YAG laser with 532 nm wavelength in a
backscattering geometry and a confocal setup that provides a
significant reduction of fluorescence. To avoid thermal modification
of the samples, laser power was limited to ~55puW. Data were
acquired in imaging mode with sub-micron spatial resolution, which
allows spectra to be obtained from the most C-rich regions within the
IDPs. Some IDPs discussed in this work have been analyzed with SIMS
prior to the Raman spectroscopic examinations. This is not ideal
because high-energy Cs* ion implantation during SIMS inevitably
induces amorphization within the top layers of the irradiated
material. However, we can exclude that this amorphization mimicked
a more primitive character of the analyzed organic matter (OM)
because (i) additional IDPs from the Grigg-Skjellerup collectors that
were analyzed with the same Raman instrumental settings but were
not examined with SIMS show similarly primitive OM (Busemann
et al,, 2009); (ii) all IDPs analyzed in this work experienced roughly
the same dose of Cs* ion implantation and, hence, comparable
amorphization; (iii) Raman characteristics of meteoritic [OM with and
without Cs* ion implantation during SIMS analysis show that
laboratory-induced shifts towards a more primitive character are
significantly smaller than the differences observed in the IDPs dis-
cussed in this work; and (iv) the observed correlation between bulk
D/H ratios and Raman band parameters for the GSC-IDPs suggests
that the differences in Raman spectra are intrinsic to the samples. Data
were fitted with Lorentzian profiles for the Raman bands with a free-
floating linear background using custom software written in the IDL
programming language (Research Systems Inc.). Spectra showing
strong fluorescence were excluded (Busemann et al., 2007).

2.5. Focused ion beam scanning electron microscopy (FIB-SEM)

We used an FEI Nova 600 focused-ion-beam scanning-electron
microscope (FIB-SEM) at the Naval Research Laboratory (NRL) to
prepare electron-transparent cross sections of the IDP fragments
(Fig. S2) for transmission electron microscope (TEM) and X-ray
analysis. Protective straps of Pt were deposited on top of the IDP
fragments within the FIB to mitigate radiation damage and Ga™
implantation during ion milling and oriented so that they transected
the isotopic hotspots that were identified by SIMS (Fig. 2). Six FIB
sections were extracted from IDPs E1 and G4 and thinned to electron
transparency (<150 nm) in situ using established methods (Zega
et al., 2007), though only three were successfully analyzed by TEM
and STXM. All examined particles showed mild to severe sputtering
loss from SIMS analysis. This prevented the analysis of some of the
presolar grains (Table 2), e.g., presolar silicates in sections E1-A and
G4-C and the “X-grain” #12 in G4-A (Fig. 2B, blue arrow).

2.6. Transmission electron microscopy (TEM)

All FIB sections were examined with a 200 keV JEOL2200FS
transmission electron microscope (TEM) at NRL, equipped with an
ultra-thin-window Noran energy-dispersive X-ray spectrometer
(EDS), bright- and high-angle annular dark-field (HAADF) scanning
TEM (STEM) detectors, and an in-column electron energy-loss spec-
trometer. Grain chemistry was measured using the EDS detector and
processed with Noran System Six software. Depending upon illumi-
nation conditions, the spectral acquisition time was varied between 1
and 5min to ensure good counting statistics (high count rate with
deadtime <30%). Selected-area electron-diffraction (SAED) patterns
were acquired, where possible, from individual grains. All SAED
patterns were measured, both digitally and manually, with Adobe
Photoshop and the crystallographic image processing software
package CRISP (Hovmoller, 1992), based on calibrated camera con-
stants. The indexing of the SAED patterns was based on comparison

section E1-A

section E1-B

Fig. 2. Secondary electron images of IDPs E1 (A) and G4 (B), isotopically anomalous
areas (outlines and arrows) and location of FIB-SEM lift-out sections (white lines). The
extremely D-rich region (,000%.) in section E1-A contains a fine-grained heterogeneous
mixture of amorphous and crystalline phases (Fig. 8). Section E1-B transects a presolar
Mg-rich olivine grain (#9, Fig. 4) and a >N hotspot associated with very fine-grained
material. Section G4-C (panel B) transects two presolar silicate grains. This IDP also
contains a grain that is most likely a presolar SiC (grain #12) that has been sputtered
away by SIMS, and a '>N-rich organic hotspot.

with known structure types and, where necessary, patterns calcu-
lated using JEMS multislice simulation software (Stadelmann, 1987).
Phase identification was based, where possible, on both measure-
ments from X-ray spectra and SAED patterns. However, the small
sizes (<50 nm) of some grains precluded acquisition using a
selected-area aperture, and in such cases, phase identification was
based on STEM-based X-ray spectrum images.

2.7. X-ray absorption near-edge structure spectroscopy (XANES)

Synchrotron-based XANES analyses of the X-ray transparent
sections E1-A and E1-B were performed on the scanning transmission
X-ray microscope (STXM) (Kilcoyne et al., 2003) located at beamline
5.3.2 of the Advanced Light Source (ALS, Lawrence Berkeley National
Laboratory). Beamline 5.3.2 employs a bending magnet spanning
the energy range of 270 to 800 eV that enabled us to obtain X-ray
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Table 2
Identified presolar grains in GSC-IDPs E1 and G4.

IDP Grain # FIB section 170/10 x 10,000 180/10 % 10,000 529Si 5°°Si Appr. size/(um ?) Mineralogy " Isotope group
(%0) (%)
G4 1 A€ 5.72+0.18 16.6 +-0.6 —47423 3+29 0.32 Silicate 1
2 A 6.54+0.23 1994+ 1.1 77+34 52442 0.28 Silicate 1
3 B¢ 2.87+0.14 18.54+0.6 —84+21 —724+25 0.28 Silicate 3
4 B 2.62+0.13 19.34+0.5 67 +26 95428 0.31 Silicate 3
5 C 2.74+0.08 18.34+0.5 27417 26421 0.45 Silicate 3
6 C 3.06+0.12 17.6 0.6 —54425 —18+£32 0.30 GEMS? 3
7 d 4.63+0.20 19.74+£0.7 38+£32 52+39 0.21 Silicate 1
E1l 8 A 15.75+£0.29 19.04+1.2 149425 133430 0.36 Silicate 1
9 B 11.81+£0.22 21.1+£0.7 28420 12425 0.35 Olivine 1
10 B 7.2240.10 147+04 4410 5412 0.50 Silicate 1
11 C 74240.17 225412 24417 70421 0.34 Silicate 1
G4 12 A - - — 15925 —744+39 0.24 Sic? X grain

@ Determined with the NanoSIMS O isotope maps.

b In contrast to the olivine and possible GEMS identifications, the grain “mineralogy” was elsewhere estimated by the 22Si/'0 ratio from the NanoSIMS. According to the Mg0/'®0

NanoSIMS ratio, all grains appear to have some Mg.
¢ Not yet extracted.
4 Not contained in a FIB section.

absorption spectra at the C, N, O and Fe K-edges and the Ca L-edge.
Fresnel zone-plate optics provide focusing of the monochromatic
beam to a spot size of 30 nm. Our analyses were performed using the
“stack technique”, where spectral image sets are acquired for 50 to
100 nm? pixels spanning an area of several square microns with the
energy range spanning the absorption edge of interest, e.g., 270 to
340 eV for C. Absorption (A) is the ratio of the X-ray transmission (I)
at a given energy to the incoming X-ray intensity (Ip): A= —log(I/Ip).
The transmitted photons are collected with a photomultiplier. The
X-ray energy (resolving power E/AE ~5000) is tuned in ~100 to
300 steps (step size between 0.1 and 1 eV) over the respective edge
energies of C, Ca, N, O and Fe at 290, 350, 405, 540 and 720 eV,
respectively. Spectral assignments for various peaks in the pre-edge
region of the carbon K edge to functional groups are summarized by
Cody et al. (2008). The spectral data cubes were reduced with the IDL
software package aXis2000 (A. P. Hitchcock, McMaster University,
Hamilton ON, Canada, http://unicorn.mcmaster.ca/aXis2000.html),
which allows shift correction during stack acquisition, normaliza-
tion to the incoming X-ray intensity, and the selection of regions-of-
interest.

3. Results
3.1. General observations

Scanning electron microscopy (SEM) indicates that the IDPs found on
the Grigg-Skjellerup dust stream collectors (GSC-IDPs) are fine-grained,
low-density, “chondritic porous” IDPs (Fig. 1A-B and S1A-B). Such
samples are typically dominated by anhydrous minerals and abundant
carbonaceous material (Bradley, 2003). We analyzed both “cluster” and
“individual” IDPs (Table 1). Cluster IDPs are large (50 to 500 um) fragile
aggregates that disintegrate into many fragments during collection,
whereas individual IDPs occur as isolated grains on the collectors
(Bradley, 2003). It was argued that cluster IDPs are generally more
primitive than individual IDPs based on a wider range of H and N isotopic
anomalies in the former (Messenger, 2000; Messenger et al., 2003b).

3.2. Presolar grains

SIMS 6'70/®0 maps for cluster fragment E1 and individual IDP G4
are shown in Fig. 1C-D. Four sub-micron-sized regions in E1 and
seven in G4 show extreme O isotopic anomalies (Table 2) indicating
that they are presolar grains that condensed around previous
generations of stars. SIMS analysis did not reveal any isotopically
anomalous region in O or Si in the other IDPs analyzed. SIMS, SEM and,

in some cases, TEM analyses of the presolar grains from E1 and G4
show that they are all silicates. The O and Si isotopic compositions of
these 11 presolar grains are within the ranges observed previously for
presolar grains in meteorites and other IDPs (Nittler et al., 1997;
Nittler, 2003; Messenger et al., 2003a; Nguyen et al., 2007; Vollmer
et al,, 2008) (Fig. 3).

The seven ”O-rich (“Group 1”) grains likely formed in winds of low-
mass asymptotic giant branch stars (Nittler, 2003), whereas the origin of
the four '70O-depleted (“Group 3”, Nittler, 1997) grains is more
ambiguous. Most Group 3 presolar oxide grains are believed to have
formed in low-metallicity low-mass red giants (Nittler et al., 1997).
However, the Group 3 silicate grains from G4 belong to a sub-group with
170,180 ratios lower than the solar value and such grains cannot be
easily explained as having originated in low-mass stars. Rather, Nittler
et al. (2008) recently argued that these unusual grains are related to the
180-rich Group 4 grains and likely formed in one or more supernovae.

The Si isotopic compositions of most of the analyzed presolar grains
fall on the same correlation line defined by mainstream presolar SiC
grains (Fig. 3B) and are believed to largely represent the Galactic
chemical evolution of the Si isotopes through time (Alexander, 1993).
The Si-isotopic compositions of the Group 3 grains from G4 are not
particularly diagnostic of their origins, both because a wide range of Si-
isotopic compositions might be expected for supernova grains,
depending on the precise mixture of the SN zones (Hoppe et al.,
2009, and references therein), and because the data are somewhat
compromised by contributions from surrounding, isotopically normal
material. NanoSIMS imaging of G4 also revealed a sub-micron region
highly enriched in 28Si, but with normal O isotopic ratios (Grain #12,
Table 2). We tentatively identify this as a presolar SiC grain of type
X (Nittler, 2003) (Fig. 3B). However, it was severely sputtered during
the SIMS analysis (Fig. 2B) and could not subsequently be identified
in the section.

One of the presolar grains (#9) in section E1-B (Fig. 4A) was
identified by TEM analysis as crystalline Mg-rich olivine (Fig. 4B-C).
This grain is in contact with amorphous C-rich material including a
~50 nm-sized structure that resembles a carbonaceous nano-globule
(Garvie et al., 2008). Nano-globules are abundant carriers of large D
and >N enrichments in primitive meteorites, and, hence, are likely of
interstellar origin (Nakamura-Messenger et al., 2006). Similar to the
anomalous OM discussed below, XANES results imply that Ca-bearing
carbonates are also embedded in the OM adjacent to the presolar
olivine, as well as in '>N-enriched OM that is in close proximity to this
region (Fig. 4A). A presolar supernova olivine partially embedded in
15N-rich organic coating has been observed previously in another IDP
(Messenger et al., 2005).
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Unfortunately, insufficient material remained of the presolar
silicate #8 in section E1-A (Fig. 2A) for TEM analysis. EDS on presolar
silicate #6 from section G4-C (Fig. 2B) suggests that silicate material is
present. However, it was impossible to distinguish any crystalline
signal in the bright-field TEM image. This grain might be a GEMS
(glass with embedded metal and sulfides) particle, a major compo-
nent of IDPs (Bradley, 2003), but the data are inconclusive and the
unfortunate loss of this section prevents any further examination.

The nominal abundance of presolar silicates is extremely high in
the GSC-IDPs, particularly in E1 (0.35%) and G4 (1.5 wt.%), the largest
observed in any extraterrestrial material (Fig. 3C). Clustering of
presolar grains has been seen in other extraterrestrial materials (Yada
et al., 2008; Floss and Stadermann, 2009), but the density of grains in
E1 and G4 is vastly higher. Using a binomial distribution, we con-
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servatively estimate the probability of finding 11~300 nm presolar
grains in IDPs E1 and G4 (area ~250 um?) to be well below 108, if the
true abundance of presolar grains were only 375 ppm, as previously
inferred for the most isotopically primitive IDP subset (Floss et al.,
2006). This result proves the extremely primitive character of these
IDPs, and, together with their isotopically anomalous organic material
(see below), demonstrates that sizeable aggregates of interstellar
origin can survive in IDPs. Even including the less primitive G2 and G3,
the abundance of presolar silicate grains in all analyzed IDPs from
collector L2054 is found to be ~500 ppm (Fig. 3C), still higher than the
estimates for other primitive materials, e.g., 375 ppm in isotopically
primitive IDPs, ~120 ppm in all IDPs (Floss et al., 2006), and 100 to
200 ppm in the most presolar grain-rich meteorites, the carbonaceous
chondrites Acfer 094, Meteorite Hills 00426 and Queen Elizabeth
Range 99177 (Nguyen et al.,, 2007; Vollmer et al., 2008; Floss and
Stadermann, 2009). In comparison, only three presolar silicate grains
have been found in Wild 2 dust analyzed to date, giving a rough
estimate of 17 ppm (McKeegan et al., 2006; Stadermann and Floss,
2008), possibly due to alteration during capture (Stadermann et al.,
2009).

3.3. Isotopically anomalous organic matter

Organic matter (OM) in the GSC-IDPs exhibits significant enrich-
ments in D and N relative to H and '*N and terrestrial isotopic ratios.
IDPs are generally rich in D and >N (Messenger, 2000; Messenger
et al., 2003b), testifying to their primitive characteristics (Floss et al.,
2006). However, the magnitudes of the '°N and especially the D
anomalies observed here in the GSC-IDPs are unusually high even for
primitive IDPs (Table 1) and are comparable to OM extracted from the
most primitive meteorites (Busemann et al., 2006a). Fig. 5 compares
the range of D/H ratios observed in the GSC-IDPs to those of other
IDPs analyzed by the same scanning ion imaging technique used here.

The bulk 6D/H value for IDP E1 (~4400%., Fig. 5) exceeds the
maximum bulk value observed in all but two of 20 other cluster IDPs
analyzed by the same technique. Only one IDP (Messenger, 2000) has
been previously reported with a D hotspot as enriched as the
maximum value observed in E1 (Fig. 1E, hotspot ~21,000%.). The
individual GSC-IDPs are also atypically D-rich; hotspot D/H values in
G4 and G2 are higher than have been reported in any other individual
IDP: a small hotspot in G2 reaches 32,000%.. The bulk D/H ratios of G2
and G4 are also higher than those of other IDPs (Table 1, Fig. 5).

The ranges of '>N/'N ratios detected in the GSC-IDPs largely
overlap with those seen in previous IDP studies (Messenger, 2000;
Messenger et al., 2003b; Aléon et al., 2003; Floss et al., 2004, 2006).
Bulk 6'°N values for the analyzed GSC-IDPs are at the high end of all

Fig. 3. Oxygen (A) and Si (B) isotopic compositions of the presolar grains in IDPs E1 and
G4 compared to those previously measured in presolar oxide and silicate grains in other
samples (Nittler et al., 1997; Nittler, 2003; Messenger et al., 2003a; Mostefaoui and
Hoppe, 2004; Nguyen et al., 2007; Vollmer et al., 2008). All four presolar grains in IDP E1
and three from G4 have O isotopic compositions placing them in the most common
group (Group 1) of presolar oxides and silicates (Nittler, 2003). In contrast, four grains in
G4 belong to the rare '®0-enriched Group 3. Such clusters may imply that these IDPs
inherited assemblages of presolar and primitive materials that were less homogenized
in the early solar system than those found in the asteroidal parent bodies of meteorites.
The Si isotopic compositions (B) of all 12 presolar grains plot close to the correlation line
(dashed) observed in mainstream presolar SiC grains (Nittler, 2003), reflecting galactic
chemical evolution of the Si isotopes. The presolar grain labelled “X” has a Si isotopic
composition similar to that of SiC X grains, believed to have condensed in supernova
outflows. (C) IDP G4 contains presolar silicates at an extreme nominal percent level, the
largest abundance observed in any extraterrestrial material, illustrating the pristine
character. All GSC-IDPs analyzed here with SIMS yield an average presolar silicate
abundance of ~500 ppm, larger than abundances found as yet in any extraterrestrial
material, such as average (non-GSC) IDPs, a primitive, '°N-rich subset of these IDPs, and
the matrices of very presolar silicate-rich meteorites Acfer 094, MET 00426 and QUE
99177. As yet analyzed comet Wild 2 dust contains comparatively few presolar grains.
References: ? Floss et al. (2006), ® Floss and Stadermann (2008), ¢ Nguyen et al. (2007), ¢
Vollmer et al. (2008), ¢ Stadermann and Floss (2008).
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Fig. 4. TEM data on the FIB section E1-B. (A) HAADF image showing the overall IDP sandwiched between Pt strap and Au foil. The black and white boxes indicate the locations
of presolar grain #9 enriched in 70, indicating an origin in a low-mass red giant star (Nittler et al., 1997), and a '°N-rich hotspot, respectively. (B) Bright-field TEM image of the
area enclosed by the dashed-black box in (A). Olivine (ol) occurs with amorphous probably carbonaceous material (am) and a particle with a nano-globule-like (ng) morphology.
(C) SAED pattern acquired from the olivine grain (white box in panel B) and indexed to monticellite, a Ca-bearing olivine. (D) HRTEM image of the olivine grain and surrounding
glass. (E) HAADF image of the area enclosed by the dashed-white box in (A). Spectrum imaging reveals that magnesium silicates (mgs), Fe-Ni sulfide (fns), and C- and Ca-rich

material occur in the '>N-rich hotspot.

reported values. Only one IDP reported by Floss et al. (2006) shows a
higher bulk value than E1 and G2. Moreover, hotspot values in E1 and
G2 (6">N>1300%.) are higher than any previously observed in IDPs.

Individual IDPs
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Fig. 5. Ranges of D/H ratios in IDPs. D/H ratios measured in the GSC-IDPs are higher than
typical values for IDPs measured previously using the same analytical technique (scanning
ion imaging) with three different ion microprobes. Each line indicates the range of D/H
ratios in a single IDP. For GSC-IDPs, open circles indicate bulk, minimum and maximum
hotspot values. For Cameca ims-6f (Nittler and Messenger, 1998; Mukhopadhyay et al.,
2002; Mukhopadhyay and Nittler, 2003; this work; unpublished data from CIW), and
Cameca ims-1270 (Aléon et al.,, 2001) measurements, plotted values represent ranges of
micrometer-sized sub-regions of the samples. For literature NanoSIMS measurements
(Floss et al., 2006), lower values represent bulk compositions, while higher values
represent maximum hotspot values. The earlier observed trend that cluster IDPs contain
more pristine D-rich organic matter than individual IDPs (Messenger et al., 2003b) appears
less distinct. The shaded area defines D/H in terrestrial samples.

In addition to H and N we analyzed the C isotopic composition
of the GCS-IDPs. While presolar graphite or SiC grains often show large
isotope anomalies with '>C/!C ratios that are typically more than 50%
smaller or larger than the terrestrial composition (Nittler, 2003), '>C
ratios of C isotopic anomalies in OM are typically in the range
of £+ 100%. (Floss et al., 2004, 2006; Nakamura-Messenger et al., 2006;
Busemann et al., 2006a) and, hence, more difficult to detect. Some of
these relatively rare anomalies have been associated with nano-
globules and monolithic amorphous C (Busemann et al.,, 2006b;
Nakamura-Messenger et al.,, 2006). Distinction from isotopically
anomalous presolar graphite is impossible without structural analysis.

All GSC-IDPs analyzed here with NanoSIMS show C isotopic
anomalies, demonstrating the IDPs' non-homogenized, pristine charac-
ter. The extremely D-rich hotspot in IDP E1 (see also next section)
contains, e.g., three small regions with 6'>C ~— 280%. and is also slightly
enriched in >N (~600%.), relative to its bulk value (8'°N ~400%.). The
bulk 6'3C values between —9 and —51%. are in the typical range
observed previously in IDPs (Messenger et al., 2003b; Floss et al., 2006).

The data do not show any obvious correlations between isotopic
and elemental compositions (i.e. C/H ratio or N abundance, Fig. S3),
which would be expected if the IDPs analyzed here contain OM similar
to the components OM1-OM3 suggested previously for IDPs (Aléon
et al, 2003). Rather, the lack of correlations implies a diversity of
organic materials that are intermixed on very fine scales in the analyzed
samples.

Raman spectroscopy was used previously to investigate the relative
degree of disorder or maturity of OM in IDPs (Wopenka, 1988). The
peak parameters (relative size, widths, and positions) of the so-called
D and G bands (Fig. 6) are correlated with alteration processes that the
OM experienced. These processes could include amorphization, e.g.,
due to irradiation in space, thermal metamorphism experienced on
parent bodies and changes in the chemical composition (Busemann
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Fig. 6. Raman spectroscopic results from GSC-IDPs, meteorites, and Wild 2 (Stardust)
samples. (A) Organic matter (OM) in IDPs G4 and E1 is very disordered, showing very
primitive (=broad) Raman carbon D and G bands (Table 1). The IDP spectra are
compared with those from primitive (GRO 95577) and altered (Allende) chondritic
OM (Busemann et al., 2007) and Wild 2 OM (Sandford et al., 2006; Rotundi et al., 2008).
(B) Meteoritic OM produces a linear trend (dashed line) in the G band Raman
parameter plot (band widths I' vs. positions ®) that follows parent body thermal
metamorphism (Busemann et al., 2007). More metamorphosed samples plot to the
lower right, while meteorites that contain more primitive OM (e.g., CI, CM, and CR
chondrites) plot towards the upper left. Data points of many GSC- and other IDPs plot
further up the linear trend than the most primitive meteorites, implying extremely
primitive OM in these IDPs.

et al,, 2007). Generally, as the degree of disorder of the OM increases,
the D and G band widths get broader and the G band position moves
towards lower wavenumbers. Pure graphite shows solely a narrow G
band around 1582 cm™!. Detailed studies on IOM in primitive
meteorites show that the C Raman parameters can be used to assess
and compare the metamorphic degree of meteorites within the same
chemical class (Busemann et al., 2007).

Fig. 6A shows that the OM in the GSC-IDPs is disordered and
primitive, comparable to previous studies on IDPs (Quirico et al.,

2005), Wild 2 dust (Sandford et al., 2006; Rotundi et al., 2008), and
meteoritic insoluble OM (Busemann et al., 2007). In particular, the
related cluster IDPs E1 (3 fragments) and F1, and individual IDP G4 lie
in the upper left of the Raman G band parameter plot (Fig. 6B),
reflecting the presence of highly disordered C. We can exclude that
these primitive characteristics are due to amorphization of the C
during the SIMS analyses (Section 2.4). The slightly less primitive
Raman spectra of G2 and G3 are comparable to those observed in
many meteorite classes and are consistent with their less anomalous
bulk H isotopic compositions compared to E1 and G4.

C-XANES reveals that the OM in E1 associated with D and '°N
enrichments is not highly aromatic relative to macromolecular OM
found in meteorites (Cody and Alexander, 2005) and is relatively rich
in O-bearing functional groups, evident by the intense vinyl-ketone
and carboxyl peaks (Fig. 7A). Both observations combined suggest
that this OM is particularly pristine (Sandford et al., 2006; Cody et al.,
2008), in agreement with its high 6D and 6'°N values and extremely
disordered Raman signature.

3.4. Extreme D-rich hotspot in IDP E1

Large D enrichments relative to terrestrial H isotopic composition
have been found in many primitive IDPs, which most likely indicate
the preservation of non-homogenized presolar materials (Messenger
et al, 2003b). Generally, D hotspots are associated with poorly
ordered aliphatic carbon (Keller et al., 2004). Often, extremely fine-
grained minerals including silicates, sulfides and GEMS are embedded
in the D-rich organic matter. It is highly debated whether GEMS are
(Bradley et al., 1999; Keller et al., 2000) or are not (Keller and
Messenger, 2004, 2008) of presolar origin too.

Fig. 8A shows a Z-contrast scanning transmission electron image of
section E1-A, containing one of the most D-enriched regions in all IDPs
(6D ~21,000%,, 6'3C ~— 130%,, 6'°N ~600%.). Bright-field and HAADF
images show that the D-rich region contains a heterogeneous mixture
of material (Fig. 8B). The material in this area consists of low-Mg/Si
glass, typical for GEMS, crystalline silicates (Ca-bearing polycrystal-
line pyroxene and Mg silicates), and Fe-Ni metal and sulfides. This
fine-grained assemblage measures ~700 nmx 700 nm and shows
features that are commonly found in GEMS (Bradley, 2003). The
SAED pattern (Fig. 8E) from a large grain (Fig. 8C, white dashed circle)
reveals two sets of reflections showing that the grain is polycrystal-
line. The SAED pattern is consistent with monoclinic pyroxene. HAADF
and EDS data show that the grain is uniformly composed and contains
Mg, Ca, Fe, Na, Si and O.

Interestingly, the D-rich GEMS-like region also contains a small
(~90 nm) grain (Fig. 8C, black dashed circle, Fig. 8H) whose SAED
pattern (Fig. 6G) indexes to anthophyllite amphibole: EDS shows that
this grain contains Fe, Mg, Si and O. Measurement of its SAED pattern
indicates several candidate phases. Most contain structural water, e.g.,
chlorite and talc, and simulated SAED patterns provide reasonable
matches to the experimental data. Taking the chemical composition
into account, anthophyllite amphibole is the most reasonable
candidate phase. We attempted to acquire more SAED patterns in
different orientations in order to verify the identification of this grain,
but it was not amenable to additional zone-axis orientations.

XANES (Section 2.7) analysis of the GEMS-like glass in the D-rich
hotspot of section E1-A (uppermost spectrum, Fig. 7A) shows a strong
peak at 290 eV, which is the characteristic absorption energy for
carbonate bonding. The spatially correlated detection of minor Ca in
the TEM (EDS, Fig. S4) and carbonate by C-XANES implies Ca-bearing
carbonate. No large carbonate crystals were observed in the bright-
field TEM or HAADF images (Fig. 8B-C). High-resolution TEM (Fig. 8D)
imaging reveals discrete nano-crystals (~2 nm) and an SAED pattern
shows two diffuse rings (Fig. 8F), which is characteristic of fine-
grained material with short-range order. X-ray spectrum imaging
shows prominent peaks of Fe, Mg, and Ca in the region where the
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Fig. 7. XANES results of material in GSC-IDPs associated with interstellar organic matter. (A) C-XANES spectra revealed the presence of carbonate bonding by the intense peak at
~290.3 eV (line 4). The OM (red spectrum: D-rich region from section E1-A, Fig. 8, blue spectrum: >N-rich hotspot from section E1-B, Fig. 4, green spectrum: OM associated with
presolar olivine, Fig. 4) is only moderately aromatic and highly oxygenated, evident by the relatively weak absorption at 285 eV (line 1) and the relatively intense absorption at
~286.5 and 288.5 eV (lines 2 and 3), respectively. The intense peak at ~286.5 eV (line 2) most likely indicates vinyl-ketone moieties. (B) XANES Ca-edge absorption map of section
E1-B showing the localised distribution of Ca in hotspots measuring tens to hundreds of nm. The bright particularly Ca-rich spots are also rich in S (EDS, not shown). The scale bar is
500 nm. (C) C- and Ca-XANES spectra of selected regions of section E1-B (B) showing that some of the Ca is—as in section E1-A—associated with carbonate as indicated by the intense

absorption near 290.3 eV originating from the CO5 functional group (blue spectrum).

carbonates occur (Fig. S4) and Ca was also detected by Ca-XANES in
this region (Fig. 7). Similar patterns originating from particularly
small Mg-Fe carbonate (no Ca) have been found in Wild 2 material
from the Stardust collection (Mikouchi et al., 2007).

3.5. °N hotspot in IDP E1

In addition to the presolar olivine associated with a nano-globule
(Section 3.2), section E1-B (Fig. 4A) also contains a large N anomaly
(6'°N ~1300%., Fig. 1G) that is carried by organic matter. As discussed
in Section 3.3, the OM in this section is very pristine, similar to the OM
in E1-A, based on the C-XANES detection of functional groups that are
not highly aromatic but relatively rich in O. The >N-rich hotspot is
associated with a very fine-grained (nm to tens of nm) mixture of
amorphous and crystalline phases, including Mg-Si-O rich glass,
silicate crystals, C-rich material and Fe-Ni-sulfides, indicating that
this material did not experience any significant processing at elevated
temperatures after accretion. STXM data of the whole section show no
signs for hydrated silicates, which agrees with IDP E1 being
anhydrous. Ca-XANES (Fig. 7B) and EDS spectral imaging prove the

localised presence of Ca within the section. C-XANES analysis of the
I5N-rich material (Fig. 7A, C) yields the characteristic absorption peak
at ~290 eV showing that the OM contains carbonate—similar to the
nearby D-rich GEMS-like object.

4. Discussion
4.1. Origin and extremely primitive character of the GSC-IDPs

The isotopic compositions and disordered nature of the organic
matter, presolar-grain abundances and distribution, and textures of the
studied GSC-IDPs, especially the cluster fragment E1 and the individual
IDP G4 render them among the most primitive extraterrestrial materials
yet identified. While many primitive characteristics have been found
already in various IDPs (e.g., Keller et al., 2000; Messenger, 2000; Flynn
et al., 2003; Floss et al., 2004; Messenger et al., 2005; Floss et al., 2006)
the accumulation of all these properties within two IDPs lets us argue
that these are indeed “ultra-primitive”, standing out of the background
flux of pristine but otherwise relatively common IDPs. It also appears
that cluster IDPs are not necessarily more primitive than individual IDPs.
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Fig. 8. TEM data on section E1-A. (A) HAADF image showing the overall section with the
IDP sandwiched between Pt strap and Au foil. A presolar silicate near the right end of
the section (#8, Fig. 2A) was apparently completely consumed by the SIMS
measurement prior to FIB lift-out. (B) HAADF image of D hotspot (Fig. 1) indicated
by the dashed rectangle in (A) reveals the fine-grained character of this GEMS-like
aggregate. Magnesium silicate (mgs), pyroxene (px), Fe-Ni metal (fnm), Fe-Ni sulfide
(fns), and amphibole (amp) occur with glass and carbonate. (C) Bright-field image of
the same area as (B). (D) HRTEM image of the region enclosed by the black square in
(C), revealing ~4 nm wide nano-crystalline carbonate grains surrounded by amorphous
material. (E) SAED pattern acquired from the area enclosed by the white-dashed circle
in (C). Two sets of reflections occur in the pattern, indicating that the pyroxene grain is
polycrystalline. The primary set of reflections comes from the grain showing dark
diffraction contrast indicated by the black arrowhead in (C). The other set of reflections
(white arrowheads) originates from the material between the right-most edge of the
grain and the circle in (C) indicated by the white arrowhead. (F) SAED pattern acquired
from the area enclosed by the solid-white circle in (C). The pattern contains two diffuse
rings, consistent with nano-crystalline grains containing short-range order. Measure-
ments of the d-spacings (inset), are consistent with carbonate. (G) SAED pattern
acquired from the grain enclosed by the black-dashed circle in (C) indexed to amphibole.
(H) Bright-field image of the amphibole grain rotated ~90° clockwise relative to (C).

Moreover, the close similarity of E1 and G4 suggests that they have a
common origin despite being found on different parts of an IDP collector
that flew for 7.9 h through the stratosphere.

The observation of four 170O-depleted grains in a single ~5 um IDP
(G4) is particularly remarkable, given that such grains make up at
maximum ~5% of the meteoritic presolar grain inventory (Nittler
et al.,, 1997). A similar clustering has been seen in a 20 um x 20 pm
sized sub-region of an Antarctic micrometeorite, in which five of the
rare Group 4 grains were identified (Yada et al., 2008). However,
because the analyzed area of G4 is only ~70 um?, the presolar grain
abundance is much higher in this IDP. The presence of “clusters” of
two different presolar grain types, one being particularly rare, in E1
and G4 (Figs. 2 and 3), and also the close spatial association of the
presolar olivine with interstellar OM (Fig. 4A) suggest that these GSC-
IDPs sample reservoirs of presolar and primitive materials were less
homogenized in the early solar system than those that produced the
asteroidal parent bodies of meteorites. The GSC-IDPs may contain
small assemblages of relict interstellar material.

Other analyses of IDPs collected during the Earth's passage through
the Grigg-Skjellerup dust trail have revealed additional unusual
properties: (i) perhaps most important, noble gases that imply extra-
ordinarily short free transfer times after ejection (Palma et al., 2005), (ii)
a previously unknown manganese-silicide phase (“Brownleeite”,
Nakamura-Messenger et al., 2008), and (iii) the presence of an un-
known, isotopically “exotic” *He-rich and >’Ne-poor component (Palma
etal, 2005).

The culmination of exceptional observations on this subset of IDPs
from NASA collectors L2054, L2055, and U2121 coincide with their
specific collection history, leading us to infer that these particles may
indeed originate from comet Grigg-Skjellerup. The enhanced probabil-
ity for collecting fresh dust from this comet inferred by Messenger
(2002) is the only parameter that was different from the dust collection
in previous periods. Hence, the two most primitive IDPs likely sample—
as do the Stardust samples from comet Wild 2—a known JFC.

4.2. Molecular cloud organic matter

Mechanisms within the solar system that are capable of enriching
OM in D and "N to the extreme values found here in the GSC-IDPs
(Section 3.3) and in IDPs in general are unknown. This implies an
origin for the OM in the interstellar medium or, perhaps, outer reaches
of the protoplanetary disk, where low-temperature chemical reac-
tions are suggested to have produced such enrichments (Millar et al.,
1989; Messenger, 2000; Messenger et al., 2003b; Charnley and
Rodgers, 2008a,b). We favour an interstellar origin because the OM
was well mixed throughout the early solar system (Alexander et al., in
preparation, see also next paragraph). While enrichments in >N in
OM could, in principle, be of stellar nucleosynthetic origin, D is burnt
to 3He at the earliest stage of stellar evolution, causing the outflowing
material in later stages to be D-poor, which excludes that the D- and
15N-rich OM is of stellar origin.

Organic matter in the most primitive meteorites also shows
micron-scale heterogeneity (Busemann et al., 2006a) with D/H and
15N/14N values comparable to those observed here for the GSC-IDPs.
Hence, a similar assemblage of interstellar OM has apparently been
incorporated in the parent bodies of IDPs and meteorites, although
these planetary bodies were formed in distinct regions of the solar
system. This observation supports general turbulent radial mixing
scenarios suggested for the early solar system (as does the presence of
high-temperature materials in the outer solar system, as found in
Stardust, Brownlee et al., 2006), and particularly the inward transport
of material (e.g., Ciesla, 2009 and references therein). The interstellar
organic matter in primitive meteorites (Busemann et al., 2006a;
Alexander et al., 2007a) must have been stored, protected from high
temperatures, outside the meteorite-forming regions prior to accre-
tion into meteorite parent bodies. Temperatures necessary to anneal
most of the amorphous interstellar silicates in the inner solar system
(>1000 K, Alexander et al., 2007b) would have destroyed the organic
matter and equilibrated the D and '>N-rich hotspots.

4.3. Similarities and diversity among JFCs

Accepting the hypothesis that a fraction of the examined GSC-IDPs
are indeed from Grigg-Skjellerup (see Section 4.1, acknowledging that
this is not proven, but inferred based on extreme laboratory findings
coinciding with the collection history) allows us to compare three
distinctively examined JFCs: Grigg-Skjellerup, Wild 2 and Tempel 1,
which was spectroscopically analyzed during the Deep Impact ex-
periment (A'Hearn et al., 2005; Lisse et al., 2006). All three contain a
mixture of (i) matter that is expected in outer solar system bodies,
including pristine, amorphous carbon and volatile-rich matter, and
(ii) refractory minerals with high-temperature inner solar system
origin, such as olivines and Ca-rich minerals (Brownlee et al., 2006;
Ishii et al., 2008; Wooden, 2008). Moreover, and somewhat surprising,
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carbonates (and perhaps hydrated silicates, Rotundi et al., 2008)
appear to be present in all three (Lisse et al., 2006; Mikouchi et al.,
2007; Flynn et al., 2008).

Thus, our identification of carbonates and hydrated silicates
(e.g., the occurrence of amphibole, Section 3.4) in nominally anhy-
drous IDPs is unusual, but not unprecedented (e.g., Rietmeijer, 1990;
Nakamura et al., 2005; Flynn et al., 2008). A number of scenarios have
been proposed to explain their presence (e.g., Rietmeijer, 1985, 2002;
Wooden, 2008), not all of them requiring parent-body alteration by
liquid water. For example, both experiments (Toppani et al., 2005) and
astronomical observations (Kemper et al., 2002) support the possibil-
ity of direct condensation of carbonates.

The basic agreement in the components of the three comets is
remarkable, suggesting that JFCs may have generally sampled—at large
scales—a similar mixture of materials during their formation 4.56 Gyr
ago. We do, however, also observe differences in the two sample sets
available for laboratory analysis, where a more detailed examination
including isotopic considerations is possible. The as-yet analyzed Wild 2
dust is clearly less primitive than the GSC-IDPs: observed D enrichments
in Wild 2 samples reach only modest values (<D ~1000%., McKeegan
etal., 2006), presolar grains are rare (McKeegan et al., 2006; Stadermann
and Floss, 2008; Messenger et al, 2009), and Raman spectroscopy
(Sandford et al., 2006; Rotundi et al., 2008) indicates more thermal
processing of most of the organics in Wild 2 than in the GSC-IDPs. Yet,
distinct primitive features were—so far rarely—recognized in Wild 2 dust
too, such as a very labile organic component rich in N and O relative to C
and meteoritic OM (Sandford et al., 2006; Cody et al.,2008), OM enriched
in °N (Sandford et al., 2006), primordial noble gases (Marty et al., 2008),
and most recently, nano-globules (De Gregorio et al., 2009).

Thus, at least some Wild 2 dust was not significantly altered during
impact, but comparing both sets of JFC material is nevertheless complex
due to potential sampling bias. For example, it is possible that Wild 2
analyses have largely discriminated against the most primitive material.
Although much attention has been paid to “terminal particles” at the
end of the aerogel tracks, the “bulbous” upper-track regions (Brownlee
et al., 2006) may have formed by fragmentation on impact of more
fragile material, perhaps more similar to the fine-grained GSC-IDPs.
The average pre-impact density of the Wild 2 dust that caused the
bulbous track features in the Stardust aerogel collectors is debated. It
might have been as low as ~1 g/cm>. However, the comparison with
impact experiments suggests only a few low-density impactors and an
average density for Wild 2 particles of ~2.4 g/cm? in poorly consolidated
aggregates (Kearsley et al., 2009). Hence, some Wild 2 dust could be
more similar either to porous IDPs or to chondritic matrix, rather than to
the more refractory siliceous material from the inner solar system.
Abundant porous dust aggregates at the >10 wt.% level were inferred
for the periodic comet Halley coma (Lasue et al., 2009). Conversely, in
addition to selection bias during curation, IDPs may reflect a natural bias,
favouring the most primitive materials: “fluffy” low-density cometary
IDPs survive the deceleration in the upper most atmosphere best,
whereas denser particles experience more severe heating (Levasseur-
Regourd et al.,, 2006).

The conventional wisdom of a sharp distinction between pro-
cessed, high-temperature materials in the inner solar system and
unprocessed, primitive matter in the outer solar system was first
overturned by observations of crystalline silicates in comets (Campins
and Ryan, 1989; Wooden, 2008). Moreover, a number of evolutionary
mechanisms have been identified that could affect comets over the
history of the solar system (Stern, 2003). Observations from the Wild 2
samples (Ishii et al., 2008) argue further against this strict dichotomy,
indicating “asteroid-like” material in comet dust. In addition, the
cometary dust described herein also contains assemblages of un-
equalled, largely unprocessed interstellar material. Therefore, it
appears that JFCs are extremely heterogeneous at a (sub-) microm-
eter-scale, while at a cometary scale the observations show similar
major components in various JFCs. It is important to note here that—

owing to the limited sample sets available (e.g., ~1 mg comet Wild 2
dust and orders of magnitude less from all IDPs combined)—the
possibility for heterogeneity within each comet nucleus, maybe at an
intermediate scale, cannot be excluded.

Further macroscopic differences between JFCs have been observed,
such as depletions in carbon-chain molecules among JFCs, including Wild
2 (A'Hearn et al,, 1995), compositional differences of the ices, indicating
formation in distinct heliocentric distances (DiSanti and Mumma, 2008),
and dust mass distributions (Green et al., 2004). These observations are
consistent with incomplete large-scale mixing of matter in the early outer
solar system that formed the icy objects in the Edgeworth-Kuiper-belt or
scattered disk, or, maybe, with the provenance of some JFCs in the Oort
cloud (A'Hearn et al., 1995; DiSanti and Mumma, 2008). It will be essential
to analyze remnants of the most fragile components of Wild 2 dust
trapped in the uppermost regions of the Stardust tracks, and the most
refractory available fragments of Grigg—Skjellerup dust at the micrometer-
scale in the laboratory to fully assess the true primordial diversity of JFCs.

4.4. Comparisons with cometary dust from Halley

The JFC dust can also be compared with results obtained from short-
period (75.3 yr) comet 1P/Halley dust, examined onboard the Giotto
and Vega 1 and 2 spacecrafts (e.g., Kissel et al.,, 1986a,b; Fomenkova,
et al., 1992; Jessberger, 1999). Halley is not a JFC, but most likely
deflected from a long-period orbit and originated in the Oort cloud (e.g.,
DiSanti and Mumma, 2008) or, perhaps, in the scattered (Kuiper) disk
(Levison et al., 2006). The Giotto and Vega observations were the first
that allowed in-situ examinations of cometary dust from a known
source. These observations show that the similarities and differences
found here for three JFCs might be extended to all outer solar system
reservoirs of cometary matter: (i) generally, the components of the IDPs
cover the range between endmember components found in Halley dust;
the widespread refractory organic material, rich in H, C, N and O
(“CHON?”, Jessberger, 1999, and references therein), and grains made
mainly of rock-forming elements such as Mg, Si and Fe (Fomenkova et
al., 1992). The average CHON composition (C;goHgoN4020S,, Kissel and
Krueger, 1987) closely matches the nominal composition of meteoritic
insoluble organic matter (Alexander et al., 2007a). (ii) The “rocky”
material is coated with the organic component, as observed also for IDPs
(Kissel and Krueger, 1987, Jessberger, 1999). (iii) CHON and the rocky
component are fluffy and of low density, similar to IDPs (e.g., Kissel and
Krueger, 1987). (iv) The rocky material contains metals, Mg-rich
silicates and sulfides, thus resembling the primary mineralogy found
in IDPs and Wild 2 samples (Schulze et al., 1997; Jessberger, 1999).
(v) Mg-rich dust analyzed onboard the VEGA spacecraft may include
carbonates (Fomenkova et al., 1992).

All these observations are similar to those for JFC dust, suggesting
that the same mixture of primitive matter has been incorporated into
cometary objects of different origin. However, as with the differences
found among JFCs, some observations on Halley dust support the idea of
heterogeneity, either between comets, or simply within each comet at
the examined micrometer scale: carbon in the Halley dust appears to be
generally isotopically light with ratios approaching 2C/'>C ~5000 and
refractory, CAl-type material has not been detected (Jessberger, 1999
and references therein). In contrast, the range of C isotopic compositions
measured in organic matter in both the GSC-IDPs and in Wild 2 dust is
relatively small (typically 4+ 10% around terrestrial values).

5. Conclusions

1. Two of the anhydrous chondritic porous interplanetary dust par-
ticles analyzed here from NASA collector L2054 flown through the
dust stream of comet Grigg-Skjellerup contain some of the most
primitive materials analyzed as yet in the laboratory.

2. The organic matter shows among the largest enrichments in D and
5N of all IDPs proving the presence of extremely pristine organic
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matter, most likely originating in the Sun's progenitor molecular
cloud. Raman spectroscopy reveals particularly disordered carbon,
indicating that the IDPs did not experience any significant thermal
alteration. Presolar-grain abundances are extremely high. One IDP
carries four '7O-depleted grains of the particularly rare Group 3,
possibly originating from supernovae (Nittler et al., 2008).

3. TEM shows that one of the presolar Group 1 red giant star grains
is a Ca-bearing Mg-rich olivine. This grain is closely associated
with an organic nano-globule of most likely interstellar origin
(Nakamura-Messenger et al., 2006).

4. These observations indicate that the IDPs contain significant amounts
(at the percent level) of interstellar assemblages that survived ac-
cretion and evolution of the solar system. This supports the sug-
gestion (Bradley, 2003) that the most primitive anhydrous IDPs may
originate from comets, where protoplanetary cloud material will
survive best (Charnley and Rodgers, 2008a).

5. The particularly primitive character of these IDPs collected during April
2003 coincides with the prediction (Messenger, 2002) of an enhanced
flux of dust particles originating from comet 26P/Grigg-Skjellerup
during this period. This leads us to suggest that dust from this Jupiter-
family comet (JFC) is indeed among the IDPs from collector L2054. This
allows a comparison with JFCs 81P/Wild 2 and 9P/Tempel 1.

6. The presence of carbonate and amphibole in nominally anhydrous
IDPs agrees with observations of carbonates in comet Wild 2 dust
(Mikouchi et al., 2007) and comet Tempel 1 (Lisse et al., 2006). This
emphasizes the possibility of widespread formation of these
minerals without the presence of liquid water in protoplanetary
environments (Kemper et al., 2002; Toppani et al., 2005).

7. Differences (Ishii et al., 2008) observed between cometary samples
so far available in the laboratory, i.e., IDPs and Wild 2 Stardust, might
largely be explainable by alteration during collection in aerogel,
(curational) sampling bias, and natural selection during atmospheric
entry.

8. The organic matter in IDPs and the most primitive meteorites
(Busemann et al., 2006a) are very similar, implying large radial
mixing including significant inward transport (e.g., Ciesla, 2009).

9. The study of a large number of IDPs collected in dedicated campaigns
during enhanced cometary dust flux activity might provide an
inexpensive additional path to detect cometary material from specific
comets in order to better understand their properties and origins.
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