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Abstract—Space weathering processes that operate in the lunar regolith modify the surfaces of lunar
soil grains. Transmission electron microscope analysis of the lunar soil grains from the fine size fraction
of several lunar soils show that most grains are surrounded by thin (60-200 nm thick) rims. The
microstructure and chemical compositions of the rims can be used to classify rims into four broad
categories: amorphous, inclusion-rich, multiple, and vesicular. Amorphous rims are noncrystalline, gener-
ally lack crystalline inclusions, show evidence for preferential sputtering of cations, and are produced
largely by solar-wind irradiation damage. Inclusion-rich rims contain abundant nanometer-sized grains
of Fe metal as randomly dispersed inclusions or as distinct layers embedded in an amorphous silica-rich
matrix. Inclusion-rich rims are compositionally distinct from their host grains and typically contain
accumulations of elements that are not indigenous to the host. Inclusion-rich rims are formed largely by
the deposition of impact-generated vapors with a contribution from the deposition of sputtered ions. A
continuum in the chemical and microstructural properties exists between typical amorphous rims and
typical inclusion-rich rims. Multiple-rims consist of a distinct radiation-damaged layer up to 50 nm
thick, that is overlain by vapor-deposited material of comparable thickness. Vesicular rims are composi-
tionally similar to their hosts and are characterized by an abundance of small (<50 nm in diameter)
vesicles concentrated in the outer 100 nm of the rims. The formation of vesicular rims is apparently due
to the evolution of solar-wind implanted gases in response to a pulse-heating event.

The formation of rims on lunar soils is complex and involves several processes whose effects may
be superimposed. From this study, it is shown that one process does not dominate and that the relative
importance of vapor-deposition is comparable to radiation-damage in the formation of rims on lunar
silicate grains. The presence of rims on lunar soil grains, particularly those with nanometer-sized Fe
metal inclusions, may have a major influence on the optical and magnetic properties of lunar soils.

Copyright © 1997 Elsevier Science Ltd
1. INTRODUCTION

Rocks and soils in the lunar regolith exposed at the Moon’s
surface are subjected to a variety of processes which result
in modifications to their surfaces. Micrometeorite impacts
can result in shock, melting, vaporization, the burial of the
target, and the excavation of buried materials (McKay et al.,
1991). The presence of abundant agglutinates and impact
glasses in the lunar soil is testimony to the magnitude of this
effect. In addition to the impact-processing, lunar materials
exposed directly to the Sun become implanted with high
concentrations of low-mass solar-wind ions (H, He, C, etc.)
to a depth of a few tens of nanometers from their surfaces.
Exposure to the Sun also results in damage from heavy ions
from solar flares, which, along with cosmic rays, leave latent
tracks in grains (Walker, 1980). An understanding of the
dynamics of grain surfaces in the regolith are important for
understanding space weathering effects (e.g., Pieters et al.,
1993), inferring past solar activity, and characterizing rego-
lith evolution on airless bodies.

A distinctive microscopic feature of lunar soil grains was
discovered soon after the return of the first Apollo sam-
ples, when high-voltage transmission electron microscope
(HVTEM) observations showed that many soil grains were
surrounded by thin amorphous rims (e.g., Dran et al., 1970;
Bibring et al., 1972). These results, when combined with
laboratory experiments on artificially irradiated grains, dem-
onstrated that amorphous rims could form in response to the
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implantation of ions with solar wind energies. However, at
the time that the HVTEM measurements were made, the
technology to determine the chemical composition of amor-
phous rims directly in the transmission electron microscope
(TEM) did not exist. Other types of analysis, however,
showed that the surfaces of soil grains were enriched in
certain elements above the bulk soil values. The results from
surface analysis techniques led to the hypothesis that a de-
posited component (either sputter-deposition or the conden-
sation of impact-derived vapors) was present on the surfaces
of lunar soil grains. Thus, it was not clear from the surface
analysis studies (Gold et al., 1975; Housley and Grant, 1976,
1977, Dikov et al., 1978) or ion microprobe measurements
(Zinner et al., 1978), whether irradiation or vapor deposition
was the major mechanism of grain surface modification. The
isotopic data obtained from lunar soils was also somewhat
equivocal. Early results suggested that the grain surfaces of
lunar soils were enriched in the heavy isotopes of O, Si, S,
and K (e.g., Epstein and Taylor, 1972; Clayton et al., 1974;
Kerridge and Kaplan, 1978), and various models were con-
sidered to explain the apparent loss of the light isotopes of
these elements from the Moon. However, more recent isoto-
pic measurements for Ca and Mg (two elements with mark-
edly different volatilities) show insignificant fractionation
effects (Russell et al., 1977; Esat and Taylor, 1992). It has
been suggested that the large effects for Si and O are artifacts
of the analysis (Esat and Taylor, 1992); however, the S
isotope data are unequivocal and implicate a surface-depos-
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ited component. The debate among the various hypotheses
was quite contentious, but by the early 1980s, the general
consensus was that rims were formed largely by irradiation.

Recent work challenged the radiation model for the forma-
tion of amorphous rims because of developments in sample
preparation techniques, along with new generations of X-
ray detectors for TEMs (Keller and McKay, 1993). For the
first time, the compositions of amorphous rims were mea-
sured along with observations of their microstructure. The
results of Keller and McKay (1993) demonstrated that the
compositions of rims differed significantly from the compo-
sitions of the host grains, and led to the hypothesis that much
of the *‘thickness’’ of the amorphous rims was material that
condensed from impact-generated vapors. These results,
however, were soon challenged by Bernatowicz et al.
(1994a) who maintained that rims were still largely formed
by irradiation, based on observations of soil ilmenites. Ber-
natowicz et al. (1994a) suggested that vapor deposition is a
democratic process (e.g., all soil grains behave similarly)
and that the relative importance of vapor deposition com-
pared to radiation damage could be evaluated by analyzing
the rims on ilmenite. They showed that while silicate-rich
vapor deposits were present on the ilmenite surfaces, the
volume of deposited material was small relative to the radia-
tion damaged material. Keller and McKay (1994a,b) and
Christoffersen et al. (1994) countered that ilmenite grains
behave differently than the silicates in lunar soils. Thus, in
the ensuing debate (Bernatowicz et al., 1994b; Keller and
McKay, 1994a,b) the exact nature of amorphous rims was
not resolved.

The controversy over rim formation mechanisms can po-
tentially be clarified by applying a recent discovery in the
analysis of interplanetary dust particles (IDPs). Bradley
(1994a) analyzed ‘‘sputtered rims’’ on IDPs and detected a
particular chemical signature of the sputtering process on
silicates. These analyses suggested that prolonged irradiation
of ferromagnesian silicates resulted in a marked depletion
in some cations (especially Mg) relative to the other ele-
ments in the host grain. The observed cation depletion was
manifested as a stoichiometric excess of oxygen in the analy-
sis. Subsequent experiments on the proton and helium irradi-
ation of Fe-bearing olivine showed similar chemical effects,
and indicated that, for certain silicates, the response to irradi-
ation is the preferential sputtering of cations with the lowest
binding energy (Bradley, 1994a; Bradley et al., 1996). These
results have important implications for the amorphous rims
on lunar soil grains because lunar grains have been exposed
to approximately the same radiation environment for similar
periods of time as compared to IDPs. In light of this back-
ground, we have expanded on our earlier work by obtaining
detailed analyses of the composition (including quantitative
O abundances) and microstructures of rims on lunar soil
silicate grains.

2. METHODS

Aliquots consisting of a few hundred grains from the fine-size
fractions (typically <20 um or <10 um fractions) of several lunar
soils were analyzed (including 10084, 72881, 72501, 61181, and
61221). These aliquots were embedded in low viscosity epoxy (Em-
bed 812) and TEM specimens were prepared using an ultramicro-
tome to cut thin sections ~50-80 nm thick. These sections were

Fig. 1. A dark-field TEM image of an amorphous rim on a plagio-
clase grain from soil 72501. The linear features in the core of the
grain are solar flare tracks. The irregular interface between the rim
and host is a likely irradiation effect (see text).

placed on copper TEM grids that were covered with continuous,
amorphous-carbon thin films. The thin sections were analyzed in a
JEOL 2010 (200 keV) transmission electron microscope (TEM)
equipped with a Noran thin-window energy-dispersive X-ray (EDX)
spectrometer and a GATAN parallel electron energy-loss spectrome-
ter (PEELS). Quantitative EDX analyses were obtained using the
Cliff-Lorimer thin-film analysis method with experimental k-factors
obtained from a variety of synthetic and mineral standards including
NIST-SRM-2063 thin film standard, troilite, and Ni,SiO, (details
given in Bradley, 1994b). The EDX spectra were collected such
that the errors based upon counting statistics were <3% for major
elements. Feldspars were analyzed with low beam currents in order
to avoid beam damage which can cause element diffusion away
from the analysis volume. Special precautions were taken in the
quantitative analysis for oxygen because of the well-known problems
with preferential absorption of oxygen X-rays in samples which are
too thick. For the analyses reported here, we only accepted analyses
of rims where the analysis of the corresponding substrate demon-
strated oxygen stoichiometry (i.e., there were no absorption effects
for oxygen in the host grain). In this way, we used the substrate
stoichiometry as an internal ‘‘check’” for absorption problems in the
quantitative analysis of oxygen.

3. RESULTS

The common constituents of the fine size fraction of lunar
soils includes mineral grains, glass, lithic fragments, aggluti-
nate fragments, and spherules. Preliminary examination of
the ultramicrotome thin sections showed that many, but not
all, of the soil grains are surrounded by thin (50—200 nm
thick) rims that are distinct from their hosts. More detailed
transmission electron microscope analysis revealed that the
rims on lunar soil grains are not uniform and homogeneous
from grain to grain but are, in fact, a diverse collection with
widely varying microstructures and chemical compositions.
While acknowledging that there exists considerable variabil-
ity and range of properties within and among the groups, we
use these characteristics to delineate four broad groups of
rims based upon their microstructure and chemistry: amor-
phous, inclusion-rich, multiple, and vesicular. Most rims on
lunar soil grains fall into the first two categories.

3.1. Amorphous Rims

Figure 1 illustrates a typical amorphous rim on a plagio-
clase grain from soil 72501. The mottled contrast in the core
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Fig. 2. A dark-field TEM image of and amorphous rim on plagio-
clase showing the amorphous and featureless nature of the rim micro-
structure.

of the host plagioclase grain results from the high density
of solar flare tracks that are present within the grain (~1
X 10" cm™?), while the fractures are a microtomy artifact.
Dark-field TEM imaging confirms that the rims are truly
amorphous and lack any long-range crystalline order (Fig.
2). Amorphous rims on lunar soil grains show a range of
apparent rim thicknesses from ~20 to 100 nm, but on aver-
age are ~60 nm thick. Sparse, fine-grained ( <1-5 nm diam-
eter) Fe metal grains are dispersed as inclusions in these
rims and are occasionally concentrated as thin surface layers.
The interface between the amorphous rims and their crystal-
line hosts are abrupt on the nanometer-scale and range from
very smooth to others with considerable topography, espe-
cially for those host grains with a high density of solar flare
tracks (Figs. 1 and 2). The formation of these irregular
interfaces is enigmatic, but an association with radiation ef-
fects has been suggested (Bradley et al., 1996). Amorphous
rims have been observed surrounding plagioclase, cristobal-
ite, and orthopyroxene. The chemical systematics of the rim
compositions are described below. We were unable to deter-
mine whether compositional gradients exist in the amor-
phous rims largely because of problems with electron irradia-
tion damage with a highly focussed electron probe in the
TEM. Use of a small incident probe (~10-20 nm diameter)
resulted in significant beam-damage with beam currents suit-
able for microanalysis. (In this respect, the lunar rims differ
from IDP rims in their relative beam sensitivity.)

The major element compositions of amorphous rims and
their crystalline hosts are generally similar, although the pro-
portions of the elements are typically quite different (for
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example, amorphous rims on plagioclase contain major Ca,
Al, Si, and O, but in abundances that differ from the host).
All amorphous rims analyzed to date contain at least some
chemical constituents that are not indigeneous to the sub-
strate (i.e., the host grain), the most common of which is
Fe. These ‘‘foreign’’ elements are a minor, yet ubiquitous
component of amorphous rims (Table 1). The compositions
of the amorphous rim and plagioclase host shown in Fig. 2
are presented in Table 1. Relative to the host plagioclase,
the rim is depleted in Al by ~50% and Ca by ~80%, while
the Si/O ratio remains relatively constant (analyses 210—
211, Table 1). The loss of cations in the rim manifests itself
as superstoichiometry of oxygen relative to the remaining
cations; i.e., there are insufficient cations to balance the ana-
lytical oxygen. The amount of ‘‘excess’” O in the previous
example is ~12 at% and is presumed to be bound to hydro-
gen in the form of hydroxyl (e.g., Zeller et al., 1966; Bibring
et al., 1982; Bradley, 1994a).

The amorphous rims observed on orthopyroxene grains
from lunar soils show similar cation depletion and oxygen
super-stoichiometry effects as described previously for opx
in IDPs. A typical example of a rim-host pair is given in
Table 1. The main compositional difference between the
amorphous rim and the host orthopyroxene is the dramatic
depletion of Mg in the former (by ~80%), relative to the
host. The magnitude of the oxygen ‘‘excess’” is ~15 at%
and is comparable to that observed in rims on plagioclase.
The Si/0O ratio is the same (within analytical uncertainty)
for amorphous rims on opx and their hosts.

True amorphous rims also occur on cristobalite grains,
but show a somewhat different behavior as compared to
plagioclase and pyroxenes. In cristobalite, the amorphous
rims show no statistical difference in their Si/O ratios rela-
tive to the host grains; i.e., there is no oxygen superstoichi-
ometry (analyses 6184-6185, Table 1) and the rim composi-
tions are nearly identical to the host grains. Like certain of
the plagioclase grains, some of the track-rich cristobalites
display the irregular microstructure at the rim-host interface.

3.2. Inclusion-Rich Rims

Inclusion-rich rims are another major variety of rims ob-
served on lunar soil grains; these rims are characterized by
an abundance of submicrometer crystalline inclusions of Fe-
metal (kamacite), ilmenite (FeTiO;), and rare Fe-sulfides
dispersed in an amorphous, silicate matrix (Figs. 3-6).
These inclusion-rich rims are distinguished from accretion-
ary materials such as ‘“‘pancakes,”” splash glass, etc., by
their lateral extent (they typically completely surround soil
grains ). Although these rims show a range of apparent thick-

Table 1. Quantitative TEM-EDX analyses of selected amorphous rims and their substrates in lunar soils.

Analysis (at%) (6] Mg Al Si S Ca Ti Fe
34 rim 67.7 3.43 2.49 21.9 0.38 0.81 0.53 2.80

36 core (Opx) 60.2 14.9 0.31 19.8 0.01 0.84 0.07 3.94
211 rim 68.6 0.58 7.16 21.8 0.00 1.52 0.00 0.29
210 core (An) 60.8 0.40 15.7 15.8 0.00 7.30 0.00 0.01
6185 rim 64.3 0.20 0.32 352 0.00 0.01 0.00 0.01
6184 core (crist) 63.8 0.18 0.37 35.6 0.00 0.06 0.00 0.00
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Fig. 3. A bright-field TEM image of an inclusion-rich rim on
plagioclase from soil 10084. The dark inclusions in the rim are
nanometer-sized Fe metal, some of which are concentrated into thin
layers within the rim.

nesses (from ~40 to over 200 nm), they comprise the major-
ity of rims with thicknesses exceeding 100 nm. The inclu-
sions are either randomly dispersed throughout the thickness
of the rim (Fig. 4), or occur as discrete layers of inclusions,
either single (Fig. 6) or multiple layers (Figs. 3 and 5)
within the rim thickness or at the rim surface. The size
distribution of inclusions also shows considerable variability.
The majority of Fe inclusions are single crystals, circular in
cross-section, and typically <10 nm in diameter (e.g., Fig.
3), placing them at the lower end of the size range of much
of the single-domain Fe also found in agglutinitic glass
(Housley et al., 1973; Fallick et al., 1983; Keller and McKay,
1994c). Spherical inclusions of kamacite up to 50 nm in
diameter occur in some rims (Figs. 4 and 5). The interfaces
between most inclusion-rich rims and their substrates are
typically smooth and lack the irregular microstructure de-
scribed above for typical amorphous rims.

The compositions of the inclusion-rich rims are complex
and tend to be quite dissimilar to the host grain (see Table
2). Inclusion-rich rims have been observed on plagioclase,

Fig. 4. A bright-field TEM image of a thick (~150 nm), inclusion-
rich rim on plagiclase from soil 61181 that contains large (~50 nm
in diameter) inclusions of Fe metal (indicated with arrows).

Fig. 5. A bright-field TEM image of a thick ( ~200 nm), inclusion-
rich rim on plagiclase showing both coarse- and fine-grained Fe
metal inclusions in discrete layers within the rim.

OpX, CpX, cristobalite, and ilmenite and, regardless of the
substrate mineralogy, all examples of inclusion-rich rims
show significant accumulations of elements that are not indi-
geneous to the host grain. Furthermore, none of the analyzed
rims of this type show the oxygen superstoichiometry that
occurs in most of the amorphous rims described above. For
example, the inclusion-rich rim and its host shown in Fig. 3
display the following chemical characteristics: (1) the rim
contains Mg, S, Ti, and Fe which were either not detected
in the host plagioclase or occurred in trace quantities, (2)
while Al is depleted in the rim relative to the host, Si is
enriched, and Ca appears unchanged, and (3) oxygen is
depleted in the rim relative to the host by ~20% (Table 2).
The reported oxygen concentration for the rims given in
Table 2 reflect the assumption that all the Fe in the rim is
either in metallic form, or bonded with S. The Si/O ratio is
much higher in the rim than in the host. In this case, where
a large oxygen deficiency is observed (analysis 242, Table
2), a reduced silicon valency is required in order to achieve
stoichiometry. We used electron energy-loss spectroscopy
(EELS) to study the Si-bonding environment in inclusion-

Fig. 6. A bright-field TEM image of an inclusion-rich rim with a
concentration of Fe metal grains at the uppermost surface.
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Table 2. Quantitative TEM-EDX analyses of selected inclusion-rich rims and their substrates in lunar soils.

Analysis (at%) (0] Mg Al Si S Ca Ti Fe
242 rim 52.7 5.36 12.4 18.5 0.04 7.03 0.50 3.54
243 core (An) 61.0 0.51 15.6 16.2 0.00 6.74 0.00 0.00

21 rim 60.9 3.59 4.13 25.9 0.27 1.68 0.72 2.82
20 core (Opx) 60.2 13.3 0.53 20.5 0.00 1.50 0.16 391
165 rim 57.0 5.75 7.58 18.2 0.21 4.63 1.38 5.29
164 core (cpx) 59.0 8.11 0.84 19.0 0.00 5.26 0.22 7.57
171 outer rim 57.8 6.75 9.24 16.3 0.31 4.55 0.73 4.35
170 core (crist) 65.3 0.04 0.40 342 0.00 0.00 0.00 0.00

rich rims, but were unable to independently verify the pres-
ence of multiple valence states for Si.

The compositions of inclusion-rich rims on cristobalite
are distinct from the host and are in stark contrast to the
amorphous rims on cristobalite that were described above.
Relative to the host grain, the inclusion-rich rim on cristobal-
ite contains abundant Mg, Al, S, Ca, Ti, and Fe, and has a
much lower Si/O ratio (Table 2). The inclusion-rich rim
compositions on both plagioclase and cristobalite from the
same soil are very similar (Table 2).

Like the rims on cristobalite, rims on ilmenite grains con-
tain high concentrations of elements that are not present
above trace levels in the host. However, unlike silicate
grains, the interface between the rim and substrate is diffuse
and difficult to see in images (Christoffersen et al., 1994,
1996).

3.3. Multiple Rims

One of the intriguing results of this work was the identifi-
cation of multiple rims on soil grains consisting of discrete
layers that are microstructurally and chemically distinct from
one another. Figure 7a and b shows a multiple rim on a
track-rich plagioclase grain. The inner rim is ~40 nm thick
and has the chemical and microstructural characteristics of
the amorphous rims described above (see analyses 153155,
Table 3). The inner rim shares an irregular interface with
the host grain, is amorphous, and lacks crystalline inclusions.
The composition of the inner rim is similar to the host grain
except for substantial depletions in Al and Ca, and a slight
oxygen superstoichiometry. An outer rim (~40-50 nm
thick) lies on top of the inner rim. The outer rim contains
abundant crystalline inclusions of Fe metal and ilmenite and
has a distinctly different composition relative to the host
grain and the inner rim (Table 3). The interface between
the inner and outer rim is smooth and abrupt. Although these
multiple rims are not common in the analyzed soils, they
preserve important information on the processes involved
in their formation. Multiple rims have been observed on
plagioclase, orthopyroxene, and cristobalite.

An unusual form of multiple rim is observed on soil ilmen-
ite grains. Several workers have documented that ilmenites
have a radiation-processed rim (up to 100 nm thick ) and an
outer, thinner veneer of silica-rich material that is inferred
to be vapor-deposited material (Bernatowicz et al., 1994a;
Christoffersen et al., 1994). The inner, radiation-damaged
rim is microcrystalline, depleted in Fe and O, and contains
Fe and Ti in reduced forms. Superimposed on the radiation-

damaged rim is a layer of amorphous silicate material with
inclusions of fine-grained Fe metal.

3.4. Vesicular Rims

Many of the soil grains (both glass and mineral fragments)
in fine size fractions of lunar soils (especially 61221 and
10084) are surrounded by what we term ‘‘vesicular rims’’
that are typically ~100 nm wide (Fig. 8). These rims are
amorphous and do not contain visible inclusions (e.g., Fe
metal grains ). Their main structural characteristic is an abun-

(a)

(b)

Fig. 7. (a) A dark-field TEM image of a multiple rim on plagio-
clase from soil 78221. The linear features in the core of the grain
are solar flare tracks. The extent of the inner, radiation produced
rim, and the outer, vapor-deposited rim are indicated. (b) The corre-
sponding bright-field TEM image of (a). The dark inclusions in the
outer rim are a mixture of Fe metal and ilmenite grains. Note the
abrupt interface between the inner and outer rims.
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Table 3. Quantitative TEM-EDX analyses of selected multiple rims and their substrates in lunar soils.

Analysis (at%) O Mg Al Si S Ca Ti Fe
155 outer rim 58.3 5.96 531 14.7 0.20 4.54 4.36 6.67
154 inner rim 62.2 0.76 11.9 20.6 0.04 3.69 0.34 0.50
153 core (An) 60.7 0.18 15.8 16.0 0.00 7.28 0.00 0.04
171 outer rim 57.8 6.75 9.24 16.3 0.31 4.55 0.73 4.35
172 inner rim 63.6 0.39 0.64 34.8 0.04 0.23 0.05 0.24
170 core (crist) 65.3 0.04 0.40 34.2 0.00 0.00 0.00 0.00

57 outer rim 56.2 1.50 1.70 14.3 0.33 0.90 17.3 7.80
58 inner rim 61.8 1.60 0.30 2.0 0.21 0.10 30.3 3.50
60 core (ilm) 62.9 0.80 0.00 0.4 0.00 0.00 18.9 17.0

dance of small diameter (<50 nm) vesicles that are concen-
trated within a 100 nm rim surrounding the grains. Although
our current number of analyses are limited, some chemical
systematics are apparent. On average, the rim compositions
are little different from the core of the grains. However,
the data from two pyroxene grains that are surrounded by
vesicular rims (Table 4), show that the rims are depleted in
certain cations (notably Mg, Ca, and Fe) relative to the core
and show slight oxygen superstoichiometry.

4. DISCUSSION AND IMPLICATIONS

The wide range in the chemical and microstructural prop-
erties of rims surrounding lunar soil grains is a strong argu-
ment for multiple formation processes. From past research,
it is known that a number of processes are operating in the
lunar regolith that lead to modifications to grain surfaces. In
fact, much of the past debate has been over the relative
contributions of these processes. The fact that soil grains are
exposed to the Sun leads to implantation effects and strong
interactions between the mineral grains and ionizing radia-
tion. Maurette and coworkers demonstrated that exposing
mineral grains to a high flux of low energy ions (equivalent
to solar wind exposure of ~10*~10° years) resulted in the
formation of amorphous ‘‘radiation-damaged’’ rims on the
grain surfaces (summarized in Borg et al., 1980, 1983). At
the same time, a number of investigators were debating the
relative roles of sputter deposition and vapor deposition

Fig. 8. A bright-field TEM image of a vesicular rim on pyroxene
from soil 61221. The circular voids in the outer 100 nm of the grain
are vesicles.

(from impacts). These debates were undertaken in order to
explain conflicting chemical and isotopic data obtained from
the analysis of the grain surfaces, and fine size fractions of
lunar soils. Theoretical considerations of the meteoroid flux
interacting with the lunar surface lead to the inescapable
conclusion that large amounts of vapor are produced by
impact processes and are retained in the lunar regolith ( Gault
et al., 1972; Housley et al., 1973; Zook, 1975; Hapke and
Cassidy, 1978; Cintala, 1992). The difficult task in under-
standing the nature of rims on lunar soil grains is being
able to sort out the relative contributions of these various
processes by some chemical or microstructural test.

We believe that the amorphous rims are produced mainly
by the interaction of the soil grains with the solar wind. The
microstructure and chemical systematics (particularly the
oxygen superstoichiometry) are all consistent with recent
experimental data on the irradiation of silicate surfaces
(Bradley et al., 1996). Amorphous rims are predominantly
an erosional feature of lunar soil grains, in that they record
the preferential loss of ions by solar-wind sputtering. For
plagioclase and pyroxenes, the results of solar wind irradia-
tion are rim compositions that are different from the host
grain, not in which elements are present, but in the relative
proportions of those elements. For cristobalite, irradiation
produces an amorphous rim which is compositionally identi-
cal to the host. These results indicate that on average in the
lunar soil, irradiation results in the preferential loss of cations
relative to Si and O which appear to sputter at nearly equiva-
lent rates (this is also known from experimental sputtering
experiments; see Hochella et al., 1988). If true, these results
also would predict that deposition of sputtered elements
would result in oxygen depletions in the deposit. For plagio-
clase, the relative sputtering rates are in the order (from the
easiest to the most difficult) Ca > Al > Si = O, while in
orthopyroxene the relative rates are Mg > Ca = Al > Fe
> S8i = O. Numerous studies have shown that preferential
sputtering can occur to a certain depth and then the surface
recedes by sputter erosion (e.g., Hochella et al., 1988).

It should be noted that in the data presented by Keller
and McKay (1993), oxygen was not determined directly.
Without knowledge of the true oxygen abundance in rims,
real Ca- and Al-depletions, as observed in the example
above, would appear as an apparent enrichment in Si and
were reported as such. Citing older literature, Keller and
McKay (1993) suggested that rims produced by irradiation
would have the same composition as the host grain. It is
now clear from both the results presented here as well as in
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Table 4. Quantitative TEM-EDX analyses of typical vesicular rims and their substrates in lunar soils 61221
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and 10084.

Analysis (at%) 0 Mg Al Si S Ca Ti Fe
179 outer rim 66.9 4.20 1.38 214 0.02 3.54 0.28 23
178 inner rim 62.7 5.99 0.73 219 0.00 5.34 0.20 32
177 core (Cpx) - 591 8.20 0.84 20.9 0.04 7.12 0.16 37
137 rim 65.3 8.42 0.90 19.3 0.05 1.35 0.05 4.6
136 core (opx) 56.3 12.0 1.13 22.1 0.05 1.13 0.05 7.3
108 rim 62.2 2.83 11.4 16.0 0.10 6.70 0.00 0.8
109 core (glass) 60.7 5.05 10.8 16.5 0.03 5.60 0.07 1.2
111 rim 62.2 8.88 6.17 16.7 0.09 3.50 0.11 2.3
113 core (glass) 62.3 9.86 4.72 17.6 0.03 3.12 0.07 2.3
118 rim 59.4 6.98 473 15.9 0.15 4.84 4.15 39
117 core (opx) 58.0 9.56 1.54 20.3 0.00 6.70 0.60 33

the IDP literature, that irradiation of most silicates is not an
isochemical process (the one clear exception is cristobalite,
Table 1). However, the rim composition produced by irradi-
ation of a substrate retains a memory of the substrate (i.e.,
an irradiated rim on an Mg-Fe pyroxene contains Mg, Fe,
Si, and O, although the element ratios differ from the host
pyroxene). The response of oxides (i.e., ilmenite) to solar
wind irradiation is markedly different from what is observed
in silicates. For ilmenite, solar-wind irradiation produced
microcrystalline rims, not amorphous rims, and also resulted
in the preferential removal of Fe and O from the outer few
tens of nanometers of the ilmenite grains (Christoffersen et
al, 1994; Bernatowicz et al., 1994a,b), along with a reduc-
tion of Fe’* of Fe® and Ti** to Ti** (Keller et al., 1995).
We interpret the inclusion-rich rims as a depositional fea-
ture of lunar soil grains. The presence of elements in the
rims which are absent from the host demands that these
elements were added to the grain surface. This is not a new
hypothesis. For example, the unequivocal evidence for a
major surface-correlated component of S in the lunar regolith
requires the deposition of S via the condensation of impact-
generated vapors or sputtered atoms (Kerridge et al., 1975;
Rees and Thode, 1974; Keller and McKay, 1993). The ele-
ments and inclusions present in the inclusion-rich rims were
clearly added to the surface of the grain by some process and,
furthermore, the stratigraphy observed in the distribution of
inclusions argues for an episodic process. The two main
processes that have been proposed are sputter deposition, and
the condensation of impact-generated vapors. The chemical
composition of vapor-deposited materials is well constrained
from numerous studies on the thermal evaporation of lunar
materials (e.g., DeMaria et al., 1971; Hapke et al., 1975).
Vapor deposits are deficient in oxygen and enriched in Si
and Fe because of the deposition of species such as SiO
and elemental Fe (two of the more volatile species). The
composition of sputter-deposited materials is not as well
constrained. Although early work suggested that there exists
characteristic differences in the compositions of sputter-de-
posited material and vapor-deposited material (e.g., Hapke
etal., 1975), these differences are not well understood, espe-
cially in regard to the behavior of oxygen. To our knowledge,
no direct quantitative measurement of oxygen abundances
in experimentally produced sputter deposits has been pub-
lished. We can infer the chemical systematics of sputter
deposits based upon the results of Bradley (1994a) and the

data presented here for amorphous rims. These results sug-
gest that ferromagnesian silicates (olivine, pyroxene) prefer-
entially lose Mg relative to the other ions during irradiation.
Similarly, our data suggest that plagioclase suffers preferen-
tial sputtering of Ca and to a lesser extent Al, relative to
both Si and O. Mass-balance constraints predict that these
preferentially sputtered elements should accumulate in sput-
ter deposits. If this hypothesis is correct, then sputter deposits
should be enriched in the sputtered cations (especially Mg,
Ca, and Al), and depleted in both oxygen and silicon. How-
ever, while oxygen depletions are observed, the inclusion-
rich rims are consistently Si-rich, suggesting that the main
source of the deposited material is impact generated vapors.
We do not exclude the presence of sputter-deposited materi-
als in rims of all types; however, our present set of data does
not support a major component of sputter deposits in those
rims that have been clearly deposited on soil grains. These
interpretations require further experimental work in order
to completely understand the chemical signature of sputter
deposits as opposed to the deposition of impact-generated
vapors. The situation is particularly complicated due to the
variety of surfaces that are present for sputtering, including
fresh grain surfaces, previously sputtered surfaces, and va-
por-deposited coatings, all of which may respond differently
to sputter erosion.

The inclusion-rich rims show either a random distribution
of inclusions throughout the thickness of the rim or a distinct
layering of inclusions. For those rims with a random distribu-
tion of inclusions, it appears that much of the rim material
was deposited gradually and continuously over time (e.g.,
slow accretion ), although the possibility also exists that the
material in these rims was deposited in a single event. How-
ever, the layering of inclusions in many of the rims preserves
evidence for multiple episodes of deposition (possibly fast
accretion). The layering of inclusions suggests that material
can be added to the surfaces in thickness intervals as thin
as ~10 nm with up to ten distinct episodes of deposition.

The presence of multiple rims on soil grains is perhaps
the best evidence that several processes are involved in rim
formation. They also provide information on the thickness
of material that can be deposited onto grain surfaces. For
example, the multiple rim shown in Fig. 7 has a 40—50 nm
thick inner layer that was produced by solar wind irradiation.
The vapor-deposited material in the outer rim is also 40-50
nm thick. From these cases, it is clear that the radiation-
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damaged (erosional) layer can be of comparable thickness
to the vapor-deposited outer layer.

The presence of multiple rims on individual soil grains
and the layering of Fe grains within inclusion-rich rims are
strong arguments against the hypothesis that ion mixing is
a major factor affecting the composition of rims. Ion mixing
is the process where a pre-existing surface layer becomes
homogenized with the substrate due to ion bombardment
(Kelly and Sanders, 1976). In this way for example, the
compositional difference between a surface layer that has
undergone preferential sputtering can be mixed with unirra-
diated material at depth. It is unclear how the sharp composi-
tional and microstructural boundaries in the multiple rims
could be preserved if mixing over the ion range occurred
with any degree of efficiency.

Vesicular rims on lunar soil grains also provide insight
into regolith processes. The lack of a strong compositional
difference between the vesicular rims and their hosts sug-
gests that vapor deposition processes were at most minimally
involved in their formation. Our current hypothesis is that
these vesicular rims are related to the implantation of solar
wind gases, either forming during the implantation, or by
subsequent heating of the soil grains (heating from a nearby
impact?). It is well known in the materials science literature
that prolonged irradiation with a high fluence of ions can
result in blistering and void formation in the surfaces of
many materials (e.g., Hishmeh et al., 1994; Clinard and
Farnum, 1993); however, it is difficult to derive scenarios
where this fluence would be possible in the lunar regolith.
The lack of major chemical differences between the vesicular
rims and their hosts (particularly the lack of a large oxygen
superstoichiometry) along with the apparent immaturity of
the soil where they are common (61221) argues against
long exposure with the nucleation and growth of noble gas
bubbles. We believe that a more likely formation mechanism
is the evolution of solar wind—implanted gases by a pulse-
heating event that was of sufficient duration to nucleate vesi-
cles, but short enough to avoid melting and vitrification of
the entire host grain. Thus, we also need to consider whether
a thermal event could modify the chemistry and microstruc-
ture of rims.

4.1. The Relative Roles of Erosional and Depositional
Processes in Lunar Soils

Table Al collects all of our TEM-EDX data for rims on
lunar soil grains where we have obtained quantitative oxygen
analyses for both the rim and host grain. The number of
vesicular rims are statistically over-represented in the data-
set, largely because they are so conspicuous in the thin sec-
tions. However, for the remaining rim analyses, we believe
that they represent a reasonable sampling of rims on silicates
in mature lunar soils. Using a combination of the oxygen
stoichiometry, major element composition, and petrography
(inclusions or no inclusions) we have classified the rims
using the four rim types described above. For the twenty-
five analyses of nonvesicular rims in Table Al, seven are
classified as amorphous, seven are inclusion rich, seven are
multiple, and four are classified as intermediate.

We have added the ‘‘intermediate’” category because
these rims do not fit neatly into any of the endmember types.

These rims show characteristics that are intermediate be-
tween typical amorphous and inclusion-rich rims. For exam-
ple, the intermediate rims show little deviation (positive or
negative) from stoichiometry with respect to oxygen. They
usually contain deposited elements, but not in great abun-
dance, and they typically contain minor submicroscopic Fe
metal grains. While we favor this hypothesis, there are other
alternatives. These rims could be related to the amorphous
rims in that the intermediate rims may form largely from
radiation damage that was sufficiently energetic to amor-
phize the rim, but not produce any preferential sputtering,
combined with a slight addition of deposited elements. The
possibility also exists that the intermediate rims are largely
deposits of material that was completely vaporized (as op-
posed to fractionated vapors produced by partial vaporiza-
tion). Until the appropriate experiments are conducted, it is
not possible to determine which process or combination of
processes formed these intermediate rims.

Provided that the statistics presented above for the dataset
in Table Al are representative of the rim types in mature
lunar soils in general, then, the relative importance of vapor-
deposition is comparable to radiation-damage in the forma-
tion of rims on lunar silicate grains. This conclusion is at
odds with the results obtained on ilmenites from lunar soils.
All analyzed ilmenites show pronounced element depletions
(especially for Fe and O) in their surface layers ( Christof-
fersen et al., 1994; Bernatowicz et al., 1994a,b), yet fewer
than half of the silicate rims show such marked depletions.
The vast majority of analyzed ilmenites contain only a minor
deposited component (Bernatowicz et al., 1994a,b; Christof-
fersen et al., 1996) in contrast to the data for lunar silicates
presented here. The differences between ilmenite and sili-
cates are real, but it is not clear why these differences should
exist. lmenites and silicates should receive the same radia-
tion dose and be exposed to similar levels of impact-gener-
ated vapors (provided that their surface areas and residence
times are comparable ), and so the differences are not in how
material is deposited on the grains, but rather depend on
the retention of the deposits. Ilmenite may not retain vapor
deposits with same efficiency as silicates because of the
complex chemical reactions that occur in ilmenite surfaces
due to the implantation of solar wind hydrogen (Christof-
fersen et al., 1996).

4.2, Implications For Space Weathering Processes

Reflectance spectra obtained from lunar soils show a red-
dened continuum, lower albedo, and weaker absorption fea-
tures as compared to finely comminuted rocks from the same
Apollo sites (Adams and McCord, 1970, 1971). Recent
work has demonstrated that it is the finest size fraction ( <25
pm) that dominates the optical properties of lunar soils
(Pieters et al., 1993). Although it was generally assumed
that the main darkening agent in lunar soils was agglutinitic
glass (in particular, the submicroscopic Fe metal in aggluti-
nitic glass), Pieters et al. (1993) demonstrated that aggluti-
nitic glass alone could not account for the lowered albedo
and reddened slope in reflectance spectra, and suggested
that a surface correlated material was the main factor in
accounting for the reddened continuum slope in lunar soils.
We believe that the inclusion-rich rims on lunar soil grains
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are the most likely candidate material that is responsible for
the main optical properties of the lunar soil. This hypothesis
is supported both by the work of Pieters et al. (1993) and
the results of Allen et al. (1996) who demonstrated that the
Fe metal grains must be very small (<10 nm) in order to
cause appreciable reddening of reflectance spectra. If the Fe
grains are too large, they cause darkening without adding a
red slope to spectra (Allen et al., 1996). Further support
comes from the measurement of the characteristic ferromag-
netic resonance (FMR) intensity in immature soils (Morris,
1977). The FMR data suggest that the fine-grained Fe metal
is surface-correlated in immature soils, and evolves to a
volume-correlated component in more mature soils through
the formation of agglutinate particles. Clearly, experiments
are required that duplicate lunar regolith processes that mod-
ify grain surfaces, followed by measurement of reflectance
spectra and detailed characterization of the grain surfaces.
In this way, it would be possible to verify whether 50—100
nm thick coatings on grain surfaces have the potential to
strongly modify the optical properties of the lunar soil.

5. CONCLUSIONS

TEM analysis of the rims surrounding lunar soil grains
allows the rims to be grouped into four broad classes based
on their microstructure and chemistry. Amorphous rims lack
crystallinity, are essentially devoid of crystalline inclusions,
display a unique chemical signature of irradiation processes
(i.e., oxygen superstoichiometry, except for cristobalite ), and
formed as a result of solar wind irradiation damage. Inclusion-
rich rims are the other major rim type observed in lunar soils
and are characterized by an abundance of nanometer-sized
inclusions of Fe-metal, ilmenite, and other opaque phases
as random inclusions or in discrete layers embedded in an
amorphous, silicate matrix. The chemistry of inclusion-rich
rims is most consistent with deposition of impact-generated
vapors (oxygen substoichiometry ), although a component of
sputter deposition cannot be excluded. There exists a contin-
uum between ‘‘pure’’ amorphous rims and ‘‘pure’’ inclusion-
rich rims. Multiple-rims typically consist of a discrete radia-
tion damaged layer that is overlain by a layer of vapor-depos-
ited material. Vesicular rims are formed by the evolution of
solar wind—implanted gases during a pulse-heating event.

The surfaces of lunar soil grains can be eroded by the
action of the solar wind, material can be deposited through
vapor- or sputter deposition, or both processes may operate
simultaneously. The fact that both erosional and depositional
processes are operating in the lunar regolith indicates that
one cannot use rim thicknesses for detailed analysis of past
solar activity unless there is verification that the rim thick-
ness is only due to radiation damage. This study indicates
that this needs to be determined on a grain by grain basis.

The presence of abundant, submicroscopic Fe metal grains
in inclusion-rich rims may have a profound impact on the
optical and magnetic properties of the lunar soil. The inclu-
sion-rich rims are the best candidate yet identified in lunar
soils as the cause of the reddened continuum slope of lunar
soils.
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Table Al. Quantitative TEM-EDX analysis

and 17 soils.
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of amorphous rims and their substrates in Apollo 11

Analysis (at%) Type* 0 Na Mg Al Si S Ca Ti Fe
242 rim I-R 52.7 n.d. 5.36 124 18.5 0.04 7.03 0.50 3.54
243 core (An) 61.0 n.d. 0.51 15.6 16.2 0.00 6.74 0.00 0.00
240 rim inter 65.0 n.d. 1.16 7.65 23.2 0.02 1.18 0.58 1.24
241 core (opx) 60.3 n.d. 12.8 3.44 17.5 0.01 2.00 0.20 3.80
26 rim inter 62.8 n.d. 2.14 4.99 25.1 0.31 1.73 0.81 2.06
25 core (cpx) 59.8 n.d. 6.62 1.47 20.2 0.03 4.40 0.29 7.21
21 rim I-R 60.9 n.d. 3.59 4.13 259 0.27 1.68 0.72 2.82
20 core (opx) 60.2 n.d. 13.3 0.53 20.5 0.00 1.50 0.16 3.91
46 outer rim I-R 60.5 n.d. 3.61 7.20 18.7 0.41 3.56 1.18 4.72
45 inner rim I-R 59.9 n.d. 2.94 11.2 18.1 0.22 5.00 0.61 2.10
44 core (An) 61.6 n.d. 0.16 14.8 15.9 0.00 7.58 0.00 0.01
34 outer rim AM 67.7 n.d. 3.43 2.49 21.9 0.38 0.81 0.53 2.80
35 inner rim AM 59.7 n.d. 6.88 293 26.5 0.14 1.15 0.12 2.55
36 core (opx) 60.2 n.d. 149 0.31 19.8 0.01 0.84 0.07 3.94
208 rim inter 64.7 n.d. 4.88 3.16 20.3 0.07 4.05 0.40 2.49
209 core (opx) 60.5 n.d. 9.79 0.72 19.9 0.07 2.78 0.25 5.99
211 rim AM 68.6 n.d. 0.58 7.16 21.8 0.00 1.52 0.00 0.29
210 core (An) 60.8 n.d. 0.40 15.7 15.8 0.00 7.30 0.00 0.01
214 rim inter 58.4 n.d. 0.92 10.5 22.8 0.14 3.10 0.40 375
213 core (An) 62.3 n.d. 045 14.4 16.1 0.00 6.79 0.00 0.00
217 outer rim I-R 66.3 nd. 0.80 5.89 23.3 0.04 1.36 0.15 2.14
216 inner rim AM 68.3 n.d. 0.49 8.48 19.9 0.03 2.04 0.07 0.69
215 core (An) 62.1 n.d. 0.45 15.0 15.6 0.00 6.92 0.00 0.02
218 outer rim I-R 67.0 n.d. 0.00 4.78 249 0.00 0.76 0.97 1.58
219 inner rim I-R 67.7 n.d. 0.38 343 28.2 0.01 0.20 0.03 0.01
220 core (crist) 65.0 n.d. 0.01 0.18 349 0.00 0.00 0.00 0.00
120 rim I-R 60.6 0.17 2.79 9.53 17.8 0.30 3.66 0.57 4.60
121 core (An) 59.2 1.31 0.38 14.8 17.9 0.01 6.42 0.00 0.00
111 outer rim I-R 60.8 0.40 3.22 5.98 12.0 0.09 3.04 7.18 7.19
113 inner rim AM 59.1 0.60 1.09 14.8 19.4 0.00 3.73 0.39 0.89
112 core (An) 59.6 0.67 0.74 15.5 16.7 0.00 6.75 0.00 0.08
70 outer rim Fe IR 63.9 n.d. 3.47 5.73 16.1 0.16 3.67 1.43 5.57
69 outer rim AM 63.8 n.d. 3.46 4.82 16.2 0.05 424 0.90 6.45
68 inner rim Fe I-R 60.9 nd. 3.02 3.40 17.0 0.00 5.30 0.95 9.47
67 inner rim AM 61.5 n.d. 3.07 3.67 17.1 0.09 4.98 0.76 8.91
65 core (opx) 61.7 n.d. 12.2 0.38 18.8 0.08 0.92 0.13 5.93
152 outer rim I-R 57.5 n.d. 6.65 7.67 18.5 0.19 3.89 1.21 444
151 inner rim AM 63.4 nd. 0.28 11.0 222 0.00 3.11 0.00 0.07
150 core (An) 62.6 n.d. 0.1 14.9 15.1 0.00 7.22 0.00 0.00
155 outer rim IR 58.3 n.d. 5.96 5.31 14.7 0.20 4.54 4.36 6.67
154 inner rim AM 62.2 nd. 0.76 11.9 20.6 0.04 3.69 0.34 0.50
153 core (An) 60.7 n.d. 0.18 15.8 16.0 0.00 7.28 0.00 0.04
157 rim AM 63.5 n.d. 0.63 10.9 20.1 0.07 2.89 0.06 1.90
156 core (An) 61.2 n.d. 0.52 15.7 15.5 0.06 7.00 0.00 0.03
163 outer rim I-R 60.1 n.d. 3.93 7.70 204 0.30 4.67 0.18 2.66
162 mid rim I-R 54.1 n.d. 6.17 9.42 20.5 0.16 6.02 0.29 3.33
160 inner rim I-R 52.6 n.d. 3.78 8.10 26.5 0.26 4.81 0.18 3.74
159 core (An) 59.7 n.d. 0.55 15.6 16.6 0.06 742 0.02 0.06
165 rim I-R 57.0 n.d. 5.75 7.58 18.2 0.21 4.63 1.38 5.29
164 core (Aug) 59.0 n.d. 8.11 0.84 19.0 0.00 5.26 0.22 7.57
171 outer rim I-R 57.8 n.d. 6.75 9.24 16.3 0.31 4.55 0.73 4.35
172 inner rim AM 63.6 n.d. 0.39 0.64 34.8 0.04 0.23 0.05 0.24
170 core (crist) 65.3 n.d. 0.04 0.40 34.2 0.00 0.00 0.00 0.00
6159 rim AM 58.5 n.d. 0.85 1.41 373 0.00 0.69 0.36 0.89
6158 core (crist) 63.5 nd. 0.39 0.68 352 0.00 0.09 0.02 0.11
6165 rim AM 62.0 n.d. 1.32 6.69 21.7 0.44 249 1.81 3.64
6166 core (An) 61.0 nd. 0.03 15.0 16.8 0.00 7.24 0.00 0.00
6167 rim AM 62.0 n.d. 8.65 1.36 20.8 0.38 1.19 0.47 5.16
6168 core (opx) 61.7 n.d. 10.2 1.09 19.3 0.00 2.22 0.34 5.10
6185 rim AM 64.3 n.d. 0.2 0.32 352 0.00 0.01 0.00 0.01
6184 core (crist) 63.8 n.d. 0.18 0.37 35.6 0.00 0.06 0.00 0.00
57 outer rim I-R 56.2 n.d. 1.50 1.70 14.3 0.33 0.90 17.3 7.80
58 inner rim AM 61.8 n.d. 1.60 0.30 2.0 0.21 0.10 30.3 3.50
60 core (ilm) 62.9 n.d. 0.80 0.00 04 0.00 0.00 18.9 17.0
179 outer rim v 66.9 n.d. 4.20 1.38 214 0.02 354 0.28 2.3
178 inner rim v 62.7 n.d. 5.99 0.73 21.9 0.00 5.34 0.20 32
177 core (cpx) A% 59.1 n.d. 8.20 0.84 20.9 0.04 7.12 0.16 37
137 rim \ 65.3 n.d. 8.42 0.90 19.3 0.05 1.35 0.05 4.6
136 core (opx) 56.3 n.d. 12.0 1.13 22.1 0.05 1.13 0.05 7.3
108 rim A% 62.2 n.d. 2.83 11.4 16.0 0.10 6.70 0.00 0.8
109 core (glass) 60.7 n.d. 5.05 10.8 16.5 0.03 5.60 0.07 1.2
111 rim v 62.2 n.d. 8.88 6.17 16.7 0.09 3.50 0.11 2.3
113 core (glass) 62.3 n.d. 9.86 4.72 17.6 0.03 3.12 0.07 2.3
118 rim \Y% 59.4 n.d. 6.98 4.73 15.9 0.15 4.84 4.15 39
117 core (opx) 58.0 n.d. 9.56 1.54 20.3 0.00 6.70 0.60 33

* Rim types: I-R = inclusion-rich, AM = amorphous, V = vesicular, and inter = intermediate.
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