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Introduction:  Pristine CO3 carbonaceous chon-

drite meteorites provide a detailed record of the geo-

logical processes and events that have shaped our solar 

system over the last 4.5 billion years. They contain a 

fine-grained (≤ 1 µm) matrix (> 50 vol%) of amor-

phous and crystalline silicates, oxides, sulphides and 

metals that have remained largely unaltered since the 

time they accreted into an asteroid [1]. The matrix 

therefore preserves the original building blocks of the 

solar system and is an important tracer of the formation 

and evolution of asteroids.  

The matrix of CO3 carbonaceous chondrites also 

contains up to ~1 wt% carbon mainly in a wide variety 

of organic materials including soluble molecules and 

kerogen-like insoluble organic matter (IOM) [2, 3]. 

Most studies of organic material in chondrites focus on 

residues extracted through acid digestion of the sample, 

which leads to a loss of spatial information and poten-

tial damage to the organic material. The loss of spatial 

information limits our understanding of the relationship 

between the mineralogy and organic materials in car-

bonaceous chondrites. The study of organic material in 

the matrix of primitive chondrites is crucial because 

asteroids may have delivered the basic building blocks 

of life to the early Earth. 

Le Guillou and Brearley [4] used transmission elec-

tron microscopy (TEM) to investigate the spatial dis-

tribution of organic materials in CR3.0 chondrites. 

They reported that, despite the pristine nature of the 

chondrite, the OM has a close spatial relationship with 

rare alteration phases such as phyllosilicates, as well as 

being distributed in cracks and along grain boundaries. 

A relationship between organic matter and GEMS in 

interplanetary dust particles (IDPs) has also recently 

been observed by [5, 6]. 

Here, we have characterised the functional chemis-

try and spatial distribution of carbonaceous materials in 

the matrix of the CO3 meteorites Dominion Range 

(DOM) 08006, Northwest Africa (NWA) 7892 and 

Miller Range (MIL) 090010 using TEM and scanning 

transmission X-ray microscopy (STXM). Combined 

with synchrotron radiation, STXM offers the high spa-

tial resolution (10’s nm) and sensitivity required for in 

situ analysis of fine-grained and heterogeneous chon-

drite matrix. 

Methodology: DOM 08006 is a CO 3.00 and con-

sidered one of the most primitive chondrites due to the 

high abundance of presolar grains and amorphous sili-

cates in its matrix [7]. NWA 7892 and MIL 090010 

have been studied less but are classified as CO 3.05 [8] 

and CO 3.1 [9, 10] respectively.  

For each sample, matrix areas were identified and 

characterized using an FEI Quanta 650 scanning elec-

tron microscope (SEM) equipped with an XFlash 

QUAD 5060F Bruker EDX detector, and a Cameca 

SX100 electron microprobe. Electron transparent foils 

(~10 × 5 × 0.09 µm) were cut and extracted from each 

matrix area using the focused ion beam (FIB) tech-

nique and attached to Cu TEM grids.  

Carbon, nitrogen and oxygen X-ray absorption near 

edge structure (XANES) spectra were obtained from 

the FIB sections using STXM on beamline I08 at Dia-

mond Light Source, UK. Spatially correlated energy-

dependent image stacks from different regions of inter-

est (~5 × 5 µm) were acquired at the C K-edge (278 – 

310 eV), N K-edge (388 – 425 eV) and O K-edge (520 

– 560 eV), with an energy increment of 0.1 eV over the 

main edge, a spatial resolution of ~50 nm and a dwell 

time per pixel of 10 ms. In order to minimize possible 

beam damage, the FIB sections were imaged by TEM 

after the STXM analyses. TEM analyses were carried 

out using a FEI T20 instrument operated at 200 kV. 

Results: Bright-field TEM images show the fine 

grain size and heterogeneous texture of the matrix in 

DOM 08006, NWA 7892 and MIL 090010. The matrix 

in DOM 08006 consists of an amorphous groundmass 

embedded with ~0.1 µm silicate, sulphide, metal and 

phyllosilicate grains. DOM 08006 appears fairly fea-

tureless, whereas NWA 7892 and MIL 090010, which 

experienced higher metamorphic peak temperatures, 

are “fluffy” in nature (Fig. 1).  

The carbon spectra are variable within the FIB sec-

tions, but for each section they can be grouped together 

based on distinct features. These are related to discrete 

functional groups, with different relative intensities. 

The three spectral groups are different for each sample. 

Fig. 2 shows these groupings for MIL 090010. In 

DOM 08006, Group 1D is characterized by weak ab-

sorption peaks at ~285.2 eV corresponding to aromatic 

C (C=C), ~286.7 eV related to ketone (C=O), at 

~288.5 eV (carboxyl group, –COOH), and a distinct 

peak at 290.7 eV, possibly corresponding to the 1s‒π* 

bond of CO3. By contrast, Group 2D spectra have no 

feature at 290.7 eV, while Group 3D is characterised 

by a very weak COOH feature. In MIL 090010 (Fig 2) 

all groups show a strong aromatic C (C=C) absorption 
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peak. The ketone C=O peak is barely visible in Groups 

2M and 3M. While the carboxyl COOH peak is present 

in spectra from all the groups it is most prominent in 

Group 3M. The spectra from Group 3M also show a 

distinct peak at 290.7 eV, which may potentially be 

related to CO3. While these four functional groups are 

consistently observed through the samples, their rela-

tive intensities (and therefore abundance) changes in 

relation to their location and meteorite sample. In 

NWA 7892 we identified a carbonate vein, likely due 

to terrestrial weathering, from both TEM and STXM 

data. O K-edge data from DOM 08006 and MIL 

090010 show an absorption feature at ~534 eV which 

corresponds to the carboxyl group (-COOH). The cal-

cite vein in NWA 7892 was also evident from its O K-

edge spectrum. 

N K-edge spectra were acquired in some regions 

but no distinct absorption features sufficient for assign-

ing functional groups were recognised within the ma-

trix.  

Discussion: Organic matter is concentrated in ma-

trices of chondritic meteorites; it is unlikely to have 

survived the high temperatures associated with chon-

drule and Ca-Al-rich inclusion (CAIs) formation [11], 

although it might have been responsible for the reduc-

ing conditions in which many chondrules formed [12].  

In situ analyses of DOM 08006 and MIL 090010 

show the presence of diffusely distributed C-rich re-

gions which have characteristic functional group chem-

istries that have been previously reported in the anal-

yses of their bulk samples. The absorbance spectra are 

all characterized by the presence of aromatic C, ketone, 

and carboxyl, with CO3 possibly present in some areas. 

Their relative intensities however vary depending on 

their location within the sample, perhaps suggesting 

that what is present in the sample can be in the form of 

inter-grain carbonaceous material and distinct carbona-

ceous sub-grains [2].  

Spectral variations in the functional group chemis-

try of organics are usually not seen in bulk analyses of 

IOM extracted from the same meteorites [13]. Howev-

er, the spectral and spatial variations we observe in the 

OM of the analysed samples are characteristic of their 

low petrologic type, as increasing metamorphism tends 

to homogenise the OM [14], and they are consistent 

with studies of other pristine extra-terrestrial samples 

such as  IDPs [7] and cometary materials [15]. The 

heterogeneous distribution of the carbonaceous materi-

al and the presence of rare phyllosilicates within the 

matrix might be related to hydrothermal fluids that 

were mobilising the organics within the parent body 

[4], with the chemistry of the fluids and minerals acting 

as catalysts [2]. We are now examining the degree of 

variability of the functional groups and the relationship 

of organics to the mineralogy in order to provide fur-

ther insights into the nature of the OM present during 

the formation of planetesimals. 

 

 
Figure 1. Bright field TEM image of DOM 08006, 

NWA 7892 and MIL 090010 showing differences in the 

matrix appearance. 

 

 
Figure 2. XANES C K-edge spectra of MIL 090010 

(CO 3.1) showing absorption features of C=C, C=O, 

COOH and CO3 and their location within the sample. 
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