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The bulk of the comet 81P/Wild 2 (hereafter Wild 2) samples returned to Earth by the Stardust
spacecraft appear to be weakly constructed mixtures of nanometer-scale grains, with occasional
much larger (over 1 micrometer) ferromagnesian silicates, Fe-Ni sulfides, Fe-Ni metal, and
accessory phases. The very wide range of olivine and low-Ca pyroxene compositions in comet Wild
2 requires a wide range of formation conditions, probably reflecting very different formation
locations in the protoplanetary disk. The restricted compositional ranges of Fe-Ni sulfides, the wide
range for silicates, and the absence of hydrous phases indicate that comet Wild 2 experienced little

or no aqueous alteration. Less abundant Wild 2 materials include a refractory particle, whose
presence appears to require radial transport in the early protoplanetary disk.

he nature of cometary solids is of fun-
I damental importance to our understanding
of the early solar nebula and protoplanetary
history. Until now, we have had to study comets
from afar using spectroscopy or settle for analyses
of interplanetary dust particles (IDPs) of uncertain
provenance. We report here mineralogical and
petrographic analyses of particles derived directly
from comet 81P/Wild 2.
All of the Wild 2 particles we have thus far
examined have been modified in various ways by the
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capture process, in which cometary particles punched
into the silica aerogel capture media, making various
types of tracks and disaggregating into grains
distributed along the tracks. All particles that may
have been loose aggregates (“traveling sand piles”)
disaggregated into individual components, with the
larger, denser components penetrating more deeply
into the aerogel, making thin tracks with terminal
grains (fig. S1). Individual grains experienced heating
effects that produced results ranging from excellent
grain preservation to melting (Fig. 1); such behavior

was expected (/-3). What is remarkable is the
extreme variability of these modifications and the
fact that unmodified and severely modified materials
can be found within 1 pm of each other, requiring
tremendous local temperature gradients. Fortunately,
we have an internal gauge of impact collection
heating. Fe-Ni sulfides are ubiquitous in the Wild 2
samples and are very sensitive indicators of heating,
and accurate chemical analyses can reveal which
have lost S and which have not (and are therefore
stoichiometric) (Fig. 2). Our surveys show that
crystalline grains are found along the entire lengths
of tracks, not just at track termini (fig. S1).

There appears to be very limited contamination
from the spacecraft in the aerogel. Potential
problems with secondary impacts (cometary grains
striking the spacecraft, ricocheting, and splashing
onto the aerogel) failed to materialize (4).

We have harvested samples from 52 tracks and
have obtained a substantial understanding of the
mineralogy of 26 of these. These tracks were
chosen at random from those of average length.
Analyses have also been performed on impact
residues in seven aluminum foil craters >50 pum in
diameter and on over 200 craters <5 um in diameter
(9). Crystalline materials are abundant in comet
Wild 2 and many are coarse-grained relative to the
submicrometer scales characteristic of many anhy-
drous IDPs and interstellar dust populations (6). Of
the best-studied 26 tracks, 8 are dominated by
olivine [(Mg,Fe),Si04] grains (tracks 1, 22, 26,
43,57, 68, 71, and 77); 7 by low-Ca pyroxene
[(Mg,Fe)SiOs] (tracks 17, 20, 24, 27, 32, 41, and
69); 3 by a fairly equal amount of olivine and
pyroxene (tracks 5, 10, and 35); and the remaining
8 by other minerals, mainly Fe-Ni sulfides. One of
the latter tracks contains predominantly refractory
minerals, one contains Na-silicate minerals, and five
(tracks 36, 38,42, 52, and 59) are dominated by ~5-
um-sized sulfide grains. These results suggest that
crystalline materials are abundant in Wild 2.

In the seven large craters in aluminum foil that
we examined, one contains only remnants of
stoichiometric olivine, three are dominated by Mg-
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silicates and sulfide, and two contain a mixture of
mafic silicates and Na- and Ca-rich silicates. The
last complex impact feature has overlapped bowl-
shaped depressions containing residues with a
heterogeneous collection of stoichiometric com-
positions, suggesting impact by an aggregate of
micrometer-scale grains of Ca-rich clinopyroxene,
Mg-rich pyroxene (probably enstatite), and a mix-
ture of Fe-Ni sulfides, as well as grains composed
of finely mixed silicate and sulfide. Just over half
of the residue-bearing very small craters we exam-
ined contain mixtures of silicate and sulfur-bearing
residue, whereas the others are mainly monomin-
eralic olivine, pyroxene, and Fe-Ni sulfides, with
occasional preservation of crystalline material.
Olivine, one of the most abundant minerals in
the solar system (7-9), is present in the majority of
Wild 2 particles. Its observed grain sizes range from
submicrometer to over 10 um. Wild 2 olivine has an
extremely wide compositional range, from Fo, to
Foy0 [“Fo” being the 100 x molar Mg/(Mg+Fe) ra-
tio for olivine, just as “En” is the same ratio for low-
Ca pyroxenes] (Fig. 3), with a pronounced frequency
peak at Fogo. Although it is possible that collection
effects have biased surviving olivines to the most
refractory, Mg-rich compositions, the abundance of
Fe-rich olivine among the Wild 2 samples suggests
that this effect has been minor. One olivine crystal in
track 22 was found to display dramatic reverse
chemical zoning, from the Fo core to the Fog, rim.
It is clear that these grains were not equilibrated
during capture, because we would then observe a
greatly reduced compositional range and a peak at a
high Fe (low Fo value) concentration (/, 2, 10, 11).
Wild 2 olivines include varieties with very ele-
vated MnO, Al,O;, and Cr,O; contents, up to 6.45,
0.71, and 1.46 weight %, respectively. About 25%
of these Mn- and Cr-rich olivines contain <<1%
FeO. Olivines with enrichments in these elements
have been reported in carbonaceous chondrites,

micrometeorites, and chondritic IDPs, though they
are very rare (/2—/6). The compositions of the Mn-
and Cr-rich olivines in the Wild 2 samples are
similar to those in IDPs, carbonaceous chondrites,
and unequilibrated ordinary chondrites (fig. S2).
Many Wild 2 olivines contain inclusions of other
phases, notably Fe-Cr-Ti oxides (including chro-
mite), but thus far, melt inclusions have not been
observed within any silicates. Olivine with low Fe
and elevated Mn has been proposed to form from
condensation in the protosolar nebula (12).

Wild 2 olivine-dominated grains are commonly
polycrystalline, with some interstitial glass, which
could be indigenous cometary glass. One fragment
from the wall of the 1-cm-long track 35 was

Fig. 1. Bright-field TEM
images of Wild 2 grains.
(A) View of the compressed
and vesicular melted aero-
gel surrounding grains
and lining track walls.
Dark gray and black ob-
jects are admixed silicates,
Fe-Ni metal, and Fe-Ni
sulfides. (B) Captured Wild
2 grain composed pre-
dominantly of forsterite
and Fe-sulfides, mantled
by compressed-to-melted
aerogel. (C) Glassy body
from Wild 2 track 10, re-
sembling a GEM; rounded
dark inclusions are pre-
dominantly Fe-Ni metal,
Fe-Ni sulfides, and ferro-
magnesian silicates. (D)
GEM from an anhydrous
chondritic IDP; rounded
dark inclusions are pre-

investigated by microtomography (/7) and found
to have a microporphyritic texture with olivine crys-
tals (~Fogp) set within lower-density fine-grained
material, probably glass. From the manner in which
the enclosing aerogel wraps around this particular
grain without intruding into it, the glass appears to
be indigenous. This fragment has an obvious
igneous origin and resembles a microporphyritic
chondrule. A terminal grain from track 26 consists
of an intergrowth of fayalite (Fo,) and tridymite,
another texture observed in some chondrules.

Both low- and high-Ca pyroxenes are present
among the Wild 2 grains, with the former being
dominant. In some cases, synchrotron x-ray diffrac-
tion (SXRD) or selected-area electron diffraction

dominantly Fe-Ni metal, Fe-Ni sulfides, and ferromagnesian silicates.

Astromaterials Research and Exploration Science, NASA
Johnson Space Center, Houston, TX 77058, USA. Naval
Research Laboratory, Code 6360, 4555 Overlook Avenue SW,
Washington, DC 20375, USA. 3JAXA-ISAS, 3-1-1 Yoshinodai,
Sagamihara, Kanagawa 229-8510, Japan. *National Synchro-
tron Light Source, Brookhaven National Laboratory, Upton, NY
11973, USA. >Space Sciences Laboratory, University of Califor-
nia, 7 Gauss Way, Berkeley, CA 94720~7450, USA. ®Depart-
ment of Physical Sciences, Kingsborough Community College
(CUNY), Brooklyn, NY 11235, USA. "Institut fiir Planetologie,
Westfdlische Wilhelms-Universitdt Munster, Wilhelm-Klemm-
Strasse 10, 48149 Minster, Germany. 8Jacobs Sverdrup,
Engineering Science Contract Group, Houston, TX 77058,
USA. “Department of Geological Sciences, 206 Natural Science
Building, Michigan State University, East Lansing, MI 48824—
1115, USA. °Department of Earth and Space Science, Osaka
University, 1-1 Machikaneyama-cho, Toyonaka 560-0043,
Japan. MJet Propulsion Laboratory, M/S 183-501, 4800 Oak
Grove Drive, Pasadena, CA 91109, USA. “nstitute for
Geophysics and Planetary Physics, Lawrence Livermore National
Laboratory, Livermore, CA 94550, USA. “*Centre de Spectrom-
etrie Nucleaire et de Spectrometrie de Masse, Batiment 104,
91405 Orsay Campus, France. ““Department of Earth and
Planetary Sciences, Faculty of Science, Kobe University, Nada,
Kobe 657-8501, Japan. “*European Synchrotron Radiation
Facility, Boite Postale 220, 38043 Grenoble, France. **Depart-

ment of Physics, Washington University, St. Louis, MO 63130,
USA. YDepartment of Geophysical Sciences, The University of
Chicago, 5734 South Ellis Avenue, Chicago, IL 60637, USA.
"8 aboratoire de Sciences de la Terre, Ecole Normale Superieure
de Lyon, 46, Allee d'ltalie, 69007 Lyon, France. *’Engineering
Science Contract/Barrios Technology, ARES/JSC, Houston, TX
77258-8447, USA. “’Museum National d'Histoire Naturelle,
Laboratoire d'Etude de la Matiere Extraterrestre, USM 0205
(LEME), Case Postale 52, 57 Rue Cuvier, 75005 Paris, France.
Zpepartment of Earth and Planetary Sciences, University of
New Mexico, MSC 03-2040, Albuquerque, NM 87131-0001,
USA. **Savannah River Ecology Lab, Aiken, SC 29801, USA.
ZScience Division, Jet Propulsion Laboratory, M/S 183-335,
4800 Oak Grove Drive, Pasadena, CA 91109, USA. **Institute
of Materials Structure Science, Tsukuba-shi, Ibaraki-ken 305,
Japan. Z*Department of Earth and Planetary Sciences, Faculty
of Sciences, Kyushu University, Hakozaki, Fukuoka 812-8581,
Japan. *®Department of Earth and Planetary Science, University
of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
"Department of Astronomy, University of Washington, Seattle,
WA 98195, USA. *®Advanced Light Source, Lawrence Berkeley
National Laboratory, 1 Cyclotron Road, MS 2R2100, Berkeley,
CA 94720, USA. “Laboratoire de Structure et Propriétés de
|'Etat Solide, Batiment Cé, Université des Sciences et
Technologies de Lille, 59655 Villeneuve d'Ascq, France.
30Consortium for Advanced Radiation Sources, The University

of Chicago, Chicago, IL 60637, USA. *!Institute of Geosciences,
Friedrich-Schiller-University Jena, Burgweg 11, D-07749 Jena,
Germany. >?Hawaii Institute of Geophysics and Planetology,
University of Hawati, Honolulu, HI 96822, USA. **Impact and
Astromaterials Research Centre, Department of Mineralogy,
Natural History Museum, Cromwell Road, London, SW7 5BD,
UK. **Department of Geology, Case Western Reserve University,
Cleveland, OH 44106, USA. **Graduate School of Life Science,
University of Hyogo, Koto 3-2-1, Kamigori, Ako-gun, Hyogo
678-1297, Japan. *Enrico Fermi Institute, The University of
Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA.
37U.S. Geological Survey, 954 National Center, Reston, VA
20192, USA. *%impact and Astromaterials Research Centre,
Department of Earth Sciences and Engineering, Imperial College
of Science Technology and Medicine, Prince Consort Road,
London, SW7 2AZ, UK. *Department of Physics, State University
of New York, Plattsburgh, NY 12901, USA. 40Depar‘[ment of
Earth and Planetary Sciences, American Museum of Natural
History, Central Park West at 79th Street, New York, NY 10024,
USA. “Lockheed Martin Astronautics, Denver, CO 80201, USA.
“’Planetary and Space Sciences Research Institute, Open
University, Milton Keynes, MK7 6AA, UK. **Stanford Linear
Accelerator Center, Menlo Park, CA 94025, USA.

*To whom correspondence should be addressed. E-mail:
michael.e.zolensky@nasa.gov

15 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on September 10, 2011


http://www.sciencemag.org/

(SAED) patterns reveal low-Ca pyroxenes to be
orthoenstatite, requiring slow cooling (/8), but in the
majority of cases we have only energy-dispersive
x-ray analyses and are not certain whether we
have ortho- or clinopyroxene. The compositional
range displayed by the low-Ca pyroxene is also very
extensive, from Ens, to Enjgo, with a significant
frequency peak centered at Engs (Fig. 3). Low-Ca
pyroxene usually coexists with olivine, but the
Mg/Fe ratios for coexisting phases are not always
similar. Track 17 contains olivine in the range Foss 4o,
whereas associated low-Ca pyroxene is Ens, 6.
Flash heating during sample collection may ac-
count for this disparity, because olivine equilibrates
faster than orthopyroxene under identical circum-
stances (/9). Diopside occurs in several grains,
usually in association with low-Ca pyroxene. A

< Track 2, Grain 1
¢ Track 2, Grain 2
o Track 10
o Track 35
+ Track 44
A Track 59

/| CometWild2 ' | Anhydrous IDPs |/|

Pyrrhotite
Troilite —3’\
4

ok
Pentlandite

Fe Fe'

Ti-, Al-rich diopside is abundant within the calcium-,
aluminum-rich inclusion (CAI)-like particle.
Sulfides are the only mineral group found in all
extraterrestrial materials. Fe-Ni sulfides are also
ubiquitous in the Wild 2 grains, grading from sulfides
apparently melted and mixed with Fe-Ni metal, all the
way to apparently unmodified FeS and pentlandite
[(FeNi)oSs] grains (fig. S3). Several tracks (such as
track 59) have FeS- or pentlandite-dominated ter-
minal grains. In this paper, we collectively refer to
troilite (stoichiometric FeS) and pyrrhotite (Fe, ,S) as
FeS because the exact stoichiometry and structure are
unknown in most instances. A plot of analyses of
Wild 2 Fe-Ni sulfides (Fig. 2) shows that many have
compositions close to that of FeS, with less than 2
atom % Ni. Only two pentlandite grains have been
found. The complete lack of compositions in between

o 2
s,
entiandi

Ni

Fig. 2. Composition ranges of Fe-Ni sulfides from six grains from five Wild 2 particle tracks. Grains
from track walls as well as track termini were analyzed. Most Wild 2 sulfides are probably a mixture of
troilite and pyrrhotite, and two grains of pentlandite are present. Many sulfides plot with non-
stoichiometric, low-S compositions reflecting capture heating. The corresponding composition ranges
for hydrous and anhydrous chondritic IDPs (21) are also shown. Anhydrous chondritic IDPs contain only
troilite and pyrrhotite, whereas the hydrous chondritic IDPs also have equally abundant Ni-rich sulfides,
including pentlandite. With the exception of the two identified pentlandite crystals, the Wild 2 grains
have the same Fe-Ni sulfide composition range as the anhydrous chondritic IDPs.

Fig. 3. Composition
ranges of low-Ca pyrox-

-=—Anhydrous Chondnitic IDPs -
-«+— Hydrous C IDPs—=

ene (En) and olivine (Fo) g
in grains from nine Wild 5
2 particles (tracks). Grains 2 Track 10
from track walls as well as 2 ' Track 17
track termini were ana- 5, e ™ g ..as- 0 75 10 .5.5 0 55 50 [fraek2D
lyzed, but predominantly En B
the latter. The correspond- Track 26
ing composition ranges Pyroxene Track 32
for hydrous and anhy- Track 41
drous chondritic IDPs are <«—Anhydrous Chondritic IDPs =  Track 44
also shown (34). The —«— Hydrous C IDPs—
Wild 2 grains have the
same olivine and low-Ca £
pyroxene composition E
ranges as the anhydrous é J

om = O | ‘ m o

chondritic IDPs, although

. 100 85 9 8 80 75 70 65 60 55 50 10 5 0
the presence of mixed
hydrous and anhydrous Fo
materials is compatible Olivine

with these data.
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these (intermediate solid solution compositions)
suggests (but does not require) that FeS and pent-
landite condensed as crystalline species [that is, did
not condense as amorphous phases, which later
became annealed (20)]. The remaining Fe-Ni sulfides
(approximately half) have compositions that reflect
progressive loss of S, because they trend from FeS
directly toward the Fe apex. SAED patterns of these
S-depleted phases show the presence of two different
lattices: strong maxima for a Fe-Ni sulfide phase and
amuch finer pattern consistent with a metal phase, but
which could be an oxide. Loss of S from Fe-Ni
sulfides is almost certainly a result of capture heating
and could be used to gauge the degree of capture
modification of the enclosing Wild 2 grains. The two
verified pentlandite crystals in only two Wild 2 tracks
are intriguing because this phase is frequently an
indicator of low-temperature metamorphism under
oxidizing conditions and/or of aqueous alteration (27).

A Cu-Fe sulfide, probably cubanite (CuFe,S5), is
present within terminal grains in at least two tracks
(tracks 22 and 26). Cubanite is occasionally encount-
ered in extraterrestrial materials, most commonly in
carbonaceous chondrites. (Fe,Zn)S was found within
a terminal grain from track 22. If it can be established
that this phase is in equilibrium with FeS and metal,
it may be appropriate to apply the sphalerite cos-
mobarometer to this particular particle (22).

Fe-Ni metal is present as nanoscale beads in
significant quantities in most tracks, partly as a
product of capture heating of Fe-Ni sulfides, but the
high abundance of Ni in these shows that some of
this metal is intrinsic to the comet particles. In
addition, tracks 38 and 43 have ~5-um-sized Fe-Ni
metal terminal grains (Ni/Fe ~ 0.03), which appear to
be indigenous cometary phases.

Some Wild 2 grains contain alkali-rich mineral
assemblages, including phases in tracks 3 and 16
with compositions corresponding to K-feldspar
(SAED pattems suggest a feldspar-like structure,
but the exact phase is not known) and what appears
to be eifelite [I(Naz(MgNa)MggsimOy)] (ﬁ"aCk 56)
Eifelite is in the osumilite mineral group, whose
members have been reported in iron meteorites, as
well as enstatite and ordinary chondrites (23), where
they formed from a combination of igneous and
metasomatic processes. In addition, alkali-rich silicate
material is present in some of the larger craters in
aluminum foil, but it has not been well characterized.

Transmission electron microscope (TEM) ob-
servations of some tracks revealed the presence of
carbonaceous phases. In the terminal grain from
tracks 10, 13, 27, 41, 57, and 58, there are
submicrometer-sized subgrains of poorly crystalline
carbon. Some of these are attached to Fe-Ni
sulfides, suggesting a genetic relationship.

No evidence of phyllosilicates or indigenous
carbonate has been seen in any Wild 2 samples.
Despite the fact that substantial heating and structural
modification accompanied the collection of many
grains in the aerogel, we would have seen char-
acteristic compositions, grain morphologies, and
lattice fringes of phyllosilicates or carbonates had they
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been present (2, 3, 24). Serpentine and Ca carbonates
of the same sizes as in IDPs have been successfully
captured in silica acrogel even at velocities 1 km/s
higher than those experienced at Wild 2, in both
laboratory simulations and actual IDP collection in
Earth orbit aboard the Mir space station. In instances
where phyllosilicates have been dehydrated, rendered
amorphous, or recrystallized during capture in silica
aerogel, characteristic grain morphologies and basal
lattice spacings are formed, which signal the original
mineralogy (2, 24). Thus, the lack of these phases
among the ~50 Wild 2 grains we have so far well
characterized suggests that they could not have com-
posed more than a few percent of the more coarse-
grained fraction of captured Wild 2 samples.

Along most tracks are found abundant rounded,
glassy silicate bodies containing submicrometer-
sized beads of silicates, Fe-Ni sulfides, and Fe-Ni
metal (Fig. 1, C and D). In some respects these
bodies are similar to the bits of glass with embedded
metal and sulfides (GEMS) common to most
anhydrous chondritic IDPs (6), as well as one pecu-
liar clast in the unequilibrated carbonaceous chondrite
Ninggiang (25). It has been proposed that GEMS are
among the most primitive of solar system materials,
possibly recording the radiation environment of the
early Sun or of a presolar environment (6).

The GEMS-like bodies in the tracks often stand
out texturally from the typical and dominating acrogel
capture medium in terms of composition, structure,

Table 1. Quantitative energy-dispersive x-ray spectral analyses (atomic %) of two GEMS-like
objects embedded in the aerogel of track 35 (GEMS 1 and 2) compared with actual GEMS in a

chondritic IDP and Cl chondrite (Cl) abundances.

Element GEMS-Llike 1 GEMS-like 2 GEMs in IDPs a
(atom %) (60 nm in diameter) (100 nm in diameter) 6) (39, 40)

0 64.95 65.8 65.7 75.3 61.9 56.2 49.7
Mg 6.3 3.5 4.6 1.2 2.9 22.3 10.3
Si 26.4 28.4 26.0 19.1 16.9 13.3 11.5
S 1.75 1.65 2.7 1.2 6.1 3.2 5.7
Ca 0.1 0.1 0.15 Nd 0.15 nd 0.3
Cr trace trace trace 0.2 0.3 0.1 0.3
Mn 0.1 0.1 0.15 0.1 nd nd 0.2
Fe 0.3 0.2 0.5 2.2 11.1 4.2 20.0
Ni 0.1 0.1 0.2 0.4 nd 0.1 1.1
Al nd nd nd 0.5 0.8 0.6 0.9
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Fe Sulﬂdesk,’
in Glass ‘-\_\

D2

compressed
aerogel

Vezadmum-L, , edges
In |
z . A My f
L B W e
LAl L L
kel Y M"-r'r .
0
400 450 ey 500

Fig. 4. The CAl-like grain from track 25. (A) Backscattered electron (BSE) image of the CAl-like grain
from track 25, showing the gray shell of compressed-to-melted aerogel at lower left. (B) High-angle
annular dark-field TEM image of two oshornite grains (arrows) within spinel. (C) EELS spectrum of an
oshornite grain showing peaks for N, Ti, and V; scales represent intensity (In) and energy (in electron
volts). (D) EELS element maps of an orbornite grain: BSE, N, Ti, and V. Scale bar, 40 nm.

and morphology. A composition comparison with
true GEMS (Table 1) shows similarities but also
important differences. For example, compared to the
GEMS, the glassy bodies in the tracks have low Fe as
compared to Mg and S (Table 1). Additionally, there
exists a textural difference between GEMS and the
Stardust glassy bodies. In GEMS, the inclusions are
scattered about randomly and grade from nanometer-
to submicrometer-sized objects (6). The glassy bodies
in the aerogel tracks have coarser-grained inclusions
and a tendency for these to be arranged in nonrandom
patterns.  Also, there are sometimes no distinct
boundaries between the GEMS-like objects and the
embedding aerogel. In addition, some of the metal
grains in the Stardust glassy bodies have S-rich rims,
which are not observed in GEMS. Because <5% of
GEMS have isotopic compositions very different
from terrestrial values (26), we have not been able to
determine which, if any, of the glass bodies in the
aerogel collectors are cometary “GEMS” and which
might be formed as a result of the melting and inter-
mingling of fine-grained cometary matter with aero-
gel during the capture process.

One Wild 2 sample (track 25) has received
special attention (Fig. 4) because it consists of very
refractory minerals, including anorthite; a Ca-, Al-,
Ti-rich clinopyroxene; gehlenite; spinel; corundumy;
FeS; V-bearing osbomite [(Ti,V)N]; and a phase that
is probably perovskite. The osbornite occurs as sub—
100-nm-sized grains within spinel, and its identifi-
cation was carefully established by a combination of
electron energy-loss spectroscopy (EELS) and SAED
work; it may be associated with titanium oxide. The
largest terminal grain from track 25 is '*O-rich (27).

Track 25 yielded a terminal particle and at least
four major subparticles, which have been charac-
terized. These particles exhibit some similarities to
and differences from the CAls found in carbona-
ceous chondrites; in particular, they have mineralo-
gies similar to CAls in CV3 and CM2 chondrites (5)
(CV3 and CM2 are among the most abundant types
of carbonaceous chondrites), an important finding
because the inclusions are known to be among the
most primitive solar system objects (based on their
mineralogy, reduced oxidation state, enrichments in
refractory trace elements, isotopes, etc.).

The minerals within the Wild 2 CAl-like par-
ticle, especially the osbomite, require rather high
temperatures for formation, possibly higher than
2000 K, depending on oxygen fugacity (28). Ac-
cording to equilibrium thermodynamic calculations,
osbomite + spinel + Ca-rich clinopyroxene is a sta-
ble condensate assemblage in systems that are other-
wise solar in composition only if their atomic C/O
ratio lies between ~0.79 and ~0.97, which is well
above the solar value of 0.5. The presence of a CAI-
like particle in comet Wild 2 appears to require large-
scale radial transport in the protoplanetary disk
(29, 30). Although the anorthite in this particle is too
small for a meaningful search for evidence of 26Al, this
may prove possible in some refractory Wild 2 grains.

The recovered Wild 2 samples are mixtures of
crystalline and amorphous materials. Analytical
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electron microscopy (AEM) analysis of grains from
the upper, often bulb-shaped, portions of tracks
shows that they typically have widely varying
compositions, sometimes similar to chondrites for
most elements except Si, even in severely heated and
melted regions (Table 1) (37). The crystalline grains
observed among the upper portions of individual
tracks are almost always submicrometer in grain
size. These observations suggest that the materials
captured in the upper portions of the tracks are, in
general, much finer-grained than the material at the
end of the slender, so-called stylus tracks that almost
always project from the bulb-like upper tracks (fig.
S1). AEM of very small craters on the aluminum foil
also reveals crystalline olivine, pyroxene, and
sulfides derived from separate submicrometer com-
ponents within micrometer-sized particles. Synchro-
tron x-ray fluorescence (SXRF) analyses (37)
suggest that 65 to 90% of the collected grains’ mass
is found in the upper portions of tracks, and only 10
to 35% is represented by the track termini grains.
Our emerging model of the structure of the captured
grains is that many were predominantly very fine-
grained (submicrometer-sized) loosely bound aggre-
gates with a bulk chondritic composition, most also
containing much larger individual crystals (most
commonly) of olivine, pyroxene, and Fe-Ni sulfides.
Out of the ~70 tracks we have carefully photo-
documented, only 2 appear to have no visible
terminal grains, which indicates that practically all
collected cometary particles contained some of these
larger grains, which therefore probably served to
nucleate the cometary particles. This view is
supported by some of the larger crater morphologies
observed on the Stardust Al foils, which have a
multilobe appearance rather than being simple
hemispherical craters (fig. SS5) and can contain
diverse subgrain compositions. This physical struc-
ture is consistent with several chondritic materials,
most notably chondritic IDPs (/3). In general, the
captured Wild 2 grains are much finer-grained than
the bulk of meteoritic matrix materials or IDPs.
Considering first the ferromagnesian mineral—
dominated Wild 2 grains, the olivine and pyroxene
crystals have the same range of Mg, Fe, Mn, and Cr
compositions as those in anhydrous chondritic IDPs
[with the exception of a single Fo, terminal grain
(Fig. 3)] and are very similar to those in type 2 and
some type 3 carbonaceous chondrites. The lack of
hydrous phases among the Wild 2 samples pre-
cludes a common origin with type 1 or 2 chondrites.
The type 3 carbonaceous chondrites (including
primitive chondrites Acfer 094 and ALHA 77307)
(32, 33) and hydrous chondritic IDPs generally
have narrower or somewhat equilibrated olivine
and pyroxene compositional ranges (34). However,
with the exception of the two pentlandite grains
encountered in our examination, the Fe-Ni sulfide
compositions of the Wild 2 grains are similar only
to the anhydrous chondritic IDPs. Hydrous IDPs
and all chondrites contain large amounts of
pentlandite and low-Ni pentlandite (27). In addition,
the absence of any identified aqueous alteration
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products in the Wild 2 grains (no phyllosilicates or
indigenous carbonates, etc.) eliminates the hydrous
chondritic materials from direct comparison.

No nuclear tracks (which are linear defects made
by penetrating solar flare particles from the Sun)
have yet been observed among Wild 2 samples. It is
possible that the majority of these, if ever present,
were annealed during capture, although some were
observed in crater residue on the Long Duration
Exposure Facility and in lunar silicate grains shot
into aerogel (35).

In summary, the bulk of the Wild 2 samples
appear to be weakly constructed mixtures of
nanometer-scale grains with occasional much larger
(>1 um) ferromagnesian silicates, Fe-Ni sulfides, and
Fe-Ni metal. The restricted compositional ranges of
the sulfides and very wide range for silicates suggest
that Wild 2 experienced little or no aqueous alteration.
Of known extraterrestrial materials, the anhydrous
chondritic IDPs and anhydrous micrometeorites are
most similar to the Wild 2 grains, and in fact a com-
etary origin for anhydrous IDPs has been suspected
for many years (36), whereas models of weakly
constructed comet grains have been popular for years
(37). The similarity of Wild 2 samples to some IDPs
demands reexamination of the latter with new eyes,
for there are some apparent differences. For example,
Fe-Cr-Ti oxides have not been reported as inclusions
in IDP olivines, nor has orthoenstatite been reported
(13). The very wide ranges of olivine and low-Ca
pyroxene compositions in Wild 2 require a wide
range of formation conditions, including diverse
temperatures and oxygen fugacities, probably reflect-
ing different locations in the protoplanetary disk. It is
critical to determine the role of annealing in cometary
grain formation, but this cannot be done with the
mineralogic data in hand.

The presence of a refractory particle resembling a
meteoritic CAI among the Wild 2 grains raises many
new questions. IDPs are believed to contain samples
of both asteroids and comets, and wholly refractory
IDPs were identified two decades ago (37, 32) but
have received very little attention. In mineralogical
terms, the Wild 2 CAl-like particle appears similar to
these poorly understood IDPs and is similar (though
finer-grained) in various respects to CAI from CM,
CR, and CH-CB carbonaceous chondrites. The pres-
ence of CAl-like material in a comet appears to require
substantial radial transport of material across the early
protoplanetary disk, as does the rather wide range of
olivine and pyroxene compositions discussed above.

The lack of aqueous alteration products in Wild 2
samples is in clear contrast to the mineralogy re-
ported for comet Tempel 1, based on Spitzer Space
Observatory data in support of the Deep Impact
mission (9). This mineralogical difference could be
due to differences in the geological histories of
Jupiter-family comets (38).
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ERRATUM post date 27 pril 2007

Special Section: Stardust: Reports: “Mineralogy and petrology of comet 81P/Wild 2 nucleus
samples” by M. E. Zolensky et al. (15 Dec. 2006, p. 1735). An author was left out of the author
list. Sirine Fakra should be listed between Stewart Fallon and Denton S. Ebel, and Fakra's affili-
ation should be Advanced Light Source, Lawrence Berkeley National Laboratory, 1 Cyclotron
Road, Mail Stop 2-400, Berkeley, CA 94720, USA.
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Health Clues from Polar Regions

IN HIS EDITORIAL “CELEBRATING POLAR SCIENCE” ON THE FOURTH INTERNATIONAL POLAR YEAR (IPY)
(16 Mar., p. 1465), Alan Leshner writes that the poles are among the scientifically richest places on
Earth. Although we certainly agree, the Special Issue on Polar Science (16 Mar., pp. 1513-1540)
misses the opportunity to mention another promise of circumpolar regions, namely, that they can
provide options to better understand determinants of health and disease in humankind.

Indeed, one of the main health characteristics of Arctic populations, based on long-term
monitoring of cancer data of some 100,000 Inuit (in Alaska, Canada, and Greenland) appears
to be the pronounced deficit of breast (/) and prostate (2) cancers when compared with popu-
lations from lower latitudes. Why two of the leading malignancies worldwide should be com-
paratively rare in the Arctic certainly ought to be investigated. It has already been speculated
that winter darkness at the extremes of lat-
itude may offer protection against these
hormone-dependent cancers (3, 4). The
fact that the development of frequent
“winter blues” among circumpolar inhab-
itants is also linked to the seasonal lack of
light further suggests that the Arctic could
offer unique opportunities to study light-
related disorders and diseases.

Empirically, the differential geo-
graphic distribution of health has pro-
vided clues to disease before: Some 63
years ago, Kennaway alerted us to the dif-
ference in liver cancer occurrence among
Africans and African-Americans (5). Rather than being due to ethnic or genetic factors, his
observation was later explained by the different geographic distribution of “extrinsic factors,”
namely, hepatitis B infections and the influence of aflatoxin on food products. In a similar vein,
the possible effects of light (and darkness) on diseases, including cancers and seasonal affective
disorders (SAD), could be studied more rigorously in populations that experience exposure to
visible electromagnetic radiation that differs from that of other populations by virtue of geogra-
phy. Although a considerable amount of work in these areas is already being carried out and an
entire medical journal (the International Journal of Circumpolar Health) is devoted to health-
related issues in the Arctic, more can, of course, be done. We should not have to wait for a pos-
sible 5th IPY to instigate concerted circumpolar studies of human health and disease.

THOMAS C. ERREN,* V. BENNO MEYER-ROCHOW,? MICHAEL ERREN3
Linstitute and Policlinic for Occupational and Social Medicine, School of Medicine and Dentistry, University of Cologne,
Kerpener Strasse 62, D-50937 Cologne, Lindenthal, Germany. 2School of Engineering and Science, Jacobs University

Bremen, D-28759 Bremen, Germany. 3Institute of Clinical Chemistry and Laboratory Medicine, Westphalian Wilhelms-
University of Miinster, Miinster, Germany.
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Science, Religion,
and Climate Change

A MOMENT OF AGREEMENT HAS ARRIVED FOR
scientists to join forces with religious groups
on issues of climate change. This is signaled
by the summary for policy-makers from the
Intergovernmental Panel on Climate Change
(IPCC)’s Fourth Assessment Report, the
AAAS Board’s consensus statement on cli-
mate change, and the unanimity of scientists
(7). Lynn White Jr. proposed in these pages in
1967 that (2) “we shall continue to have a
worsening ecologic [sic] crisis until we reject
the Christian axiom that nature has no reason
for existence save to serve man.” In their
Policy Forum “Framing science” (6 Apr.,
p. 56), M. C. Nisbet and C. Mooney mention
the more contemporary and less divisive
efforts of some evangelical leaders to frame
“the problem of climate change as a matter of
religious morality.”

As faculty members at a Catholic univer-
sity, we know the strong stance of Catholic
documents on good science as the foundation
for discussions of climate change. Two recent
examples from the U.S. Conference of
Catholic Bishops (USCCB) make IPCC find-
ings their scientific basis. The IPCC Third
Assessment Report led to the USCCB'’s
Global Climate Change: A Plea for Dialogue,
Prudence, and the Common Good (3), which
states: “Global climate change is by its very
nature part of the planetary commons. The
earth’s atmosphere encompasses all people,
creatures, and habitats.”

The scientific Summary for Policy Makers
of the Fourth Assessment Report (4) was
addressed by the chairman of the USCCB’s
international policy committee. He said in a
letter to congressional leaders that the IPCC
“has outlined more clearly and compellingly
than ever before the case for serious and
urgent action to address the potential conse-
quences of climate change as well as high-
lighting the dangers and costs of inaction.”

Additional reflections on climate change
have come from numerous religious traditions.
They are listening carefully to the science.
Scientists ought to be in dialogue with them.

STEVEN A. KOLMES® AND RUSSELL A. BUTKUS?
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Clarifying a Quote on
Women in Science

THE ARTICLE “U.S. AGENCIES QUIZ UNIVERSITIES
on the status of women in science” (News of
the Week, 30 Mar., p. 1776) contains a quote
from me that was taken out of context from a
lengthy conversation and that does not repre-
sent my views on the subject.

While the specific issue I referred to in the
quote (gender bias relating to which students
may use what equipment) is, to my knowledge,
not a problem in our department or other
physics departments, the status of women is
very important to us. We are committed to
removing barriers to achievement and to
increasing the diversity of our department. We
are working hard to increase the representation
of women and underrepresented minorities
among our students, research associates, and
faculty and to ensure that there is no discrimina-
tion nor any other barrier to achievement. We
support the Title IX process as a way to help
achieve these important goals.

ANDREW MILLIS
Professor and Chair, Department of Physics, Columbia

University, New York, NY 10027, USA. E-mail: millis@
tserver0.phys.columbia.edu

Notes on Modeling Light
Water Reactors

AS A LONG-TIME EMPLOYEE OF THE IDAHO
National Laboratory (INL), I wish to share my
views on some of the characterizations made
in the article “Former Marine seeks a model
EMPRESS” (E. Kintisch, 9 Feb., p. 794) as
they relate to modeling light water reactors.
The assertions that “[e]xisting reactor com-
puter models haven’t been overhauled much
since the heyday of the U.S. nuclear enterprise
in the 1970s and 1980s” and that “nuclear
engineers still depend on crude, 25-year-old
computer programs” do not square with
the facts. The RELAP5 computer code, dev-
eloped at the INL for the U.S. Nuclear

Regulatory Commission and the Department
of Energy, has been under continuous im-
provement and refinement since the original
release in 1978. Today’s version, RELAPS5-3D,
is the current state of the art in modeling light
water reactors and is the most widely used
code of'its kind in the world for safety analysis
of current generation and next generation
(Generation III) reactor designs.

RELAPS5-3D includes a three-dimensional,
two-phase flow hydrodynamic model coupled
to a three-dimensional nodal neutron kinetics
model. The code has been extensively validated
against experimental data as documented in
hundreds of peer-reviewed technical papers.
The mathematical models in the code are based
on first principles and literature-based empiri-
cal correlations that were defined through tra-
ditional engineering practices and procedures
and are thoroughly documented (www.inl.gov/
relap5/rSmanuals.htm).

GARY JOHNSEN

1950 Ririe Circle, Idaho Falls, ID 83404, USA. E-mail:
gary@johnsen.myrf.net

The Evolution of Eukaryotes

IN THEIR REVIEW “GENOMICS AND THE IRRE-
ducible nature of eukaryote cells” (19 May
2006, p. 1011), C. G. Kurland et al. purport to
“review recent data from proteomics and
genome sequences,” but delivered only biased
opinions. Asserting genome sequence evi-
dence to suggest “that eukaryotes are a unique
primordial lineage,” they present an introns-
early (and eukaryotes-first) view of early evo-
lution that was current in 1980 (/) and that
was shown by conventional scientific criteria
to be untenable over a decade ago (2). Their
Fig. 1 indicates reductive evolution of pro-
karyotes from an ancestrally eukaryotic state;
that idea was called streamlining in 1980, and
its phylogenetic implications were drawn [Fig.
2 of ()] in a fashion indistinguishable from its
2006 reincarnation.

The cellular structures and proteins that
eukaryotes possess but that are lacking in
prokaryotes are incorrectly asserted to “track
the trajectory of eukaryote genomes from
their origins.” Uniquely derived characters
lacking homologs in other taxa neither pro-
vide evidence of evolutionary relationships
nor of genome trajectory, nor do they discrim-
inate between alternative hypotheses. Were
the host that acquired the mitochondrion a
prokaryote, the origin of eukaryote-specific
proteins and structures would follow mito-
chondrial origin (3—5); were the host a eukary-
ote (1, 6), their origin would have been earlier.

The assertion that “most eukaryote pro-
teins together with most prokaryote proteins

diverge from a common ancestor” is unsub-
stantiated. Even at the level of protein struc-
ture, only 49 out of 1244 known protein folds
(4%) are universal among 174 sequenced
genomes (7). They claim that “[d]ifferent rates
of evolution ... may account for the weak,
shifting affinities between the molecular
machineries encoded by eukaryote, archaeal
and bacterial genome sequences.” However,
they also claim that sequence comparisons
can falsify particular models for eukaryote
origins after all. Hence, they arbitrarily pick
and choose among available observations
relating to sequence similarity: The patterns
of sequence similarity that fit their opinions
are attributed to genuine evolutionary signals;
the ones that counter their opinions are dis-
missed as rate fluctuation.

The statement that “[e]ukaryote proteins
that are rooted in the bacterial or in archaeal
clusters are few and far between” is inaccu-
rate. The genomes of both yeast (8) and hu-
mans (fig. S1) (9) harbor many hundreds of
proteins that have readily identifiable homo-
logs among o-proteobacteria but not among
archaebacteria, and vice versa.

They opine that “[i]t is an attractively sim-
ple idea that a primitive eukaryote took up the
endosymbiont/mitochondrion by phagocyto-
sis,” yet all testable predictions of that idea
have failed (4). By contrast, examples of
prokaryotes that live within other prokaryotes
show that prokaryotes can indeed host
endosymbionts in the absence of phagocyto-
sis (10, 11), as predicted by competing alter-
native theories (4).

They misattribute the notion that a eukary-
otic “raptor” phagocytosed the mitochondrion
to Stanier and van Niel’s classical paper (12),
which does not mention mitochondrial origin,
and to de Duve’s 1982 exposé (/3), which
argues for the endosymbiotic origin of micro-
bodies while mentioning “alleged symbiotic
adoption” of mitochondria in passing, but
without mentioning phagocytosis. Their refer-
ences (25) and (29) are misattributed as exam-
ples of “fusion” hypotheses; indeed, they
indiscriminately label views on eukaryote ori-
gins that differ from their own as “fusion”
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hypotheses [see (4, 14, 15) for more differen-
tiated discussion].

Finally, and most disturbing, if contem-
porary eukaryotic cells are truly of “irre-
ducible nature,” as Kurland et al.’s title de-
clares, then no stepwise evolutionary pro-
cess could have possibly brought about their
origin, and processes other than evolution
must be invoked. Is there a hidden message
in their paper?
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Response

OUR VIEW IS THAT CELLULAR AND MOLECULAR
biology, especially genomics, reveals signs of
an ancient complexity of the eukaryotic cell.
This new information was not available to
older hypotheses for eukaryote origins; they
were answering questions that were incom-
pletely formulated.

Our primary conclusions regarding the
ancestral complexity of the eukaryote cell are
illustrated in fig. S1 (/), which depicts a
microsporidian cell and the subcellular location
of its eukaryote signature proteins (ESPs) (2,
3). Even though Microsporidian genomes are
among the most heavily reduced in eukaryotes,
they still have many ESPs. An anaerobic endo-
parasitic life-style has reduced their mitochon-
dria to mitosomes (4) and allowed the charac-
teristic proteins of phagocytosis to be lost.
Nevertheless, it is striking that characteristic

ESPs are found throughout the cell; nothing in
this picture suggests they are chimeric descen-
dents of archaeal and bacterial ancestors.

We emphasize the role of molecular
crowding [excluded volume effect (5)], which
restricts the diffusion of macromolecules in
cells. A dynamically efficient large cell is an
impossibility, unless it is highly compartmen-
talized. Yes, that reasoning also applies to the
smaller prokaryote cells, but the problem
increases with the cube of cell radius. Mol-
ecular crowding, like gravity, is ubiquitous.
We infer that it is a major physicochemical
reason for the evolution of functionally spe-
cialized, membrane-bound compartments in
eukaryote cells.

We also challenge the use of Blast searches
to infer deep phylogeny. For primary se-
quences, our Markov models use only a
small number of parameters and so are both
tractable mathematically and “identifiable”
statistically (6). However, they rapidly satu-
rate from random mutations and lose all infor-
mation about deep phylogeny (7). Even for
moderately deep phylogeny, whole genome
data can give different trees for the deepest
animal divergences; systematic errors exceed
sampling error (8).

Tertiary structure maintains homology
longer than primary sequences, which makes
them suitable for Blast searches (9). Never-
theless, there is no theory to relate this signal
to deep phylogeny, and it can mislead (/0).
Our general understanding of the relationship
between protein structure and evolutionary
rates was established by the early 1970s.
Kimura’s neutral model leads to basic princi-
ples of molecular evolution (/7). And in the
first issue of Journal of Molecular Evolution
in 1971, Dickerson (/2) relates the rate of
protein evolution to the numbers of uncon-
strained amino acid sites (and outlined how
this can change) and Fitch (/3) expanded
his covarion model where individual sites,
over evolutionary time, change between con-
strained and unconstrained states.

However, there are too many free parame-
ters to infer phylogeny from changes in terti-
ary structure. Because three-dimensional
(3D) interactions vary, sites where mutations
are nonlethal can differ between lineages.
There is thus no limit on the number of para-
meters required for 3D models; there is no
“common mechanism” for their evolution
(14) as there is for primary sequences. The
problem occurs in both experimental data (/5)
and simulations (/6). For example, we used
RNA-shape comparison metrics (/7) to infer
that the ribozyme MRP arose from RNase P
in early eukaryotes (eukaryote RNase P was
more similar in structure to RNase MRP than

LETTERS

to bacterial or archaeal RNase P). We have had
to revise that conclusion (/&) because MRP is
now found more widely in eukaryotes, as is its
substrate. Yes, Blastology is brilliant at pick-
ing up distant homologies but it is not, by
itself, a phylogenetic method.

It is still premature to decide between
introns first, early, or late (/9). Nevertheless,
our primary conclusion is that there is good
progress on understanding the complexity
of the ancestral eukaryote cell (“Fred”).
Despite his venerable pedigree, Fred is still
alive and well.
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CORRECTIONS AND CLARIFICATIONS

News of the Week: “Selfish genes could help disease-free
mosquitoes spread” by M. Enserink (30 Mar., p. 1777).
Kenneth Olson is not a faculty member at North Carolina
State University in Raleigh, as the story said, but at
Colorado State University in Fort Collins. Richard Beeman is
a scientist at the Grain Marketing and Production Research
Center in Manhattan, which is part of the U.S. Department
of Agriculture’s Agricultural Research Service, as well as an
adjunct professor at Kansas State University.

News Focus: “Spinning a nuclear comeback” by D. Charles
(30 Mar., p. 1782). GE Energy is located in Wilmington,
North Carolina, not Wilmington, Delaware.

Special Section: Stardust: Reports: “Mineralogy and
petrology of comet 81P/Wild 2 nucleus samples” by M. E.
Zolensky et al. (15 Dec. 2006, p. 1735). An author was left
out of the author list. Sirine Fakra should be listed between
Stewart Fallon and Denton S. Ebel, and Fakra’s affiliation
should be Advanced Light Source, Lawrence Berkeley
National Laboratory, 1 Cyclotron Road, Mail Stop 2-400,
Berkeley, CA 94720, USA.
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