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Electron Microscop3 
Irradiation Effects in Sp; 

Radiation-damaged lunar and meteoritic grains tell us a 

solar system history and synthesis of molecules in sr 

M. Maurette and P. B. 

The study of radiation damage effects 
in minerals and the use of these effects 
in diverse fields of science grew out of 
the discovery of fossil fission fragment 
tracks in a uranium-bearing mica (1). 
However, although that discovery was 
made with a transmission electron 
microscope, virtually all of the sub- 
sequent studies reported in more than 
1500 papers between 1963 and 1970 
were based on the observation of etched 
tracks with the optical microscope, 
which was easy and convenient to use. 
The successful return of lunar samples, 
with their high concentrations of radia- 
tion damage features, opened up a new 
area of research in which transmission 
electron microscopy (TEM) has played 
a dominant role. With neither an atmo- 
sphere nor a large-scale magnetic field 
to stop or deflect the solar wind and low- 
energy nuclear particles in space, the 
moon has an intensely irradiated sur- 
face. The smallest lunar dust grains, 
for example, are loaded with radiation 
damage features that tell a fascinating 
story, but one that can be deciphered 
only with high-resolution TEM tech- 
niques. In this article we describe sev- 
eral discoveries that we and our col- 
leagues have made in studies of lunar 
material and show how our results lead 
to inferences about other extraterrestrial 
features, such as the parent bodies of 
meteorites, the early solar nebula, and 
the interstellar medium. 
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Fig. 1. Dark-field 1-Mev electron micrographs of micrometer-sized feldspar grains (a) irradiated with He ions with energies of 
0.2 kev/amu, (b) irradiated with He ions with energies of 6.5 kev/amu, and (c) extracted from the lunar soil. Scale bars - 1 
/Im. The He ion flux, 10'7 cm-2, was chosen to simulate a 2000-year exposure in the solar wind. The initially angular grains in 
(a) and (b) have been rounded as a result of ion sputtering, and amorphous coatings of radiation-damaged material, whose thick- 
ness increases with ion energy, can be observed as dark linings around the grains. The lunar grain is also rounded, has a coating 
of thickness intermediate between that in (a) and (b), and also contains a high density of tracks. [Courtesy of Institut d'Optique 
Electronique, Toulouse] 

the coating propagates with a constant 
thickness into the shrinking grain as 
sputtering removes the outer atoms. In 
a well-stirred lunar soil the coating 
thicknesses provide 2000-year snapshots 
of solar wind energies over the lifetime 
of the soil, typically ~ 3.5 X 109 years. 

Figure 2 shows 8(A) measured on 
;> 500 individual grains extracted at 

random from the 3-meter core tube ob- 
tained on the Apollo 15 mission (9). 
When we convert from A\ to E by means 
of the calibration experiments, such 
histograms give the frequency distribu- 
tion of 2000-year periods during which 
the solar wind has an "average" energy 
E (8, 10). The most probable energy in 
the ancient solar wind is ~ 1 kev/amu, 
the same as the average energy in the 
contemporary solar wind. There is a 
rather high frequency of periods of low 
solar wind energy at the moon. The 
lowest energy so far detected (~ 0.2 
kev/amu) happens to correspond to the 
minimum energy required for solar 
wind nuclei to escape contemporary 
magnetic fields at the sun (11). It could 
thus be argued that magnetic field ac- 
tivity at the sun has not been lower than 
its present value. There is an approxi- 
mately exponential decrease in the fre- 
quency of 2000-year periods of high 
solar wind energy at the moon, with the 
highest energy, ~ 5 kev/amu, being 
outside the limits of the last few years. 
Note that there is no indication of any 
change in the mean solar wind energy 
over geologic time. 

Solar wind sputtering erosion rate. 
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Estimates of the sputtering erosion rate 
of the solar wind impinging on the 
lunar surface range from - 0.5 (12) to 
0.04 A/year (13). The former value 
may be too high because it was ob- 
tained from an experiment in which the 
beam current may have been high 
enough to heat the target, and atoms 
may not have had time to reach more 
tightly bound positions by surface diffu- 
sion between the sputtering events that 
removed their neighbors. The latter 
value was derived for an initially 
smooth, flat surface and probably un- 
derestimates the rate for an actual dust 
grain surface, a portion of which is 
constantly exposed at a shallow angle 
to the solar wind beam and is thus 
eroded at a much higher rate than a 
surface normal to the beam. 

With the HVEM it is possible to 
simulate the actual lunar geometry by 
directly measuring the sputtering ero- 
sion rate of micrometer-sized angular 
grains of various minerals. A double ir- 
radiation technique is used (4, 14). A 
thick amorphous coating (A -800 A) 
produced with higher-energy ions (3 
kev/amu) is gradually eroded away 
with lower-energy ions (0.2 kev/amu) 
that leave a thin residual coating 
(A 150 A) on the grains. The results 
show that the solar wind erosion rate 
will greatly depend on the mineral 
type, being 20 times higher for glassy 
grains than for ilmenite (FeTiO 3) 
grains. Furthermore, the absolute value 
obtained for the common lunar mineral 
feldspar, 0.5 A/year for a surface con- 

tinuously exposed, agrees well with the 
estimate of Wehner et al. (12) and is 
much higher than currently accepted 
values. 

One implication of these results is 
that the mineralogical composition of 
the smallest grains in a sample of ma- 
ture or well-worked soil should be dif- 
ferent from that of the larger grains 
and should reach a saturation composi- 
tion determined by equilibrium between 
the generation of small grains and their 
loss by erosion (10). Observations of 
mature soil samples by HVEM (6) do 
indeed show that in grains smaller than 
5 ,tm the proportion of glass is gener- 
ally much lower ( 10 percent) than in 
the coarse grains (~ 50 percent) and is 
not correlated with the various maturity 
indexes that we will discuss later. An- 
other implication is that the flux of pico- 
gram particles in space, inferred from 
counts of submicrometer craters on the 
surfaces of lunar rocks and soil grains 
(15), may be underestimated as a result 
of sputtering loss of the smallest cra- 
ters. For example, the lifetime of a 
crater 1 ttm deep would be only 2 X 104 
years on a surface eroding at 0.5 A/year. 

Peculiar physicochemical properties 
of amorphous coatings. The coatings 
can be thought of as a dense jungle of 
completely overlapping nuclear particle 
tracks covering the surfaces of grains. 
In such a peculiar, heavily radiation- 
damaged material the implanted solar 
wind species should diffuse and react 
chemically much faster than in ordinary 
crystalline matter. Furthermore, the 
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high concentration of stored energy in 
the coatings could possibly be released 
during grain collisions, heat metamor- 
phism, and so forth. Let us consider 
three of the implications of these reac- 
tive coatings. 

1 ) They serve as a sticking agent. 
The micrometer-sized lunar dust grains 
extracted from mature soil samples are 
observed by HVEM to be welded aggre- 
gates of even smaller particles (4, 6, 16). 
No other type of "glue" than the amor- 
phous coatings is present at the grain 
boundaries. Thermal sintering studies 
(4, 17) show that grains with either a 
natural or a simulated solar wind coat- 
ing can form pellets of sintered dust at 
low temperatures (; 600?C) whereas 
fresh grains cannot be sintered below 
- 1100?C. Thus the amorphous coat- 
ings are probably responsible for the 
formation of the microscopic soil brec- 
cias on the moon, and the release of 
stored energy may be the active stick- 
ing ingredient, as A. Turkevich has sug- 
gested. 

2) Outgassed species can be reim- 
planted into lunar soil. Atoms and 
molecules in the tenuous lunar atmo- 
sphere can, through interaction with the 
solar wind, be driven into the surfaces 
of soil grains at much shallower depths 
than those reached by the solar wind 
itself. An example of a lunar atmo- 
spheric species is 4?Ar from the radio- 
active decay of 40K in lunar rocks (18). 
Once within an amorphous coating, 
these reimplanted species should dif- 
fuse rapidly and become indistinguish- 
able from the solar wind species, which 
were implanted at much higher energy. 
It is thus not possible, by mass spec- 
trometric analysis of products released 
in stepwise heating experiments, to dis- 
tinguish the origins of species implanted 
at different energies into amorphous 
coatings (19). 

3) Small molecules are synthesized in 
amorphous coatings. In the laboratory, 
implantation of low-energy ions of H, 
C, and N into silicate targets with amor- 
phous coatings gives a highly specific 
mixture of small molecules (19, 20): car- 
bon compounds containing no more 
than three carbon atoms, a relatively 
high abundance of OH and CNH spe- 
cies, and a very low abundance of nitro- 
gen oxides (NO/CNH f 10-3). In con- 
trast, other processes proposed to ex- 
plain the abiotic synthesis of molecules 
in space are somewhat extreme, either 
leading to rich mixtures of carbon com- 
pounds containing such molecules as 
C]s (2.1) or hardly synthesizing any- 
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Fig. 2. Distribution of coating thicknesses 
for grains extracted from the Apollo 15 
deep drill core tube. The solid line is the 
overall distribution in a mixture of grains 
from many levels in the core. The dotted 
and dashed lines give the distributions at 
depths of .20 cm and -250 cm, re- 
spectively. [Courtesy of J. Borg] 

thing but H. (22). The process 
we call ion implantation synthesis, 
which takes place within amorphous 
coatings, satisfactorily explains the 
formation of carbon compounds in the 
crystalline component of the lunar soil 
(23) and may well play a role in the 
synthesis of interstellar molecules, such 
as OH, that are difficult to explain by 
other processes (4). 

Maturity indexes and the macroscopic 
properties of the lunar regolith. Through 
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Fig. 3. Correlations between albedo, the 
proportion of coated grains, and the car- 
bon concentration in the same soil sample. 

complex interactions with the solar 
wind, higher-energy nuclei, and impact- 
ing objects of all sizes, the lunar rego- 
lith (or surface soil and rocks) matures. 
During maturation solar wind implan- 
tation leads to synthesis of carbon 
compounds, the concentration of glassy 
agglutinates increases, surfaces develop 
microcraters, the albedo of the lunar 
soil is modified, and so forth. 

The proportion of grains, with an 
amorphous coating, P(A), is a good 
index of maturity. Figure 3 shows the 
correlations between P(A), the concen- 
tration of total carbon (24), and the 
albedo for the same lunar soil samples 
(25). That total carbon should be di- 
rectly correlated with P(A) is now well 
understood, since solar wind ion im- 
plantation synthesis has to occur in the 
amorphous coatings and the species 
produced thereby are not severely re- 
distributed during the maturation of the 
crystalline component. On the other 
hand, the correlation between P(A) and 
lunar albedo may or may not be direct. 
The first hypothesis, verified by measur- 
ing the albedo of an Apollo 11 soil 
sample as a function of grain size (14), 
was that the small grains cover the 
surfaces of the large ones and thus are 
responsible for the optical properties of 
a mature soil sample. Another hypoth- 
esis was that the low albedo of soils 
with high P(A) values is a result of the 
peculiar dielectric structure of the small 
grains, whose amorphous coatings 
would have a lower refractive index 
than that of the underlying crystals (3). 
But, in addition, soil samples with a 
high P(A) contain a high proportion of 
microaggregates in which the constitu- 
ent dust particles might have a peculiar 
mineralogical composition. The albedo 
function may thus depend on several 
factors. 

Solar wind gas bubbles. Solar wind 
gas atoms may diffuse from an amor- 
phous coating deeper into a lunar soil 
grain and coagulate into tiny bubbles, 
less than 100 A in diameter (26, 27), 
which can be seen in grains where the 
track density is low enough not to ob- 
scure them. In lunar soil grains the 
density of bubbles can be as high as 
1015 cm-3 and correlates with the solar 
wind gas concentration (27). 

Composition of very heavy nuclei in 
the contemporary solar wind. Mica, be- 
cause of its extraordinarily anisotropic 
etching, is capable of recording etch- 
able pits at the points of impact of in- 
dividual heavy solar wind nuclei (28). 
The etch pits, which are very shallow, 
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Fig. 4 (left). Electron micrograph (100 kev) of a replica of a mica surface that was irradiated with lead nuclei (1 kev/amu), 
then etched for 1 hour in a dilute HF solution. Each shallow pit corresponds to the very short, etched track of a lead ion. 
[Courtesy of J. Borg and E. Zinner] Fig. 5 (right). Steep track density gradients studied by TEM on replicas of etched grains 
from soils, a lunar breccia, a gas-rich meteorite, and a cavity on the surface of a lunar rock, compared with the track density 
gradient in the Surveyor camera glass. 

can be studied by observing surface 
replicas in the electron microscope (Fig. 
4). After a particular etch time, the pit 
diameter is an increasing function of 
atomic number and the depth increases 
with ion velocity. By comparing pits in 
mica exposed to various ions in an ac- 
celerator with pits in a piece of mica 
exposed to the solar wind during *the 
Apollo 17 mission, it has been shown 
that the Fe/H ratio in the solar wind 
during that mission was similar to that 
in the corona and that ions with atomic 
number Z ' 60 were no more than 
about twice as abundant in the solar 
wind as in the corona (29). It should be 
noted, however, that the solar wind 
composition does vary with time and 
that the composition during the brief 
period of Apollo 17 may not be repre- 
sentative of the long-term average com- 

position. 
Heavily damaging ions (Z a- 20) with 

energies greater than that of the solar 
wind produce tracks in insulating solids. 
From 5 to 100 kev/amu their 
range is so small (< 2 ,/m) that the 
tracks can be seen only by electron 
microscopy. At higher energies individ- 
ual tracks are long enough to be made 
visible in an optical microscope by 
chemical etching, but often the density 
of such tracks in an unshielded extra- 
terrestrial sample is so high that the 

sample would disintegrate if etched for 
the normal time. Instead, it is necessary 
to utilize the high resolution of the 
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electron microscope to look at either 
latent tracks or very lightly etched 
tracks. A good rule of thumb is that 
electron microscopy is essential when- 
ever the product of particle flux and ex- 
posure time is such that the track den- 
sity exceeds 108 cm-2. 

Track "aging" processes. The struc- 
ture of a latent track can be altered both 
by thermal annealing and by a high 
background of ionizing radiation. In 
the first study of fission fragment tracks 
in mica (30) their fading in the highly 
ionizing beam of a 100-kev electron 
microscope made a detailed study im- 

possible. Even in the beam of a 1.5-Mev 
electron microscope, with its 15 times 
lower ionization rate, Kr ion tracks 
rapidly disappeared in feldspar and 
pyroxene crystals (7). In contrast, "old" 
tracks in lunar dust grains with an 

amorphous coating are stable when 
viewed by HVEM. We think that the 
amorphous coating of heavily radiation- 
damaged matter acts as a reservoir of 
defects that, during the hottest part of 
the lunar thermal cycle, can diffuse 
along the cores of the latent tracks to 
form clusters of defects more stable 
than individual defects. Recent electron 
microscope experiments have demon- 
strated that the portions of tracks near 
a high concentration of radiation dam- 

age can be stabilized (7). 
The stabilization of tracks by solar 

wind radiation damage may explain the 

apparent disagreement between our two 

groups in their search for high densities 
of latent tracks in gas-rich meteorites, 
so named because of the high concen- 
tration of solar wind gases implanted in 
the constituent grains before compac- 
tion. In crushed fragments extracted 
from the fine-grained matrices of Wes- 
ton, Kapoeta, and Pesyanoe meteorites 
no latent tracks were ever found (31, 
32), whereas high densities of latent 
tracks are commonly found (26, 33) 
in ultrathin sections of Fayetteville 
and Pesyanoe ion-thinned with very 
high doses of 5-kev Ar ions, which 
are known to produce thin amorphous 
coatings on the grains. 

Down to several centimeters in lunar 
soil, and much deeper in solid lunar 
rock, the maximum temperature is high 
enough to cause detectable changes in 
track structure. Studies with heavy ion 
beams at the Berkeley Hilac (34) and 
the Manchester cyclotron (7, 35) have 
shown that the lightly damaged portion 
of a fresh track begins to fade at a 
relatively low temperature, leaving an 

aged track consisting of the more re- 
sistant, heavily damaged portion. If, for 
example, we bombard feldspar with Fe 
ions of energies up to 10 Mev/amu, we 
find a broad distribution of etched track 
lengths including a small fraction that 
etch over the entire range of an Fe ion 
of 10 Mev/amu, whereas natural tracks 
of Fe ions in most lunar feldspars have 
a rather narrow distribution of etched 
lengths corresponding to an energy in- 
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terval of only about 3 or 4 Mev/amu. 
We find that the high-energy parts of 
fresh tracks in feldspar begin to age in 
a few days at the maximum lunar sur- 
face temperature (- 130?C). Small- 
angle x-ray scattering measurements on 
irradiated mica (36) show how the track 
structure changes by thermal annealing. 
Small clusters of defects formed along 
the paths of the incident ions coagulaite 
into larger, more widely separated clus- 
ters that reach a maximum size of about 
20 A as the annealing temperature is 
raised to 300?C, but then shrink in size 
and eventually disappear with increas- 
ing temperature. 

Track aging is useful as an indicator 
of various dynamic processes in the 
regolith, but it may hamper efforts to 
infer characteristics of nuclear particles 
in space from measurements of track 
parameters. For example, in order to 
infer the VVH/VH abundance ratio 
[where VVH (very very heavy) means 
Z z 30 and VH (very heavy) means 
20 < Z < 30] in ancient solar and galac- 
tic cosmic rays from track length dis- 
tributions, we must learn how to correct 
for the decrease of track etching rate 
with aging. Fortunately, most TEM ap- 
plications concern either relatively fresh 
tracks registered in detectors exposed to 
contemporary radiation or gradients in 
the density of ancient tracks, which are 
not noticeably altered by aging (37). 

Ancient Solar Particles 

The first HVEM observations of 
tracks in lunar dust grains led to the 
discovery of intense fluxes of heavy 
ions with energies intermediate be- 
tween those of the solar wind nuclei 
and those of the more energetic solar 
flare particles (6, 31, 33, 38, 39). 
For convenience, and without wishing 
to imply an origin, we refer to ions 
with 5 < E 500 kev/amu as su- 
prathermal ions. The track densities 
fall off steeply in the first 1 to 2 ,/m 
of depth in soil grains. Either a partial 
dust covering or a gradual removal of 
surface by some erosional process will 
lower the observed itrack gradient (40), 
giving only a lower limit for the steep- 
ness of the energy spectrum of supra- 
thermal ions. We have used two differ- 
ent approaches in studying track gradi- 
ents of suprathermal ions. In both cases 
replicas of lightly etched, polished sec- 
tions were studied by TEM. At Berke- 
ley (41, 42) only grains with extremely 
steep track gradients were analyzed (see 
Fig. 5). Starting at the outer surface 
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soil samples. The distributions have been nor- 
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with a track density limited by TEM 
resolution to no more than ~ 1 01 
cm-2, the density at a depth of 50 ,im 
has dropped to as low as 108 cm-2. In 
a typical soil sample grains with such 
steep gradients are rare, having been 
exposed for a short time, usually in 
only one orientation, on the very sur- 
face of the regolith. At Orsay, Borg (43) 
chose at random about 500 feldspar 
grains - 80 im in diameter from a 
mature soil sample. As one would ex- 
pect, most (- 95 percent) of the grains 
had much shallower track gradients and 
a higher track density at their center 
(often > 5 X 109 cm-2) than those 
shown in Fig. 5. Both features would be 
expected for grains that have been ex- 
posed over a long time, at various 
depths, and in various orientations in a 
mature soil sample. A small fraction of 
the random sample of 80-,um grains (5 
to ~ 50 percent depending on the soil) 
has a steep gradient in the outer 2 to 
~ 5 ,tm superimposed on the shallow 
gradient (Fig. 6), which indicates that 
in a mature soil with a complex history 
of many exposures some grains reside at 
the surface long enough to acquire a 
detectable suprathermal track gradient. 
Borg also found that the proportion of 
such grains in various soils appears not 
to be correlated with either P(A) or the 
proportion of grains having A > 800 A. 
Thus the suprathermal ions are prob- 
ably not emitted in correlation with the 
solar wind. 

Comparative studies have been made 
(41, 42) of solar flare track gradients at 
depths down to ~ 103a m in grains 
within gas-rich meteorites, lunar brec- 
cias, and the lunar soil and also in 
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crystals at the surfaces of rocks pro- 
tected from normal erosion (44-46). 
These grains have sampled solar flares 
emitted in different epochs ranging from 
the last 103 years to the early begin- 
nings of the solar system. A comparison 
of the gradients, some of which are 
shown in Fig. 5, with gradients in recent 
flares (discussed below) shows that the 
average energy distribution in solar 
flares has not changed significantly over 
the last several billion years (44, 45). 

The earliest preserved track gradients 
are in grains within gas-rich meteorites. 
Papanastassiou et al. (47) have mea- 
sured an age of 3.7 X 109 years for an 
igneous chip inside the Kapoeta gas-rich 
meteorite. It is not yet known whether 
some other gas-rich meteoriites were as- 
sembled even closer in time to the 
beginning of the solar system, but track 
studies in such objects would be very 
exciting, for it is likely that the sun's 
angular momentum, surface magnetic 
field, and solar flare rate were decreas- 
ing during its early phase. The most 
likely prospects are the carbonaceous 
chondrites, some of which. have re- 
cently been found (48) to contain itrack- 
rich olivine grains with track gradients 
similar to those in Fig. 5. Further track 
studies in these meteorites, which are 
generally believed to be ithe most primi- 
tive objects in the solar system, may 
make it possible to date their time of 
compaction (48). 

Combining observations of both su- 
prathermal gradients and solar flare 
gradienits, we find that the average flux 
of Fe-group ions in space continues to 
rise with decreasing energy down to en- 
ergies as low as 5 or 10 kev/amu, as 

125 

1 



shown in Fig. 7. Present techniques do 
not permit us to deal with individual 
tracks at lower energies. The energy 
spectra in Fig. 7 were determined from 
favorable samples subjected to little 
erosion. Even so, we have indicated by 
arrows where the curve, because of pos- 
sible erosion, should be regarded only 
as a lower limit to the true spectrum. 

Contemporary Solar Particles 

At about the time when ancient su- 
prathermal and solar flare tracks were 
first seen by HVEM, Fe tracks from 
recent solar flares were found in a flint 
glass filter from the Surveyor 3 televi- 
sion camera, which was exposed on the 
moon during the period of maximum 
solar activity in 1967 to 1969 (49, 50). 
An unexpected and important conse- 
quence of this work was the discovery 
(5,0) that heavy elements such as Fe 
are emitted in far higher than solar pro- 

portions in solar flares (a factor of 
about 100), the degree of enrichment 
being a decreasing function of energy 
and an increasing function of atomic 
number. There is still no good explana- 
tion for the phenomenon, but it is im- 
portant for the lunar scientist to remem- 
ber that he would drastically underesti- 
mate the densities of heavy ion tracks 
if he assumed solar abundances and 
used proton or alpha-particle fluxes 
measured on satellites during flares. 

During the Apollo 16 mission a small 
solar flare produced heavy ion tracks in 
mica, glass, and Lexan detectors that 
were exposed outside the lunar module 
and later thoroughly studied by electron 
and optical microscopy (51). In this 
flare the flux monotonically increased 
with decreasing energy down to as low 
as 10 kev/amu. H-lowever, the total 

energy output in this flare was negligible 
compared with that in flares such as the 

great ones of August 1972, and we 
cannot be sure that the energy spectra 
in large flares extend down to low 

enough energies to account for the 
ancient suprathermal ion tracks. 

Several times a year large fluxes of 

suprathermal protons (5 to ~ 50 kev) 
coming predominantly from the direc- 
tion of the sun have been detected in 

interplanetary space (52), and over 
about half of each lunar month protons 
of ~ 30 to 100 kev, probably acceler- 
ated by interaction of ithe solar wind 
with the earth's magnetosphere, are de- 
tected by a satellite in lunar orbit (53). 
To detect heavy ions of such low energy 
would be difficult with existing elec- 
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Fig. 7. Average flux of suprathermal Fe 
ions in interplanetary space based on steep 
track gradients in lunar grains (see Fig. 
5). The flux is intermediate between that 
of the solar wind and that definitely 
known to come from solar flares. 

tronic detectors -on satellites, and it 
remains a mystery whether the su- 
prathermal heavy ions that produce 
tracks in lunar and meteoritic grains 
originated in the solar wind, in solar 
flares, or in some other process such as 
shock wave acceleration of ions in in- 
terplanetary space. 
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Fig. 8. Statistical analysis of solar flare 
track gradients in feldspar grains , 80 
,um in diameter from various lunar soil 
samples. In each grain the track densities 
are measured at the center (pc), - 3 tAm 
in from the edge with the highest track 
density (p,,), and ~ 3 um in from the op- 
posite edge (po). The maximum gradient 
parameter, ' = pm/p(, and the opposite 
gradient parameter, Fo - pO/pC, are plotted. 
The curves are part of the soil history 
computer program of G. Comstock. 
[Courtesy of J. Borg and G. Comstock] 

Regolith Histories in the Solar System 

The surfaces of planets and moons 
that are not shielded by an atmosphere 
or a magnetosphere evolve as a result 
of bombardment by charged particles 
and meteorites. If the gravitational field 
is strong enough to retain the debris, 
meteoritic impacts transform an initial- 
ly rocky surface into a "regolith" (54), 
which in the case of the moon consists 
of a mixture of igneous rock fragments, 
dust grains, glassy agglutinates, and 
rocks called breccias that result from 
the compaction of fragments of soil 
and rocks. The position and orientation 
of a dust grain at an initial depth d in 
the regolith change with time: a nearby 
impact may bury the grain with an 
ejecta blanket of thickness 8; a direct 
impact may excavate the grain if the 
overlying crater has a depth D > d, or 
the grain may be incorporated into a 
breccia and perhaps released by some 
subsequent impact. Such processes may 
result in shock or thermal metamor- 
phism. 

The track distributions measured by 
electron microscopy in soil or breccia 
grains from the surface and from vari- 
ous depths in drill cores help to de- 
termine the time constants for "garden- 
ing" to various depths in the regolith. 
Figure 8 shows one type of statistical 
analysis based on gradients of track 
density around the edges of lunar soil 
grains. Comstock and Langevin recently 
developed a Monte Carlo computer 
code that generates a theoretical dust 
grain at a depth d and follows its his- 
tory of excavations and burials (16). 
They vary d, D, and 8, as well as the 
time intervals between cratering and 
layering, ithe steady state rate of burial, 
and the frequency of exposure of a 
grain at the top surface of the regolith, 
in order to get a best fit to the experi- 
mental characteristics of track distribu- 
tions such as those in Fig. 8. 

The metamorphic processes to which 
grains have been subjected while in the 

regolith can be clearly deduced from 
HVEM studies. It has been established 
by laboratory vacuum-annealing experi- 
ments that latent tracks and amorphous 
coatings, both natural and artificially 
produced, fade and are gradually trans- 
formed into microcrystallites of a new 

phase which grow as a function of 
temperature (17, 32). Shock deforma- 
tion can fragment tracks into very short 

segments (55) or erase them entirely 
(56). We have thus been able to use 
latent track "metamorphism" to infer 
the thermal and shock history of the 
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constituent grains during breccia forma- 
tion. 

Lunar breccias can be classified on a 
track "micrometamorphic" scale, which 
provides fine distinctions at the lower 
end of the metamorphic sequence of six 
petrographic types devised by Warner 
(57) from optical microscopy. The least 
metamorphosed breccias (corresponding 
to types 1 and 2) contain grains with 
high track densities and amorphous 
coatings. To subdivide them according 
to the peak temperature reached we 
utilize the fact that Fe tracks fade to 
the extent that they become unetchable 
if heated a few hours at - 300?C in 

glass, ~ 400?C in olivine, and ~ 700?C 
in calcic plagioclase (27). Even though 
unetchable, tracks are faintly visible in 

plagioclase by HVEM (if stabilized by 
ion-thinning) (58) unless ithey are heated 
above a critical temperature at which 
they transform into microcrystallites. 
The transformation occurs at - 800?C 
in feldspar and - 650?C in olivine 
(14). Faintly visible tracks and micro- 
crystallites correspond to subdivisions 
of type 3. 

Gas-rich meteorites belong to a dif- 
ferent track metamorphic 'type in which 
the tracks have not been stabilized 
against ionization erasure. The concen- 
tration of solar wind gas is lower than 
in lunar breccias and no amorphous 
coatings have been seen, and yet the 
track density is very high. In grains 
prepared for microscopy by crushing 
rather than by an ion beam, the pres- 
ence of tracks can only be inferred by 
annealing at 800?C and then observing 
that microcrystallites have formed. 
This relative lack of maturiity of the ir- 
radiated grains in gas-rich meteorites 
contrasts with the greater extent of 
microfracturing and with the stronger 
cementing of the grains than in lunar 
breccias (17). 

The first observations lof track-rich 
grains in gas-rich meteorites were made 
mainly by optical microscopy (59). Re- 
cently, important clues to the origin of 
these meteorites have emerged from 
electron microscopic studies of latent 
tracks in ion-thinned sections (33) and 
of replicas of lightly etched tracks in 
polished sections (27, 42, 60). Fayette- 
ville and Pesyanoe, two meteoritic brec- 
cias with especially high concentrations 
of solar wind gases, contain a large 
proportion of grains with laten,t track 
densities up to 101l cm-2 (see Fig. 9). 
The tracks do not cross from one grain 
to the next but go right up to the 
edges, which indicates that some of the 
grains were heavily irradiated and then 
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Fig. 9. High density of solar flare tracks 
in an ion-thinned grain from the deep 
interior of the Fayetteville gas-rich meteor- 
ite. This grain was irradiated on the 
regolith of a parent body before the 
meteorite was assembled. 

all were compacted together so gently 
that no -thermal or shock erasure of 
tracks occurred. 

Studies of lightly etched replicas by 
TEM provide several additional clues 
(60). (i) More than half of the track- 
rich grains have been anisotropically ir- 
radiated, which indicates that they were 
probably exposed while on the regolith 
of a parent body rather than while 
freely orbiting the sun. (ii) The degree 
of anisotropy at the edges of grains 
(the ratio of the maximum to the 
minimum track density along an 
edge) is smaller for meteoritic breccias 
than for lunar breccias, which indi- 
cates that there was a more efficient 
stirring of the regolith of the mete- 

oritic parent body than of the lunar 
regolith. More efficient stirring may 
imply that the gravitational field on the 
parent body was weaker than that on 
the moon. (iii) Both matrix grains and 
chondrules are track-rich. Figure 1 Oa 
shows a chondrule that was broken in a 
collision and then irradiated anisotropi- 
cally for 104 years (60) before being 
compacted into the Fayetteville mete- 
orite. (iv) In Kapoeta, a gas-rich mete- 
orite with a smaller fraction (8 percent) 
of highly irradiated grains than Fayette- 
ville (30 percent), some grains (Fig. 
10b) preserve the record of a shock 
event that occurred after their irradia- 
tion, possibly during compaction of the 
meteorite. Tracks in these grains were 
partly erased by shock, and tracks may 
have been completely erased in other 
grains. Meteoritic breccias thus seem to 
have been produced with a wide range 
of shock strengths, presumably depen- 
dent on the distance of their components 
from the point of impact of the body 
responsible for their compaction. (v) 
Several gas-rich meteorites (Kapoeta, 
Bununu, and Malvern) contain small, 
spheroidal objects similar to the glass 
spheres found in all lunar soils but not 
nearly as common (61). Their shapes in- 
dicate that they were once molten, rotat- 
ing bodies. Both lunar and meteoritic 
spherules contain high densities of solar 
flare tracks and some of them have 
surfaces pocked with micrometeorite 
craters. In both types of objects the 
distribution of crater diameters and the 
track density gradients, as well as the 

Fig. 10. Solar flare-irradiated grains in gas-rich meteorites. (a) Scanning electron 
micrograph of an originally spherical olivine chondrule which was broken and then 
irradiated anisotropically for W10' years before being compacted into the Fayetteville 
meteorite. Tracks can be seen as a high density of pits in the portion of the etched 
grain in the inset; track density is highest around the rims. (b) Transmission electron 
micrograph of a shadowed carbon replica of an etched feldspar grain from the 
Kapoeta meteorite. Tracks appear as black, projecting objects with white shadows. 
Tracks in a strip through the grain (arrow) were erased by shock during compaction. 
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Fig. 11. Ionic analyze[' study of a feldspar that was irradiated with a mixture of ":C 
and D ions. Successive layers, each with a thickness of 100 A, were sputtered away, 
and the masses of the species were analyzed as a function of depth; A -- mass/charge. 
On the fourth run the ""C line, as well as those corresponding to synthesized species 
such as "CD and OD, have disappeared as the last of the 400 A amorphous coating 
has been eroded away. [Courtesy of E. Gammal and B. Vidal] 

ratio of crater density to track den- 
sity, are similar. This suggests that 
the relative fluxes of micrometeorites 
and of solar flare particles were rather 
similar during the short residence 
time (< 106 years) of the meteoritic and 
lunar dust grains on the surfaces of 
their parent regoliths at very different 
times in the past (3.7 x 109 years ago 
for Kapoeta and 0.5 X 109 to 1 X 109 
years ago for the Apollo 15 lunar soil 
grains). 

Solar Nebulas 

Two distinct models of the formation 
of the solar system, both involving the 
process of sticking of grains, are cur- 
rently under debate. In one model the 
accretion of interstellar dust grains into 
solid bodies takes place before the 
formation of the central star (62); in the 
other such an iaccretion can only be 
triggered when a young T Tauri type 
of star is formed (63). In both models 
one of the most mysterious processes is 
the sticking of the dust grains into 
giant, snowball-sized objects that can 
be subsequently accreted into larger 
bodies by gravitational forces. 

The following scenario (4, 6, 64) for 
the sticking of dust particles in the solar 
nebula has attractive features, although 
of course it need not be a unique ex- 
planation. The turbulent dust clouds in 
the nebula contain a high proportion of 
dielectric grains that have been both 
rounded !and coated during exposures to 
low-energy nuclear particles. The energy 
stored as radiation damage in the 
amorphous coatings could be released 
during a low-speed collision between 
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two grains. This could in turn "melt" 
the interface and make the grains stick. 
The plausibility of such a process is 
supported by studies of micrometer- 
sized aggregates of welded dust grains 
in the lunar regolith (4). Dust aggre- 
gates may have formed in this way in 
the early solar nebula, which very likely 
contained all the necessary sticking in- 
gredients. Astronomical observations re- 
veal the presence of dielectric grains in 
different types of cosmic dust clouds. 
Furthermore, turbulent motion of dust is 
predicted by all of the theories so far 
proposed to explain the formation of 
the solar system, and the collisional 
speed of the grains is estimated to be 
about 100 m/sec in 'the turbulent zones 
(62). The coatings could have been 
formed either in the early, superlumi- 
nous phase of evolution of a star or 
during one of the various implantation 
episodes that we suggest below. 

Interstellar Clouds 

We mentioned earlier that the im- 
plantation of low-energy C, N, and H 
nuclei in dielectric solids results in the 
synthesis 'of small molecules, which are 
trapped in the amorphous coatings of 
radiation damage on the grains (4, 19, 
20). The possibility that a similar pro- 
cess may be responsible for the forma- 
tion of some of the small molecules 
found in interstellar clouds is discussed 
in detail elsewhere (4). Whatever their 
origin may be, the constituent dust 
grains of interstellar clouds have likely 
been exposed to very high doses of low- 
energy ions that could 'have originated 
in several ways: (i) in stellar winds, if 

the grains were formed in a stellar 
atmosphere or in stellar eruptions (65); 
(ii) in supernova envelopes in which the 
grains were exposed (66); (iii) in shock 
waves triggered during cloud collisions 
(67); (iv) in the deceleration of clouds 
as they penetrated a galactic arm at 
speeds of - 200 km/sec, if the model 
of galactic arm evolution proposed by 
Lin (68) is right; or (v) in turbulent 
motion of massive molecular clouds 
during gravitational instabilities (69). It 
is tempting to postulate that small mol- 
ecules could be synthesized as follows: 
The grains are first implanted with satu- 
ration doses of H, C, and N ions; then 
as soon as they are shielded from ioniz- 
ing radiation, small molecules are syn- 
thesized within the ultrathin amorphous 
coatings; finally, during a subsequent 
implantation episode, the species syn- 
thesized by ion implantation are re- 
leased into space by ion sputtering (Fig. 
11). 

The mixture of molecules found in 
interstellar clouds requires a highly spe- 
cific synthesis, which is similar to ion 
implantation synthesis in 'that carbon 
compounds contain only up to three 
carbon atoms; OH, CH, CNH, and NH 
are very abundant; and very low upper 
limits for the concentration of NO are 
observed. Neither catalytic reactions of 
the Fischer-Tropsch type (21), nor ion- 
molecule reactions in the gas phase (22), 
nor reactions of gas adsorbed on grain 
surfaces (22) give rise to the right mix 
of molecules. We believe that ion im- 
plantation synthesis may contribute sig- 
nificantly to the production of the small 
molecules in interstellar clouds. 
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