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Introduction: Revealing the location of C
in carbonaceous chondrite (CC) meteorites is
hampered by the fine-grained sizes of the bulk
of the matrix minerals. These minerals are
typically sub-micron-sized, which necessitates the
use of high spatial resolution imaging techniques
and spectroscopies for their analyses. Electron
energy-loss spectroscopy (EELS) coupled to a
transmission electron microscope (TEM) is ideally
suited to provide nanometer-scale chemical and
bonding information [1, 2].

Considerable information is available
regarding the identities and structures of organic
materials from CC meteorites [3-7]. Despite the
large amount of data on the soluble organics,
little information exists on the relationship
between organic C and the products of aqueous
alteration in the meteorites. In contrast, the
distribution of organic matter, its form, and
relationship to clays in sediments has received
considerable attention, and there is much
evidence for an intimate association [8-11]. Such a
relationship has only been indirectly shown for
meteorites [12, 13].

Here we use EELS and TEM to a)
increase our knowledge of the relationship
between C and the components of CC meteorites
and b) further understand the bonding of C in
clays from primitive meteorites.

Materials and Methods: EELS data were
acquired with a GATAN 766 DigiPEELS
spectrometer attached to a Philips 400-ST field-
emission-gun (FEG). Spectra were acquired from
electron-transparent regions of clay grains
overhanging the holes in the lacey film of the
TEM grid from regions <100 nm in diameter.
Details on EELS processing and quantification are
given in [14]. Multiple samples were studied of
Ivuna and Orgueil (CI1) and Tagish Lake (C2)
meteorites. Submillimeter-sized pieces of matrix
were disaggregated in ca. 20 micro-L of water,
and 1 micro-L of the meteorite in suspension was
dried on a Cu TEM grid covered with lacey
support film. Quantification of the functional
groups from the C K edges was done with the
GATAN el/p software.

Results and Discussion: Using TEM and
EELS we find abundant C associated with clays
in multiple samples of the Ivuna, Orgueil, and
Tagish Lake meteorites. The C content of the

Tagish Lake clay flakes, expressed as O:C ratios,
ranges from O6.9C to O17.8C, with a mean of O8.9C.
The range for the Orgueil clays is O6.7C to O23.4C,
with a mean of O10.0C. The similar average O:C

ratios between pristine Tagish Lake and Orgueil
is evidence that the C in the clays from the
Orgueil samples we studied is not from
contamination. The O:C ratios are independent of
grain thickness and is consistent with an
interlayer or structural origin for the C.

The C K-edge spectra from the clays
show multiple peaks within 10 eV of the edge
onset (Fig. 1). These peaks correspond to a range
of C functional groups. The peak near 285 eV
represents transitions to unoccupied states of
aromatic C. The 287.4-eV peak shows aliphatic C,
and that at 290.4 eV inorganic or organic
carbonate. Deconvolution of the C K edge
revealed a peak near 288.5 eV corresponding to
carboxylic acid compounds [15, 16]. The
intensities of the peaks in the near-edge region
vary among clay grains and meteorites,
confirming a range in C functional group
concentrations.

Fig. 1. Example of the deconvolution of the C K edge

from an Ivuna clay flake. The spectrum is fitted with four

Gaussian peaks representing the primary functional

group transitions. Peak A) 1s-p* C=C at 284.8 eV for

aromatic C, Peak B) 1s-s* C-H at 287.4 eV for aliphatic

C, Peak C) 288.5 eV for 1s-p* COOH for carboxylic

acid, and Peak D) 1s-p* C=O at 290.4 eV for carbonate.
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A semiquantitative determination of the
organic functional groups in the clays from the C
K edge (Table 1) and a least-squares fit of the
Ivuna spectrum (Fig. 1) shows that the organic C
is dominated by aromatic (Carom) and alkyl (Caliph)
C, with Carom/Caliph ratios ranging from 1.5
(Orgueil) to 0.9 (Tagish Lake). The carboxylic C
constitutes only a small proportion of the C in the
clays. The origin of the carbonate peak is
puzzling. We searched for but did not find
carbonate grains on the clay flakes. The
carbonate may be from an organic carbonate or
from absorbed CO2.

The similarity in the quantities and
proportions of functional groups in Orgueil and
Ivuna clays is consistent with the formation of the
clays on the same or similar parent bodies,
consistent with their similar mineralogies and
organic chemistries [4, 17]. The types of amino
acids in the CI meteorites suggest a parent body
that was rich in cometary components such as
water, ammonia, and HCN [4]. It is generally
assumed that some of the soluble organic
compounds in meteorites are derived from
chemical processing during aqueous activity on
the meteorite parent body [18]. This assumption
is consistent with calculations that show an
intimate relationship between the formation of
soluble organic compounds and the process of
aqueous alteration that form hydrous minerals
[19]. The soluble organic compounds would have
intercalated into the clays during such aqueous
activity.

The Tagish Lake meteorite contains a low
abundance of soluble organics [6]. One
interpretation of this minor content is a parent
body devoid of starting components such as
ammonia and HCN [20]. Under this scenario
there would have been little soluble organic C
available for intercalation into the clays.
Alternatively, the current low soluble organic

content may represent
a higher degree of
chemical oxidation
than experienced by
the CI meteorites [21].
Thus, the organic C
intercalated into the
Tagish Lake clays
may have occurred
during an earlier
stage of chemical
processing in the
presence of abundant

soluble organic C. This intercalated C was then
protected within the clays from the later
oxidizing conditions.

In conclusion, our results show that the
clays in the CI and Tagish Lake meteorites acted
as sinks for organic C, and may have played a
catalytic role in the formation of the meteorite
organic inventory. The results provide new
insight regarding the constituents of primitive
meteorites and the information they provide
regarding aqueous alteration in the early solar
system.
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Table 1. Average relative proportions of functional groups in the clays*.

Meteorite Functional groups (%)
Aromatic Alkyl Carboxylic Carom/Caliph

Orgueil 55 36 9 1.5
Ivuna 51 38 11 1.3
Tagish Lake 41 46 13 0.9

*To improve the spectrum signal-to-noise ratio, fifteen spectra were summed from
separate mineral flakes for each meteorite. Absolute errors are difficult to determine given
the lack of suitable standards, though a fitting error of <±5% is appropriate given the low
signal to noise ratio of the summed spectra.
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