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INTRODUCTION 
The chemical and mineralogical properties of meteorites provide important information about their 

origin and the environments that they have been exposed to since their formation. Most carbonaceous 
chondrites have undergone aqueous alteration, which may have been an important process in the early solar 
nebula. Several groups of minerals have been identified as products of aqueous alteration in primitive 
extraterrestrial materials, including phyllosilicates, tochilinites, sulfates, oxides, carbonates, and hydroxides 
[I]. Mineralogical characterization of phyllosilicate phases in carbonaceous chondrites is difficult. If 
enough material is available, then x-ray diffraction techniques may be used to characterize the mineralogy; 
however, in most cases, extraterrestrial material is not abundant and the common techniques used to 
characterize the phyllosilicate mineralogy are electron diffraction and high-resolution transmission electron 
microscopy (HRTEM) imaging. However, HRTEM imaging may not differentiate phyllosilicate phases 
because they may display nearly identical d-spacings (e.g., mica, smectite, vermiculite), and these hydrated 
phases are generally rendered amorphous and unrecognizable, through heating and radiation effects caused 
by the electron beam. 

Phyllosilicates may be stabilized under the electron beam by removing hydrated, interlayer cations 
(e.g., ~ ~ 2 + ,  Nat, Kt ,  ~ a 2 + )  with non-hydrated, organic cations [2]. For example, n-alkylammonium ions 
will readily intercalate into the interlayers of most 2:l layered phyllosilicates (except mica and chlorite). 
The interlayer will expand to a distance that will accommodate the n-akylammonium ion. The expansion 
distance in the interlayer depends on (i) the chain length of the n-akylammonium ion (e.g., 9 carbon chain 
length vs. 18 carbon chain length) and (ii) the negative charge density distributed along the interlayer of the 
2: 1 phyllosilicate [3]. 

The objective of this study was to design an n-alkylammonium method to aid in stabilizing and 
identifying 2:l expandable phyllosilicates in carbonaceous chondrites. The technique was designed to 
accommodate very small sample sizes (e.g., ng) for HRTEM imaging. 
MATERIALS AND METHODS 
Synthesis of n-alkvlammonium cations. 

Four n-alkylammonium chloride salts with carbon chain lengths of 9 (Cg), 12 (C12), 14 (C14), and 18 
(CIS) were synthesized by a procedure analogous to that employed by Ruehlicke and Kohler [4]. Starting 
materials for the synthesis of the n-alkylammonium chlorides were equal volumes of the specific amine 
(nonylamine, dodecylamine, tetradecylamine, and octadecylamine) and ethanol (95%). The only variation 
from Ruehlicke and Kohler's procedure was to freeze-dry the crystalline powder after synthesis, thereby 
removing any excess acetone, ethanol, or water. 
Preparation of TEM thin sections and intercalation with n-alhlammonium ion. 

Selected grains from meteoritic samples known to contain phyllosilicates were embedded in a small 
drop of epoxy (EMbed-812) placed on top of a pre-hardened epoxy block. The epoxy was allowed to set at 
75 OC for 48 hr. A small trapezoid was carefully cut out of the epoxy with the embedded sample located in 
the center of the trapezoid. The embedded sample was sectioned into approximately 80 to 100 nrn thick 
sections using a diamond knife. 

Thin sections were placed onto formvar coated grids. Grids containing the section were placed 
sample side down in a solution containing the n-alkylammonium salt (0.5 M for C9, 0.1 M for CI2 & C14, 
0.05 M for CIS). Solution temperatures were maintained at 60 OC and thin sections were incubated in the 
solution for 5 to 10 min. Excess salts were then removed by floating the grid with sample side down in 
distilled water at 60 OC for 5 min. The washing step was repeated 3 additional times. Grids were allowed 
to air dry for 4 hr and then transferred to a desiccator (anhydrite) until further use. Carbon-coated samples 
were examined with a JEOL 2000FX scanning transmission electron microscope. 
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Materials. 
Seven Na-saturated standard clay minerals (Clay Minerals Repository) were each treated separately 

with the four n-alkylammonium ions (Cg, C12 C14, & CIS) The standards (nontronite/Washington, 
vermiculite/Texas, illite/Montana, saponite/California, interstratified illite-smectite/Montana, 
smectite/Arizona, and Fe-smectite/Washington) were used to determine the distance of expansion after, 
treatment with the various organic ions. 

Three carbonaceous chondrites (Orgueil, Ivuna, and Kaidun CI clasts), with CI matrices known to 
contain phyllosilicates, were chosen to test the procedure described above. 
RESULTS AND DISCUSSION 

The Clay Mineral Repository standards expanded to characteristic d-spacings, depending upon the 
chain length of the n-alkylammonium ion and interlayer charge density of each individual standard. For 
example, interstratified illite/smectite intercalated with Cg and C1g had HRTEM lattice fringes with d- 
spacings of 1.8 and 2.2 m ,  respectively, for the smectite phase. These d-spacings compared well with the 
d-spacings determined by XRD analysis. The non-expanding illite phase had a d-spacing of 1.0 nm with 
both treatments. The increase in d-spacing of the smectite phase with increasing carbon-chain length is due 
to the geometry of how the organic cation fits into the interlayer [3]. Saponite (low-charged smectite) 
exhibited HRTEM fringes with a d-spacing of about 1.4 nm when intercalated with C12. A d-spacing of 1.4 
nm was confirmed by x-ray diffraction analysis of the C12-treated saponite. It is probable that the smectite 
phase in the interstratified illite/smectite sample has a interlayer charge density greater than in saponite. 

The alkylammonium treatment appeared to improve the TEM stability of 2:l expanding 
phyllosilicates in matrices of the carbonaceous chondrites. Very few lattice fringes with d-spacings of 1.0 
nm or larger were observed in the untreated meteorite samples; however, fringes with d-spacings of 1.2 to 
1.6 nm were observed in the HRTEM images after treatment with the alkylarnmonium ion (C12). The C12 
allcylammonium ion was used to characterize phyllosilicates in these chondrites because it appeared to 
readily intercalate into the interlayers of 2:l expandable layers. 

A wide range of d-spacings were observed for the expandable phyllosilicate phase(s) in the matrix of 
Orgueil after treatment with C12. The d-spacings of HRTEM fringes ranged from 1.2 nm up to around 1.5 
nm. It is quite possible that the smectite phase in Orgueil is of variable interlayer charge. Tomeoka and 
Buseck [q have suggested that the smectite phase in Orgueil is saponite. A serpentine phase (0.7 nm) was 
also observed in Orgueil. 

Similar to Orgueil, the CI matrix of Ivuna consisted of a 0.7 nm phase and a 2:l phyllosilicate phase 
that had fringes with d-spacings ranging from 1.4 to 1.6 nm after treatment with C12. The expansion to 1.4- 
1.6 nm after the treatment suggests the presences of a smectite phase in the matrix of Ivuna. The 
alkylammonium treatment appears to help stabilize the smectite phase under the beam. Previous studies 
employing HRTEM [6] identified the serpentine-type phase, but did not detect any other phyllosilicate 
phases because of the rapid radiation damage caused by the electron beam. 

The two dominant phyllosilicates previously observed in Kaidun CI clasts were serpentine and 
saponite [7]. We observed HRTEM fringes with d-spacings around 0.7 nm which corresponds to the 
serpentine phase. Fringes with d-spacings around 1.3 and 1.4 nm were commonly observed in the 
alkylammonium-treated (C12) samples. These fringes are probably produced by a low-charged smectite 
(e.g., saponite). 

From initial observations, the n-alkylammonium technique stabilizes 2:l expanding phyllosilicates in 
carbonaceous chondrites from radiation damage caused by the electron beam. Information on the 
interlayer charge characteristics may be derived by determining the d-spacing corresponding to a series of 
treatments with n-alkylammonium ions of chain lengths ranging from C6 to C18 [3]. The mineralogy of 
other extraterrestrial materials known to contain phyllosilicates (e.g., interplanetary dust particles) should 
be tested using this technique. 
REFERENCES 
[I] Zolensky, M. and H.Y. McSween (1988) Meteorites and the Early Solar System, Arizona Press, p. 114- 
143. [2] Vali, H. and R. Hesse (1990) American Mineralogist, 75:1443-1446. [3] Lagaly, G .  and A. Weiss 
(1969) Proc. Int. Clay Conf. Tokyo, 1:61-80. [4] Ruehlicke, G. and E. E. Kohler (1981) Clay Miner., 16:305- 
307. [5] Tomeoka, K. and P.R. Buseck (1988) GCA 52:1627-1640. [6] Mackinnon, I.D. and P.R. Buseck 
(1980) LPSC XI, p. 658-659. [7] Zolensky et al. (1991) LPSC XXII, p. 1565-1566. 

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


