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Spatially Resolved Organic Analysis of the
Allende Meteorite

RENATO ZENOBI, JEAN-MICHEL PHILIPPOZ, PETER R. BUSECK,*
RICHARD N. ZARE*

The distribution ofpolycyclic aromatic hydrocarbons (PAHs) in the Aliende meteorite
has been probed with two-step laser desorption/laser multiphoton ionization mass
spectrometry. This method allows direct in situ analysis with a spatial resolution of 1
square millimeter or better of selected organic molecules. Spectra from freshly
fractured interior surfaces of the meteorite show that PAH concentrations are locaily
high compared to the average concentrations found by wet chemical analysis of
pulverized samples. The data suggest that the PAHs are primarily associated with the
fine-grained matrix, where the organic polymer occurs. In addition, highly substituted
PAH skeletons were observed. Interiors ofindividual chondrules were devoid ofPAHs
at our detection limit (about 0.05 parts per million).

ETEORITES ARE HIGHLY HET-

erogeneous mineralogically and
chemically, even on a submilli-

meter scale. Techniques for elemental analy-
sis are well established for the investigation
of microgram amounts of solids and the
investigation of surfaces with micrometer-
scale resolution (1-6). In contrast, analysis
of organic molecules has been impossible
even in a few milligrams of carbonaceous
chondrites, the meteorite group with the
highest carbon content. Among the reasons
are (i) the low concentrations of organic
compounds in such materials (parts-per-mil-
lion range or below) and (ii) the rich variety
of organics in these meteorites. Generally,
multiple extraction and purification steps are
required before analysis. These steps are
time-consuming and introduce the risk of
contamination.
We have analyzed the spatial distribution

of various organic molecules in millimeter-
sized regions of the Allende meteorite, a
CV3 carbonaceous chondrite, by using laser
desorption/laser multiphoton ionization
mass spectrometry (L2MS). In contrast, all
earlier analyses have been done on homoge-
nized pulverized samples (7-11). We fo-
cused our study on polycyclic aromatic hy-
drocarbons (PAHs), which have also been
proposed to play an important role in inter-
stellar chemistry (12). Our goal was to deter-
mine which PAHs are present in Allende

and whether they are uniformly distributed
and, if not, to identify the specific regions
and phases containing the PAHs. Because of
their wide range of volatilities, thermal sta-
bilities, and reactivities, PAHs can serve as
chemical markers; determination of their
spatial distribution can potentially provide a
wealth of detailed information about mete-
orites.

Carbonaceous chondrites contain a num-
ber of easily identifiable components, many
of which formed roughly 4.5 billion years
ago in the solar nebula (13). A major con-
stituent is a fine-grained mixture of minerals
and amorphous material that is collectively
known as matrix; it is typically composed of
anhydrous ferromagnesium silicates and
lesser amounts of hydrous silicates, oxides,

sulfides, and carbonaceous phases (14). Vi-
sually, the most striking features in chron-
dritic meteorites are millimeter-sized spheri-
cal objects called chondrules that are mainly
composed of silicate minerals and glass. It is
now widely accepted that chondrules were
once either fully or partially molten droplets
(15). Many chondrules are surrounded by
dark halos or rims that seem to have devel-
oped in dusty regions of the solar nebula
before the accretion of the meteorite parent
body (15).

Probably the most thoroughly studied
meteorite is the Allende (CV3) carbona-
ceous chondrite. However, analyses of or-
ganic matter in the Allende meteorite are
sparse (7-11), in part because it contains
only sub-parts-per-million amounts of ex-
tractable organic carbon (9). Most of Allen-
de's organic matter is contained in the so-
called organic polymer, a kerogen-like mate-
rial whose properties are not well under-
stood (10). In contrast, the organic
constituents of CM and CI carbonaceous
chondrites are generally quite well known
from gas chromatography-mass spectrosco-
py studies of extracted pulverized samples
(16), but significant discrepancies concern-
ing the concentrations of specific com-
pounds have been reported (17). Although
contamination and analytical errors cannot
be excluded, a likely explanation for these
discrepancies is the heterogeneity ofmeteor-
ite samples. Organic analyses with greater
spatial resolution than is possible with wet
chemical analysis are necessary for character-
izing the distribution of organic matter.

In the L2MS technique (11, 18), the
pulsed output of a CO2 laser (10.6 ,um; 10
mJ per pulse; 10-,us pulse width) is focused
onto the surface of a freshly fractured or
ground sample. The infrared (IR) radiation
is absorbed by the sample, and intact neutral

Table 1. Relative sensitivity and detection limits for various PAHs. Boiling points are indicated as a
measure ofthe volatility ofthe compounds (27). The detection limit was set at a 5-mV signal level with a
generously estimated chemical background of -2 mV; this value corresponds to a signal-to-noise ratio
of 2.5.

Compound Mass Boiling point Sensitivity Detection limit(amu) (OC) (mV/ppm) (ppm)

Naphthalene 128 218 86 0.06
2-Methylnaphthalene 142 245 80 0.06
2,3-Dimethylnaphthalene 156 268 44 0.11
Phenanthrene 178 340 130 0.04
Anthracene 178 340 6.8 0.7
2-Methylanthracene 192 NA* 3.2 1.6
9-Methylanthracene 192 196 3.4 1.5
2-Tertbutylanthracene 234 NA* 1.9 2.6
Fluorene 166 249 65 0.08
Fluoranthene 202 375 4.3 1.2
Pyrene 202 393 99 0.05
Perylene 252 350 to 400t 4.4 1.1
Coronene 300 525 3.2 1.6

*Not available. tSublimation point.
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molecules are released from its surface by
rapid laser-induced thermal desorption.
Even nonvolatile and thermally labile com-
pounds with high molecular weight (over
1000 atomic mass units [amu]) are readily
desorbed (18). After approximately 40 ,us,
the fourth harmonic of a Nd:YAG laser
(266 nm; 0.2 mJ per pulse; 10-ns pulse
width) is used to induce 1 + 1 resonance-
enhanced multiphoton ionization (REMPI)
of the desorbed molecules 2 mm above the
surface. Compared to substances that do not
resonantly absorb this wavelength, the ion-
ization efficiency for aromatic compounds is
larger by orders of magnitude. The ions are
mass selected in a reflectron time-of-flight
mass spectrometer and detected by a micro-
channel plate. Improvements in the ion op-
tics of the instrument provide an order-of-
magnitude gain in detection sensitivity over
that previously reported (11). A complete
mass spectrum is obtained for each sequence
of laser pulses. Unit mass resolution above
600 amu can be achieved at the most sensi-
tive instrument settings. When desorption
of intact neutrals is combined with the soft
ionization characteristics of REMPI, parent
molecular ion signals dominate the mass
spectra. This allows interpretation of spectra
from complex mixtures, and therefore com-
plicated sample preparation procedures can
be circumvented.
The IR laser pulse desorbs material from

about 1 mm2 of the sample surface. This
spatial resolution is only limited by the
focusing optics and divergence of the IR
laser beam. Data can be obtained from
sample regions much smaller than 1 mm2 by
partial overlap of consecutive laser shots.

Great care was taken to avoid sample
contamination (19). We obtained fresh sam-
ple surfaces by cleaving chunks of meteorite
material (20) with a rock splitter. A piece of
Allende (-15 cm in diameter) that had
never been exposed to solvents or cutting
fluid was used for some experiments. Mate-
rial both directly below the fusion crust and
several centimeters below the surface was
examined. The meteorite was fractured, and
the splits were collected in aluminum foil.
Chondrules were liberated from adhering
material with stainless steel instruments.
Without further treatment, samples were
then mounted with a thermoplastic polymer
(21) onto substrates that could be directly
introduced into the source region of the
laser mass spectrometer. After investigation
of their exteriors, chondrules were machined
by slowly grinding them with a diamond
tool while they were spun on their substrate
by a hand drill (22). Other chondrule interi-
ors were exposed by simple mechanical split-
ting.

Because different PAH structures have

varied cross sections for REMPI, quantifica-
tion of the observed mass signals is not
trivial. For this purpose, an "artificial mete-
orite matrix" (50 mg of glass powder per 50
mg of pulverized activated charcoal) was
spiked with 5 x 10-10 moles each ofvarious
pure PAHs (23) and analyzed with L2MS
(Table 1). Although there is considerable
variation in volatility among the PAHs, the
main effect leading to different signal inten-
sities is their ultraviolet absorption profile
and therefore their REMPI cross section.
Different PAH skeletons showed large varia-
tions in intensity, whereas PAHs that dif-
fered only by the substitution of a given ring
structure showed only small variations. For
example, the sensitivities of phenanthrene
and pyrene were enhanced by an order of
magnitude compared to their isomers an-
thracene and fluoranthene. The bulk sensi-
tivity can be inferred from these measure-
ments, and detection limits were calculated
(Table 1). These experiments also confirmed
that fragmentation of the PAHs listed in
Table 1 did not occur under our experimen-
tal conditions.
The mass spectra of 1-mm2 spots on two

nearby chips from Allende (Fig. 1, A and B)
indicate that the meteorite contains PAHs
with extensively alkylated rings. We chose
chips that macroscopically were free of ob-
servable mineral fractures or other types of
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inclusions and therefore, by inference, were
rich in matrix. Assignments of the main
mass peaks are easily made: they correspond
to naphthalene (128 amu) and alkyl-substi-
tuted naphthalenes (142, 156, 170, 184,
198, ... amu), as well as phenanthrene/
anthracene (178 amu) and alkyl-substituted
phenanthrenes/anthracenes (192, 206, 220,
234, 248, ... amu). Masses 182, 196, 210,
224, and 238 amu are most likely members
of another homologous series, possibly
starting with the biphenyl or acenaphthene
skeleton (154 amu); other spectra show a
series (106, 120, 134, . . . amu) that proba-
bly represents alkyl-substituted benzenes.
Extraction and pyrolysis studies (7, 9, 10)
have shown that alkylbenzenes and alkyl-
naphthalenes are present in Allende, but
higher PAHs have not been reported. The
high degree ofsubstitution ofthe PAHs also
contrasts with earlier data we obtained with
L2MS from pulverized samples (11); the
PAHs in these samples may have been dilut-
ed through homogenization.

Pyrene (202 amu), fluorene (166 amu),
and their alkyl homologs are also ionized
with high efficiency (see Table 1). In some
spectra, mass 202 amu was present as a
minor peak (for example, Fig. 2A) whereas
alkylated pyrenes, fluorene, and alkylated
fluorenes have not been detected in the
samples we investigated. At masses greater

0)

400

Fig. 1. Mass spectra of Allende samples (L2MS, 50-shot averages). Spectra (A) and (B) are from two
nearby interior chips and (C) is from a sample just below the fusion crust. Mass labels above 260 amu in
(C) are given to guide the eye.
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than about 260 amu, there are peaks at
almost every even mass number (see, for
example, Fig. 1B). The presence of -C=C-
double bonds in longer alkyl substituents
reduces the molecular weight by an even
number of mass units. In the higher mass
range, a large variety of alkyl- and alkenyl-
substituted PAHs apparently occur togeth-
er. Perhaps these species are the precursors
of larger aromatic structures or even of
polymeric sheets.

Except for peaks at mass [M - 1]+ ac-
companying some of the most intense sig-
nals, there is an almost complete absence of
prominent odd-mass peaks in the samples
from the interior of Allende (Fig. 1, A and
B). This lack indicates that nitrogen-con-
taining aromatic compounds only occur at
concentrations below their detection limit.
In contrast a sample from directly below the
fusion crust (Fig. 1C) shows a distinctively
richer spectrum that also includes a number
of moderately strong odd-mass peaks. We
tentatively attribute these peaks to com-
pounds introduced by terrestrial contamina-
tion of the near-surface layer. Such contami-
nation has previously been found in a study
of amino acids in Allende (8).
Other striking features in our data are the

marked differences in mass distribution and
intensity from spectrum to spectrum (com-
pare Fig. 1, A and B) and the local enrich-
ment of the PAHs with respect to their
average concentrations as determined from
wet chemical analysis of pulverized samples
(24). Although it is problematic to infer
bulk concentrations directly from laser de-
sorption, comparison with the spiking ex-
periments shows that several parts per mil-
lion ofnaphthalene and phenanthrene occur
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in Allende within the sampling depth of the
desorption laser (a few micrometers). The
PAHs appear to be concentrated in regions
associated with the matrix and the organic
polymer, its main carbonaceous phase. We
can rule out production of PAHs by degra-
dation of the organic polymer during analy-
sis because the observed mass pattern for a
selected sample is independent of the de-
sorption laser fluence, below the onset of
plasma formation. The porosity ofthe struc-
tures where PAH are preferentially detected
could have allowed enrichment of organic
molecules by transport processes. The in-
ferred distribution ofthe PAHs is consistent
with that of elemental carbon in Allende, as
obtained with deuteron beam mapping (25).
VVhether a similar distribution is also pre-
sent for other classes of organic compounds
is an open question.

Figure 2 shows a comparison between the
exterior and the interior of a 2-mm-diameter
chondrule from Allende. The exterior, un-
treated and partially covered with adhering
rim material, had an intense spectrum of
PAHs (Fig. 2A), consisting mainly of alkyl-
homologs of the compounds at 178 amu
(phenanthrene/anthracene) together with
other minor signals. In the spectrum from
the interior of the same chondrule (plotted
on an expanded scale in Fig. 2B), the signals
were at or below the level of the chemical
background except for the peak at 258 amu,
a common but unassigned contamination
signal. Similar spectra were obtained for a
number of chondrules (26), and we con-
dude that PAHs are absent in chondrules at
the detection limits given in Table 1.
Our study demonstrates that PAH are

heterogeneously distributed in the Allende
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Fig. 2. Mass spectra of (A) the exterior and (B) interior (intensity scale expanded by a factor of 10) of a
chondrule from Allende (L2MS, 50-shot averages).

meteorite and display a rich variety of side
chains. Chondrules have been shown to be
free of PAHs, whereas other regions are
enriched compared to the average PAH
concentration. Similar studies with yet high-
er spatial resolution, a goal that is now
within reach, will open the way for deter-
mining possible correlations of organics
with various mineralogical phases and inclu-
sions, information that will provide funda-
mental data regarding the formation and
history of meteorites.
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Covariance Mapping: A Correlation Method
Applied to Multiphoton Multiple Ioniaton

L. J. FRASINSKI, K. CODLING, P. A. HATHERLY

In some cases there are hidden correlations in a highly fluctuating signal, but these are
lost in a conventional averaging procedure. Covariance mapping allows these correla-
tions to be revealed unambiguously. As an example of the applicability of this
technique, the dynamics offragmentation of molecules ionized by an intense picosec-
ond laser are analyzed.

IN AN INTERESTING APPLICATION OF
the covariance approach, Hanbury
Brown and Twiss used intensity inter-

ferometry to determine the angular diameter
of stars (1). In their experiment the covari-
ance between the signals from two indepen-
dent telescopes was obtained as a function of
telescope separation. We describe here an
experiment in which the covariance concept
is used to analyze the fragmentation pattern
of molecules after multiple ionization by an
intense subpicosecond laser (2, 3). In this
experiment, the covariance is displayed in
the form ofa two- or three-dimensional map
of competing fragmentation channels with
axes given by ion time of flight (TOF).
When a molecule is rapidly ionized by the

laser, a Coulomb explosion produces ion
fragments with considerable kinetic energy
and the fragment momentum vectors carry
structural information about the parent mol-
ecule. To this extent such experiments are
similar to those in which molecular ions are
stripped of electrons by beam-foil tech-
niques and in which TOF mass spectrome-
try is combined with an area detector to
allow the stereochemical structure of the
molecular ion to be inferred (4).
At each laser pulse only a few tens of ions

are recorded, and this results in large pulse-

J. J. Thomson Physical Laboratory, University of Read-
ing, hiteknights, Post Office Box 220, Reading RG6
2AF, United Kingdom.

to-pulse variations in the TOF spectra.
These large variations can be overcome by
averaging over many laser pulses. Even so,
the analysis ofthe resulting TOF spectrum is
often quite difficult because the fragment
ion peaks of differing masses, charge states,
and kinetic energies can overlap substantial-
ly. More importantly, the one-dimensional
TOF spectrum suffers from two specific
shortcomings. The first is that it is impossi-
ble to differentiate, for example, the process
[CO2+] _k C++ O+ from the processes

[CO'] -* CG + 0 and [CO+] -* C + O+,
where undetected neutral particles are pro-
duced (brackets denote a transient molecular
ion). Moreover, it is difficult to separate the
process [CO2+] -*C+ + +0 from the
process [CO3+] C2+ + O+ if the O+
ions have identical kinetic energies. [The
problems associated with homonuclear mol-
ecules such as N2 are even more severe (3).]

Covariance mapping allows the different
fragmentation channels involving charged
fragments to be identified conclusively.
Consider a particular fragmentation channel
of CO, namely, GO - [CO 3+] C2+ +
O+, depicted in Fig. 1. Let us suppose that
for a given laser pulse an 0+ fragment is
detected. If it results from the above process,
there is an enhanced probability ofdetecting
a C2+ fragment. This probability is less than
100%, reflecting the detector efficiency.
(The TOF system is designed to provide
almost 100% collection efficiency.) When
one calculates, over many laser pulses, the
covariance between the two TOF points at
which the fragments were detected, one

Fig. 1. The covariance mapping principle iUustrated for a particular ionization and fragmentation
channel of carbon monoxide, CO. One can identify the molecular parent ion by correlating the atomic
daughter ions. The subscripts f and b denote forward and backward fragment ejection as seen by the
detector.
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