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We report the results of electron energy loss spectrometry (EELS) of diamonds of probable interstellar origin 
obtained by chemical dissolution of the Allende (CV3) and Murray (CM2) carbonaceous meteorites. Such 
diamonds are extremely fine-grained (d = 1-2nm El]) and apparently are the carriers of a nucleosynthetic component 
containing p and r-process Xe 121. Two Allende diamond samples were measured, and these were prepared on the 
basis of whether they more easily (DN) or less easily (DM) fonned colloidal suspensions [3]. Preparation of the 
Murray CE diamond sample is detailed in [4]. 

All of the metemite diamond residues are relatively free of contaminant mineral phases, and EDS analyses 
indicate that elements with Z>6 constitute 4 %  of the residues. We performed carefully calibrated electron 
diffraction analyses of the Allen& samples, arriving at d-spacings matching the 9 largest of fcc diamond to better 
than + 0.4% in all cases. Our data thus offer no support for a previous assertion [5] that Allende diamonds have a 
unit cell edge 2% larger than normal. We detected no non-diamond (particularly graphite) C diffraction features. In 
agreement with [5], we observed for all samples in 120kV EELS C 1s + n* transitions in the C ionization edge 
(peak A in Fig. I), which are absent in bulk diamond and which reveal the presence of a n-bonded, presumably 
amorphous, C component in addition to ordinary fcc a-bonded diamond (peaks B-D). Comparison of the C 
ionization edge spectra for all meteorite samples showed no larger variation between the strength of the n* peak (A) 
and the a *  peaks (B-D) than among a* peaks themselves (about 5%), indicating a constant proportion of fcc 
diamond to amorphous C in all of these diamond-bearing meteorite residues. 

The low energy loss spectrum of meteoritic diamonds is distinctly different from that of ordinary diamond. In 
Fig. 2 we show low loss raw spectra for Murray CE diamonds, terrestrial diamond, "diamondlike hydrocarbon" 
(amorphous hydrogenated C with sp3 as well as sp2 bonding) with 34 atom % H [q, sp2-bonded amorphous C and 
graphite, taken with an energy resolution of S1.2eV. The terrestrial diamond spectrum has 3 distinguishable 
features; two of these (-10, -23eV) reflect diamond interband transitions, and the third (33.5eV) is the plasmon. 
The meteorite diamonds invariably show only a very broad plasmon which peaks at an energy fully 5eV lower than 
the ordinary diamond plasmon, but at an energy higher than for any other form of C. We found similar plasmon 
energies for Allende DM(28.3 f .3eV), DN(28.4 f .4eV) and Murray CE (28.2 f .4eV). The plasmon peak energy 
is roughly proportional to the square root of the number density of electrons in the material, so one expects a higher 
plasmon energy in diamond than in amorphous carbon, and an intermediate energy in a fine-grained mixture of the 
two. The depression of the meteoritic diamond plasmon energy and its constant value among the samples is thus 
consistent with the above interpretation of the diamond residues as mixtures of diamond and some form of 
amorphous C in sensibly constant proportion. This result implies that C2 and C3 meteorites sampled similar 
diamond reservoirs. It is not obvious how the different settling behavior of Allende DM and DN can be explained, 
except as due to a difference in diamond surface chemistry, or by supposing that the individual diamond crystallites 
are parts of polycrystalline masses whose average size differs in the two residues. 

To quantify the relative abundance of the amorphous C component and to constrain its identity, we modeled 
the meteorite diamond low energy loss spectrum as a mixture of or- diamond and another carbonaceous 
endmember using effective medium theory [7]. Here a composite dielectric is characterized by an effective 
dielectric function &ff(E) determined from the volume fractions fi and dielectric functions c(E) of its components 
according to C fi (& - € 4 ( & j  + aff) = 0. This formula is valid as long as the size of the grains in the composite 
is much smaller than the wavelength of the applied fields exciting the plasmon, 2 lOOnm in this work. We derived 
complex e's for all end members from their energy loss spectra, which are proportional to the loss function 
Im[-I/&@)], using Egerton's algorithm [8] which includes multiple scattering corrections. The composite medium 
was modeled by varying the diamond volume fraction to obtain the best agreement (minimum Chi-square) with the 
meteorite data in the 15-40eV range for a given choice of non-diamond endmember. The results are summarized in 
Table 1 and Fig. 3. Graphite and (to a lesser extent) sp2-bonded amorphous carbon are poor candidates for the 
non-diamond component, a result which is consistent with diffraction data and the fact that no such component 
should have survived the chemical processing used to obtain the residues. The diamondlike hydrocarbon 
endmember provides an excellent fit to the meteoritic diamond data, accurately reproducing the plasmon peak 
energy, width and shape (Fig. 3). While this result does not imply that the amorphous component is identical to the 
particular diamondlike hydrocarbon we have measured, the class of diamondlike hydrocarbons is clearly a suitable 
candidate component, both on the basis of EELS spectral characteristics, and because the diamonds have significant 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



METEORITIC DIAMONDS 

66 WSC X x  Bernatowicz T.J. e t  a l .  

H-concentrations (10-40 atom % [9]). Other possible candidates must have similar plasmon spectra, amorphous 
structure and similarly high chemical resistance. 

Surface sensitive x-ray absorption and EELS studies [lo, 111 have revealed C 1s + sc* transitions in ordinary 
diamond surface layers, so it is useful to consider whether the estimate of amorphous carbon abundance derived 
above is quantitatively compatible with the hypothesis that this component merely represents the (non-tetrahedrally 
bonded) surface C atom layer of the diamond grains [cf. 51, restructured and/or passivated by bonding of H atoms. 
For scale, consider that 1-2nm diamonds have roughly 2545% of their atoms on the surface. Assuming that the 
surface layers have bulk densities within the range appropriate to sp2-bonded amorphous carbon or diamondlike 
hydrocarbons (1.5-2 glee) leads to estimates of about 3565% for the volume fraction of diamond. This result is 
consistent with the volume fraction of diamond derived by effective medium theory (40%). Thus, no additional C 
component other than the diamond grains and their surfaces is required; the meteoritic diamonds themselves, and 
not some other carbonaceous component, should be considered to be the cam'ers of Xe (and any other) isotopic 
anomalies. 
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Table 1 

Optimal Diamond Non-diamond Minimum 
Volume fraction endmember reduced x2 

0.18 graphite 131 
0.255 amorphous C 34 
0.40 diamondlike 3.5 

hydrocarbon 
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