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Abstract

The carbonaceous Murchison chondrite is one of the most studied meteorites. It is considered to be an astrobiology standard for detection of
extraterrestrial organic matter. Considerable work has been done to resolve the elemental composition of this meteorite. Raman spectroscopy
is a very suitable technique for non-destructive rapid in situ analyses to establish the spatial distribution of carbonaceous matter. This
report demonstrates that Raman cartography at a resolutioprof tan be performed. Two-dimensional distribution of graphitised carbon,
amorphous carbonaceous matter and minerals were obtained pn#®3aps. Maps of the surface of native stones and of a powdered sample
are compared. Graphitic and amorphous carbonaceous domains are found to be highly overlapping in all tested areas at the surface of the
meteorite and in its interior as well. Pyroxene, olivine and iron oxide grains are embedded into this mixed carbonaceous material. The results
show that every mineral grain with a size of less than agiew? is encased in a thin carbonaceous matrix, which accounts for only 2.5 wt.%.

This interstitial matter sticks together isolated mineral crystallites or concretions, including only very few individualized graphitised grain
Grinding separates the mineral particles but most of them retain their carbonaceous coating. This Raman study complements recent findings
deduced from other spatial analyses performed by microprobe laser-desorption laser-ionisation mass spegitd&)yyttansmission

electron microscopy (TEM) and scanning transmission X-ray microscopy (STXM).

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction objects in chondritef4,5]. A recent study showed that al-
most half of the Murchison meteorite consists of fine grained
This study deals with the carbonaceous chondrite col- matrix phases dominated by iron sulphides and serpentine,
lected from the Murchison district of Australia in 19R9-3]. while olivine is the dominant mineral of coarse-grained com-
This meteorite was described as containing 97.5wt.% min- ponentg6].
eral: pyroxene (aluminium silicate), enstatite and serpentine  Carbonaceous matter ‘on Earth’ may include graphite and
(magnesium silicates), olivine (magnesium silicates and iron diverse polyaromatic pre-graphitic materials, like kerogens
sulphides) and iron oxides; the remaining 2.5% is composedand solidified bitumens originating from organic matter trans-
of carbonaceous matt@¥. Sintered aggregates of olivineand formed during complex metamorphic procespesl1]. In-
of olivine and pyroxene are described as the most commondeed many organic molecules have been detected in Murchi-
son meteorite in ppm amounts: aliphatic and aromatic hy-
* Corresponding author. Tel.: +33 1 4978 1115; fax: +33 1 4978 1118.  drocarbong1,12,13] fullerenes[14] and carboxylic acids
E-mail addressmarie-helene.baron@glvt-cnrs.fr (M.-H. Baron). [1,12]. Biogenic materials like amino acid3,15,16] puric
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nucleic basefl7] and sugar$18] have also been extracted The present study represents a preliminary analysis en-
and quantified. abling to enumerate and size composite domains at micro-
Several works have already been dedicated to the studymetric scale including mineral/carbonaceous interfaces and
of the spatial distribution of the carbonaceous matter in overlapping materials in the carbonaceous Murchison mete-
chondrites[5,19-22] Faceted graphene sheets with large- orite. Infollowing up studies other methods should be applied
scale graphitisation were found in the Allende meteorite to yield more accurate morphological and chemical details
[21] in Fe-rich matrix of olivine especiallj22]. Recently at nanometer scale. The detected complex domains may be
non-destructive nuclear reaction analysis (NRA) showed thatthose containing the memory of the meteorite formation and
olivine grains in chondritic meteorites generally have carbon its subsequent alteration through the ages. The spatial de-
content lower than 120 ppf8]. Microprobe laser-desorption  piction of molecular interfaces is key for understanding how
laser-ionisation mass spectrometpl.€MS) [13], isotopic mineral and organic matter condensed together during solar
analysis (ion microprobe) and transmission electron mi- system formation and possibly befdBs5,19-22,28]
croscopy (TEM)[23] and also energy scanning transmis-
sion X-ray microscopy (STXM]R4] actually allow reflecting
the distribution of different chemical constituents in mete- 2. Experimental
orite samples. Th@L2MS method yielded the spatial lo-
calization of polycyclic aromatic hydrocarbons in the Al- 2.1. Samples
lende and Murchison carbonaceous chondrites at approxi-
mately 40um spatial resolution. While highly selective and The studied specimens of Murchison meteorite consisted
very sensitive, this methodology based on desorption is how- of several grains measuring? mmx 2 mm each. They were
ever destructivg13]. TEM analyses enabled following at provided by Dr. Mickele Denise (Museum d’'Histoire Na-
nano-scale resolution the chemical abundances of titaniumturelle, Paris). The specimens were kept in a hermetic box
carbide in single composite graphite grains of a fragment to avoid contamination. Some grains were reduced to a fine
of the Murchison meteorit§23]. STXM mapping distin- powder (~1-5um) in an agate Specamill grinder just before
guishes domains containing graphite from domains con- Raman mapping. The equipment (grinder, tubes, balls, etc.)
taining amorphous or organic carbon in single chondritic was washed twice with distilled water and ethanol, sonicated
interplanetary dust particles with a spatial resolution of for 15min and autoclaved at 9C for 30 min before use.
100 nm[24]. Meaningfully, both TEM and STXM analyses Stones were placed and powders spread on glass plates that
require ultra-microtome slicing of the samples (70-200 nm had been cleaned with distilled water and ethanol. A cover
thick). slip placed over the spread powders prevented them from
Recently Popp et al. demonstrated that point-by-point Ra- moving.
man imaging might provide the distribution of various com-
ponents, in situ in unpolished chondrites, within surfaces of 2.2. Raman microscopy
few wm? size[25]. The present Raman study aimed to reveal
whether such an imaging method was relevant to map the To test the stability of the samples under green laser beams
distribution of minerals in a sample of Murchison chondrite numerous Raman spectra of native stones or powders were
and simultaneously determine the texture of the carbonaceougecorded with a Dilor XY Raman spectrometer, equipped
matter. To our knowledge thisis the firsttime that a Murchison with a coherent spectrum Argon ion lasegy{ = 514.5 nm)
stone has been imaged by means of Raman micro spectromand a CCD detector. Using S0objective the laser was fo-
etry. Useful data was obtained on both external and internal cussed onto 4-am? at the surface of the samples, no matter
domains by scanning the surfaces of native and crushed stonevhat it is. The penetration depth of the laser through the
respectively. black carbonaceous layer should be sub-micronic, as already
The spatial resolution actually available by Raman is referred[9]. A spectrum (1) was recorded in focussing the
coarser than that of TEM and STXM analyses. Moreover, the laser (4Q.W) onto an area during 300 s, then another (spec-
detection and mapping of a chemical component by Ramantrum 2) in focussing a same power on this area, but during
has two essential requirements, namely that the sample is rel3000 s. The spectrum of another area irradiated during 3000 s
atively dense and/or has a high Raman cross-section. Furtherat 40pW (spectrum 3) was compared to the spectrum of this
more, a few ppm or less of bioorganic substances cannot bearea subsequently irradiated during 300 s only, but apA00
imaged, excepted if surface-enhanced Raman spectroscopyspectrum 4). A last measure was performed during 3600 s
is availablg26,27]. Lastly, the thickness of a molecular layer with the laser set at 34W and focused on individual areas
that can be probed depends —on the indicia of this layer, —on scanned in time along a line 0$280 .m? size (spectrum 5).
the laser light-absorption by the chemical compounds in the Each area along this line was finally only irradiated during
layer and also —on the re-absorption of the light diffused by 80 s (at 34.W). Superimposing spectra 1 and 2 showed that
the probe substances. Despite these limitations Raman hagrofiles were similar but spectrum 1 ten times weaker than
the invaluable advantage of revealing chemical textures of spectrum 2. Spectra 3-5 were nearly identical (intensity). In
peripheral layers without being destructive. general, intensities and band-ratio only depended on which
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. tion of individual chemical components. In maps presented
/ﬂ\w// '\\ in Figs. 2 and 3the darker a zone, the more abundant is the
s\l B \ probed compound in this zone.
< Spectral intensities (areas) in ranges 1011-1130‘and
B | X3 N 825-857 cm! were plotted to characterise pyroxene and
é L X3 . (@) e olivine, respectivelj27]. The range 630—730 cm enables
E T e mapping iron oxide$28-30] According to a highly docu-
g i ) e, mented literature, the 1200-1700thrange includes the D
| I x3 / o Sw B (disordered) and G (graphitic) bands, representative of clus-
o tered carbon in graphenes materigis11,31-34] The D1
AX3. ,..w,ljlw @ band ca. 1350 crt is associated to Sghonded carbon mo-
Y Y v PR s S FYSEIS P tions in amorphous carbonaceous substances or at the periph-
Wavenumbers (cm-!) 7 ery of small graphitic grains (from 10 up to 50 nm) in con-

tact with silica. The spectral range 1540-1640¢rimvolves
Fig. 1. Representative Raman spectra of argasid at the surface of the the band of pure graphite (1581 chrfor spz-bonded carbon
specimen of Murchison meteorite used for Raman imaging. Laser focused motions) and two shoulders named D2 and D3 (§nihich

onto glassy region (a, b) pyroxene (240, 340, 662, 686, 1011, 103Hcm . _
and olivine (826, 859, 922, 965 cth); onto white domains (c) iron oxides assignments are debal[gd'll’?’l 34'] Resonance processes

(~300, 500, 700cm?), (d) pyroxene and carbonaceous mattef.50, gxpla_in high Raman cross-sections qqd wgv_enumber varia-
1600 cnT?), (€) iron oxyhydroxide (FeOOHR{250, 300 cm') and car- tions in changing the energy of the exciting visible laser beam
bonaceous matter; onto a dark domain (f) carbonaceous matter. [31-34] Moreover, itwas experienced that the relative contri-

butions of D2 and D3 varied with the orientation of thaxis
meteoritic zone was tested. Spectral profiles look like those of graphite grains, with respect to the laser bd¢@rhl]. Ac-
recorded with 5& objective (Olympus) in 300s with the tually, numerous studies show that D1/G or D1/(G + D2 +
LabRam Infinity Jobin Yvon-Horiba spectrometer equipped D3) spectral ratios strongly depend on which carbonaceous
with Nd-Yag laser (60Q.W at 532 nm) and a Pelletier cooled specimen is investigatd@—11,34] Probing micro-domains
CCD camerakKig. 1). All results ensure that laser heatingdid D1/G decrease may reflect an average reduction of the size
not entail time-dependent change. The state of the carbonaof graphite clusters decreasing the number Gtlspnded
ceous matter was unchanged after any Raman analysis. carbon (graphitic matter) with respect to interfaciat spr-

Planar area of native stones were selected among numerbons[34]. In other words, R>35-1440 cnri/CG1540-1640 cnrt

ous 10x 10pm? optical images and mapped in using the variations measured at the surface of our native and crushed
100x objective (Olympus) of the LabRam Infinity spectrom- meteorite samples could mean that the size of the graphitised
eter (60QuW at 532 nm, in moving the sample on an XY grains varies, also that orientation of the grains are not uni-
stage. Area of 10pm? was the largest suitable to perform form. Consequently, we emphasise that maps presently de-
Raman cartographies. Gaps in planarity prevent mapping ofduced from D1/G ratios are crude images differentiating do-
larger surfaces. 2& 20 spectra were recorded with a res- mains including more or less graphitised zones with random
olution of ~1 wm?, point-by-point with scanning step size orientation, at micrometric scale. A D1/G increase means
of 0.5pm. Each spectrum was accumulated over a period of that local disorder increases (more amorphous carbonaceous
90s. 10x 10um? areas of the crushed material were anal- matter) while D1/G decrease means that graphitisation is im-
ysed in following same procedures. Depending on its size anproved. On the other hand, map of pyroxene/D1 ratio evi-
individual particle (@ = 1-fwm) could be sampled by 2-4to  dences organo-mineral composite zones.

50-100 laser strokes, e.g. a22 um? particle probed at 16 The intrinsic noise of the spectra presented in Figs. 2B and

distinct points. 3B, corresponds to 20—30 arbitrary units (A.U.) displayed in
For the powdered sample a wider area of 10,008 was white on left vertical scales iRigs. 2C,D and 3C-FWhite

also mapped with the 500bjective (resolution of 4—am?). zones on the maps signify that probed substances are not

30 x 30 spectrawere recorded point by point using a scanning detectable.

step size of 3um. A spectrum corresponds to two accumu-

lated spectra recorded during 30 s each. A unique spectrum

may be representative from one to two particfed & 5 pm, 3. Results

to four to five particlesfid = 1 wm. Punctual duplicate spectra

performed on mapped areas confirmed that the laser irradia-  Fig. 1displays the spectra of individual areas (4:6°)

tion did not modify the detected substances. at the surface of one native Murchison piece. Wavenum-
Raman two-dimensional images of the scanned areas weréers and band-profiles on (a) and (b) spectra reveal that the

calculated using the LABSPEC-Dilor software. Amapisrep- laser excited micro-domains containing olivine and pyrox-

resentative of intensity changes in a delimited spectral rangeene {Table 1) [28]. On spectra ¢ and e other bands are as-

assigned to one chemical entity when the sample is movedsigned to iron oxide and iron oxyhydroxidgable J [29,30]

under the laser beam, step by step. Maps show the distribu-Marker bands of mineral were always weak and those as-
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Fig. 2. Two-dimensional distribution of chemical compounds detected in an area pi¥08t the surface of a native Murchison stone. Optical image (A).
Punctual Raman spectra (B) with laser focused onto a dark zone (a) carbonaceous¥i&8ér (600 cm); onto grey zones (b) iron oxides:800, 500,

700 cntl) and (c) pyroxene (240, 340, 662, 686, 1011, 1030nand carbonaceous matter. Raman maps representative of pyroxene (C) (1011-1%)30 cm

and amorphous carbonaceous matter (D) (1230-1446);might axes scale Raman areas in selected wavenumber ranges (A.U.). Raman maps representative of
superposed distribution of pyroxene and amorphous carbonaceous material (E) [pyroxene/D1] and of amorphous/graphitised carbonacedixli@tter (F)

right axes scale these ratios.

Zatwtifaiteristic Raman shifts of mineral and carbonaceous chemical components found in the Murchison carbonaceous chondrite
Components Raman shifts (ch)

Pure components Murchison
Olivine 826, 859, 922, 965 826, 859, 922, 965

Pyroxene species

Iron oxyhydroxide (FeOOH)
Iron oxides (hematit&)
Carbonaceous matter

~200-400, 670, 1060

299, 243
1330, 611, 498, 411, 299, 291, 245, 224
~1600,~135C¢

240, 340, 662, 686, 1011, 1030
~300, 250

~300, 500, 700

~1600,~1350

a 28.
b 29, 30.
c7-11
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Fig. 3. Two-dimensional distribution of chemical constituents detected in an area of 10v8Ga the surface of crushed Murchison meteorite. Optical image
(A). Punctual Raman spectra (B) with laser focused onto dark zones (a, b) iron &:888,(500, 700 cm?) and carbonaceous matter1600, 1350 cm?);

onto a white zone (c) olivine (825-857 cft) and carbonaceous matter. Raman maps representative of olivine (C), iron oxides (D) (630=¥8@phitised

(E) (1540-1640 cm!) and amorphous (F) (1230-1440ch) carbonaceous materials; right axes scale Raman areas in selected wavenumber ranges (A.U.).

signed to iron oxide specifically broad. Bands D1 and G re-  The optical image of an area of 1pfn? selected at the
flect the presence of more or less disordered carbonaceousurface of a native stone is reproducedFig. 2A (100x ob-
matter[7—11,31-34](Table ). These bands may be found jective). The spectra shownffig. 2B correspond to different
concomitantly with bands representative of either iron oxide excited points41 .m?) selected on this area. Spectra show
(spectrum c), or pyroxene (spectrum d) or iron oxyhydroX- that the laser might excite pyroxene, iron oxide and carbona-
ide (spectrum e) bands. However, it has to be underlined thatceous matter. Raman maps of the optical image are drafted
among all punctual tests many only evidenced carbonaceousn Fig. 2C and D. Grey and black zones in map C represent
matter, like spectrum fwhere G- and D1-peaks are prominent. pyroxene. This mineral is directly accessible in a limited area
Slightwavenumber variations at the top of D1 and G peaks as(~4 x 1.5um?). By contrast, the area representative of disor-
well as changes in line-width indicate that depending on the dered carbon (amorphous matter) probed by the intensity of
point probed at the meteorite surface carbon adopts differentthe D1-band (grey and dark grey zones in map D) covers most
electronic configurations, as previously found in numerous of the analysed surface, except a place exclusively occupied
other geochemical carbonaceous matefiéls by pyroxene. A comparison of maps C and D indicates that
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in the lower-right section, pyroxene and carbonaceous mattercarbon reaches high levels too (see dark-grey and black zones
overlap. The map representative of pyroxene/D1 reinforces at same places in maps E and F. A delimitated black spot is
these observations (map E). In the light grey zone, in the exactly atthe same place in maps E and F. It might correspond
lower-right section of the map, pyroxene/D1 ratio increases to a graphitic spherule (& 3—4p.m) [23].
from 0.5 to 1.5. Little carbonaceous matter seems to be im-
pregnated in the mineral phase at micrometric si&dg The
map of the most graphitised zones (intensity of the G-band, 4. Discussion
not shown) was not easily differentiated from that of disor-
dered carbon (map D). However D1/G ratios plotted in map  Green lasers focussed onto Murchison meteoritic samples
F display a white irregular line pinpointing where graphitisa- with mm or um thickness (stones or powders, respectively)
tion is more important£2 um in width). Graphitised carbon  did not generate any heating alteratif®}. This was evi-
is also enwrapped in zones where pyroxene and amorphousienced when controlling intensities and profiles of the Ra-
carbonaceous matter are superimposed. man bands over periods of 3600 s for the longest, with powers
Similar features were detected on other domains at theranging between 34 and 68V and 50« and 100« objec-
surface of the native stone. We conclude that the surface oftives.
this stone is mostly made of carbonaceous matter with vary-  Carbonaceous matter was detected nearly everywhere
ing contents (extent) of graphitic and amorphous materials over the surface of our native meteoritic pieces. Only mi-
(zones) mixed intimately at micrometric scale, as seen by crometric asperities of pyroxene, partly invaded by carbona-
D1/G ratios oscillating between 0.5 and 1.5. Amorphous car- ceous clusters were detected. Because the laser beam only
bonaceous, more than graphitised matter partially overlappedprobes the black envelope at sub-micrometer depths most
pyroxene, scarcely detected. of the mineral matter is hiddef®,34]. This explains why
To better detect the abundant mineral matter (97.5wt.%) olivine, which is the major component of the meteorite, was
enclosed in carbonaceous Murchison material, crushed samnot detected when mapping the surface of the native stone
ples were analysed. The laser-scannedii§d areas of a [4,6].
layer of particles (1-pm size each) spread over a glass De facto, more olivine and iron oxides were statistically
plate (cf. experimental). Surprisingly most of the recorded detected at the surface of the powdered sample (1,660
punctual spectra only revealed Ddnd G-bands. Carbona- than at the surface of native pieces (106%). However sur-
ceous matter was found nearly everywhere over the crushedprisingly, mineral species were still hard to detect, taking into
particles and mineral substances generally indiscernible. Ap-account of the spatial resolution used.
parently grinding did not affect the state of the carbonaceous How can such a low percentage of carbon quantified in the
matter[9]. chondrite (2.5 wt.%) gives rise to such highly extended car-
The surface of the powder over the glass plate was rela-bonaceous surfaces and as great at the surface of the powder
tively planar. Thus, it was possible to generate a wider Ra- as at the surface of a native stone? The only pertinent an-
man map in expecting to detect more mineral substances.swer found is that our crushing procedure did not cleave any
The optical image reported irig. 3A represents an area of mineral micro crystallite or concretion and that after crush-
10,000.m? of meteoritic powder, representative of approx- ing a thin black film still screened most of them from the
imately 500 particles (cf. experimental). At low resolution green laser light. Crushing might have only thoroughly di-
(4-5um?) a single laser stroke could excite more than one vided the studied stones:2 mm x 2 mm) into micrometric
particle (4-5 particles for smallest). Punctual spectra revealedparticles (1-5.m) but not removed carbonaceous coating
the presence of three species: olivine, iron oxides and car-around the mineral grains. Only sporadically where coat-
bonaceous matteF{g. 3B). The 10,00um2 maps are shown  ing is thin enough the laser excites olivine matter. This is
in Fig. 3C-F. Olivine appears in discrete domains 23 consistent with the fact that carbonaceous matter surrounds
across (map C). The zones over which iron oxide is visible most of the detected olivine spots. This is also true for ox-
are more diffuse (grey-black zones on map D). These domainside iron-rich particles, but because they were detected more
may represent randomly superposed iron rich flat grains of easily than olivine, a thinner carbonaceous film should wrap
a few microns each. The comparison of maps C and D indi- them. Mapping of the crushed sample allows the discrimi-
cates that each olivine spot stands in a zone where iron oxidenation of olivine- and iron oxide-rich particles. Whether or
concretions are not detected (grey spots on map C/olivinenot individual grains were disjointed during crushing, each
coincide with white zones on map D/iron oxide). In map C, olivine crystallite or iron oxide concretion seems to be iso-
exceptthe single black spot, other light-grey spots correspondlated from each other by a layer of carbonaceous matter. More
to grey areas on maps E and F. This means that carbonaceouthan forming local dense inclusions, the carbonaceous mat-
matter covers most of the detected olivine spots. In many ter impregnates a dense phase of individual mineral grains,
regions where iron oxide is dense (dark-grey zones in mapeach of micrometer siZé,5,24,36,37] The strong cohesion
D) carbonaceous matter is also present (grey zones in mayof the original specimens could be due to the great stickiness
F) but not well graphitised (white zones in map E). Besides, of a three-dimensional organic network. While representing
where disordered carbon reaches highest levels, graphitiseanly 2.5wt.% of the native rock, the carbonaceous material
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appears to hold together a tremendous number of tiny mineralology GDR supported this work. C. EI Amri holds a post-

crystallites and concretions (97.5 wt.%).

On Earth, organic matter adsorbs on minefaig. This
may favour redox reactions destroying part of the organic
matter (oxidation) but transforming another part (reduction)
into kerogenous material stocked onto the minerals. Next,

doctoral fellowship from the CNES. We thank Richard Man-
del for manuscript improvement.
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