We report here experiments in which
pressures of 1 Mbar were reached, as
measured by a further extension of the new
NBS scale. The data are reproducible and
can be easily compared with other types of
calibration. The estimated uncertainty in
pressure is no greater than 10 percent. To
the best of our knowledge, this is the high-
est static pressure ever reached in an ex-
periment in which an internal calibration
was employed.

The difference between external and in-
ternal calibration of pressure is fundamen-
tal. External procedures usually involve
monitoring mechanical loading of high-
pressure apparatus. However, the loading
is not transmitted to an internal sample be-
cause the apparatus deforms, and as parts
begin to yield it is not possible to deter-
mine the internal pressure. ‘

In the experiments reported here, it was
possible to monitor the sample being pres-
surized with a new diamond-windowed
cell. The cell was designed for static experi-
mentation in the megabar pressure range,
which was inaccessible with previous appa-
ratus. Ruby fluorescence in the cell was ex-
cited by a laser beam, and its wavelength
was monitored continuously with a spec-
trometer linked to thé pressure cell by a fi-
ber optic bundle.

The improved diamond pressure cell
used in the experiments has been described
in detail by Mao and Bell (6) and is shown
diagrammatically in Fig. 1. The apparatus
consists of two single-crystal diamonds op-
posed as pressure anvils. A scissors-shaped
lever-block assembly is spring-loaded to
apply a mechanical advantage of 2. The
diamonds are supported by half-cylinder
seats of tungsten carbide with a zirconium
shim (0.001 inch thick) placed between the
low-pressure-bearing surfaces. The half-
cylinders are adjusted to achieve and main-
tain excellent alignment of the diamonds
(to better than one-half a Newton color
fringe interference of the diamond faces)
during an experiment. A sheet (0.010 inch
thick) of work-hardened steel (7) is placed
between the high-pressure diamond faces,
and then a crystal of ruby is placed on the
steel and pressed into it as the diamond an-
vils are squeezed together. Blue laser light
(8), wavelength 441 nm, is used to excite
fluorescence in the ruby. Spectrometer and
detector systems are the same as pre-
viously described (6), except that the
photomultiplier tube in the experiments
was cooled to -50°C to reduce dark noise
9.

Before the experiments were done we
observed the sodium chloride BI1-B2
(NaCl-CsCl structure types) transition at
291 kbar (/) and simultaneously measured
the wavelength of the R, ruby line. A single
ruby fragment was monitored each time an
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Table 1. Observed spectral shift (AX) of the R,
line of a ruby crystal at high pressure. The shift
of 106 A (values in italics) corresponds to the
B1-B2 transition in NaCl. Pressures below 291
kbar were determined from the NBS calibration
curve (2). Pressures above 291 kbar were deter-
mined from a linear extension of the NBS curve.

AXR)

Pressure (kbar)

30 83
75 206
106 291
180 495
225 619
290 791
310 823
320 880
370 1018

experiment was done. The observed spec-
tral shift of the R, ruby line in a typical ex-
periment and the corresponding pressures
from a linear extension of the NBS scale
are listed in Table 1. The intensity of the
R, ruby line appeared to diminish slightly
as the pressure was increased to the mega-
bar range. No sign of mechanical failure
was observed in the diamonds, and with
improved support it should be possible to
increase the pressure to at least 1.5 Mbar.
The capability of routinely experiment-
ing at pressures in the megabar range has
far-reaching applications. It will be pos-

sible to study insulator-metal transitions
and numerous other proposed physical and
chemical changes in materials at high pres-
sures (10). The accessibility of this pressure
range coupled with the high temperatures
already reached (2) makes it possible to ex-
periment directly at the conditions of the
earth’s core.

H. K. Mao

P. M. BELL
Geophysical Laboratory,
Carnegie Institution of Washington,
Washington, D.C. 20008
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Surface Predominance of Trace Elements in Airborne Particles

Abstract. A number of minor and trace elements including Be, C, Ca, Cr, K, Li, Mn,
Na, P, Pb, S, T, V, and Zn present in coal fly ash are found to be preferentially concen-
trated on the particle surfaces. Environmentally effective concentrations of these elements
are thus much higher than indicated by conventional bulk analyses.

It is now well established that toxic trace
elements such as As, Be, Cd, Cr, Mn, Ni,
Pb, Sb, Se, Tl, V, and Zn are being mobi-
lized in the atmosphere in association with
particles emitted from fossil fuel com-
bustion and conversion (7). It has also been
shown (/-3) that the specific concentra-
tions of many of these elements (in micro-
grams per gram of fly ash) increase with
decreasing particle size in fly ash derived
from coal combustion. Consequently, the
highest trace element concentrations are
encountered in small particles which most
readily pass through control devices, which
remain suspended in the atmosphere for
long periods, and which deposit in the in-
nermost regions of the human respiratory
tract when inhaled (2, 4).

Recently, it has been suggested (5) that
this dependence of elemental concentra-
tion on particle size occurs because certain
elements (or their compounds) are vol-
atilized in the high-temperature coal com-
bustion zone and then condense uniformly
onto the surfaces of entrained fly ash parti-

cles as the temperature falls. Such surface
deposition would give rise to the observed
inverse dependence of specific concentra-
tion on the diameter of the approximately
spherical fly ash particles (2, 3).

If surface deposition does occur, either
as a result of the postulated mechanism or
otherwise, then the actual concentrations
of toxic material present at the point of
contact of a particle with living tissues may
be substantially higher than hitherto sup-
posed on the basis of bulk analyses. To es-
tablish whether the surface concentrations
of toxic elements are higher, we have deter-
mined the dependences of several elemen-
tal concentrations as a function of depth in
individual coal fly ash particles.

The fly ash samples studied were collect-
ed in the stack systems of two coal-fired
power plants burning midwestern U.S.
bituminous coals. One plant was of small
capacity and obsolete design utilizing a
chain grate stoker; the other was a large
modern plant with an input of pulverized
coal.
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Since surface deposition implies that
elemental concentration per unit surface
area should be independent of particle di-
ameter, large particles (75 to 100 um) were
studied for convenience. These particles
were pressed into In foil and mounted in
the specimen chamber of an-ion micro-
probe (AEI model IM 20). A 35-kev nega-
tive oxygen ion beam 80 na in intensity and
about 16 um in cross-sectional diameter
was then rastered rapidly over an area 100
by 100 um enclosing the particle being
studied. Sputtering rates were estimated
within about a factor of 2 by comparison
with measured rates for pure Si samples at
the same current density.

Using mass spectrometer resolutions
ranging up to 4000, we identified the ele-
ments listed in Table 1 in the sputtered ma-
terial. Bulk concentrations of these ele-
ments, as determined by spark source mass
spectrometry, are also listed in Table 1.
Additional elements present could not be
uniquely identified by ion microprobe mass
spectrometry, = either because of inter-
ferences from molecular and multiply
charged ions or because of inadequate de-
tection capability. We determined the ele-
mental abundance as a function of sputter-
ing time (and thus depth) both by monitor-
ing the mass spectral intensity of a single
element continuously utilizing electrical
detection and by simultaneously recording
complete mass spectra photographically at
different sputtering times.

Table 1. Surface predominance of elements in
fly ash particles; Is/1;, signal intensity at the
surface divided by the signal intensity at a depth
of 500 A.

Bulk con-
El;‘t centration* I /1, Iici?e-T
(ug/2) !
Matrix elements
Al >>15,500 11 a,b,c
Fe 92,400 0.7 a,bc
Si 110,000 11 a,b,c
Minor elements
c 3.5 ab
Ca >28,600 .61 abe
K 38,800 76 a,b,c
Mg 12,300 0.9 a
Na >19.700 15.2 3 bc
P 600 3.8 a,c
S 7,100 7.7 a,b,c
Ti 4,740 09 a
Trace elements
Be 3 6.0 a
Cr 380 33 a,c¢
Li 200 38 a
Mn 310 6.4 a
Pb 620 11.0 a,¢C
Tl 28 10.0 a
v 380 2.0 a
Zn 1,250 7.2 ac¢

*Determined by spark source mass spectrometry.
ta, Secondary ion mass spectrometry; b, Auger elec-
tron spectrometry; c, electron-induced x-ray spec-
trometry. 1Only samples derived from some
sources exhibited surface predominance.
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As predicted, a number of elements ex-
hibit a significant increase in concentration
near particle surfaces (Table 1). Some rep-
resentative depth profiles are presented in
Fig. 1 for the matrix elements Fe and Si,
the toxic trace elements Pb and T1, and the
minor constituent K. These depth profiles
are presented in arbitrary units of second-
ary ion intensity since each element was re-
corded under different conditions of gain
and mass resolution. The relative scales
are, however, considered to be linear.

Corroborative evidence was obtained
from both Auger microprobe and electron
microprobe studies. The Auger micro-
probe detects only elements present within
10 to 20 A of the surface, and we obtained
depth profiles by sequentially etching ap-
proximately 10 A of the surface away with
a beam of Ar* ions. Because of charging
effects and lack of sensitivity, we were able
to detect only Al, C, Ca, Fe, K, Na, S, and
Si by Auger electron spectrometry (Table
1); however, depth profiles for these ele-
ments very similar to those obtained with
the use of ion microprobe mass spectrome-
try were observed. The electron micro-
probe detects elements present within 1 to
2 um of the particle surface. We prepared
samples for analysis by first etching several
thousand angstroms of material off one
side of each particle with an Ar* milling
apparatus. Comparison of the normalized
x-ray spectra obtained from a particle sur-
face and from its interior indicated the sur-
face predominance of Cr, K, Na, P, Pb, S,
and Zn (Table 1).

In order to reduce the possibility that
these depth dependences might be due to
instrumental, sputtering, or sample arti-
facts, In foil mountings and some pure me-
tallic oxide particles (for example, PbO,)
were profiled and shown not to exhibit any
elemental surface predominance. In addi-
tion, a number of fly ash particles derived
from different power plants were shown to
exhibit remarkably similar depth profiles.
The possibility of artifacts arising from
differential sputtering or from chemical ef-
fects due to oxygen implantation cannot be
completely eliminated but seems unlikely
in view of the agreement obtained from
three fundamentally different analytical
approaches.

Semiquantitative estimates of the ratio
of the surface concentration to the interior
concentration for matrix and minor ele-
ments can be obtained directly from ion
microprobe and Auger microprobe depth
profile data. Some representative results,
for which signal intensities obtained at an
arbitrary depth of 500 A are used to repre-
sent interior concentrations, are listed in
Table 1. It is, however, difficult to estimate
similar concentration ratios for trace ele-
ments because of substantial contributions

to the mass spectral base line by interfering
ions. The ratios listed in Table 1 for trace
elements should therefore be considered as
minimum values. However, the spectral
background immediately surrounding the
Pb and T1 isotopes can be estimated since
the absence of large concentrations of in-
terfering ions with high mass gives rise to a
relatively uniform background ion in-
tensity. With this correction the ratios ob-
tained were 30 and 50, respectively. These
results are in substantial agreement with
the results of ion microprobe analyses in
which glass standards containing Pb and
TI were used for calibration purposes and
which indicated Pb and Tl concentrations
of the order of 1 percent within 100 A of
the particle surfaces.

Although these findings undoubtedly
support the idea that volatile elements con-

Estimated, depth (K)
500 900
T

T T T

208 Pb*

100 1300
T T

Relative  intensity

L 1 1
100 180 260
Time (seconds)
Fig. 1. Relative concentrations of Pb, Tl, Fe, Si,
and K as a function of depth in individual fly ash
particles as determined by ion microprobe mass
spectrometry.
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dense onto the surface of fly ash particles
during, or soon after, coal combustion, al-
ternative mechanisms, such as the diffu-
sion of certain species to the surface of
molten particles, cannot be excluded. It
seems probable, however, that the surface
predominance of certain elements is a
widespread phenomenon in particles de-
rived from high-temperature - processes
since preliminary studies have established
its occurrence for Br, Cl, and Pb in auto-
mobile exhaust particulates and for Mn
and Zn in fly ash from a municipal in-
cinerator.

These results are of real significance be-
cause they show that conventional bulk
analyses provide a poor measure of the ac-
tual concentrations of many toxic trace
elements that are in effective contact with
the external environment of a particle. In
the case of fly ash, whose matrix consists
primarily of an insoluble aluminosilicate
glass, it is appropriate to think in terms of
an accessible or extractable shell at the
particle surface with which body fluids, wa-
ter, or reactant species can interact. Initial
studies indicate that elements extractable
from fly ash by water and by dimethyl sulf-
oxide are derived from within a shell ap-
proximately 1000 A in depth below the ex-
ternal particle surface, and it seems prob-
able that this shell corresponds to the
region of surface enhancement discussed
here. For the large (75 to 100 um) parti-
cles studied, only a small fraction of the
content of a given trace element may be
present in the surface layer; however,
for a particle with an aerodynamic diame-
ter of 1 um as much as 80 percent of the
trace elemental mass is apparently in
this layer (2). This point should be rec-
ognized in the design of realistic bioassay
or inhalation studies involving simulated
particles.

R. W. LINTON, A. LoH
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Reproductive and Vegetative Morphology of a Cretaceous

Angiosperm

Abstract. Recent collections from plant-bearing deposits of Cenomanian age in central
Kansas have yielded angiosperm axes with helically arranged, seed-bearing, conduplicate
carpels. Large leaves associated with these fruits are thought to represent parts of the
same kind of plant because the leaves and fruits are the only plant fossils at this locality
to have distinctive, morphologically identical, yellow bodies within their carbonaceous re-
mains. These fossils provide a rare opportunity to study the morphology of an ancient
angiosperm and illustrate the antiquity of certain features considered primitive by com-

parative angiosperm morphologists.

The uncertain nature of the structure of
early angiosperms has been the major im-
pediment to understanding the origin and
early evolutionary radiation of this impor-
tant plant group. The earliest evidences of
angiospermy in the fossil record are Lower
Cretaceous pollen (/) and leaf impressions
(2). Reports of angiosperm reproductive
structures of Cretaceous age are not com-
mon and, when published, almost never in-
clude much morphological or structural
detail. As a result, the present concepts of
primitive floral features have been deter-
mined with little reference to the fossil
record.

Deposits of plant-bearing clays have re-
cently been found in the Janssen Clay
Member of the Dakota Formation. These
clays occur in northeast Russell County,
Kansas, and underlie the Rocktown Chan-
nel sandstone in that area. Siemers (3), in a
detailed study of the Cretaceous sediments
of Russell County, assigns the Janssen
Clay Member to the lowermost Cenoma-
nian and uppermost Albian. Examination
of the pollen and spores from the Janssen
Clay Member also suggests a lowermost
Cenomanian age (4).

A diverse assemblage of impressions
and well-preserved compressions of angio-
sperm leaves and reproductive structures,
gymnosperm foliage, and ferns has been
collected from this clay. The plants are
similar to those reported earlier by Les-
quereux (3, 6) from the Dakota Formation
and by Newberry (7) from the Amboy
Clays of the Raritan Formation of New
Jersey. One interesting component of this
fossil flora is an angiospermous reproduc-
tive axis, which is well enough preserved to
allow detailed study of its morphology (8).

The reproductive axis is elongate (axes
up to 12 cm in length have been discovered,
although none were complete) and bears
more than 50 helically arranged con-
duplicate carpels (Fig. 1d). These are elon-
gate, flattened laterally, enlarge gradually
from a proximal stalk, and terminate in a
narrow rounded tip (Fig. 2). The abaxial
surface is rounded, and a suture extends
the length of the adaxial surface of the car-
pel. The adaxial suture is bounded on ei-
ther side by extensions of the carpel walls,

which fold outward about 5 mm, forming
an adaxial crest (Fig. 1¢). No separate stig-
matic surface has been observed, and it is
possible that the recurved carpel walls may
have served this function.

The carpels are attached to the axes by
stalks 1 mm wide and 7 mm long, which
have decurrent bases (Fig. 2). A distinctive
feature of these stalks is a shallow groove
about midway between the carpel and the
point of attachment. Since carpels found
dispersed in the matrix never have such a
groove on their stalks, and the stalks of
these dispersed carpels are about 2.5 to 3
mm long, the length that would be ex-
pected if they separated at this point, it is
assumed that this groove represents a point
of abscission. Isolated carpels, open at the
adaxial suture and filled with clay, are also
found preserved as casts and molds. The
fruit is a follicle.

Compressions and impressions of the
carpels often have a partitioned appear-
ance due to a line of depressions in the ad-
axial two-thirds of the carpel (Figs. 1d and
2). Occasionally, what appear to be small
compressed seeds can be observed in these
depressions (Fig. la). These are small (1.4
by 0.6 mm) and their position suggests that
the placentation is submarginal. When car-
bonaceous material is removed from the
area where compressed seeds occur and is
cleared, the remains of seed coats can be
isolated (Fig. 1b). The size of these agrees
with that of the compressed seeds recov-
ered in situ.

No pollen-bearing organs, calyx, or co-
rolla is associated with the carpels or the
elongated axes. No complete axis was
found, so we cannot speculate on the pos-
sible association of these various organs
with these axes.

Small (40 to 50 um in diameter) yellow
bodies are commonly distributed over
much of the surface of the compressed car-
pels. Although these bodies may be lost in
collecting or preparation, they often leave
definite punctate surfaces. Similar yellow
bodies are also a common feature in the
mesophyll of Liriophyllum, one of the
leaves found in the same sediments (Fig. 1,
e and f), but are not found in any other
plant fossils from this locality. The mor-
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