(Petalostemum) and wild onion (A4 llium).

Fossil and sedimentological evidence
suggest a five-phase history at the Sei-
bold Site.

1) During phase 1, a depression
formed as underlying glacial ice melted
during the late Wisconsinan (about 12,-
000 or 11,000 years B.P.). Meltwater
flowed into the depression, depositing
units 1 and 2 in a cool, oligotrophic lake,
here called Paleolake Seibold (2). Ostra-
cod evidence (/7), from the upper part
of unit 2, suggests that a permanent
stream entered the lake; the maximum
temperature of the summer air was about
30°C, and precipitation exceeded eva-
poration. Fish and other organisms
probably entered the lake from the
west via a tributary of the Missouri
River.

2) During phase 2 (represented by
units 3 and 4), latest Wisconsinan and
earliest Holocene time or about 10,500
years B.P. and later, a eutrophic lake
or permanent pond existed at the Sei-
bold Site and shallowed gradually. Os-
tracod evidence from unit 3 (fish bed)
suggests a maximum water depth of
about 6 m during the deposition of that
unit. Dissolved solids were lower at the
outset of phase 2 than during phase 1
and fluctuated considerably during depo-
sition of the fish bed. Aquatic vegeta-
tion was abundant during deposition of
most of the fish bed. The lake was
flanked by a spruce-dominated forest
during the early stage of fish bed depo-
sition and later was surrounded by
prairie with tree groves. Ostracod evi-
~ dence suggests that maximum air tem-

perature during the later stages proba-
bly approached 32°C, accompanied by
~a decrease in precipitation. Continued
shallowing of water resulted in the
deposition of calcareous unit 4.

3) By phase 3 (early Holocene, about
8500 years B.P. and earlier) all of the
ice in the area had melted and a shal-
low pond, with high concentrations
of dissolved solids (represented by
unit 5), replaced the lake phases. This
phase marked the beginning of Seibold
Slough deposition. Branchiate gastro-
pods gave way to pulmonate gastropods.

4) During phase 4 (middle Holocene,
about 8500 to 4500 years B.P.) the cli-
mate became drier still, and less pro-
tective vegetative cover resulted in in-
creased hillslope erosion (represented
by sandy unit 6 at the south edge of
the basin and by parts of units 5 and
7 near its center). During part of this
phase a prolonged dry period is re-
flected by a complete absence of aquatic
gastropods in the sedimentary sequence.
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'5) Phase 5 (represented by unit 7)
was a time (late Holocene, 4500 years
B.P. to the present) of reversal to a rela-
tively more moist climate, essentially
similar to that of phase 3; it con-
tinues as the present-day slough.
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Kinetics of Single-Layer Graphite Oxidation:
Evaluation by Electron Microscopy

Abstract. Etch-decoration reveals that the rate of removal of carbon atoms
exposed at monolayer steps on graphite surfaces is very different from the rate
of removal, under identical conditions, at multilayer steps. At 1113°K and a
pressure of 1.33 newtons per square meter of oxygen, the rate of oxidation (along
the layer planes) is less by a factor of nearly 100 than that at multilayer steps.

For over a century investigators have
measured the kinetics of the oxida-
tion of carbon by recording either the
rate of change of the mass of the solid
(the procedure still widely used for
metals and alloys) or the rate of pro-
duction of gaseous oxides. Within the
last decade (I, 2) it has proved pos-
sible to measure oxidation rates along
all the principal crystallographic axes
of graphite by following, with optical
microscopy, the rate of growth of dis-
location etch pits on the (0001) face
of single crystals. Anisotropy factors
as large as 1013 (for the a- and c-direc-
tions) have been shown (3) to occur.
It is apparent from optical micro-
graphs (see Fig. 1) (4, 5) of partially

oxidized basal faces that oxidation in
directions parallel to the basal planes
(that is, in the c-plane along either
the (1010) or (1120) direction involves
the uniform recession of multilayers,
the step heights being as much as 10
um. This means that, under steady-state
conditions, many thousands of indi-
vidual basal layers are oxidized co-
operatively from their peripheries. The
activation energy (4) for the recession
(6) in molecular oxygen in the tem-
perature range 1085° to 1145°K is
268 = 17 Kkjoule/mole. We now re-
port a direct method of measuring the
rate of recession of individual layers—
that is, the lateral movement, by com-
bustion in O,, of 0.335-nm steps—and
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Fig. 1 (above). Typical optical micro-
graph of the basal surface of graphite
after oxidation for 90 minutes in O. at
1110°K and a pressure of 1.33 newton/
m® The step heights of the etch pits are
in the range 0.1 to 10 um, and step reces-
sion rates are evaluated from a series of
micrographs [see (4)] (magnification, X
88). Fig. 2 (right). (a) Schematic dia-
gram of a graphite crystal normal to the
c-direction. The crosses signify the loca-
tion of lattice vacancies that are randomly
distributed in each layer. (b) Graphite
crystal normal to the c-direction after oxidation by O.. Vacancies in the top layer are
expanded but, because of the marked anistropy of the oxidation process, the second
and succeeding layers are not punctured. (c) Graphite crystal normal to the c-direction
after preferential gold decoration of expanded vacancies (gold denoted by small circles).
(d) Schematic diagram of the basal surface of a graphite crystal after gold decoration

of expanded vacancies.

show that the activation energy and
rate coefficient of this recession are
very different from those that apply to
multilayers.

The principle of the method is that
of etch-decoration, a technique that has
proved valuable for the study of in-
herent point defects () and radiation
damage (7) in graphite, as well as for
the investigation of defects in molyb-
denite (8). Residual vacancies present
in a (cleaved) single crystal of natural
graphite (thickness less than 100 nm)
are expanded by oxidation (with O,

Fig. 3. Typical electron micrograph of the basal surface of graphite

at a pressure of 1.33 newton/m2) for
a fixed length of time (Fig. 2, a and
b). Gold is then evaporated under
vacuum onto the surface, which is
maintained at 520°K to assist migra-
tion and subsequent nucleation of the
condensate on the graphite (Fig. 2, ¢
and d). As a result of preferential nu-
cleation (1, 9) a circle of gold particles
(which are electron-opaque) is revealed
when the oxidized and decorated flake
is examined by transmission electron
microscopy (Fig. 3). The radii of the
circles “developed” by oxidation on a

. e
L L e ; R

after oxidation

for 10 minutes in O, at 1110°K and a pressure of 1.33 newton/m?, followed by gold
decoration to reveal the extent of monolayer recession (magnification, X 50,700).
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large number of graphite slivers are
recorded as a function of the time of
oxidation. The plots are linear in the
temperature range 973° to 1113°K;
and the activation energy is 148 =8
kjoule/mole. It is not meaningful in
this context to use a specific rate co-
efficient that refers to the unit area of
interface, as is the custom for gas-
solid reactions. Instead,*it is instructive
to employ a rate coefficient that is a
measure of the ease of oxidation of
carbon atoms exposed at the interface,
which itself is but a monolayer deep.
Somewhat surprisingly, the specific rate
at which such an interface recedes is
nearly a hundredth of the correspond-
ing rate for multilayer interfaces, the
specific coefficients at 1113°K in O, at
a pressure of 1.33 newton/m2 being
1.45 and 137 atoms oxidized per ex-
posed carbon atom per second. These
results are of considerable significance
in the chemistry of carbon. They sug-
gest (10) that there are hitherto un-
suspected structures (1) for the periph-
eral oxide formed on graphite, and that
there is more than one mechanism for
the oxidation of edge carbon. It is
apparent that oxides at the edge of
single layers affect the kinetics of oxi-
dation in a way radically different from
oxides formed between the edges of
two contiguous layers.
E. L. Evans
R. J. M. GRIFFITHS
J. M. THOMAS
Edward Davies Chemical Laboratories,
University College of Wales,
Aberystwyth, United Kingdom
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