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Introduction: Interplanetary Dust Particles often contain
small inclusions called GEMS (Glass with Embedded Met-
als and Sulfides) whose formation remains poorly understood
but are thought to be very primitive. GEMS are identified
morphologically as having rounded edges, an amorphous sil-
icate matrix and nanocrystalline Fe and FeS beads. They are
approximately chondritic in elemental composition, but with
systematic depletions in O, Mg, S, Cr, Fe and Ni, all with
respect to Si, and systematic ratios between various elements,
e.g. the ratio Fe/Ni ≈ chondritic though both are depleted rel-
ative to Si [1]. Recent work has shown that many irregularly
shaped GEMS are actually aggregates of smaller subunits [4],
and must therefore have undergone some degree of alteration.
Some objects found recently in the Stardust collection may be
related to GEMS [2].

Experimental: We examined GEMS and sulfides from a
cluster IDP L2071,17 via Transmission Electron Microscopy
(TEM) at the National Center for Electron Microscopy (NCEM)
at the Lawrence Berkeley National Laboratory. We used an
FEI Titan TEM with beam voltages between 80-200 keV for
imaging, electron diffraction and a 0.6 sr EDS detector for
elemental mapping. We also used a Zeiss Libra 200MC TEM
operating at 200 keV and with an in column Omega energy
filter for imaging and diffraction.

Observations: Figure 1A shows a STEM HAADF image
of a GEMS showing it to have rounded features and embed-
ded nanocrystals. Figure 1B shows an EDS map of the GEMS
showing an Mg-rich core (red) and the presence of many spher-
ical and deformed sulfides (green). The texture of the sulfides
in the lower right looks smeared through what appears to be a
continuum mechanical deformation. The blue halo shows that
the outer shell is oxygen-rich (and Si-rich, not shown). Such
Mg-rich cores have been seen in other GEMS [3, 4]. The box
outlines the largest sulfide sphere, which is shown in Figure
1C as an HRTEM image. The lattice spacings show that the
sphere is primarily a single crystal. Digital darkfield imaging
shows that additional crystals are located around the periphery
of the sulfide sphere. Figure 1D shows an EDS map of the
sulfide sphere.

The average Fe/Ni ratio of the GEMS is 18, ∼chondritic.
The sulfide in Figure 1C and D is troilite with an Fe/Ni ra-
tio of 55, and is therefore depleted in Ni relative to the rest
of the GEMS. The Ni-rich object in the upper-right corner
projects slightly beyond the sphere. While it was not possible
to measure its composition entirely independent of the sulfide,
its (Fe+Ni)/S ratio was > 8, suggesting it is a metal grain.
The composition is consistent with equal amounts of FeS and
FeNi. With HRTEM imaging of the outermost ∼1nm, we
found that the lattice spacings for the troilite disappeared and
only a single reflection matching taenite (111) (or kamacite
110) remained. Assuming the Ni-rich phase is taenite, it was
epitaxially coordinated to the FeS: taenite (111) || FeS (114).

Figure 2 shows a GEMS-like object with two vesicles,

located one micron away from the first on the TEM grid. One
contains a ≈100 nm sulfide inclusion, and the other contains
a ≈100 nm phosphide inclusion. The bulk Fe/Ni ratio is 12,
and the average composition is GEMS-like in Al, Mg, Ca, S,
Fe, Ni, Cr, and Ti, all normalized to Si. Figure 2 inset A
shows the phosphide inclusion (purple) with a sulfide (green)
attached. Figure 2 inset B shows the sulfide inclusion, this time
without an Mg-rich halo. The silicate to the lower-right of the
sulfide contains no sulfides, and has a composition similar to
GEMS except for a heavy depletion in S, Fe, and Ni. There is
no obvious residue in the vesicles. The vesicles have smooth
walls, and there are no nano-vesicles present in the surrounding
silicate.

Figure 1: (A) STEM HAADF image of a GEMS showing a
rounded morphology and embedded sulfides. (B) EDS map
with Mg (red), S (green), O (blue) shows an Mg-rich core
and many sulfides. (C) HRTEM image of the ”sulfide planet”
showing one dominant sulfide sphere and additional grains on
its surface. The arrow in C and D marks the location where
taenite lattice spacings were found by HRTEM. (D) EDS map
with Mg (red), Ni (green), S (blue) showing and FeS ”ocean,”
Ni-rich ”continents”, and an Mg ”atmosphere.”

Discussion: These two objects appear to be related due
to their proximity and the common appearance of the sulfides.
The first contains all the signatures we would expect to see in
a GEMS but the vesicles in the second object suggest strongly
that it is not a GEMS.

Irradiation origin: GEMS have been postulated to form
via irradiation of dust by ions in the interstellar medium. The
composition of GEMS would then be modified by the composi-
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Figure 2: TEM brightfield image of a GEMS-like object
containing a sulfide planet, phosphide planet, and vesicles.
(A) Inset EDS map with Fe (red), S (green), P (blue) shows
phosphide-rich core with sulfides surrounding. (B) Inset EDS
map with Mg (red), Ni (green), S (blue) showing a second
sulfide planet in a vesicle.

tion of the energetic ions as the dust is continually sputtered[6].
The larger object in Figure 2 is hard to explain by an irradiation
origin because there is no obvious mechanism for irradiation
to produce large smooth vesicles without also producing nu-
merous small vesicles. Therefore, it seems unlikely that these
objects formed via an irradiation origin.

Reduction of sulfides: We consider the possibility of for-
mation of these objects by heating of a GEMS-like precursor
containing sulfides within a silicate matrix. Heating in vac-
uum could partially reduce sulfides to metal through loss of S.
However, the Ni-content of the metal is 20x higher than the
Ni content in the sulfide. We are not aware of any experiment
that suggests such a partition should occur during reduction.

Sulfidation of a precursor: We consider the possibility
these objects formed by sulfidation of GEMS-like precursors
which were initially S-poor. For example, they could have
formed in a region of the interstellar medium or solar neb-
ula where S was in the gas phase[7], or could have formed

by condensation[4]. If H2S gas in the Solar nebula reacted
with the metal inside the GEMS-like precursor it would have
produced troilite. Experiments by [8] have verified that this
sulfidation reaction is plausible. Our recent work [9] on the
samples from [8] found that sulfidation of Fe foil at temper-
atures near 500 ◦C produced Ni-rich metal as Fe was con-
sumed into sulfide but Ni was not. Some of these Ni-rich
metal regions were only a few nm wide. It also produced
P-enhanced regions, some of which became schreibersites a
few hundred nm wide. Sometimes the metal/sulfide and the
sulfide/phosphide had epitaxial relations. On a foil sulfidized
at 400 ◦C we observed an epitaxial relationship: BCC Fe (110)
|| FeS (114). In our sample, the metal was sufficiently Ni-rich
such that it had probably transformed to FCC Fe, which has
an equivalent d-spacing: BCC Fe 110 ≈ FCC Fe 111. We
observed FCC Fe (111) || FeS (114) in the first sulfide sphere.
This is easily explained if it started as a metal object which
sulfidized. The remaining metal became increasingly Ni-rich
until taenite "continents" were formed. The taenite retained
the epitaxial relationship to the sulfide.

Such a process need not have occurred in the silicate ma-
trix: the metal grains could have sulfidized in the nebula and
then become embedded in the silicate later. However, there
is no known mechanism for condensing silicate below the
temperature of sulfide formation, so it is more likely that the
precursor object was a silicate with embedded metal grains
and that it was subsequently sulfidized.

Conclusion: We have shown a GEMS and GEMS-like
object in an IDP which mostly likely formed via nebular meta-
morphic reactions. This provides evidence of a solar/nebular
origin for some GEMS. The relationship between a GEMS-
like object, and a GEMS object suggests that GEMS are not
an entirely distinct class of objects but may be related to other
phases found in IDPs. In future work we should be looking for
similarities and connections between GEMS and other objects
within IDPs.
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