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Abstract—An electron paramagnetic resonance (EPR) investigation was performed on the insoluble organic
matter from the Orgueil and Murchison meteorites and on terrestrial coals with similar elemental composition.
A complementary electron nuclear double resonance (ENDOR) study was also carried out. The measured
g-factors of the observed paramagnetic radicals in the meteoritic organic matter exhibit a similar correlation
with the chemical composition as for the type lll (i.e., hydrogen-poor) terrestrial coals. The main result,
obtained from EPR saturation adH ENDOR enhancement measurements, showed that the effective local
concentration in radicals of about 3 to410'° spin.g * in the meteoritic organic matter is much higher than

the average concentration, hence the occurrence of radical-rich regions accounting for 5% and 20% of the total
volume for Murchison and Orgueil, respectively. This heterogeneity of concentration seems to be unique
among natural organic macromolecules. It is proposed that these radical-rich regions correspond to pristine
parts of the organic matter synthesized in conditions close to those prevailing in the interstellar medium, and
which have survived the hydrothermal process on the parent ba@ypyright © 2002 Elsevier Science Ltd

1. INTRODUCTION left over product of this planetary episode, with no marked
thermal degradation with respect to its original structure.

The primitive carbonaceous chondrites are known to contain A new way to constrain this model, based on electron para-
substantial amounts of carbon, up to 90% of which consists in magnetic resonance (EPR) and electron—nuclear double reso-
an organic macromolecular fraction, insoluble in usual organic nance (ENDOR) spectroscopies, is presented in this paper.
solvents (Hayes, 1967; Cronin et al., 1988). This material is EPR, which is a nondestructive technique, has been used to
often described as “kerogen-like” and compared to the organic study free radicals in several coals and terrestrial kerogens (see
matter (OM) of mature terrestrial kerogens (e.g., Hayatsu et al., reviews by Whelan and Thompson-Rizer, 1993, and Dicknei-
1977). The products released upon hydrous pyrolysis from der et al., 1997), but pioneer work was only done in the 1960s
Orgueil and Cold Bokkeveld meteorites were thus shown to be on the organic matter of meteorites (Duchesne et al., 1964;
similar to those identified in the volatile fractions of pyrolysates Vinogradov et al., 1964; Schulz and Elofson, 1965). More
of mature type Il kerogens (Sephton et al., 1999). However, recently, paramagnetic defects were also observed in presolar
the chondritic organic matter is based on small aromatic units, diamonds isolated from the Murchison and Allende meteorites
cross-linked by short aliphatic chains rather than large clusters (Braatz et al., 2000). Free organic radicals originate from
of polyaromatic structures (Gardinier et al., 2000). This reveals homolytic cleavages of bonds and are stabilized by the aro-
that almost no thermal degradation/maturation of the organic matic moieties occurring in these materials. Most of the previ-
precursors occurred at (or near) the surface of the asteroidalous EPR studies were concerned with correlations between
parent body. EPR parameters and maturation. The most often used param-

The origin of this macromolecular material is not yet well €ters are the g-factor, spin concentration (number of unpaired
understood, and no model is so far able to explain its observed electron spins per unit mass), and the power saturation behav-
structural diversity along with its H and N bulk isotopic com- iour of the signal. The g-factor measures the magnitude of the
positions (Alexander et al., 1998; Halbout et al., 1990). The magnetic moment related to the electron spin and determines
remaining nonmacromolecular carbon, which accounts for up the magnetic field at which the EPR spectrum is observed. Itis
to 15% of total carbon in Cl meteorites, consists of soluble indicative of the chemical structure of the free radicals and their
organic compounds such as amino acids, aliphatic and aromaticoXygen content. It tends to decrease when maturation increases
hydrocarbons (Cronin et al., 1988, and references therein). (Petrakis and Grandy, 1978). The intensity of the EPR signal is
These soluble products may have been produced by hydrolysisProportional to the number of free radicals in the sample and,
taking place during hydrothermal events on parent bodies. In thus, allows one to determine the spin concentration. The latter

this case, the macromolecular carbon should be regarded as dS known to increase with increasing sample maturity (Retcof-
sky et al., 1968; Kwan and Yen, 1979; Bakr et al., 1988), and

correlations between spin concentration and burial depth have

*Author to whom correspondence should be addressed been recently shown to reliably yield geothermal gradients (Qiu
(binetl@ext.jussieu.fr). and Wang, 1998). The power saturation measures the response
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Table 1. Elemental ratios determined by elemental analysis of the
insoluble organic matter of Orgueil and Murchison meteorites and of
the crude and treated terrestrial coals A1, A2, and A3.

Al A2
A3
Orgueil Murchison crude treated crude treated (treated)
H/C 072 0.70 093 082 078 075 049
o/C 0.18 0.22 015 020 0.07 0.09 0.04

of the free radicals to changes in the intensity of an applied
microwave field, and different saturation behaviours have been
reported for coals and kerogens of various maturity (Silberna-
gel et al., 1984; Dickneider et al., 1995, 1997). ENDOR spec-
troscopy selectively detects paramagnetic nuclei magnetically
coupled to the free radical spins through a change in the EPR
intensity of the radicals when the nuclear magnetic resonance
(NMR) transitions of these nuclei are saturated. ENDOR has
aready been used to probe the proton environment of the
radicals in terrestrial coals (Uebersfeld, 1984; Wind et a.,
1984; Thomann et al., 1984; Schlick and Kevan, 1984), but, to
the best of our knowledge, not in the case of the meteoritic OM.

Here we report an EPR and ENDOR study of the macromo-
lecular organic matter of the Orgueil and Murchison meteorites.
Although there is a priori no relationship between meteoritic
OM and coals, these two materials exhibit similar bulk com-
position and have often been compared. The EPR and ENDOR
parameters obtained for the chondritic organic matter will be
compared with those of three selected coals of different ranks.
As will be shown in this paper, the EPR signals in the chon-
dritic OM and in the coals share several common features,
which make this comparison meaningful. However, they also
exhibit subtle differences, revealing the specificity of each type
of OM. As the chondritic macromolecular organic matter has
been isolated from the crude samples via the classical HF/HCI
treatment (Durand and Nicaise, 1980), it was a prerequisite to
assess the effect of this acid treatment on the EPR and ENDOR
parameters before discussing the comparison (similarity and
differences) between terrestrial and extraterrestrial macromo-
lecular organic matters.

2. EXPERIMENTAL TECHNIQUES

The insoluble OM of the Orgueil and Murchison meteorites (from
Museum National d'Histoire Naturelle, Paris, France and from Smith-
sonian, Washington, DC, USA, respectively) was isolated from the
bulk rock by the standard HF/HCI treatment (Durand and Nicaise,
1980) as previously reported (Gardinier et a., 2000). In short, the
ground meteorite is successively extracted with water, CH,Cl,/MeOH,
saponified with KOH, and submitted to hydrolyses with HCl and
HF/HCI. Theisolated residues still contains insoluble minerals amount-
ing to 8.9 and 21.8 wt.% for Orgueil and Murchison, respectively. They
account for 3.3% and 2.3% of theinitial mass (ca. 10 g) for Orgueil and
Murchison, respectively. These minerals mainly correspond to oxides
such as chromite, magnetite, and spinel for Orgueil, along with pent-
landite (Fe,Ni)¢Sg for Murchison. The elemental composition of the
OM was determined at Wolf Laboratories (Rueil-Mamaison, France)
by a combustion technique under O, flow at 1020°C. Carbon and
hydrogen contents are determined by thermal conductibility and oxy-
gen by coulometry. Analyses were performed in triplicate and showed
variations <1% for C and ca. 5% for H and O which may reflect some
heterogeneity of the sample. The results given in Table 1 show that
these bulk compositions are similar to those of terrestrial type 111

kerogens in the van Krevelen diagram. Three samples of type Il
terrestria coals labelled A1, A2, A3, and ranging from the less mature
to the most mature, were thus used for comparison with the chondritic
OM and to assess the effect of the HF/HCI treatment on native radicals.
Coals A1 and A2 are of Miocene age, from the Mahakam Delta
(Indonesia) and coal A3, of Namurian age, from the Solway Basin
(Great Britain). The T, vaues from Rock-Eval pyrolysis, indicative
of the ranks of the coals, are 420°C for A1, 451°C for A2, and 514°C
for A3. Elementa ratios of these coals are given in Table 1. The
compositions before treatment were determined for coals A1 and A2,
but unfortunately not for A3. One can notice a slight oxidation of the
less mature coal A1 during the treatment indicated by a slight decrease
of the H/C ratio and an increase of the O/C ratio. The elemental
composition of the more mature coal, A2, is not atered by the treat-
ment. It must be noted that this sample is the one that is closest in
elemental composition to the organic matter from the Orgueil and
Murchison meteorites.

The EPR measurements were carried out at room temperature with a
Bruker ESP300e spectrometer operating at 9.4 GHz (X-band) and
equipped with a rectangular TE,,, microwave cavity. The cavity con-
stant relating the incident microwave power P to the microwave mag-
netic field B, was calculated from the saturation behavior of a standard
diphenylpicrylhydrazyl (DPPH) sample and was found to be K = P/B,2
~ 500 mW.G 2. Asusua, the EPR signals were lock-in detected with
a modulation of the applied magnetic field at a frequency v,,, = 100
kHz. The g-factors of the samples were determined from the magnetic
field at the center of the resonance lines. The latter was determined as
the mean value of the positions of two spectra recorded under slowly
increasing and decreasing field sweep respectively (sweep rate <0.1
mT.s %) so as to compensate for the small hysteresis of the magnet.
The difference between these two positions gives the uncertainty on the
g-value. In addition, the resonance fields were corrected from the field
shift of the electromagnet by using the EPR line of the DPPH standard
with known g-factor (g = 2.0037 = 0.0002) inserted at the same height
in the cavity as the samples. The spin concentrations of the samples
were measured by comparing the EPR intensities obtained by double
integration of the lines, with that of the DPPH standard containing
exactly 10'7 spins. The microwave power P = 0.2 mW in these
experiments was chosen low enough to avoid saturation of the EPR
lines. Actualy only the order of magnitude of the overall spin concen-
trations is obtained, but the relative concentrations in the samples can
be reliably compared. The ENDOR measurements were made at room
temperature and a 110 K with the same spectrometer as above
equipped with a TM 44 cylindrical cavity. The radiofrequency (rf) field
produced by a Wavetek 3000—446 synthesizer was amplified by a
100W ENI 3100L broad-band amplifier. A 12.5-kHz frequency mod-
ulation of the radiofrequency carrier (modulation depth 100 kHz) was
used for the detection.

3. GENERAL FEATURES OF THE EPR AND ENDOR
SIGNALS

The EPR spectra of the insoluble OM of Orgueil and
Murchison meteorites are shown in Figure 1. For each sample,
the spectrum exhibits two signals: a sharp one, labelled A, due
to radicals in the OM, and a very broad feature, labelled B,
corresponding to a ferromagnetic resonance signal from the
residual mineral matter in the samples, most probably magne-
tite Fe;O,. As shown in the insetsin Figure 1, the A signa for
both Orgueil and Murchison meteorites can be simulated by a
purely Lorentzian function of the applied magnetic field By,
classically given by (Poole, 1983):

16 (Bo — hv/gB)
373AB

L(By) = 2 2
{l + g(Bo — hv/gB)ZIABLZ}

@

with v the microwave frequency, and with the g-factors and the
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Fig. 1. EPR spectra at room temperature of the organic matter of the Orgueil and Murchison meteorites. Microwave
power P = 30 mW; microwave frequency v = 9.514 GHz; modulation amplitude B,,, = 0.5 mT; time constant = = 1.28
ms, scan rate SR = 14 mT.s™ . The insets show an expanded view of the signal of the radicals (A signal) along with the
simulations calculated with Egn. 1 and the corresponding parameters in Table 2. Experimental parameters of the insets: P

=02mW, » = 95131 GHz, B,, = 0.1 mT, 7 = 82 ms, SR = 0.36 mT.s™*.

peak-to-peak linewidths AB, given in Table 2. Despite the
existence of the broad feature B, no baseline correction was
necessary for the spectrain theinsetsin Figure 1. The B signal
actually makes no significant contribution to the baseline owing
to the very small magnetic field range over which these spectra
were recorded.

Each terrestrial coal, either crude or treated, exhibits asingle
EPR line as shown in Figure 2. The experimental parameters of
the EPR lines are gathered in Table 2 for each sample. For the
two coals, Al and A2, the lineshape significantly deviates from
a pure Lorentzian shape and is better simulated by a pseudo-
Voigt function:

8(Bo — hv/gp)
J2mABG
exp[—2(B, — hv/gB)YABS’]  (2)

Fu(Bo) = aL(By) — (1 — a)

with o« the weight of the Lorentzian contribution (0 < « <1)
and ABg the pesak-to-pesk linewidth of the Gaussian contribu-
tion. The purely Lorentzian shape given by Egn. 1 is the
particular case of Eqn. 2 with « = 1. For each treated coal,
Figure 2 shows the comparison between the pure Lorentzian
lineshape (dashed line) and the pseudoVoigt lineshape (dotted
line). The simulation parameters for each sample are given in
Table 2. For the most mature sample A3, the deviation from a
pure Lorentzian shape is hardly perceptible, as shown by the
superimposition of the Lorentzian and pseudoVoigt lines in

Figure 2. The Lorentzian or quasi-Lorentzian shape indicates
that the EPR lines of both the OM of the meteorites and A3 coal
are narrowed by exchange interactions between radicals in the
samples. These interactions, resulting from electron repulsion,
induce long-range spin diffusion between radicals. As a con-
sequence, the local magnetic fields experienced by the electron
spins are averaged to zero and thus no longer cause any line
broadening. The exchange interactions aso justify that no
special carewas paid to the wings of the signals when assessing
their adequacy with a Lorentzian lineshape, because in case of
exchange narrowing the lineshape can not be Lorentzian in the
wings (Abragam, 1986). The pseudoVoigt shape for the EPR
lines of A1 and A2 indicates that these lines actually result
from the overlap of many unresolved EPR transitions (inho-
mogeneous broadening), showing that exchange narrowing is
not so efficient in the two less mature coals.

Figure 3a shows the ENDOR response at room temperature
of the three treated coals and of the OM from Orgueil and
Murchison. An ENDOR signal is observed only for the two less
mature samples, A1 and A2, both for crude and treated coals.
Similarly, a weak ENDOR signd is observed for the OM of
Orgueil but none for the OM of Murchison. No improvement of
the ENDOR response is observed when the spectra are re-
corded at 110 K. Figure 3b shows a more detailed view of the
observed ENDOR signal in the case of A2. The signal is made
of asharp line at the proton frequency v,,=0,.8,Bo (0, = 5.586
is the nuclear g-factor and B, is the nuclear Bohr magneton),



4180 L. Binet et a.

N~
3
O N
B 8 g ©
g v+ o+ § g E o
=5 83 3
So
S —
™ [gV) =
< 9 S S
S P treat
Ss g .
3| | 855 came. s |2 crude
= o o & g o oo g
8 83
oo 2
_ S = 4
g 5 2 ===
- 0 2 treated
< § £
3 83 o crude
8 B| ©C Nomowo o
gl w44 BB3H w
< O mnm OOOCO
g | |58 ¢
g Q°
5 S treated
= N
2 < 0
- 8
5 w%gm —_——
g S| 55 T3z 337 338 339 340 341
S ool oNe]
= °l 58 & Magnetic field B_ (mT)
3 8o 0
o
E o Fig. 2. EPR spectra of the crude and treated terrestrial coalsAl, A2,
§ 8 and A3 at room temperature. Microwave power P = 0.2 mW; micro-
= S g wave frequency v = 9.514 GHz; modulation amplitude B, = 0.1 mT,;
g 38 2 time constant 7 = 82 ms; scan rate SR = 0.36 mT.s™ . The dashed lines
s B HH 18584 represents the spectra calculated with Egn. 1, corresponding to a pure
° 5 By ©oOoo Lorentzian lineshape with the linewidths AB_ set to the experimental
§ Tl 9 * values AB,,, in Table 2. The dotted lines represent the spectra calcu-
T S lated with Eqgn. 2, corresponding to a pseudoV oigt lineshape, and with
=2 . N the parameters given in Table 2.
e}
] =} 8 ) . . .
=1 8| °° Sgxeow superimposed with a broader signal centered at the same fre-
E gl by 153353 _ quency. A similar signal is observed for A1, the broad line
g g S © ‘;‘ being much weaker. These ENDOR spectraare similar to those
2 g g previously observed in coals (Uebersfeld, 1984) where the
2 < £ sharp line is generally attributed to distant protons, interacting
5 § o = with the electron spins through long-range dipole-dipole inter-
g 8 3s 2 % action and the broad line to closer protons interacting through
g g oA 4 HE | © 3 both Fermi contact and dipole—dipole interactions. The EN-
gl 2 a8 3 § DOR signal of the OM of Orgueil meteorite exhibits the same,
b 8° g though much wesaker, sharp line as in the studied coals. How-
8 N B ‘;' N ever, due to low signal-to-noise ratio and to baseline distortion,
g é % g & the presence of the broad line cannot be ascertained. Thus the
Bl 88 -sctd presence of an ENDOR signal shows that the partial inhomo-
el 2 95 fas 19| B25% geneous broadening of the EPR lines of Al and A2 can be
e} N8 2 ° ° ig E = explained by unresolved hyperfine interactions with protons.
N g° ~3Eg The Lorentzian EPR lineshape and the absence of ENDOR
% o hE 3 S signal for A3 and for the OM of Murchison meteorite must be
[ B é % § g related to their high spin concentration (see Table 2). This
a 5} 2y S8 results in strong exchange interaction between radicals, which
;’ § 285 § isknown to narrow the EPR lines (Wertz and Bolton, 1972) and
2 é §_3 L to cause a vanishing of the ENDOR response (Kevan and
5 E ® E 5% Kispert, 1976).
. § 2%E| Bsss
E ‘g éé% T %% % 4. EFFECT OF THE HF/HCI TREATMENT
6 ~— 1] i} OLIJ Q'.m c C
8 ac 829z 252 Before performing adetailed study of the EPR signals of OM
SHa & of Orgueil and Murchison meteorites, it is necessary to deter-



Radical distribution in the insoluble organic matter of carbonaceous chondrites 4181

S | A (@
P
g W
= A2  (x4)
3 e —————TTTTT]
€ | A3 (x10)
2 .
§ Orgueil  (x4)
C A
£ A g N
o WA AP N
g proton frequency
O | Murchison
=z
u et
11 12 13 14 15 16 17 18
ENDOR frequency (MHz)
=2 A2 Proton frequency (b)
)
>
g
E
&
i Crude
[
£
[
Q
C
©
<
c
w
o Treated
(@)
a
z
[
-——t—7———7——T—1——
10 12 14 16 18 20

ENDOR Frequency (MHz)

Fig. 3. (8) ENDOR spectra at room temperature of the treated coals
Al, A2, and A3 and of the organic matter of Orgueil and Murchison
meteorites. (b) ENDOR spectra at room temperature of the crude and
treated coal A2. All the spectra are recorded with radiofrequency power
P = 100 W, modulation frequency v,, = 12.5 kHz, and modulation
depth vy = 100 kHz. For each sample, the magnetic field was set at the
center of the EPR line. Microwave powers: 5 mW (A1), 25 mW (A2,
crude), 20 mW (A2, treated), 100 mW (A3), 10 mW (Orgueil), 10 mW
(Murchison). Time constants: 1.28 ms (A1, A2 crude, A3, Murchison),
41 ms (A2 treated), 20 ms (Orgueil). Scan rates: 0.13 MHz.s 1 (A1, A2
treated, Orgueil), 0.52 MHz.s™* (A2, crude), 0.72 MHz.s* (A3), 0.69
MHz.s~* (Murchison). Scan numbers; 100 (A2 crude), 20 (A2 treated),
5 (A3), 50 (Orgueil), 7 (Murchison).

mine as precisely as possible the effect of the HF/HCI treatment
on the OM. For that purpose, the EPR and ENDOR signals of
each coal Al, A2, and A3 were compared before and after
HF/HCI treatment. Three features can be analyzed from a
single EPR line: the lineshape, the g-factor, and the EPR
intensity. As shown above, the lineshape in the crude and
treated coals results from a balance between unresolved hyper-
fine interactions and exchange narrowing. Figure 2 compares
the EPR signals of the crude coals with that of the same coals
treated with HF/HCI. For each coal, the lines of the crude and
treated samples are amost superimposable. Actualy only a
small narrowing of the line is observed after treatment for A1
and A2 (Table 2). It thus appears that the treatment does not
ater the lineshape, indicating that there is no drastic change,
neither in the strength of the exchange interactions, i.e., the
average distance between radicals, nor in the hyperfine inter-
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Fig. 4. Comparison of the g-factors (a) and of the spin concentrations
(b) of the crude and treated terrestrial coals A1, A2, and A3.

actions, i.e., the number of protons and their distance to the
electron spins.

The g-factor is sensitive to the electronic structure of the
radicals and to the chemical composition because it is estab-
lished that in coals the g-factor is related to the abundance of
heteroatoms and especially oxygen (Silbernagel et al., 1984).
Figure 4a shows the comparison of the g-factors of crude and
HF/HCI treated coals. It appears that the values for A1 and A2
samples are slightly larger in treated samples than in crude ones
only by about 6 X 10>, which isidentical to the experimental
uncertainty (+5 X 107°) of the measurements. We can thus
conclude that the g-factors are not modified by the HF/HCI
treatment, which means that neither the electronic structure nor
the oxygen content in the domains spanned by the electron
spins are modified by the treatment. As to the concentration of
radicals, which is proportional to the EPR intensity, Figure 4b
shows that it is not altered by the HF/HCI treatment.

This result is confirmed by ENDOR spectroscopy. Any
change of the ENDOR spectrum produced by the HF/HCI
treatment would indicate a modification of the hydrogen envi-
ronment (hydrogen concentration and distance from the elec-
tron spin). It is found that the intensity, the lineshape (ratio of
the narrow and broad ENDOR lines), and the linewidth are not
altered by the treatment. An exampleis shown in Figure 3b for
A2. This indicates that the treatment does not modify the
transverse nuclear relaxation time T,,, and the ratio between
distant and close protons interacting with the electron spins.

All these results demonstrate that the HF/HCI treatment does
not induce any detectable effect on the paramagnetic domains
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of the coals. Though terrestrial coals and meteoritic OM have
different origins, they are both based on aromatic moieties.
Therefore it can be safely inferred that the paramagnetic do-
mains are also preserved by the treatment of the Orgueil and
Murchison meteorites.

5. COMPARISON OF THE OM FROM ORGUEIL AND
MURCHISON METEORITES WITH TERRESTRIAL TYPE
111 KEROGENS

Up to now, similarity between the OM from Orgueil and
Murchison and the terrestrial type 111 kerogens (i.e., hydrogen-
poor) was claimed on the basis of their respective bulk chem-
ical features. The EPR parameters should be more discriminat-
ing because they are deeply related to the chemical structure
and should consequently allow a more valuable comparison. It
is well known that the EPR parameters in coals and kerogens
are strongly correlated to the chemical composition and to the
degree of catagenesis of these materials (Marchand and Co-
nard, 1980). Then the question arises to which extent the EPR
parameters of the meteoritic OM follow the same correlations.

The g-factor of OM in coals is determined by the oxygen
content (Silbernagel et al., 1984). Indeed the deviation of the
g-factor from the free electron value g, = 2.002319 increases
with the strength of the spin-orbit coupling. Consequently the
g-shift is al the more important as the unpaired spin density
spends time on oxygen atoms, which have stronger 2p spin-
orbit coupling (¢; = 151 cm™ %) than carbon (¢é.= 29 cm™1)
(Gordy, 1980). Figure 5 represents the g-factors of the studied
coals and of the OM from Orgueil and Murchison vs. the O/C
ratios. The values are intermediate between the g-factors of
nonoxygenated aromatic radicals and those of oxygenated rad-
icals such as semiquinones in which the oxygens bears a
significant part of the spin density. This indicates a partial
delocalization of the spin density on oxygen atoms in the case
of both the coals A1, A2, and A3 and the OM from Orgueil and
Murchison. The continuous line and the gray area in Figure 5
represent respectively the mean g-value and the dispersion of
g-values given in the literature (Silbernagel et a., 1984) for 31
samples of vitrinite and inertinite coals. The experimental g-
values of the terrestrial coals fall dlightly outside the range
spanned by these samples. However, they still exhibit the same
trend, i.e., the g-factor decreases with the O/C ratio. Anyhow,
the most important fact is that the points corresponding to the
OM of Orgueil and Murchison are located in the same area as
the vitrinite and inertinite coals. This observation along with
the fact that OM of Orgueil and Murchison meteorites have
very close g-factors, although containing much different
amounts of sulfur, excludes the influence of other heteroele-
ments, in particular of sulfur. The influence of nitrogen on the
g-factor can aso be ruled out because of its low concentration
(N/C = 0.03). Consequently the g-factors of radicalsin Orgueil
and Murchison are mainly determined by the oxygen concen-
tration as in terrestrial coals. Another way of comparing the
OM from Orgueil and Murchison with terrestrial coals consists
in plotting the experimental data in a g-factor (related to O/C)
vs. H/C diagram (Figure 6). In this diagram, two domains can
be distinguished, corresponding to type | and Il kerogens on the
one hand and to type |11 kerogens on the other hand. Moreover,
g-factors are mainly influenced by the evolution of oxygen
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Fig. 5. g-factor vs. O/C for the crude (open circles) and treated (black
circles) coals A1, A2, and A3 and the organic matter of Orgueil and
Murchison meteorites. For the sake of comparison, the gray area
represents the range of experimental g-factors obtained for 31 samples
of vitrinite and inertinite coals from different origins (Silbernagel et al.,
1984), and the continuous line represents the mean value.

content. Indeed, during diagenesis, the first stages of kerogen
evolution result in a decrease of the g-factors. This diagram
thus provides evolution paths similar to those observed in avan
Krevelen diagram. The plots of the three studied coals fal in
the type Il domain, and their relative position reflects their
relative maturity. Although the origin of the OM of Orgueil and
Murchison meteorites is fundamentally different from that of
terrestrial coals, the data corresponding to the chondritic OM
are located in the type I1l domain. Moreover, in this domain
they are located at the same level as that of coals at the
beginning of catagenesis.

A second important EPR parameter is the electron spin
concentration. Catagenesis involves bond breaking, which
leaves unpaired electrons detected by EPR. Many of them
recombine with each other but some are stabilized in aromatic
radicals. Therefore by contrast with the g-factor which charac-
terizes the O/C ratio of the OM, the spin concentration rather
reflects the loss of matter and thus the evolution process. The
comparison of the spin concentrations in the three studied coals
and in the meteoritic OM, which amount to 108 to 10'° g~*
(Table 2), reinforces the similarity in behavior of terrestrial
coals and meteoritic OM.

At this stage of the study, this comparison indicates that the
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meteoritic OM corresponds to the less mature coal. However,
the spin concentrations given in Table 2 are mean values and do
not take into account any possible concentration heterogene-
ities within the samples. Actually, heterogeneities in the elec-
tron spin distribution are revealed independently by the satu-
ration behavior of the EPR lines and the ENDOR enhancement,
with the consequence that the meteoritic OM contains high
loca spin concentrations. Figure 7 shows the EPR intensities,
obtained by doubleintegration of the EPR lines and normalized
to the same spin quantity, vs. the square root of the incident
microwave power. For apurely Lorentzian line, the normalized
EPR intensity (proportional to the area under the absorption
curve) is theoretically given by (Poole, 1983):

P
' = C\T+ T TRIK ®)

with C an instrumental constant, y ~ 1.76 X 10° rad.s™*.mT 2
the free electron gyromagnetic ratio, T, and T, the spin-lattice
and spin-spin electron relaxation times, respectively, P the
microwave power, and K the cavity constant. At low micro-
wave power, y*T,T,P / K << 1, the intensity is linear in P.
In particular, this is observed for Murchison meteorite when
\P < 7 mW"2 g0 that the value of the instrumental constant C

~ 2.16 mW "2 can be obtained from the corresponding data.
At high power the intensity reaches a constant value:
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Fig. 7. EPR intensities at room temperature, normalized to the same
spin concentration vs. the square root of the microwave power for the
treated coals A1, A2, and A3, and the organic matter of the Orgueil and
Murchison meteorites. The continuous curves are calculated with Eqgn.

3 for Lorentzian lines.
| K y
max C yZTszl ( )

showing that the shorter the spin relaxation times, the higher
thisvalue. The plotsin Figure 7 for A1, A2, and A3 show that
| max INCreases, i.e., the product T, T, decreases with increasing
spin concentration. The decrease of the spin relaxation times
with increasing concentration can be accounted for by an
enhancement of the exchange interaction, which, as a time-
dependent perturbation on the spin states, acts as an efficient
spin relaxation mechanism (Wertz and Bolton, 1972). The EPR
intensities for the OM of Orgueil and Murchison meteorites in
Figure 7 tend to much higher |, values than for the terrestrial
coals, indicating shorter T, and T, values. An estimate of the
spin relaxation times can be obtained from the simulation of the
experimental intensities with Egn. 3. We obtain T,.T, ~ 3.7 X
10~ &? for A3 and T,.T, ~ 3.6 X 10~ *® &* for Orgueil. For
Murchison, which is amost in the linear domain of Egn. 3,
T,.T, should be close to 1.6 X 10 *° &% which is the value
below which the EPR intensity varies linearly in the whole
range of microwave power. The T,.T, product cannot be rig-
orously determined for Al and A2, because Eqgns. 3 and 4 are
no longer valid in the case of inhomogeneous broadening.
However, as far as only a rough estimate is required, we can
use the experimental values of |, and Eqn. 4 to obtain T,.T,
~2X 107 £ for Aland T,.T, ~ 7 X 107 ** & for A2. If
we only compare the geometric means V' T, T,, they differ by at
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least two orders of magnitude between Al and the OM of
Orgueil and Murchison meteorites, whereas the spin concen-
trations are aimost the same. Therefore the relatively short
relaxation times for OM of Orgueil and Murchison meteorites,
compared with that of the less mature A1 sample, are in favor
of stronger exchange interactions between paramagnetic radi-
cals than in the terrestrial coals.

An aternative explanation for these short relaxation times
based on magnetic interactions with the mineral residues seems
very unlikely. As a matter of fact, the residues are certainly not
spread over the sample, but concentrated in small particles
exhibiting ferromagnetic resonance. Consequently, most of the
organic matter has no contact with the mineral residues. If the
mineral residues were to influence the EPR of the radicals, we
would have first expected an inhomogeneous broadening of the
EPR line of the radicals due to the distribution of static local
fields created by the ferromagnetic minerals. This broadening
would have resulted in a severe deviation from a Lorentzian
lineshape, which is not observed. In other words, the saturation
behavior shows that the radicals are not homogeneously dis-
tributed in the meteoritic OM, resulting in high local spin
concentrations.

This is illustrated in Figure 8a through a logarithmic plot of
T,.T, vs. experimental spin concentrations, where it clearly ap-
pearsthat T,.T, dragtically decreases with increasing spin concen-
tration in the terrestria coals. The envelope in Figure 8ais drawn

for heuristic purposes. The positions of the experimental points of
Orguell and Murchison meteorites, which are clearly outside the
cod pathway, can be explained by the fact that VT, T, is sensitive
to the actua spin concentration experienced by each eectron spin
and not to the mean concentration. This actual concentration is
obtained by trandating the points corresponding to the meteoritic
OM into the terrestridl OM domain. We thus obtain actua spin
concentrations of (4.1 + 0.6) X 10* g~ * for Orgueil and (4.3 +
0.6) X 10" g~* for Murchison, which are now local concentra-
tions. Thisfirst evidence of strongly heterogeneous distribution of
radicals in meteoritic OM is aso qualitatively confirmed by the
ENDOR response of these radicals. Figure 8b shows a plot of the
relative ENDOR intensities normalized with respect to the spin
quarntity, vs. the spin concentration. The ENDOR enhancement is
known to be highly sensitive to exchange interaction between
electron spins. The latter prevents the transfer of spin polarization
from dectronsto nuclel and reducesthe ENDOR intensity (Kevan
and Kigpert, 1976). In the limit of strong exchange interaction, i.e.,
high eectron spin concentration, no ENDOR response is ob-
served. In Figure 8b, the ENDOR intensities of the coals decrease
upon increasing spin concentrations as expected, showing that
ENDOR intensities are controlled by electron spin exchange.
When the chondritic OMs are considered, their plots in the EN-
DOR enhancement vs. spin concentration diagram are out of the
terrestrial coal domain. Indeed, their spin concentrations are close
to that of Al but their ENDOR intensity is as low as that of A3.

For ENDOR, it thus appears that the chondritic OMs behave
asif the local concentrations were (3.1 = 0.6) X 10 g~* for
Orgueil and higher than 2.8 x 10 g~* for Murchison (Figure
8b). These values are very close to those derived from the
relaxation time measurements in Figure 8a. These two inde-
pendent experimental observations clearly indicate that the
local concentration of electron spins is much higher in the
meteoritic OM than the average concentration, by a factor 4 to
6 for Orgueil and 15 to 20 for Murchison. This shows that large
areas of this OM are free from radicals, whereas the latter are
concentrated in radical-rich areas, which represent approxi-
mately only 20% and 5% of the total volume for Orgueil and
Murchison, respectively.

6. DISCUSSION AND CONCLUSIONS

As reported by severa authors (Cronin et al., 1988; Gardi-
nier et a., 2000; Cody et al., 2001), a substantial fraction (up to
50%) of the carbon atoms is not detected upon *3C cross-
polarization/magic-angle spinning (CP/MAS) NMR spectros-
copy. It iswell established that the presence of organic radicals
decreases the relaxation times in NMR and thus impedes the
detection of carbon atoms. The occurrence of radicals concen-
trated in restricted areas in the OM of Orgueil and Murchison
likely accounts for this lack of detection. This is further sup-
ported by the recent report of the similarity of the NMR spectra
of Murchison recorded using the cross-polarization and single-
pulse sequences (Cody, oral communication, 2002).

With respect to the origin of the chondritic OM, severa
implications can be drawn from the present study. In the
g-factor vs. O/C and H/C diagrams (Figs. 5 and 6), the chon-
dritic matter fallsin the domain defined by the terrestrial coals.
Because the g-factor is known to be related to the oxygen
content of free radicals, this suggests that the latter are similar
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Fig. 9. Spin concentrations vs. O/C for the crude (open circles) and
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the sake of comparison, the grayed area represents the range of vaues
obtained for 16 samples of type Ill kerogens from the Douaa Basin
(Cameroon) and the continuous line represents the mean value (Marchand
and Conard, 1980). The arrows show the evolution during catagenesis.

for coals and chondritic OM of same elemental composition.
However, it should not be taken for granted that the oxygen
fugacity of the fluids—essentially water—in carbonaceous
chondrite planetoids was similar to those in terrestrial sedi-
ments. This similarity with terrestrial coals disappears when the
spin concentration is considered. Saturation behavior of the
EPR and ENDOR enhancement point to high local spin con-
centrations which can be viewed as radical-rich micro-regions,
heterogeneously distributed in the chondritic matter. Such a
local heterogeneity of freeradicalsis, to the best of our knowl-
edge, unique among natural organic macromolecules and can
be viewed as an extraterrestrial signature. It should reflect the
lack of thermal equilibrium between the different organic rad-
icals which contribute to the bulk composition of the chondritic
OM. The bulk chondritic OM thus appears as a mixture be-
tween locally concentrated organic radicals and more scattered
radical-free molecules. As free radicals are unstable in the
presence of water, the locally concentrated organic radicals
may correspond to pristine molecules which would have sur-
vived the hydrothermalism event, whereas the radical-free re-
gions, more abundant, would have been altered. Another ex-
traterrestrial signature of the meteoritic OM is suggested by the
spin concentration in the radical-rich areas vs. the O/C ratio.
Figure 9 represents the spin concentration vs. the O/C ratio
(equivalent to the g-factor), for the terrestria coals and the
meteoritic OM. For the latter, only the local spin concentration
determined in section 5 was considered. For the sake of com-
parison, the gray area represents the range of values corre-
sponding to terrestrial type 111 kerogens from the Douala Basin
in Cameroon (Marchand and Conard, 1980). During the coali-

fication process, indicated by arrows in Figure 9, O/C ratios
decrease and radicals are generated up to a maximum concen-
tration of about 3 to 4 X 10™ in the case of kerogens (Marc-
hand and Conard, 1980). Then the recombination of radicals
becomes faster than their generation and the spin concentration
drastically drops. In this final stage, the radicals condense into
large aromatic units leading ultimately to graphite (Marchand
and Conard, 1980; Mrozowski, 1988a and b). As shown by
Mrozowski (1988a and b), this two-stage evolution is a general
behavior of any carbonaceous matter, whether biologic or not,
submitted to a heat treatment. Figure 9 shows that the spin
concentrations and the O/C ratios of the studied terrestrial coals
match the correlation expected for this kind of OM. The me-
teoritic OM exhibits a local spin concentration close to the
maximum value obtained with terrestrial kerogens. This shows
that this OM has not reached the final stage of codlification,
which is consistent with the small size of the aromatic units
congtituting this OM (Gardinier et al., 2000). However, Figure
9 shows that the local spin concentration in the meteoritic OM,
about 3t0 4 X 10 g~ for O/C ~ 0.2, is much higher than that
observed for a terrestrial coa with the same O/C ratio. By
comparison with the terrestrial coals, such a high concentration
would be obtained for O/C ~ 0.05, i.e., 4 times lower. An
actual value O/C =~ 0.05 for the radical-rich domains in the
meteoritic OM seems unrealistic because their oxygen content
OIC = 0.2 has been shown to be consistent with the g-factor
(section 5). This discrepancy between radical concentrationsin
the meteoritic OM and the terrestrial coals rather suggests that
these radicals originate from different processes.

In the interstellar medium, several processes can be considered
to produce the building blocks of the chondritic insoluble OM:
ion—molecule reactions in the gas phase, low-temperature gas—
grain reactions, gas-phase unimolecular photodissociation, and
ultraviolet photolysis (Sandford et &l., 2001). These four processes
are compatible with the deuterium enrichment observed in the
chondritic insoluble organic matter (Robert and Epstein, 1982;
Kerridge et al., 1987; Halbout et a., 1990). Apart from unimo-
lecular photodissociation, the other three processes take place at
low temperature (10 K) and, therefore, the thermal equilibrium
between the reactants is likely not to be achieved. The high local
spin concentration reported in this paper may reflect such nonther-
mal processes, in agreement with recently reported models (Seph-
ton and Gilmour, 2000). In addition, these organic radicals pro-
duced at low temperature are neither rearranged nor eradicated
during the parent body hydrothermaism.

These results are compatible with a model for the formation
of chondritic organic matter involving the photolysis of icy
interstellar grains. In cold interstellar space, most organic spe-
cies, formed in the gas phase by ion—molecule reactions, con-
dense onto mantle grains and are then photolyzed by the
ambient UV radiations. Some species are also formed by gas-
grain surface reactions. Laboratory experiments have shown
that these icy grains are chemically processed: molecules are
destroyed and new molecules, including radicals and ions, are
continuously formed (Agarwal et a., 1985). These radicals
remain trapped in their icy matrix. If the organic fraction of the
carbonaceous meteorites was originaly constituted by such
interstellar grains, the thermal stress induced by parent body
accretion would have caused ice to melt, liberating the organic
products in liquid water. Once in water (<100°C in carbona-
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ceous chondrites), most of the radicals were eliminated through
the chemical reactions which have atered the precursors of
chondritic OM. During this secondary hydrothermal process, it
can be postulated that the equilibration of the organic radicals
was kinetically inhibited in some protected regions of the
mineralogical matrix or for some specific organic moieties.
These regions, having preserved their origina high density of
radicals, are presently detected through the EPR technique.
Such an interpretation will be tested using laboratory anal ogs of
interstellar organic grains, formed by UV irradiation at 10 K.

Acknowledgments—The authors are grateful to Dr. M. Sephton and to
the two reviewers for their comments. The authors also thank Danielle
Simons for doing some of the EPR measurements. The Institut Francais
du Pétrole (Rueil-Mamaison, France) is gratefully acknowledged for
providing the terrestrial coal samples.

Associate editor: C. Koeberl

REFERENCES

Abragam A. (1986) Principles of Nuclear Magnetism. Clarendon Press,
Oxfordpp. 435—-439.

Agarwa V. K., Schutte W., Greenberg J. M., Ferris J. P., Briggs R.,
Connor S, van De Bult C. P. E. M., and Baas F. (1985) Photochem-
ical reactions in interstellar grains. Photolysis of CO, NH; and H,0.
Origin of Life 16, 21—-40.

Alexander C. M. O'D., Russdll S. S., Arden J. W., Ash R. D., Grady
M. M., and Pillinger C. T. (1998) The origin of chondritic macro-
molecular organic matter: A carbon and nitrogen isotope study.
Meteorit. Planet. Sci. 33, 603—-622.

Bakr M. Y., Akiyama M., and Sanada Y. (1988) ESR assessment of
kerogen maturation and its relation with petroleum genesis. Org.
Geochem. 15, 595-599.

Braatz A., Ott U., Henning T., Jager C., and Jeschke G. (2000) Infrared,
ultraviolet, and electron paramagnetic resonance in presolar dia-
monds: Implications for optical features and origin. Meteorit. Planet.
<. 35, 75-84.

Cody Il G. D., Alexander C. M. O'D., and Tera F. (2001). Solid state
nuclear magnetic resonance studies of the Murchison organic mac-
romolecule, Lunar Planet. Sci. XXXII. Lunar Planet. Sci. Confer-
ence, Houston. #2019, (abstr.).

CroninJ. R, Pizzardllo S, and Cruikshank D. P. (1988) Organic matter in
carbonaceous chondrites, planetary satellites, asteroids and comets. In
Meteorites and the Early Solar System (eds. J. F. Kerridge and M. S.
Matthews), pp. 819—857. University of Arizona Press, Tucson.

Dickneider T. A., Whelan J. K., and Blough N. V. (1995) EPR study of
kerogens from three Alaskan North Slope wells. Org. Geochem. 23,
97-108.

Dickneider T. A., Scull S, Whelan J. K., and Blough N. V. (1997) EPR
study of kerogens from Middle Valley, Northern Juan de Fuca Ridge
(ODP Leg 139). Org. Geochem. 26, 341-352.

Duchesne J.,, Depireux J., and Litt C. (1964) Concerning the nature of free
radicals in the Cold Bokkeveld meteorite. Geoch. Int. 1, 1022-1024.
Durand B. and Nicaise G. (1980) Procedures for kerogen isolations. In

Kerogen (ed. B. Durand), pp. 35-53. Editions Technip, Paris.

Gardinier A., Derenne S., Robert F., Behar F., Largeau C., and Maguet
J. (2000) Solid state CP/MAS **C NMR of the insoluble organic
matter of the Orgueil and. Murchison meteorites: Quantitative study.
Earth Planet. Sci. Lett. 184, 9-21.

Gordy W. (1980) Theory and Applications of Electron Spin Resonance.
John Wiley & Sons Inc, New York 502 p.

Halbout J., Robert F., and Javoy J. (1990) Hydrogen and oxygen
isotope compositions in kerogen from the Orgueil meteorite: Clues
to a solar origin. Geochim. Cosmochim. Acta 54, 1453-1462.

Hayatsu R., Matsuoka S., Scott R. G., Studier M. H., and Anders E.
(1977) Origin of organic matter in the early solar system-VIl. The
organic polymer in carbonaceous chondrites. Geochim. Cosmochim.
Acta 41, 1325-1339.

Hayes J. M. (1967) Organic constituents of meteorites: A review.
Geochim. Cosmochim. Acta 31, 1395-1440.

Kerridge J. F., Chang S., and Shipp R. (1987) Isotopic characterization
of kerogen-like material in the Murchison carbonaceous chondrite.
Geochim. Cosmochim. Acta 51, 2527-2540.

Kevan L. and Kispert L. D. (1976) Electron Spin Double Resonance
Spectroscopy. pp. 18—21, John Wiley & Sons Inc, New Y ork.

Kwan C. L. and Yen T. F. (1979) Electron spin resonance study by line
width and line shape analysis. Anal. Chem. 51, 1225-1229.

Marchand A. and Conard J. (1980) Electron paramagnetic resonance in
kerogen studies. In Kerogen— nsoluble Organic Matter from Sedimen-
tary Rocks In (ed. B. Durand), pp. 224—270. Editions Technip, Paris.

Mrozowski S. (1988a) ESR studies of carbonization and coalification
processes part |: Carbonaceous compounds. Carbon 26, 521-529.

Mrozowski S. (1988b) ESR studies of carbonization and coalification
processes part |1: Biological materials. Carbon 26, 531-541.

Petrakis L. and Grandy D. W. (1978) Electron spin resonance spectro-
metric study of free radicals in coals. Anal. Chem. 50, 303-308.

Poole C. P. Jr. (1983) Electron Spin Resonance: A Comprehensive
Treatise on Experimental Techniques. John Wiley & Sons, New
York pp. 459-477.

Qiu N. and Wang J. (1998) The use of free radicals of organic matter
to determine paleogeothermal gradient. Org. Geochem. 28, 77—86.

Retcofsky H. L., Stark J. M., and Friedel R. A. (1968) Electron spin
resonance in American coals. Anal. Chem. 40, 1699-1704.

Robert F. and Epstein S. (1982) The concentration of isotopic compo-
sitions of hydrogen carbon and nitrogen in carbonaceous chondrites.
Geochim. Cosmochim. Acta 16, 81-95.

Sandford S. A., Bernstein M. P., and Dworkin J. P. (2001) Assessment
of the interstellar processes leading to deuterium enrichment in
meteoritic organics. Meteorit. Planet. Sci. 36, 1117-1133.

Schlick S. and Kevan L. (1984) Study of paramagnetic centers in
natural and solvent refined coal by multifrequency ESR, ENDOR
and ESE modulation spectroscopy. In Magnetic Resonance, Intro-
duction, Advanced Topics and Applicationsto Fossil Energy (eds. L.
Petrakis and J. P. Fraissard), pp. 655-665. D. Reidel Publishing
Company, Dordrecht, Netherlands.

Schulz K. F. and Elofson R. M. (1965) Electron spin resonance of
organic matter in the Orgueil meteorite. Geochim. Cosmochim. Acta
29, 157-160.

Sephton M. A. and Gilmour I. (2000) Aromatic moieties in meteorites:
Relics of interstellar grain processes? Astrophys. J. 540, 588-591.
Sephton M. A., Pillinger C. T., and Gilmour I. (1999) Small-scale
hydrous pyrolysis of macromolecular material in meteorites. Planet.

Soace i. 47, 181-187.

Silbernagel B. G., Gebhard L. A., and Dyrkacz G. R. (1984) ESR of
carbon radicals in isolated coal macerals. In Magnetic Resonance,
Introduction, Advanced Topics and Applications to Fossil Energy
(eds. L. Petrakis and J. P. Fraissard), pp. 645-653. D. Reiddl,
Dordrecht, Netherlands.

Thomann H., Goldberg I. B., Chiu C., and Dalton |. R. (1984) Electron
spin echo and ENDOR studies of coals. In Magnetic Resonance,
Introduction, Advanced Topics and Applications to Fossil Energy
(eds. L. Petrakis and J. P. Fraissard), pp. 629-638. D. Reidel,
Dordrecht, Netherlands.

Uebersfeld J. (1984) Electron-nuclear double resonance of charcoals.
In Magnetic Resonance, Introduction, Advanced Topics and Appli-
cations to Fossil Energy (eds. L. Petrakis and J. P. Fraissard), pp.
165-175. D. Reidel, Dordrecht, Netherlands.

Vinogradov A. P., Vdovykin G. P., and Marov I. N. (1964) Free
radicals in the Mighei meteorite. Geoch. Int. 1, 395-398.

Wertz J. E. and Bolton J. R. (1972) Electron Spin Resonance: Elementary
Theory and Practical Applications. pp. 201-203, McGraw-Hill, New
York 201 p.

Whelan J. K. and Thompson-Rizer C. (1993) Chemical methods for
assessing kerogen and proto-kerogen types and maturity. In Organic
Geochemistry (eds. M. Engel and S. Macko), pp. 289-353. Plenum
Press, New York.

Wind R. A., Duijvestijn M. J,, Lugt C. V. D., Smidt J,, and Vriend J.
(1984) Applications of dynamic nuclear polarization in coa re-
search. In Magnetic Resonance, Introduction, Advanced Topics and
Applications to Fossil Energy (eds. L. Petrakis and J. P. Fraissard),
pp. 461-483. D. Reidel, Dordrecht, Netherlands.



	Heterogeneous distribution of paramagnetic radicals in insoluble organic matter from the Orgueil and Murchison meteorites
	INTRODUCTION
	EXPERIMENTAL TECHNIQUES
	GENERAL FEATURES OF THE EPR AND ENDOR SIGNALS
	EFFECT OF THE HF/HCl TREATMENT
	COMPARISON OF THE OM FROM ORGUEIL AND MURCHISON METEORITES WITH TERRESTRIAL TYPE III KEROGENS
	DISCUSSION AND CONCLUSIONS
	REFERENCES


