
19. R. A. F. Grieve, D. Stoffler, A. Deutsch, J. Geo- 
phys. Res. 96, 22753 (1991) 

20. Some samples were demineralized as described 
previously by U. Ott etal., (Pl),  while others were 
crushed and extracted directly without any further 
sample preparation (see Table 1). A portion of each 
sample was placed into an extraction thimble and 
then put into a Soxhlet apparatus. A stream of 
nitrogen was allowed to flow through a tube at the 
top of the apparatus to prevent degradation of any 
fullerenes that may be extracted [it has been dem- 
onstrated that fullerenes degrade when heated in 
ambient air (22)l. The samples were refluxed with 
toluene in the Soxhlet apparatus for a period of 24 
hours. The solvent was then evaporated to dryness 
and redissolved into approximately 1 ml of solution. 
Fullerenes were more easily detected in extractions 
from demineralized samples than from the untreated 
rock samples. 

21. U. Ott, R. Mack, S. Chang, Geochim. Cosmochim. 
Acta 45, 1751 (1981). 

22. D. Heymann and L. P. F. Chibante, Lunar Planet. 
Sci. XXIV, 437 (1993) 

23. Laser desorption mass spectra (LDMS) were ob- 
tained with a KRATOS (reflectron) TOF instrument 
and a separate (linear) TOF instrument constructed 
at Argonne National Laboratories (241, both with 
mass resolution (m/Am) of up to 2000. Mass (m) 
spectra of positive ions emitted directly in the de- 
sorption process from the sample were collected at 
a low power level. Blanks were run between each 
sample analysis. Standards of C,, and C,, (Aldrich) 
were used to calibrate measurements of fullerenes 
detected in the sample extracts. A microliter of 
concentrated solution was placed on a stainless 
steel slide that was transferred by a rapid sample 
change port into the high vacuum chamber (-2 x 
lo-, to 2 x Neutral and ionized particles 
were desorbed by a 337-nm ultraviolet nitrogen 
laser at low power densities (10, W/cm2) similar to 
power densities used to analyze fullerenes in shung- 
ite (10) and fulgurite (9). The C,,+ isotope was 
readily detected in all of the sample extracts; how- 
ever, C,,+ was not. This difference may mean that 
C,,+ is not as stable as C,,+ and is, therefore, 
present at much lower concentrations, making it 
more difficult to detect. We also obsewed extreme 
heterogeneity in the sample extracts once they were 
allowed to dry on the slide such that fullerenes were 
not present at every position analyzed. This hetero- 
geneity was also observed with standard C,, solu- 
tions and is apparently a solvent evaporation arti- 
fact. Fragments at C,,+ and C,,+ and several 
low-mass carbon clusters (C,+ to C,,+) were ob- 
sewed at power levels much higher than what was 
originally used to detect C,,+ in the Onaping ex- 
tracts. Despite the increased power levels needed 
to fragment C,+, no higher carbon clusters were 
observed, indicating that C,,+ was not formed in the 
desorption process. 

24. J. E. Hunt, K. R. Lykke, M. J. Pellin, in Methods 
and Mechanisms for Producing Ions from Large 
Molecules, K. G. Standing and W. Ens, Eds. 
(Series B, NATO AS1 Series, Plenum, Minkai, 
Canada, 1991), pp. 309-314: P. Wurz and K. R. 
Lykke, J. Phys. Chem. 96, 101 29 (1 992). 

25. The post-ionization data were acquired with a linear 
TOF mass spectrometer. The molecules were des- 
orbed with a 337-nm N2 laser operated at 20 Hz, 
followed by post-ionization with 216.7-nm Nd-yt- 
trium-aluminum-garnet (Nd-YAG) pumped dye-la- 
ser system. As demonstrated previously (26), C,, 
tended to fragment in conjunction with measurable 
ionization. To achieve sufficient useful yield and 
reasonable ion signals in this sample, a relatively 
high post-ionization laser fluence was used (-20 
mJ/cm2). The increased power level needed to 
fragment CEO+ did not result in higher carbon clus- 
ters [carbon clusters up to C,,+ are formed as a 
result of post-ionization in the synthesis of fullerenes 
from, for example, graphite coal (24,26)], indicating 
that C,+ was not formed in the post-ionization 
process. 

26. P. Wurz, K. R. Lykke, M. J. Pellin, D. M. Gruen, 
Vacuum 43, 381 (1992); P. F. Greenwood, 
M. G. Strachan, G. D. Willett, M. A. Wilson, Org. 

Mass Spectrom. 25, 353 (1 990). 
27. A potential problem for laser desorption and laser 

desorption post-ionization TOF techniques is that 
under certain conditions fullerenes can be gener- 
ated by the laser process (24-26). Because there 
is essentially no carbon in any of the Sudbury 
target rocks (12-16), we examined several other 
geological (carbonaceous) samples including 
coal, hydrothermal sediments (hydrocarbons), 
Green River Oil Shale, soot from burned wood 
(Malibu fires), and burned oil (Norwegian crude). 
Mass spectra of these samples were free of C,,+ 
and other fullerene peaks, veritying that, under 
our experimental conditions (23-25), fullerenes 
were not generated during the desorption or 
desorption post-ionization processes. 

28. Mass spectra were collected under electron-im- 
pact conditions at 70 eV, an accelerating voltage 
of 8 kV, a source temperature of 20OoC, and a 
direct in-source heated probe ramped to 700°C at 
100°C per minute. An important fact regarding 
ElMS is that C,, is not produced in the mass 
spectrometry process; therefore, the C,,+ ion 
detected is present in the original sample. 

29. D. Heymann, Lunar Planet. Sci. XXII, 569 (1991). 
30. , ibid. XXIII, 1053 (1992). 
31 . C. T. Pillinger, Philos. Trans. R. Soc. London 343, 

73 (1 993). 
32. The Onaping formation is roughly 1 km thick and 

covers a minimum area of 1900 km2. In addition to 
the samples reported in Table 1, preliminary re- 
sults indicate that fullerenes are also present in 
samples from West Capreol, located on the op- 
posite side of the basin, suggesting that 
fullerenes are widely distributed throughout the 
Onaping formation. 

33. J. F. Kasting, Science 259, 920 (1993). 
34. J. H. Hahn, R. Zenobi, J. L. Bada, R. N. Zare, ibid. 

239, 1523 (1988); R. Zenobi, J.-M. Philippoz, P. R. 
Buseck, R. N. Zare, ibid. 246, 1026 (1989). 

35. T. Chang, A. Naim, S. Ahmed, G. Goddloe, P. 
Shevlin, J. Am. Chem. Soc. 114, 7603 (1992). 
Some small peaks (roughly afactor of 30 less than 
C,,) were identified from 200 to 300 amu (PAH) 
after the sulfur was removed from the sample 
extract by the KRATOS (Reflectron) TOF mass 
spectrometer (23). PAHs that appear to be pre- 
sent are pyrene, benzopyrene benzofluoran- 
thene, and coronene, all of which have been 
suggested as precursors to the formation of 
fullerenes (1, 7, 38). 

36. J. F. Kasting, Origins Life Evol. Biosphere 20, 199 
(1990); V. R. Oberbeck, C. P. McKay, T. W. 
Scattergood, G. C. Carle, J. R. Valentin, Lunar 
Planet. Sci. XX, 671 (1989) 

37. S. W. McElvany, M. M. Ross, N. S. Goroff, F. 
Diederich, Science 259, 1594 (1993); W. R. 
Creasy and J. T. Brenna, J. Chem. Phys. 126,453 
(1 988). 

38. R. Taylor et al., Nature 351, 277 (1991); L. P. 
Chibante and D. Heymann, Geochim. Cosmo- 
chim. Acta 57, 1879 (1 993) 

39. We thank K. Lykke for mass spectrometric analy- 
sis of the CSF-66-43' extract, J. Paque and J. 
Erlichman for technical assistance, and R. Fitz- 
gerald for the Malibu fire samples. This work was 
performed under the auspices of the Office of 
Basic Energy Sciences, Division of Chemical Sci- 
ences, U.S. Department of Energy, under contract 
number W-31-109-ENG-38. Supported also by a 
grant for a NASA Specialized Center of Research 
and Training in Exobiology at the University of 
California at San Diego and by the NASA (Ames) 
Exobiology Program. 

11 March 1994; accepted 2 June 1994 

Fullerenes in the Cretaceous-Tertiary 
Boundary Layer 

Dieter Heymann,* L. P. Felipe Chibante, Robert R. Brooks, 
Wendy S. Wolbach, Richard E. Smalley 

High-pressure liquid chromatography with ultraviolet-visible spectral analysis of toluene 
extracts of samples from two Cretaceous-Tertiary (K-T) boundary sites in New Zealand has 
revealed the presence of C,, at concentrations of 0.1 to 0.2 parts per million of the 
associated soot. This technique verified also that fullerenes are produced in similar 
amounts in the soots of common flames under ambient atmospheric conditions. Therefore, 
the C,, in the K-T boundary layer may have originated in the extensive wildfires that were 
associated with the cataclysmic impact event that terminated the Mezozoic era about 65 
million years ago. 

W h e n  fullerenes were discovered to be 
formed spontaneously in condensing carbon 
vapors ( I ) ,  it was suggested that they might 
be widely distributed in the universe. Subse- 
quent searches for fullerenes in interstellar 
media and meteorites (2, 3) have thus far 
been unsuccessful, but C60 and C70 have 
been reported to occur in samples of shung- 
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ite, a meta-anthracite coal from a deposit 
near Shunga, Russia (4), and in fulgurite, a 
substance formed when lightning strikB cer- 
tain soils or rocks (5) .  The occurrence of 
fullerenes in shungite is surprising because 
the only routes to fullerenes discovered thus 
far in the laboratory have involved gas-phase 
chemistry at temperatures of more than 
1000°C. Shungite is thought ta have formed 
from carbonaceous material creeping into 
fissures of a Precambrian rock that metamor- 
phosed under extreme pressures; hence, ei- 
ther the original material already contained 
fullerenes, or these must have formed during 
the metamorphism by as yet unknown solid- 
or liquid-phase mechanisms. 

Here we describe a search for ancient 
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fullerenes produced by natural processes on 
Earth, and we also report the results of an 
experiment that prompted us to speculate that 
a possible source might involve the burning of 
carbonaceous matter. A uarticularlv good , u 

candidate for such a search would be the soot- 
and iridium-rich seams at the K-T boundary, 
because the abundant soot in these well- 
characterized deposits is thought to have been 
derived from worldwide wildfires after a large 
meteor impact 65 million years ago (6). 

Previous analvses of soots for the uresence 
of fullerenes have generally used mass spec- 
trometry of either laser-vaporized or thermally 
heated samples (7-9). One problem with 
these methods is that at concentrations of a 
few parts per million (ppm), fullerenes ma? 
not volatilize efficiently from the surrounding 
soot, and the high temperature and gas-phase 
conditions required in the sampling may in- 
advertently produce fullerenes that were not 
originally present in the sample. Instead we 
used high-pressure liquid chromatography 
(HPLC) of toluene extracts together with 
direct photodiode array detection of the ultra- 
violet (UV)-visible absorption spectrum of 
the separated fullerenes. With commercial 
HPLC unirs (10) this technique is capable of 
detecting as little as 0.2 ng in an injected 
sample while avoiding high temperature, gas- 
phase conditions. Figure 1 shows such a 
HPLC chromatogram detected at 330 nm of a 
standard solution of -50 ng of C6@ and C7@ 
injected in toluene; it has excellent resolution 
and signal-to-noise ratio. The insert shows 
the characteristic absorption spectrum record- 
ed at the retention time of C,,. 

As predicted by Zhang et al. (1 l ) ,  fuller- 
enes are produced in at least small amounts in 
some sooting flames (12, 13), but analyses of 
a variety of commonly occurring soots have 
failed to detect the uresence of fullerenes (7. 

\ -  , 

8). Thus far only one study has reported the 
recovery of fullerenes from a free-burning 
flame (9). To venfy this report, we used the 
HPLC analvtical techniaue for the detection 
of fullerenes in soots frok free-burning tolu- 
ene and candle flames in air at normal atmo- 
spheric conditions. A small pool of toluene in 
a glass dish was ignited and the resultant soot 
was collected. We extracted this soot by 
sonication in fresh toluene at room tempera- 
ture and filtered and concentrated the result- 
ant solution. HPLC analyses (Fig. 2) showed 
that the dissolved matter was comuosed uri- 
marily of polycyclic aromatic hydrocarbons, 
but that C6@ and C7@ were also present. The 
amount of C6@ + C7@ typically extracted from 
soot from the burning of toluene in air ranged 
from 25 to 50 ppm. Even the soot from a 
common decorative candle contained 
fullerenes at the concentration of 1 to 10 
ppm, as determined by an analogous method. 

These results suggest that fullerenes may be 
produced at detectable levels in naturally oc- 
curring fires and may still be found in ancient 

Fig. 1. Chromatogram, 
deduced from UV ad- 0.020 
sorption at 330 nm,  of 
the simultaneous injec- 
tion of 49.5 ng of C,, and 
57.75 ng of C,, (both 
synthetic). The mobile 
phase was methanol:tol- 
uene 50:50. The peak at 
1.17 min is due to the $ 
injection of pure toluene. 4 , C70 

The peaks at 3.20 and 
4.44 min are due to C,, 
and C,,, respectively. 
The insert shows the ab- I 

sorption spectrum of C,, 0 1 2 3 4 
taken at 3.20 min. AU, Retention time (minutes) 

arbitrary units. 

Fig. 2. Chromatogram of 
the toluene extract of the 
soot from a toluene burn. 
Note that the fullerene 
peaks appear for this 
condition at about 4.5 
and 7.1 min, because 
the mobile phase was 
methanol:toluene 55:45 
to elute the fullerenes 
further away in time from 
the massive PAH peak 
(height 1.30 pV). The 
absorption spectra of 
the fullerenes are shown 
for the range 290 to 650 0 

nm AU, arb~trary un~ts 

deposits. Perhaps the most extensive combus- 
tion to have occurred in Earth's historv was 
the result (putatively) of a meteor impac; near 
Chicxulub in the Yucatan Peninsula of Mex- 
ico about 65 million years ago, as evidenced 
by iridium- and soot-rich seams at the K-T 
boundary worldwide (6). We have analyzed 
carbon-rich samples of this boundary layer 
from two sites in New Zealand. At the first, 
Woodside Creek, the K-T boundary appears 
as a heavily weathered shale located between 
massive Cretaceous and more thinly bedded 
Tertiary limestones (14). The Tertiary lime- 
stone beds are parted by thin layers of shale. 
At the'second site, Flaxbourne River, about 
10 km from Woodside Creek (14), the 
boundary layer is marked by a much less 
weathered clay richer in CaC03 than the 
shale at Woodside Creek. At Flaxbourne 
River, the boundary clay has a gray or a nearly 
black appearance. Both gray and black seams 
were sampled. At Woodside Creek and at 
Flaxbourne River the iridium abundances are 
91 and 32 ng/cm2, the carbon contents after 
dichromate etch are 4.8 and 3.5 mg/cm2, and 
the soot contents of these carbons are 69 and 
68%, respectively (6). 

We studied two sample sets. The first 

2 4 6 8 
Retention time (minutes) 

consisted of gram-sized, still pristine sam- 
ples collected 10 years ago. When toluene 
extracts from these samples showed evi- 

dence for the presence of C,,, we collected 
a fresh and much larger set of samples at the 
Woodside Creek and Flaxbourne River out- 
crous. At that time we also collected con- 
trol samples from the Cretaceous limestone 
immediatelv below and of Tertiani shale 
partings 57'cm above the K-T bouLdary. 

All samules were digested with toluene at - 
room temperature in an ultrasonic bath for 
at least 8 hours, filtered, and then concen- 
trated to 1.0 ml or less. We took precautions 
throughout the procedure to prevent con- 
tamination of the rock samules and extracts 
with modern fullerenes. Sample storage, 
crushing, grinding, extraction, evaporation, 
and filtration were done in a laboratory that 
had never been used to analvze fullerenes. 
All procedures, glassware, chemicals, and 
the HPLC system were checked with proce- 
dural and instrumental blanks. 

The HPLC analysis was performed under 
similar conditions to those discussed for the 
toluene soot. We tested 37 procedural blanks, 
none of which yielded fullerenes above the 
minimum detectable limit of 0.2 ng. All 
sample results are listed in Table 1. All 
boundary samples have significant peaks at 
the expected retention time of C6@, but the 
Cretaceous limestone and Tertiary shale were 
free of C,, and C7@. This result shows that 
contamination of the boundary samples is not 
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Table 1. Results of HPLC analysis. The fourth column lists CFO amounts in the clay. The numbers in 
the fifth column were deduced from published surface dens~t~es of the boundary layers (6). For the 
Flaxbourne River samples, gr, gray seam; bl, black seam. 

Weight of Weight of C,, Concentration of C,, 
Sample sample in sample 

(9) (ng) ng/g ng/cm2 

Woodside Creek 
Cretaceous limestone* 127.7 0 0 0 
Tertiary shale* 135.6 0 0 0 
K-T Clay 3.497 7.6 2.17 2.4 
K-T Clay 3.323 9.1 2.74 3.6 
K-T Clay* 123.9 309 2.5 3.3 
K-T Clay* 201 994 4.7 6.2 
K-T Clay* 112.3 609 5.4 7.1 
K-T Clay* 68 22.1 0.325 1.4 

Flaxbourne' River 
K-T Clay (gr) 1.980 1.1 0.556 2.5 
K-T Clay (gr)* 57.2 65.5 1.14 5.0 
K-T Clay (gr)* 200 11.6 0.058 0.26 
K-T Clay (bl)* 68 160 2.3 10.3 
K-T Clay (bl)* 200 369 1.84 8.1 

*Samples collected in December 1993. 

likely to have occurred. There was no system- 
atic difference of C,, contents between the 
decade-old and recent samples. Apparently, 
10 years of exposure to air and light has not 
substantially reduced the C60 contents of the 
samples. 

The extracts from these gram-sized sam- 
ples did not contain enough C6, to yield 
convincing absorption spectra for this 
fullerene, .but those from the larger, fresh 
samples did. The chromatogram of such an 
extract from K-T clay at Woodside Creek is 
shown in Fig. 3. Both the C,, peak reten- 
tion time and absorption spectrum are iden- 
tical to those of the synthetic fullerene 
sample in Fig. 1. The analyses of all extracts 
from samples heavier than 100 g showed 
this same spectrum. At the expected reten- 
tion time of C,, no significant signal was 
found; the upper limit of the C7,/C,, ratio 
was 0.002. Extracts from the clay at Flax- 

Fig. 3. Chromatogram of o.olo. 
a concentrated toluene 
extract from the 112.3-9 
sample Creek of K-T the Woodside boundary 

rock. The large peak af- 
ter 1 min is due to the 3 
injection of solvent but 
also to comparatively po- ,p 
lar hydrocarbons. The $ 
peak at 3.1 8 min is con- $ 
sistent with the retention 
time of C,,, and the ab- 

bourne River showed a small peak at this 
retention time, but the amounts of C70 
were too small to yield an acceptable ab- 
sor~tion sDectrum (15). The net fullerene ~, 

contents of the rocks range from 0.3 to 5.4 
ppb by weight (Table 1). The gram-sized 
samples from the two sites were demineral- 
ized before, extraction; hence, their C60 
conten; per gram of carbon-bearing matter 
(which is about 70% soot) could be estimat- 
ed. The result for these samples was about 
0.1 to 0.2 ppm of C,,, which is reasonable 
on the basis of our measures of the tv~ical  

sorption spectrum taken 0,000 
at this time (insert) is I I 1 I 1 

3 

4 
identical to that of Fig. 1 0 1 2 4 5 
Absorption spectra taken Retention time (minutes) 

nine times in the range 1.26 to 3.50 min (18) show that.this distinct spectrum occurs only in the 
range 3.00 to 3.30 min. No significant signal is present at the retention time of C,,; the upper limit 
of the C,, IC,, ratio of the injected sample is 0.002. The very small shoulder at 2.8 min may be due 
to C,,O, which may have occurred in the rock before collection but may also have formed from C,, 
afterwards by reaction with ozone of the current ambient atmosphere. 

ilE Y F 

, . 
amount of fullerenes in soots from open 
flames. 

Our results indicate that fullerenes 
have long been part of our natural envi- 
ronment and that they can survive, at 
least in some protected deposits, for geo- 
logic time scales (16). It is, of course, 
conceivable that the K-T C6, came to 

$ a 
( 0  - 310 Wavelength (nm) 430 

Earth with the impactor of the Chicxulub 
crater. but how would these fullerenes 

C ,  retention time 

have survived exposure to very hot SO2 
generated in vast amounts by the impact 
(1 7)? We suggest that the K-T fullerenes 
were formed locally by post-impact sooting 
wildfires at a later time when the concen- 
trations of reactive gases in a cooler atmo- 
sphere were much decreased. 

Although we found C70 in flames pro- 
duced in the laboratory and in the clay from 
Flaxbourne River (15), it is virtually absent 
from the clav at Woodside Creek. Either some 
natural process produces C6, almost to the 
exclusion of C70, or else a process exists by 
which C7,, but not C60, was quantitatively 
destroyed in the 65 million years since the 
deposition of the boundary layer at Woodside 
Creek. The presence of C,, in the K-T 
boundary clay at Flaxbourne River is more 
consistent with the second proposal (1 8). 
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