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Metropolis: 

Formation of Equilibrated Aggregates: Metropolis and Nessie both 
contain equilibrated aggregates that could have formed from a sequence:  

1) Silicates and metal form igneous fine-grained objects.   
2) Sulfidation of the aggregates (perhaps nebular H2S) turned metal into 

sulfide.  Metals which were encapsulated inside silicate (such as in 
GEMS) were less likely to react with the sulfide gas. 

3) Carbonaceous material condensed on the outside to produce a matrix 
aggregate. 

In some cases, carbonaceous deposition produced a thin conformal 
coating on larger crystals, while in other cases, it produced a dense matrix 
entirely encapsulating the equilibrated aggregates.
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Humpty and 
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Particle 4:
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“Metropolis” has at least three matrix 
aggregates (MA).  MA1 is shown on 
the right and is a self-contained ball of 
carbon with equilibrated aggregates 
(EAs) made of silicates, sulfides and 
metals.  Each of the 13 EAs in the MA 
were chondritic by a factor of three 
normalized to Mg.  Surprisingly, GEMS 
appear to be attached to the EAs, 
perhaps part of them.  The aggregates 
often show finger-like growth of the 
silicates with sulfides caping the ends 
of the silicate fingers. 

The GEMS in Metropolis EA1 had only 
metal in them — sulfides were 
restricted to the outer edge.  The metal 
was very Ni-rich, possibly taenite + 
tetrataenite.  Some Fe remained in the 
silicate as well. 

Carbonaceous material around the 
EAs was dense and d-spacings 
compatible with graphite were visible 
in some HRTEM images.

MA1MA3

MA2

MA1

MA2

MA3

MA4

MA2MA1

“Nessie” contains diverse material 
including GEMS, EAs, carbon, 
a n d o b j e c t s e x p e r i e n c i n g 
(nebular?) alteration.
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In the image above, the FIB-deposited 
carbon has been subtracted off using 
the Ga and Pt maps.  The remaining 
carbon in the map is cometary and is 
shown in blue.
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A brightfield (BF) TEM image of a 
GEMS packed in silicates and 
carbon.
2Å

A contrast enhanced BF 
( C L A H E a l g o r i t h m ) 
showing solar tracks in 
olivine and a 50 nm thick 
amorphized layer. 

Below, a BF TEM image showing an 
equilibrated aggregate made of pyroxene 
crystals (Px) and metal (M).  The metal has 
multiple triple junctions (arrows) with the 
pyroxene indicating a common melt origin, 
but the metal also appears partially 
sulfidized in the EDS map.  We hypothesize 
that the original EA consisted of pyroxene 
and metal and incomplete sulfidation in the 
nebula decorated the metal with sulfide.  
Compare silicate/sulfide aggregates from 
Metropolis (panel to the left).

Here we show our approach for measuring porosity.  We found that porosity measurements from EDS data were less biased 
than porosity measurements from HAADF or BF imaging.  We produced an EDS image by summing all major elements in the 
sample, subtracting Pt and Ga maps and then thresholding the image.  

We drew a convex hull around the object and computed the ratio of occupied pixels.  In this case, Humpty has a porosity of 
45% free space.  By computing areas of maps for elements in silicates, sulfides and carbonaceous material, we also 
estimate that about 1/2 of the material is silicate, 1/4 is sulfide and 1/4 is carbonaceous, by area.

“Humpty” (left, MA1 and 
MA2) and “Dumpty” (right, 
M A 3 a n d M A 4 ) a r e 
actually two individual 
particles but were FIBed 
at the same time. 

Particle 4 is more densely packed than 
other IDPs we studied.  The TEM image 
below shows a mix of fine grained 
material and carbonaceous materials 
(FGM+C) adhering to a pyroxene (Px) 
which is part of a large EA.  A 
carbonaceous “triangle" can be seen in 
the upper left.
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To the left are two pyrrhotites (twinned 
4C superlattice reflections).  The BF 
image shows the euhedral character of 
the sulfide, and the fact that it is densely 
packed in material.  The EDS map on 
top shows that the sulfides are coated in 
few tens of nm of carbon, and Mg rich 
silicates (red) are also captured in the 
carbon goo.
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This IDP from cluster 12 has 
high porosity and nanocrystal 
“flakes” and needles made of 
olivine (Ol), pyroxene, sulfides 
and magnetites (Mt) bound in 
semi-crystalline/amorphous 
silicate matrix (Si).  In many 
cases, the crystals have triple 
j unc t ions and euhedra l 
interfaces. 

SEM image before FIBing.  Large 
magnetites are on the underbelly.

SEM image of the nanocrystal 
“flakes.”  Each flake is an EA of 
tens or hundreds of silicates and 
magnetites.
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Thin sections of Interplantary Dust Particles (IDPs) produced using a Focused Ion Beam (FIB) show us petrography that is not visible when we microtome them.  We are finding equilibrated 
aggregates have shapes with crystal “fingers” and a formation sequence.  We also find the boundaries of matrix aggregates are easier to define when they exist.  As always, IDPs are full of treasure.
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Porosity: Cluster 17 particles have a porosity 
~ 40% which leads to a density of ~ 2 g/cm3.  
This agrees with measurements from the 
Rosetta mission’s GIADA instrument that found 
dust grains ejected from Comet 67P had 
densities between 1-3 g/cm3[5], but is larger 
than measurements of the Comet 67P nucleus 
density of 0.5 g/cm3 [6] measured by radio 
science on Rosetta. This estimate is also 
somewhat higher than 0.7-1.7 g/cm3 previously 
measured f rom u l t ramicro tomed TEM 
sections[7].  
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Magnetite (111) || Olivine 
(100) which could be caused 
by oxidation of a precursor, 
for example during a heated 
atmospheric entry.
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