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Samples of Stars Beyond the
Solar System: Silicate Grains in
Interplanetary Dust
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We have identiﬁed six circumstellar silicate grains within interplanetary dust particles (IDPs). Their extrasolar origins are demonstrated by their extremely anomalous oxygen isotopic compositions. Three 17O-rich grains appear to originate from
red giant or asymptotic giant branch stars. One 16O-rich grain may be from a
metal-poor star. Two 16O-poor grains have unknown stellar sources. One of the
grains is forsterite, and two are amorphous silicate “GEMS” (glass with embedded
metal and sulﬁdes), which is consistent with astronomical identiﬁcations of crystalline and amorphous silicates in the outﬂows of evolved stars. These observations
suggest cometary origins of these IDPs and underscore the perplexing absence
of silicates among circumstellar dust grains from meteorites.
For more than two decades, NASA has collected interplanetary dust particles (IDPs) in
the stratosphere (1). These particles are fragments of comets and asteroids; however, the
sources of specific IDPs are uncertain (2).
Most collected IDPs range in size from 5 to
50 m and are frequently comprised of complex assemblages of 100- to 500-nm crystalline and amorphous grains bound together by
carbonaceous material. Anhydrous IDPs’
parent bodies have not experienced the hydrothermal alteration evident in meteorites,
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and many contain well-preserved molecular
cloud material (3–5).
Several types of circumstellar dust grains
(stardust) have been extracted from meteorites, including nanodiamonds, silicon carbide, graphite, silicon nitride, corundum, hibonite, and spinel (6, 7). However, despite
their cosmically high abundance, no circumstellar silicates have been found in meteorites
(8, 9). One possibility is that silicates were
more prone to destruction by parent-body or
nebular processing in the early solar system.
It has been proposed that anhydrous IDPs
have preserved circumstellar silicates (10–
13). Although previously measured O, Si,
and Mg isotopic ratios of IDPs have fallen
within the range of solar system materials,

those measurements were limited to ⬎1 m
spatial resolution (14–18).
Oxygen isotopic imaging of IDPs. We
performed oxygen isotopic imaging of fragments from nine anhydrous cluster IDPs with a
NanoSIMS ion microprobe (19). The NanoSIMS enables isotopic measurements at a spatial scale of 100 nm, with unprecedented sensitivity. Three types of samples were analyzed: 5to 10-m fragments pressed into Au substrates,
70-nm thin sections mounted on transmission
electron microscopy (TEM) grids, and 70-nm
sections deposited directly onto Au. Five sections were analyzed by TEM before ion probe
analysis to compare the mineralogy with the
isotopic compositions of 113 grains. One IDP
was sectioned for TEM analysis after ion imaging (20). Oxygen isotopic ratios were determined for an additional 919 grains of undetermined mineralogy (21). Simultaneously acquired O–, Si–, and MgO– images served to
distinguish oxides from silicates. Because previous studies have found that the bulk O isotopic
compositions of IDPs are solar within about 5%
(14, 18, 22), we used the subgrains in each IDP
as isotopic standards (23).
Most of the 1031 grains have solar O
isotopic ratios (Fig. 1). However, six of the
grains have O isotopic ratios that are well
outside the range of solar system materials
and are thus probable stellar condensates
(Table 1). These grains are distinguished in
the O isotopic images from the surrounding
isotopically solar IDP matrices (Fig. 2).
The O isotopic ratios of the circumstellar
silicates are compared to those previously reported for circumstellar oxide grains extracted from
meteorites (Fig. 3). These grains fall within four
isotopic groups (24) that reflect differences in

Fig. 1. (A) Oxygen isotopic ratios of 1031 subgrains determined from 25 ion images of nine cluster IDPs with 1 errors. The identiﬁed presolar silicates
are solid circles. The adjacent plot (B) shows the O isotopic ratios of the 750 grains with the lowest errors (1 ␦17O ⬍ 50‰) on a reduced scale.
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the mass, age, and chemical composition of the
parent stars. Three of the silicates have O isotopic ratios characteristic of group 1 grains, which
exhibit large 17O excesses and solar 18O/16O
ratios to moderate 18O depletions, similar to
those observed in red giant (RG) and asymptotic
giant branch (AGB) stars. The isotopic compositions of grains formed from RG and AGB stars
are influenced by deep convection in the stellar
interiors, which mixes the ashes of H burning in
the CNO cycle into the stellar envelopes. This
occurs as main sequence stars evolve onto the

RG branch (the first dredge-up), when significant mass loss begins. The variations in the
17
O/16O ratios of group 1 grains are a function of
the masses of the parent stars, which determine
the depth of the convective envelope. A second
dredge-up occurs for stars ⬎4 solar masses after
the end of He burning, as stars ascend the AGB,
also affecting the surface O isotopic composition. The low 18O/16O ratios of group 2 grains
have been ascribed to transport of material from
H-burning regions to the base of the convective
envelope in low-mass stars [cool bottom pro-

Fig. 2. Oxygen isotopic images of a slice of IDP L2005 C13. A presolar grain with a large 17O excess
can be clearly seen in the 17O image.

Fig. 3. O isotopic compositions of the circumstellar silicates of this study are compared with those
previously reported for corundum (24–26, 38–43) and spinel (26, 39, 44).
Table 1. Characteristics of interstellar silicates located in IDPs. The IDPs are named by the collector
number (e.g., L2005), followed by the cluster number from that collector. n.d., not determined.
Parent IDP
L2005
L2005
L2005
L2036
L2036
L2036
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C13
C13
C13
C4
C4
C4

17

O/16O (1)

1.84 ⫻ 10⫺3 (2.2 ⫻ 10⫺4)
3.19 ⫻ 10⫺4 (1.4 ⫻ 10⫺5)
4.85 ⫻ 10⫺4 (1.6 ⫻ 10⫺5)
4.50 ⫻ 10⫺4 (1.8 ⫻ 10⫺5)
4.41 ⫻ 10⫺4 (2.0 ⫻ 10⫺5)
1.18 ⫻ 10⫺3 (1.7 ⫻ 10⫺4)

18

O/16O (1)

1.99 ⫻ 10–3 (8.5 ⫻ 10–5)
1.68 ⫻ 10–3 (2.1 ⫻ 10–5)
2.05 ⫻ 10–3 (3.7 ⫻ 10–5)
2.46 ⫻ 10–3 (6.6 ⫻ 10–5)
2.35 ⫻ 10–3 (3.8 ⫻ 10–5)
1.92 ⫻ 10–3 (5.5 ⫻ 10–5)

Diameter
(nm)

Mineral

300
400
330
940
630
300

n.d.
GEMS
Forsterite
n.d.
GEMS
n.d.

cessing (25)]. So far, no silicates and few spinels
are observed with such compositions. One silicate was found to be 16O-rich and thus falls into
group 3. These grains are considered to originate
from low-metallicity RG and AGB stars after the
first and second dredge-ups. The two 17O- and
18
O-rich silicates are enigmatic. Among circumstellar oxides, such group 4 grains are rare and
have no confirmed stellar source. Possible sources include metal-rich stars and type II supernovae (24, 26).
Characteristics of circumstellar grains.
To gain a clearer view of the characteristics and
petrographic context of circumstellar silicates,
we mapped in detail all crystalline and amorphous grains (⬎200 nm) in six microtome thin
sections by TEM before isotopic analysis (27).
Roughly 113 of these grains were measured with
sufficient precision to distinguish solar system
material from circumstellar dust [1 ␦17O/16O ⬍
75 per mil (‰), 1 ␦18O/16O ⬍ 50‰ (28, 29)].
These grains include 36 enstatites, 42 GEMS
(glass with embedded metal and sulfides) (11,
13), 23 olivines (60 to 100 mol. % Mg2SiO4), 5
anorthites, 3 Ca,Al,Mg-rich glassy grains, 2 lowCa pyroxene grains, and 1 grain each of diopside
and chromite. Two of these grains were circumstellar in origin: A (group 1) 300-nm forsterite
grain and a (group 3) 400-nm GEMS grain. Both
grains were found in the same slice, and a 17Orich grain (17O/16O ⬃ 5 ⫻ solar) of undetermined mineralogy appeared in another slice of
this IDP (L2005 C13). In one case, we determined the mineralogy of a presolar grain (also a
GEMS grain) after NanoSIMS analysis (20).
Here we were able to confirm the unusual isotopic composition of the grain (16O-poor) after
transferring the section back to an Au substrate
for a second NanoSIMS analysis. The petrographic settings of the circumstellar grains identified in TEM slices are not distinct from the
other (solar) components in the IDPs, because
they occur isolated in the carbonaceous matrix
that binds minerals in the IDPs. Unfortunately,
the circumstellar forsterite appears to have
been thermally modified during atmospheric
entry heating, making it impossible to determine whether there is microstructural evidence of its exposure in the interstellar medium (ISM) such as a high track density or a
radiation-damaged rim.
Previous chemical and mineralogical studies
of GEMS have found intriguing similarities to
the properties of common interstellar silicates
inferred from spectroscopy (13). Here we have
identified at least two GEMS whose O isotopic
compositions establish their circumstellar origins. However, the other 40 GEMS analyzed
have solar isotopic compositions, and thus it is
impossible to decide whether they are solar system materials or interstellar grains whose O isotopic compositions have been equilibrated. It is
possible that GEMS represent a common end
product of a universal process that occurs in the
ISM and around newly formed stars. In this case,
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most of the crystalline silicates and GEMS
in IDPs are of solar system origin, variably
mixed with a minor population of circumstellar grains.
Sources of circumstellar grains. Spectroscopic observations of RG and AGB dust shells
acquired with the Infrared Space Observatory
have unveiled a rich distribution of emission
features attributed to amorphous silicates, enstatite, and forsterite (30, 31). Thus, the identification of circumstellar forsterite and GEMS grains
is consistent with these observations. Though the
relative abundances of these components are
sensitive to the stellar environment (32), amorphous grains are usually the most abundant.
However, crystalline silicates are not detected in
the ISM, and upper limits on their abundance
range from 2 to 5% (33, 34). This suggests that
crystalline silicates are commonly destroyed or
rendered amorphous by shocks and high-energy
radiation in the ISM. It is possible that only those
crystalline circumstellar silicates with short interstellar residence times or those that have been
protected with coatings will be found in IDPs.
Although it has been proposed that isotopically solar GEMS are formed in the ISM by
reaccretion of sputtered material (13), it is not
possible to form high-temperature minerals such
as enstatite and forsterite under these conditions.
Further, it is rare for evolved stars to form
stardust with solar isotopic ratios. Consequently,
our observations do not support the idea that
IDPs are pristine aggregates of interstellar
grains. Instead, the IDPs we studied are primarily composed of materials formed at high temperatures in the protosolar nebula [perhaps by
nebular shocks (35) or transported from the
inner (warmer) regions of the solar nebula (36)]
and variable proportions of preserved stardust
and molecular cloud material.
We estimate a preliminary average abundance of silicate stardust in IDPs to be ⬃5500
parts per million (ppm) by taking the ratio of the
total area of the circumstellar grains (⬃1.7 m2 )
to the total area imaged (308 m2 ). This value
should be considered a lower limit, given that
useful measurements were only achieved for
grains ⬎200 nm in size. This abundance is far in
excess of the total circumstellar grain abundance
in meteorites, which is less than 20 ppm [excluding nanodiamonds (37)]. The fact that these
IDPs have such high abundances of stardust not
found in meteorites, coupled with their preservation of delicate molecular cloud materials, suggests that they originated from parent bodies far
more primitive than meteorites. Potential sources
are short-period comets, as they are likely to
harbor the least-altered remnants from the epoch
of solar system formation.
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Gating the Selectivity Filter in
ClC Chloride Channels
Raimund Dutzler, Ernest B. Campbell, Roderick MacKinnon*
ClC channels conduct chloride (Cl–) ions across cell membranes and thereby
govern the electrical activity of muscle cells and certain neurons, the transport
of ﬂuid and electrolytes across epithelia, and the acidiﬁcation of intracellular
vesicles. The structural basis of ClC channel gating was studied. Crystal structures of wild-type and mutant Escherichia coli ClC channels bound to a monoclonal Fab fragment reveal three Cl– binding sites within the 15-angstrom neck
of an hourglass-shaped pore. The Cl– binding site nearest the extracellular
solution can be occupied either by a Cl– ion or by a glutamate carboxyl group.
Mutations of this glutamate residue in Torpedo ray ClC channels alter gating
in electrophysiological assays. These ﬁndings reveal a form of gating in which
the glutamate carboxyl group closes the pore by mimicking a Cl– ion.
Ion channels carry electric current across the
membrane of cells in the form of diffusing ions.
The two key properties of ion channels are selective ion conduction and gating. Selective conduction refers to a channel’s ability to select one
ionic species among those present in the cellular
environment and catalyze its rapid flow through
the pore; gating refers to opening and closing the
Howard Hughes Medical Institute, Laboratory of Molecular Neurobiology and Biophysics, Rockefeller University, 1230 York Avenue, New York, NY 10021,
USA.
*To whom correspondence should be addressed. Email: mackinn@rockvax.rockefeller.edu

pore, the process by which ion conduction is
turned on or off.
In some channels, the functions of selective
conduction and gating are mediated by quite
separate structural elements. Potassium channels, for example, have a selectivity filter near
the extracellular side of the pore and a gate near
the intracellular side (1). Separation of the filter
and gate allows ligand-binding domains or voltage sensor domains to open and close the pore
through large conformational changes without
affecting the selectivity filter, whose structure
must be maintained in order to discriminate
among ions on the basis of their small differences in radius (2–4).

Fig. 1. Structure of the EcClC Fab complex. (A) Stereo view of a C␣
representation of the EcClC channel in complex with two Fab fragments. The
complex is viewed at an angle of about 30° from the plane of the membrane.
The two ClC subunits are colored blue and green; the light and heavy chains
of the two Fab fragments are colored red and orange, respectively. (B) View
of the ion-conducting pore of the ClC subunit. The pore is viewed from the
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Years of electrophysiological study suggest
that the condition of a structurally independent
selectivity filter and gate will probably not apply to ClC channels, a large Cl– channel family
whose members are found from bacteria to
animals (5–7). In ClC channels, selective conduction and a certain form of gating referred to
as “fast gating” seem to be intimately coupled
to each other. Chloride ions conduct rapidly
through the pore, and at the same time they
affect the probability that the fast gate will be
open (8, 9). Certain ClC channels have even
been called “Cl–-activated Cl– channels” because extracellular Cl– causes the gate to open
(8, 9). Membrane voltage can influence the
open probability as well, but even this property
depends on Cl– ions (8, 9).
We sought to understand the structural
origins of gating in ClC channels and why
gating is closely tied to Cl– ion conduction.
Specifically, we tested a possibility raised by
the first ClC channel structures: that a glutamate side-chain carboxyl group gates the
pore by binding to a Cl– ion site within the
selectivity filter (10).
Structure of a ClC channel bound to a
Fab. A reasonably high-resolution structure
was required in order to define the Cl– ion
coordination chemistry within the conduction
pore with accuracy. To this end, monoclonal
antibodies were raised and a crystal structure of
an E. coli ClC channel bound to a Fab fragment
was determined at 2.5 Å resolution (11) ( Table
1). A single Fab was attached to the extracellular

dimer interface, with foreground ␣ helices removed for clarity. The protein
is shown as a ribbon. The N-terminal ends of ␣ helices D, F, and N are cyan.
Aqueous cavities from the extracellular solution (out) and intracellular solution (in) are shown as cyan mesh. The selectivity ﬁlter is
indicated by a black frame. Figures 1, 2, and 4 were prepared with
DINO (www.dino3d.org).
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