ing coefficients (26) of the peptides AcYK-
FLG-OH (90) and AcYIFLG-OH (10)
with the corresponding oligocarbamates
AcYKFL°G-OH (0.5) and AcY°I°F-
°L°G-OH (0.4) revealed the latter to be
significantly more hydrophobic. More-
over, oligocarbamates were significantly
more resistant to proteolytic degradation
than peptides. Treatment of the peptides
AcYKFLG-OH and AcYIFLG-OH with
trypsin or porcine pepsin, respectively,
resulted in complete degradation within
20 min whereas the corresponding oligo-
carbamates showed no appreciable deg-
radation after 150 min (27). These char-
acteristics of oligocarbamates may be re-
flected in enhanced pharmacokinetic
properties relative to oligopeptides. The
structural and pharmacological properties
of oligocarbamates and other polymers
(such as substituted ureas and sulfones)
may not only provide new tools for med-
icinal chemists buy may also provide new
opportunities to construct two- and three-
dimensional biopolymers with novel prop-
erties.
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Discovery of Vapor Deposits in the Lunar Regolith

Lindsay P. Keller* and David S. McKay

Lunar soils contain micrometer-sized mineral grains surrounded by thin amorphous rims.
Similar features have been produced by exposure of pristine grains to a simulated solar
wind, leading to the widespread belief that the amorphous rims result from radiation
damage._Electron microscopy studies show, however, that the amorphous rims are
compositionally distinct from their hosts and consist largely of vapor-deposited material
generated by micrometeorite impacts into the lunar regolith. Vapor deposits slow the
lunar erosion rate by solar wind sputtering, influence the optical properties of the lunar
regolith, and may account for the presence of sodium and potassium in the lunar

atmosphere.

Ohne of the expectations during the Apollo
program was that the mineral grains in
lunar soils would provide an opportunity to
monitor the activity of the ancient sun and
the. properties of the solar wind as a func-
tion of time. However, it was soon realized
that determination of the exposure history
of individual grains was complicated by
regolith processes, namely, meteoroid im-
pact “gardening” on'the lunar surface. Nev-
ertheless, some workers tried to deduce the
characteristics of the ancient solar wind
from data acquired primarily from high-
voltage transmission electron microscope
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(TEM) studies of the fine-grained fractions
of lunar soils. It was discovered that many
of the mineral grains in the submicrometer
size’ range are surrounded by thin amor-
phous layers (1) that, it was demonstrated,
could be produced by exposing mineral
grains to a high flux of low-energy ions in
the laboratory. This result suggested that
the interaction of the solar wind with crys-
talline grains could produce the thin layer,
where the crystallinity of the host grain was
destroyed by implantation of solar wind
ions (2—4). The concept that the amor-
phous rims are a result of radiation damage
has been widely cited and is firmly en-
sconced in the literature. Our examination
of the amorphous rims and their host grains
shows, however, that most, if not all, of the
amorphous tims formed primarily by the
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deposition of impact-generated vapors and
that contributions from solar wind radiation
damage are at most a minor effect.

We used a TEM equipped with an ener-
gy-dispersive x-ray (EDX) spectrometer to
analyze thin sections of fine-grained lunar
soils (5). We analyzed nearly 80 amorphous
rims and their mineral hosts from soil sam-
ples 10084, 61181, and 78221 from the
Apollo 11, 16, and 17 landing sites, respec-
tively. These soils have had long surface
exposure and would thus be expected to
have thick rims. The mineral grains from
these mature soils typically contain a high
density of solar flare tracks (~10'° to 10!!
tracks per square centimeter), which also
indicates long periods of exposure. We ob-
served amorphous rims on a variety of
minerals, including anorthite, augite, or-
thopyroxene, olivine, and cristobalite (Fig.
1), from mature soils. Rims were not ob-
served on ilmenite grains primarily because
there are very few micrometer-sized and
smaller ilmenite grains in the soils we stud-
ied. Rim thicknesses (measured in thin
section) ranged from 10 to 200 nm but
averaged 50 to 60 nm. Over 50% of the
analyzed amorphous rims contain nanome-
ter-sized crystalline inclusions. Electron dif-
fraction of the larger inclusions showed that
Fe metal is the most abundant inclusion
type. Two amorphous rims on anorthite
grains from 10084 contained submicroscopic
grains of ilmenite. In extreme cases, a
stratigraphy is observed within the amor-
phous rim, suggesting that multiple events of
vapor deposition occurred (Fig. 2).

Every rim analyzed showed composition-
al differences from the host grain, ranging
from slight increases in Fe and Mg on some
anorthite grains to very dramatic changes
such as a basaltic-composition rim on cris-

tobalite (SiO,). Whereas individual rim

Fig. 1. Dark-field TEM image of anorthite (An)
grains with amorphous rims from soil sample
61181. The rim on the grain in the lower right
corner of the figure contains small (~5 nm)
bright inclusions that are probably Fe metal.
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compositions are variable, the average rim
composition approximates the bulk soil
composition, with some notable exceptions
(Fig. 3): In all three soils, the average rim
composition is markedly enriched in S and
is more Si-rich than the bulk soil. The
finest fractions of lunar soils are also known
to be enriched in S, which is thought to be
present on the grain surfaces (6, 7). Fur-
thermore, the average rim is depleted in
Mg, Ca, Ti, and in some soils, Al, com-
pared with the bulk soil.

The observed pattern of enrichment in
the more volatile elements and depletions
in refractory elements is most consistent
with rim formation by vapor deposition.
Studies of the vaporization process and the
chemical fractionations that occur during
the evaporation of lunar basalts or basaltic
analogs (8, 9) have shown that during
evaporation, volatile elements (mainly Na,
K, Si, and Fe) are preferentially vaporized
relative to the more refractory elements
(such as Ca, Al, and Ti), which tend to be
concentrated in the residual material. These
chemical fractionations are known from lu-
nar impact glasses (10) and are dramatically
illustrated in the finest grain sizes of lunar
soils, for which the high surface area con-
tributes to extreme fractionations (11). The
TEM studies of the finest fractions of lunar
soils show that the compositions of the
submicrometer glasses are dominated by frac-
tionated compositions, either refractory-rich
or volatile-rich glasses (11). The volatile-
rich glasses are markedly depleted in refrac-
tory elements such as Ca, Al, and Ti; strong-
ly enriched in Si and Fe (and to a lesser
degree, Na, K, and S); and are believed to
have formed as condensates of impact-gen-
erated vapors (11).

If the amorphous rims form by the dep-
osition of vapors as we propose, then we

Fig. 2. Bright-field TEM image of a thick amor-
phous rim on an anorthite grain from soil sam-
ple 61181. The dark inclusions in the rim are
mostly Fe metal with a few FeS grains. The Fe
grains are concentrated in layers within the rim
and may indicate successive episodes of vapor
deposition.
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would also expect to see marked enrich-
ments in Na, K, and Fe. The fate of the
highly volatile elements (like Na and K) is,
however, ambiguous. Although typical lu-
nar soils have a low abundance of the alkali
elements, we do not observe enrichments of
Na or K in the amorphous coatings. Alkali
elements are known to be mobile during
analysis in the electron microscope, so that
the lack of an alkali enrichment may be an
artifact of the analysis procedure. An inter-
esting alternative is that Na and K do not
recondense as efficiently as the other less-
volatile elements and thus give rise to the
Na and K that occurs in the lunar atmo-
sphere (12). The lack of a strong Fe enrich-
ment in the rims may result from the
mechanism of vapor generation and depo-
sition. Zoning of vapor deposits has been
documented (13), and we propose that Fe
condenses as discrete metallic droplets that
are partly incorporated into the amorphous
rims, and the remainder are added to the
population of submicroscopic metal grains
in lunar soils.

Strong arguments have been made for
sputtered-ion deposition as the major pro-
cess in the production of surface deposits,
particularly surficial Fe enrichments (14).
However, the enrichments we observed are
not consistent with this model because
sputtering is generally a strong function of
atomic number (deposits formed by sputter
deposition should be enriched in heavier
elements). Our data indicate that sput-
tered-ion deposition can only form a minor
component of the rims and that deposition
of impact-generated vapors is by far the
dominant process. This result has impor-
tant implications for the long-term erosion
rate on the lunar surface because the effec-
tive sputtering rates will be largely over-
whelmed by the addition of vapor-deposited
materials. A sputtering rate of ~0.05 nm/
year was deduced (4) on the assumption
that the amorphous rims result from solar

——78221
1----61181
-~ 10084

Average rim composition relative to
bulk soil
N

Na,O MgO Al,0, Si0, S CaO TIiO, FeO
Fig. 3. Average composition of amorphous rims
on soil grains from three lunar soils ratioed to
the bulk composition of the <20-pm size frac-
tion of the local soil in each case. Ratios >1
indicate enrichments over the bulk soil.



wind radiation damage, which is over two
orders of magnitude greater than estimates
based on the buildup of solar wind—implant-
ed species, such as Ar and He (I15). Our
data support the conclusions of Kerridge
and Kaplan (16), who suggested that the
effective sputtering rate on the lunar surface
is slowed by the simultaneous accumulation
of impact-generated vapors.

If amorphous rims result from radiation
damage (1-4), then the rims should be
compositionally the same as their hosts.
However, the compositional differences ob-
served in this study, combined with the
distribution of Fe particles in the rims, indi-
cates that solar wind radiation damage is not
the major mechanism for the formation of
amorphous rims. Solar wind damage can
have, at most, a minor effect. It has been
suggested that the ancient solar wind was
not as active as the contemporary wind, on
the basis of the thickness of the amorphous
rims and assumptions regarding the exposure
history of individual soil grains on the lunar
surface (4); this conclusion is not valid.

Hapke et al. (14) showed that experi-
mental vapor coatings produced by vapor
deposition and sputtered ion deposition are
dark and have optical properties that resem-
ble those of the lunar fines. Hapke also
showed that sputtering of lunar fines pro-
duces the requisite darkening. In all these
cases, it seems that the most important
ingredient is the presence of submicroscopic
Fe metal grains, which are strong absorbers
of visible wavelengths. The presence of
fine-grained Fe metal in the amorphous
rims could also contribute to the darkening
process, but it is not yet known if there is a
sufficient concentration of Fe particles to
have a significant effect.

Theoretical work indicates that consider-
able amounts of vapor should be produced
during micrometeorite impacts into the lu-
nar regolith and that much of the vapor must
recondense onto nearby soil grains (17, 18).
However, questions remain regarding the
fate of impact-generated vapors because no
petrographically distinct vapor-deposited
material had been identified in lunar soils.
Despite a considerable body of evidence that
the surfaces of lunar fines are enriched in
some elements relative to the bulk soil (19—
22), there has been no consensus on the
degree of enrichment or on the mechanism
responsible for the surface enrichments. Our
study shows that vapor deposits are present
in the lunar regolith as thin amorphous rims
on soil grains. The main characteristics of
these condensates are an enrichment in
volatile elements (particularly Si and S), a
marked depletion in refractory elements,
and Fe in the form of metallic particles on
the order of nanometers in size. Contribu-
tions to these amorphous coatings by sput-
tered iron deposition and radiation damage

are probably of minor importance relative to
the contribution of direct condensation of
impact-generated vapors.
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Lattice Effect of Strong Electron Correlation:
Implication for Ferroelectricity and
Superconductivity

T. Egami,* S. Ishihara, M. Tachiki

Much theoretical work has been devoted to understanding the role of strong electron
correlations in high-temperature superconductivity mainly through magnetic interactions,
but the possible role of electron correlation in ferroelectricity of metal oxides has not
received attention. Diagonalization of a simple many-body, tight-binding Hamiltonian
shows that the electron-lattice interaction is dramatically enhanced in some cases by strong
electron correlation because of deformation-induced charge transfer. This effect may be
closely related to ferroelectricity and superconductivity in transition metal oxides.

High-temperature superconductors  are
doped Mott insulators, such as La,_ Sr,-
CuO,. In the Mott insulator, conduction is
inhibited by strong electron-electron corre-
lation, which does not allow two carriers to
be on the same lattice site. One conse-
quence of strong electron correlation is the
spini polarization of an atom, and much
theoretical attention in high-temperature
superconductivity has focused on the effect
of magnetic interactions (I, 2). In compar-
ison, there has been relatively little discus-
sion of the effect of electron correlation on
the electron-lattice interaction. Even less
has been written about the possible role of
electron correlation in ferroelectricity, al-
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though superconducting oxides are close in
composition and structure to ferroelectric
oxides and there is a possible connection (3,
4). We suggest that strong electron correla-
tion can have a significant effect on the
electron-lattice interaction with some dras-
tic consequences in certain situations, and
this could have profound*implications for
the mechanism of ferroelectricity and possi-
bly of high-temperature supercoriductivity.
The origin of ferroelectricity in transition
metal oxides such as BaTiOj; is usually dis-
cussed in terms of ionic displacements and the
internal Lorentz field produced by the polar-
ization. However, the inadequacy of such a
simple view has been known for a long time
(5), and the need to take the covalency of the
bond into account has been advocated. A
recent local density approximation (LDA)-
linearized augmented plane wave (LAPW)
calculation on BaTiO; (6) demonstrates the
importance of covalency in ferroelectric po-
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