collections of SiC particles. Thus, our cal-
culated #2Na/?*Na atmospheric ratio may
not be quite adequate for those rich carri-
ers. Our model also.does not yet explain
naturally why the fraction of particles rich
in 2?Ne is also rich in “He. That correlation
does seem natural in the model (5, 6) based
on a wind from the He shell in a low-mass
AGSB star, whose shell is not hot enough to
burn the 22Ne that exists there (4). The
latter model, on the other hand, has not
accounted for the Si compositions of the
particles. Thus, problems in interpretation
abound for these competing pictures.

Because the 2?Na-bearing particles are
formed at a special epoch in the star’s evo-
lution (the onset of the “superwind phase”),
further correlations or anticorrelations be-
tween Ne-E content and other isotopes be-
come plausible. In addition, the ?2Na inter-
pretation required by our model may be
correct even if some other explanation for
the Si-isotope correlation can be found. We
especially note that almost one-third of the
large graphite particles in the residues carry
an even purer form of Ne-E (7) without the
accompanying *He (20). These particles
may also find natural interpretations in the
22Na production scheme because the C star
atmospheres have tenfold more C than Si
-and should therefore also condense graphite.
The graphite simply lacks the Si diagnostic
(unless Si can be detected as a trace element
in those particles).

Our approach is not to seek the most
plausible explanation of the noble gas con-
tents of the SiC particles. Rather, we ex-
plore the implications for Ne and other
noble gases of a specific theoretical model
that can account for the Si isotopes. After
all, the particles are built of Si. To constrain
this model, new work is needed. The Na
concentration in the large particles must be
measured so that their implied 2?Na/?>Na
ratio can be accurately inferred. Other iso-
topi¢ clues must also be interpreted. Fore-
most among these is the puzzling variation of
the >C/'2C ratio, which is strongly impact-
ed by the same hot bottom burning that
creates the 22Na. The crucial clue of Ne-E
has been reinterpreted in terms of the old
suggestion (8) of 22Na parentage in stellar
outflows, which describes it as an extinct
radioactivity. This success ties the massive
AGSB star picture (13) to more data. Anoth-
er puzzle is why only massive AGB stars have
made the large SiC particles when low-mass
AGSB stars are more numerous. It is not clear
whether a single nearby massive AGB star
has produced all of these presolar particles

and injected them into the placental solar.

cloud, as Cameron (21) advocates for other
reasons. Another possibility is that only
massive AGB stars are able to nucleate and
grow the large SiC particles, as we (13)
advocate. In the former case the data de-
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scribe details of the formation of the sun and
of that particular AGB star (21). In the
latter case, they describe a general interstel-
lar aspect of “cosmic chemical memory” (22)
and of the entire spectrum of AGB star
evolution.
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Chemical Contrast in X-ray Microscopy and
Spatially Resolved XANES Spectroscopy of
Organic Specimens

H. Ade,* X. Zhang, S. Cameron, C. Costello, J. Kirz, S. Williams

The scanning transmission x-ray microscope at the National Synchrotron Light Source has
been used to record x-ray absorption near-edge structure (XANES) spectra from 0.01-
square-micrometer regions of organic specimens. The spectral features observed reflect
the molecular structure of the dominant absorbing atoms and provide the contrast mech-
anism for high-resolution imaging with chemical sensitivity. This technique was used with
x-ray energies near the carbon Kabsorption edge to identify and map separate phases in
various polymer blends and to map the DNA distribution in chromosomes with a spatial

resolution of 55 nanometers.

Although electron microscopy is a stan-
dard technique for high-resolution imaging
of organic specimens and electron energy
loss spectroscopy (EELS) is frequently used
to obtain chemical information at reduced
spatial resolution, radiation damage poses
serious limitations for methods that use
electron beams (I). Recent work in x-ray
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absorption spectroscopy by Kirtley et al. (2)
indicates that resonance structures near the
K shell absorption edge of nitrogen provide
a means to differentiate chemical species
such as DNA and protein. These authors
suggest that this resonance structure should
provide a good contrast mechanism for
bond-specific x-ray imaging. Their observa-
tion confirms earlier suggestions by Solem
and Baldwin (3) and by Solem and Chap-
line (4) that near-edge resonances of nitro-
gen could be exploited in biological x-ray
microscopy.

In this report, we present evidence that
an analogous contrast mechanism exists in
the x-ray absorption near-edge structure of
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carbon (C-XANES) (5). We acquired
C-XANES spectra from sample areas as
small as 0.01 pm? and showed that x-ray
micrographs with a resolution of 55 nm
indeed exhibit the expected sharp chemical
differentiation. We demonstrated the tech-
nique on polymer blends and on freeze-
dried chromosomes of the bean Vicia faba,
showing that at least in these systems,
radiation damage does not interfere with
the investigations.

We used for this work the scanning trans-
mission x-ray microscope (STXM) at the
National Synchrotron Light Source. The
wavelength of the x-ray beam is selected by
a spherical-grating monochromator, with a
bandwidth of 0.006 nm for a 100-pm exit
slit typically used (6). This corresponds to
energy widths of about 0.4, 0.8, and 1.7 eV
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Fig. 1. Carbon K shell XANES spectra of (A)
polyacrylonitrile, (B) polystyrene, and (C) poly-
propylene (dashed line) and a 50-50 percent by
weight random copolymer of polystyrene and
acrylonitrile (solid line). The spectrum in (B) is
from a single-phase standard under normal,
in-focus operating conditions, whereas all the
other spectra were acquired with the STXM from
inhomogeneous samples as presented in Figs. 2
and 3. The size of the areas probed is about 0.01
pm? (9). Acquisition time was 5 s. All spectra
were high-pass filtered in the Fourier domain (17).

at photon energies of 290, 405, and 540 eV,

respectively. One can adjust the energy

width by changing the slit size. A phase zone

plate (7) is used to focus the beam to a

microprobe, the size of which determines the

spatial resolution. The microscope has been

well characterized, and a Rayleigh resolution
of 55 nm has been measured (8). The

specimen is mechanically scanned under
computer control, and transmitted x-rays are

detected with the use of a gas flow counter.

The microscope operates in a helium atmo-
sphere, separated from the beamline vacuum
by a 120-nm-thick silicon nitride mem-
brane. Because images are acquired and
stored in digital form, they lend themselves
naturally to direct measurement and quanti-
tative analysis of the specimen absorptivity
at each pixel. For our work, new capabilities
were added: (i) operation of the STXM in
previously inaccessible photon energy ranges
between 285 and 340, 405 and 460, and
530 and 590 eV, which allowed us to obtain
carbon, nitrogen, and oxygen XANES
spectra and (ii) the recording of XANES
spectra in situ from small areas. During
acquisition of spectra, the scanning stage is
held fixed, while the monochromator grat-
ing is scanned in synchrony with the focus-
ing adjustment. This combined motion is
necessary to keep the target in focus, be-
cause the focal length of the zone plate is
proportional to the x-ray energy. A typical
spectrum with 500 data points is recorded

Fig. 2. Images of a 0.5-um-thick section of a
blend consisting of polypropylene and a 50-50
percent by weight random styrene-acrylonitrile
copolymer at the following photon energies: (A)
285.5 eV, (B) 286.2 eV, (C) 286.8 eV, and (D)
287.9 eV. The contrast arises from differences
in the near-edge absorption cross section of
the different domains as shown in Fig. 1C. The
black (B) and white (W) levels of the micro-
graphs are individually adjusted, with the levels
referenced to the incident intensity /, as follows:
(A), (B),and (C),W = |,,B=0; (D), W=0.3 x
I, B =0 (300 x 300 pixels, 2 ms per pixel).
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in about 5 s (Fig. 1). Spectra can be
acquired from areas 0.01 wm? in size (9)
and were corrected for structure in the
incident beam intensity caused by carbon
and nitrogen on the optical surfaces and in
the silicon nitride membranes used as vac-
uum window, zone plate support, and
counter window. These membranes pres-
ently limit the usable N-XANES region
because they attenuate the beam too much
between 400 and 405 eV for reliable data
acquisition. Although we recorded spectra
and images near the N edge as well as the O
edge, the data presented here are restricted
to the C edge.

C-XANES spectra of polystyrene, poly-
acrylonitrile, and polypropylene and a 50-
50 percent by weight copolymer of styrene
and acrylonitrile were acquired with the
STXM at an energy resolution of 0.4 eV
(Fig. 1). Spectral differences are clearly
visible and related to the presence or ab-
sence of various functional groups, such as
benzene (sp? hybridization) or nitrile (sp
hybridization). We used these differences in
absorption cross section to provide image
contrast in various blends of these poly-
mers, to determine the morphology of these
blends, and to identify the composition of
the various phases. The micrographs in Fig.
2 represent images of a 0.5-wm-thick sec-
tion of a blend of polypropylene with a
random 50-50 percent by weight copolymer
of styrene and acrylonitrile. Domains that
corresponded to two phases are clearly iden-
tifiable. Note that in the case of Fig. 2A, at
a photon energy of 285.5 eV the contrast is
almost 100%, whereas at 287.9 eV (Fig.
2D) contrast is reversed. In Fig. 2, A and
C, the styrene-acrylonitrile copolymer in-
deed forms a single phase as expected. The
high absorption in Fig. 2A is a result of the
antibonding  orbital (7w*) resonance of
styrene; in Fig. 2C, it is a result of the 7*
resonance of acrylonitrile. Besides the do-
mains various other features, such as holes
and two smaller pieces of an additional
layer of polymer film, can be identified. The
adhesion between the domains appears to
be poor because several interfaces separated
during sectioning.

Additional micrographs (Fig. 3) were ac-
quired of a blend that consisted of polypro-
pylene and polystyrene and a small amount
of a substance (a compatibilizer) that ensures
good adhesion at the interface (no separa-
tion during sectioning was encountered) and
generally leads to smaller domain sizes. This
blend, in contrast to the one in Fig. 1, did
not exhibit inclusions of the matrix polymer
in the polystyrene domains.

The importance of these images to poly-
mer science lies in the fact that they were
obtained with chemical specificity and that
the sample was not altered by beam damage
or aggressive staining techniques. Informa-
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tion concerning domain size, presence of
inclusions, and interparticle distance is im-
portant with respect to polymer blend me-
chanical properties. The relation between
morphology and the mechanical properties
of rubber-filled polymer blends has been the
subject of much work (10, 11). In particu-

lar, the interparticle distance between rub- -

ber domains in a polymer matrix has been
shown to be the critical morphological pa-

Fig. 3. High-resolution image of a polypropy-
lene-polystyrene blend at a photon energy of
285.5 eV, where polystyrene is highly absorb-
ing. Typically much smaller domains than in
Fig. 2 are visible because of the action of a
compatibilizer, which also improved the do-
main adhesion. The large polystyrene domain
(A) had been exposed in its center to the
focused beam for 80 min, without apparent
morphological change or mass loss, whereas
certain features (B) are a result of radiation
damage that occurred after several minutes of
exposure to the photon beam. The contrast and
edge sharpness in this image is consistent with
a Rayleigh resolution of 55 nm (300 x 300
pixels, 6 ms per pixel).
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Fig. 4. C-XANES spectra of BSA and DNA. The
spectral features of the DNA spectrum between
285.0 and 286.5, 286.5 and 289.5, and 290 and
291 eV correspond to the C=C, C=N, and C=0
bonds, respectively. The two prominent fea-
tures of the BSA spectrum correspond to the
C=C and C=0 bonds, whereas there is very little
intensity in the energy region characteristic of
the C=N bonds because of their infrequent
occurrence in BSA (Table 1).
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rameter that correlates the ductile-to-brittle
transition with the rubber content and rub-
ber particle size (12).

Although there is undoubtedly some ra-
diation damage inflicted on the sample
during imaging and acquisition of a spec-
trum, repeated images of the same sample
areaTeveal no visible morphological changes
or mass loss. To provide a more severe test of
the radiation damage suffered by these poly-
mer films during acquisition of data, we
exposed the center of a polystyrene domain
to the focused photon beam of 285.5 eV for
80 min, with no discernible mass loss or
damage visible in the subsequent image (Fig.
3). This is to be compared to acquisition
times of a few milliseconds per pixel to
acquire an image and 5 s to acquire a
spectrum of the quality shown in Fig. 1.
However, polypropylene is less radiation-
resistant than polystyrene. After exposures
at a photon energy of 291.0 eV for a few
minutes, which is over an order of magni-
tude longer than the time it takes for a
spectrum, polypropylene showed mass loss
on the order of a few percent. Upon a
subsequent additional exposure of 15 min,
the mass loss expanded to a ring-shaped
pattern, whereas the center most heavily
exposed to the beam showed a noticeable
w* resonance in the spectrum. The most
appropriate comparison of the relative
damage in organic specimens due to radi-
ation inflicted by XANES spectroscopy
and electron beam-based microscopes is
that provided by EELS. EELS can be used
to assess the same near-edge structure
probed with XANES spectroscopy, but its
electron beam generates more valence
band transitions and secondary electrons
per core hole than XANES spectroscopy
does (13). Because most damage in organ-
ic materials is sustained by secondary elec-
trons (14) and valence-band transitions,
we can estimate that radiation damage in
EELS is about three orders of magnitude
larger than in XANES spectroscopy.

Because chemically specific images rely
on absorption contrast between different
features in the sample—just as regular im-
aging with the STXM—there is no penalty

Fig. 5. Micrographs of metaphase A
chromosomes of the bean V. faba
at the following photon energies:
(A) 286.5 eV, (B) 285.5 eV, and
(C) 281.3 eV. (D) The optical den-
sity distribution of DNA in the
chromosomes, as computed from
(B) and (C).

SCIENCE ¢ VOL. 258 -

6 NOVEMBER 1992

in spatial resolution incurred to achieve
chemical contrast. Sections of predomi-
nantly carbon-based materials with densi-
ties close to 1 g/cm? can have thicknesses in
the range of 40 to 800 nm to be suitable for
C-XANES imaging. Thicknesses between
150 and 250 nm are optimal for good
signal-to-noise ratios.

In biological specimens, there is a much
wider variety of molecular environments
than in the polymers presented here, lead-
ing to more complex XANES spectra. Pro-
teins and nucleic acids, for example, all
have carbon atoms double-bonded to oxy-
gen, to nitrogen, and to other carbon at-
oms, which creates distinct 7r* resonances.
The relative frequencies of these double
bonds, as shown in Table 1 for DNA and
for a typical protein, bovine serum albumin
(BSA), are characteristically different, pro-
viding a handle for spectroscopic identifica-
tion. We prepared thin-film samples of
these materials as standards. The observed
spectra (Fig. 4) do exhibit the expected
features, with the C=C and C=O resonanc-
es prominent for BSA, whereas DNA has a
large integrated C=N intensity as well. To
provide a demonstration of this contrast
mechanism in a biological specimen, we
prepared metaphase chromosomes, freeze-
dried in 10 mM ammonium acetate, of the
bean V. faba. The isolation procedures have
been described elsewhere (15). Images of
this specimen taken at photon energies of
281.3, 285.5, and 286.5 eV are shown in
Fig. 5. On the basis of these images, the
distribution of DNA can be determined
(Fig. 5D); with a different set of images, the
protein contribution could be determined
as well. As observed by Kirtley et al., there
are characteristic spectral features in the

‘Table 1. Fractions of carbon double-bonded to

the oxygen, nitrogen, and carbon atoms of BSA
and four DNA bases (DNA) (18).

Carbon _
Molecule atoms (1) C=C C=N C=0
BSA 2935 0.077 0.014 0.243
DNA 39

0.103 0.154 0.103




N-XANES spectra if the DNA bases are
brominated (2). This sensitivity to bro-
mine, and chemical labels with unique
spectral signatures, should open up new
possibilities in biological microscopy for
functional and chemically specific imaging.

"XANES spectroscopy provides excel-
lent contrast for high-resolution imaging
with chemical specificity. The ability to
perform spectroscopy of organic materials
0.01 pm? in area and to form high-reso-
lution images that use XANES contrast
opens up new areas of study in structural
biology and polymer science and in the
investigation of other phase-separated ma-
terials. Here, we assumed a random, iso-
tropic distribution of the molecules inves-
tigated. If explored with a suitable sample
or sample rotation stage, the polarization
dependence of XANES spectroscopy (16)
would make it possible for researchers
using our technique to determine the di-
rection of specific bonds in oriented sys-
tems at high spatial resolution. The possi-
bilities to use chemically specific labels in
biology that have unique spectral signa-
tures are particularly intriguing.
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The Age of Parana Flood Volcanism,
Rifting of Gondwanaland, and the
Jurassic-Cretaceous Boundary

Paul R. Renne, Marcia Ernesto, Igor G. Pacca, Robert S. Coe,
Jonathon M. Gilen, Michel Prévot, Mireille Perrin

The Parana-Etendeka flood volcanic event produced ~1.5 x 10° cubic kilometers of
volcanic rocks, ranging from basalts to rhyolites, before the separation of South America
and Africa during the Cretaceous period. New 4CAr/3Ar data combined with earlier pa-
leomagnetic results indicate that Parana flood volcanism in southern Brazil began at 133
+ 1 million years ago and lasted less than 1 million years. The implied mean eruption rate
on the order of 1.5 cubic kilometers per year is consistent with a mantle plume origin for
the event and is comparable to eruption rates determined for other well-documented
continental flood volcanic events. Parana flood volcanism occurred before the initiation of
sea floor spreading in the South Atlantic and was probably.precipitated by uplift and
weakening of the lithosphere by the Tristan da Cunha plume. The Parana event postdates
most current estimates for the age of the faunal mass extinction associated with the

Jurassic-Cretaceous boundary.

Continental flood volcanism produces pro-
digious extrusions of chiefly basalt compo-
sition that in several cases exceed a volume
of 1 X 10° km?® (I-3). At least eight
episodes of continental flood volcanism
have occurred over the last 250 million
years (My), and considerable attention has
been devoted to understanding their genesis
and relation to a variety of other terrestrial
phenomena including hot spots, crustal rift-
ing, and faunal mass extinctions. Detailed
dating of several flood volcanic provinces
(for example, the Deccan Traps, Siberian
Traps, and Columbia River Basalts) has
shown that one of the most distinctive
features of flood volcanism is a very brief
duration of principal activity that lasts 1 or
2 My at most, so that mean eruption rates
are on the order of 106 km*>My (1-3).

In this paper, we report new “°Ar/°Ar
geochronologic data on the age and dura-
tion of volcanism in the Parana province,
one of the largest known continental flood
volcanic provinces. These new data allow
evaluation of the temporal relation between
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Paran4 volcanism and the opening of the
southern Atlantic Ocean and the Jurassic-
Cretaceous mass extinctions.

Connections between flood volcanism,
mantle plumes, hot-spot activity, and con-
tinental rifting were postulated over 20
years ago (4), and several contrasting ge-
netic models for continental flood volcanic
events have since emerged. Most models
postulate that mantle plumes are responsi-
ble (I-4) but differ in whether decompres-
sion melting of the asthenosphere upon
rifting above a preexisting mantle plume
generates flood volcanism or, conversely,
whether the rise of a mantle plume causes
flood volcanism and initiates lithospheric
extension (I-3). The imprecision in dating
of some flood basalt events and associated
rifting episodes has precluded confident de-
duction of their temporal sequence and
hence their genetic relations.

A genetic link between flood volcanism
and major faunal mass extinctions has been
debated vigorously for nearly a decade (5),
particularly with respect to the Deccan
Traps of India and the Cretaceous-Tertiary
(K-T) mass extinctions (5, 6). Recent dat-
ing of the Siberian Traps (7, 8) showed that
this largest known continental flood vol-
canic province coincided within uncertain-
ties with the most profound mass extinction
event known at the Permian-Triassic
boundary ~249 Ma (million years ago).
The assessment of further coincidence of
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