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Introduction: Nanodiamond was the first phase 

identified in meteorites as the carrier of an isotopic 
component indicative of an extrasolar origin [1]. Large 
isotope anomalies in Xe isotopes [1], and small anoma-
lies in Pd, Te, and Ba [2,3] observed during bulk anal-
ysis of residues can be only explained by nucleosyn-
thesis in supernovae. However, the 2-nm average size 
of the nanodiamond precludes isotopic analysis of in-
dividual particles, and thus the origin remains contro-
versial. Several formation scenarios have been pro-
posed, including condensation in the interstellar me-
dium, the outflows of supernova [4,5] and Red Giant 
stars, and in the solar nebula [6].   

Multiple spectroscopic studies [1, 7-9] of meteorit-
ic nanodiamond residues have indicated that a non-
diamond component comprises up to 50% of the resi-
dues. Previously, this was attributed to surface recon-
struction of the nanodiamonds [10] and contamination 
with terrestrial carbon. However, we recently demon-
strated that a disordered carbon phase with sp2 bond-
ing, spatially distinct from the nanodiamond, is present 
in two residues, the Allende DM separate and a new 
residue from the Murchison carbonaceous chondrite 
[11]. Here we present further analysis of these residues 
using aberration-corrected scanning transmission elec-
tron microscopy, and discuss the implications for for-
mation of the nanodiamond and disordered carbon 
phase. 

Experimental: Two nanodiamond residues were 
examined: an aliquot of the Allende DM residue pre-
pared by Lewis et al. [1], and a new Murchison residue 
prepared using established CsF-HCl methods. To mi-
nimize the chance of contamination with terrestrial 
carbon and also optimize imaging conditions, mea-
surements were performed on 5-nm thick, carbon-free, 
amorphous Si support films, which were first cleaned 
with an argon plasma, as well as lacey carbon and 3-
nm carbon-backed lacey carbon. Conventional bright 
field and high resolution imaging was performed with 
a JEOL 200 kV transmission electron microscope at 
the Naval Research Laboratory. Aberration-corrected 
STEM imaging and electron energy loss spectroscopy 
was performed with a Nion UltraSTEM at Oak Ridge 
National Lab operating at  60 kV, and a Gatan Enfina 
electron energy loss (EELS) spectrometer.   

Results: Conventional TEM imaging of each resi-
due on ultrathin support films reveals the presence of 
an amorphous phase of carbon (Fig. 1). This phase is 
not readily observed in the same samples supported on 
lacey carbon, due to the low contrast of this few-nm 
thick phase on the ~ 25 nm thick support film and 
sample agglomeration over the holes. 

 
 
 
 
 
 
 
 
 
 

Figure 1. (left) Bright –field TEM image of Murchison 
nanodiamond on a 5-nm thick amorphous Si mem-
brane. (right)  High-resolution TEM of Allende DM 
residue on a 3-nm carbon support film. 
 
Medium angle-dark field (MADF) aberration-
corrected STEM imaging of the residues (Figs. 2&3) 
shows the (111) planes of  individual nanodiamonds, 
the ring structure of the disordered carbon, and the 
presence of individual impurity atoms (bright spots).  

 
Figure 2. MADF image of Murchison nanodiamond residue. 
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Figure 3. MADF image of Allende DM nanodiamond resi-
due. 
 
In each residue, the disordered carbon phase has a 
wrinkled-sheet morphology, and extends well beyond 
the surface of the individual diamonds. Variations in 
the MADF image intensity can be quantitatively inter-
preted in terms of atomic number using the relation-
ship I~Z1.64 [12] and calibration of the proportionality 
constant against discrete steps in the number of carbon 
planes. Sample thickness of 0-12 atomic planes of car-
bon are visible in Fig. 2. Individual impurity atoms are 
also visible in these images, associated both with the 
nanodiamonds and the disordered carbon phase. The 
impurities appear to be mostly inconsistent with image 
intensity corresponding to noble gas species; most are 
residual components of the acid dissolution 
processing. 

Figure 4. Electron energy loss spectra of Murchison nano-
diamond residue. 

EELS spectra of the C K edge obtained with a 
~150pm probe reveal that the disordered carbon phase 
(Fig.4 left and right) is sp2 in character, with a strong 
* peak at 285 eV, and a broad * feature. Spectra 
obtained on a single nanodiamond (Fig. 4 middle) are 
characteristic of sp3 bonded diamond. A small * peak 
is present in the nanodiamond spectra, but this is likely 
due to the disordered carbon phase extending above 
and below the nanodiamond.  No N K or O K edge 
features are visible. 

Discussion: Because the second carbon phase is 
present in two residues, produced in two laboratories 
using different chemistries, and deposited on three 
types of TEM grids, contamination with terrestrial 
carbon is unlikely. Furthermore, the nature of the 
second phase, i.e., extreme acid resistance, with sp2 
bonding and a disordered, wrinkled-sheet character, is 
consistent with a synthetic carbon material known as 
glassy carbon (GC), which is produced by heat treat-
ment of organic resins [13]. The presence of GC in 
meteoritic nanodiamond residues raises significant 
questions regarding the interpretation of measurements 
of such residues, including the origin of the diamonds. 
GC contains a range of open and closed pores and va-
ries in the degree of local graphitic ordering depending 
on the precursor material and details of heat treatment. 
The bulk density can be as low as 1.3 g/cc, and GC in 
the meteoritic residues may explain the reduced densi-
ty of this residue compared to bulk diamond. Although 
we have not confirmed the segregation of noble gas 
impurities to the GC in the STEM images, the closed 
pores of the GC are a possible reservoir for storage of 
noble gas species. Thus, it is possible that the superno-
va nucleosynthesis signatures are carried by the nano-
diamonds, the GC, or both. In the later case, co-
formation of the GC and nanodiamonds could have 
occurred by flash heating and ion implantation of or-
ganic mantles in a supernova shock wave. 
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