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Abstract-Surface enhancements of Mg, Ti and Fe were measured with an ARL-IMMA and a 
CAMECA IMS-300 ion microprobe in 100-200 mesh plagioclase grains from eight different lunar 
soils. Enhancements of Mg, Ti and Fe were found in almost all grains. The solar wind Fe/Mg ratio is 
not very different from the Fe/Mg measured for the bulk lunar soils which makes it difficult to use 
Fe/Mg to differentiate between implanted solar wind effects and other causes of surface enhance-
ments such as glass splashes or vapor deposits. The Ti/Mg ratio which differs by a factor of more 
than 10 between bulk soils and solar wind is potentially more useful in separating various effects. The 
Ti/Mg ratios of surface enhancements vary widely but many grains have values which are much 
smaller than that of the average agglutinate or bulk soil. 

The Fe/Mg and Ti/Mg ratios are not sufficient to decide unambiguously on the source of surface 
enhancements. Surface concentrations were also compared with other surface features such as 
microcraters and glass splashes. The presence of Mg, Ti and Fe on uncratered grains, which 
apparently have not been exposed to the solar wind, and comparison of surface concentrations with 
the percentage of glass coverage and with the measured depth of Mg enhancements indicate that 
glass splashes (pancakes) are the most likely sources of elemental enhancements on the surfaces of 
many lunar soil grains. Vapor deposits appear to contribute at best only minor amounts. In a few 
cratered grains, where the relatively low glass coverage cannot account for the measured surface 
concentrations and in cases where the Ti/Mg ratio is low, the solar wind remains the most probable 
source of surface Mg and Fe. 

INTRODUCTION 
In the last few years we have combined ion probe measurements of elemental 

surface concentrations in individual lunar crystals with measurements of solar 
flare tracks and microcraters in an effort to compare the solar wind and solar 
flare particle flux with the flux of interplanetary dust (Poupeau et al., 1975; 
Morrison and Zinner, 1975 and 1977; Zinner et al., 1976 and 1977). Crystals 
exposed to free space on the moon accumulate microcraters (~0.1 µ diameter) 
and solar wind implanted elements, both of which affect the crystal surface on 
approximately the same depth scale of a few hundred A. This fact allows a direct 
comparison of the two associated fluxes which is not always possible for 
microcraters and solar flare tracks, since tracks can be accumulated under some 
dust shielding or the microcrater record can be eradicated by erosion processes 
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1668 E. ZINNER et al. 

while the solar flare tracks at lower depth will still be preserved (Poupeau et al., 
1975; Comstock, 1978; Poupeau and Johnson, 1978). Only three techniques 
allow direct measurements of concentration depth profiles with a sufficiently 
high depth resolution to identify the location of solar wind implanted species: 
nuclear depth profiling (Goldberg et al., 1975, 1976; Filleux et al., 1977, 1978); 
ESCA analysis combined with ion sputtering (Housley and Grant, 1977; Grant 
and Housley, 1978); and the rare gas ion probe (Muller et al., 1976; Kiko et al., 
1978). With the ion probe it is possible to measure concentration depth profiles of 
selected elements with a depth resolution of approximately 30A in areas of 
~40 µ X 40 µ (Zinner et al., 1976), surpassing the other methods in spatial 
resolution. This allows us in principle to measure amounts and depth distribu-
tions of solar wind implanted ions by comparing these two quantities with those 
of artificially implanted calibration isotopes ( .. marker ions"). 

Using an ion microprobe we measured surface enhancements of Mg and Fe in 
two separate plagioclase crystals of rock 76215 (Zinner et al., 1976 and 1977) 
and interpreted enhancements as due to solar wind implanted ions by eliminating 
alternative possible sources (glass splashes, vapor deposits). This elimination was 
based on: (1) the low Ti/Mg ratio of the enhancements, inconsistent with the 
much higher ratio expected for vapor deposits and accreta (Baron et al., 1977; 
Gold et al., 1977; Zook, 1975); and (2) the small density of glassy disks on the 
crystal surface (Blanford et al. 1974) which therefore could not account for the 
measured enhancements. Furthermore, the solar wind exposure age derived from 
the Mg and Fe concentrations agrees well with the exposure age obtained from 
solar flare track and microcrater densities (Morrison and Zinner, 1977). 

We also reported preliminary ion probe measurements of Mg, Ti and Fe 
surface concentrations in plagioclase grains selected from soil 67601 (Zinner et 
al., 1977) and concluded on the basis of the relatively low Ti/Mg ratio of the 
enchancements in many grains that the solar wind was the most likely source. 
This interpretation, however, required a solar wind erosion rate much smaller 
than the presently assumed value (Bibring et al., 1977; McDonnell, 1977) for at 
least certain orientations of crystal surfaces on the moon. Microcrater densities 
and their ratios relative to surface concentrations were variable but we showed 
(Zinner et al. 1977) that a wide spread in this ratio is expected if the individual 
grains experienced only a few surface exposure episodes. However, the 67601 
grains analyzed in the ion probe were not selected according to uniform criteria 
and the analyzed areas were not completely documented for all grains. For these 
reasons the conclusions were necessarily limited. The expected wide variation of 
the ratio of solar wind implanted ion concentration to microcrater density also 
made it necessary to analyze a large number of grains in order to obtain 
sufficient statistics for a comparison of the two quantities. Here we report the 
analyses from seven additional soil samples which were subjected to uniform 
selection criteria. As before, most of the ion probe measurements were performed 
with the ARL IMMA (ion microprobe mass analyzer) at the Johnson Space 
Center but were supplemented by measurements with a CAMECA IMS 300 at 
the University of Paris (laboratory of Prof. C. Allegre). 
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Surface concentrations of Mg, Ti, Fe 1669 

Sample description and experimental procedure 
Plagioclase grains from the 100-200 mesh sieve fraction were cleaned and mounted in indium as 

described by Zinner et al. (1977). Table 1 lists all the mounts whose analyses are reported here. 
Included is sample 67601,9003 for which data were already reported last year (Zinner et al., 1977) 
but for which we give additional analyses of these data. Some of the selected soil samples (67601, 
64421, and both 60007 core samples) had been examined for solar flare tracks and microcraters by 
Poupeau et al. (1975) and Poupeau and Johnson (1978). Other soils were chosen on the basis of the 
track density data reported by Crozaz and Dust (1977), Crozaz (1978) and Borg (pers. comm.). The 
mounted grains were implanted with 25Mg (2 X 1015 /cm2 at 1 keV /nuc), 41Ti(1014/cm2 at 1 
keV /nuc) and 57Fe(5 X 1014/cm2 at .877 keV /nuc) except for mounts 64421,9005 and 60007,9029 
which were implanted with 26Mg (3 X 1015 /cm2 at 2 keV /nuc), 53Cr (2 X 1014/cm2 at 0.94 keV /nuc) 
and 47Ti and 57Fe as above. After implantation and coating with 50-100 A of gold, a low 
magnification (50-lO0X) SEM polaroid mosaic was made of each mount and from this mosaic grains 
were selected with smooth surfaces which did not show large amounts of microcrud (glassy accreta). 
These superior grains were further documented using stereoscopic micrographs taken at magnifica-
tions of 250-700X as positive images on 35 mm film by inverting the SEM display signal on the CRT 
screen. These micrographs were used in a stereoscopic slide viewer to further select grains according 
to the above criteria with the added requirement that the inclination of the grain surface relative to 
the indium surface be small. On each of the grains surviving this final selection a ~40 µ X 60 µ region 
was chosen with a low density of visible glass splashes and photographed at high magnification 
(7000-10,000X) in the SEM in a series of 35 mm photographs taken with the signal inverted as for 
the stereopair pictures. Surface features such as glassy disks and microcraters were documented by 
projecting the film onto a screen. 

Ion probe depth profiles were measured in the ARL IMMA as described by Zinner et al. (1976) 
for grains of all mounts except 60007,9029. The number of grains analyzed is given in Table 1. The 
experimental conditions were the same as given by Zinner et al. (1977) except that the N02 beam 
was rastered over an area of ~40 µ X 60 µ. This area was the same as the area documented at high 
magnification within the accuracy of the alignment that could be achieved in the optical microscope 
of the IMMA. A certain misalignment could be tolerated since the electronic aperture limited the 
region from which secondary ions were counted to only the central 25-35% of the rastered area. 
Depth profiles were measured at m/e = 24, 25, 26, 27, 28, 40, 47, 48, 54, 56, 57, and 197; for some 
selected crystals, m/e = 49 was included. 

Mount 60007 ,9029 was analyzed with the CAMECA IMS 300 ion microscope (Morrison and 
Slodzian, 1975) in order to compare the Ti and Fe measurements obtained with the ARL IMMA, for 
which the contributions of molecular species, especially in the case of the Fe isotopes, had to be 

Table l. List of all soil samples from which individual grains were studied at high magnification in the 
SEM and analyzed in the ion probe. 

Depth In Grains Grains Analyzed 
Sample No. Parent No. Core (cm) Mounted In Ion Probe 

67601,9003 20 Surface Soil 64 16 
60007,9027 51 9.5 85 14 
60007,9029 79 2.5 78 11 
64421,9005 5 Surface Soil 87 9 
15002,562 97 175 61 2 
15006,209 14 38 81 2 
24077,9002 85 * 64 l 
24210,9002 58 * 59 6 

*See Bogard and Hirsch (1977). 
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subtracted in order to obtain elemental surface concentrations (Zinner et al., 1977). Grains on this 
mount were selected for analysis from single low magnification (300-400X) photographs and depth 
profiles were measured at m/e = 24, 25, 26, 27, 28, 40, 47, 48, 54, 56 and 57 using an on-line 
computer system interfaced with the IMS 300. This system allows scans across the various peaks 
while integrating the counts. The instrument was operated at low mass resolution with energy 
filtering (Shimizu et al., 1977; Zinner et al., 1977; Shimizu et al., 1978) to suppress molecular 
secondary ions. A 14.5 kV unseparated o- beam of 1.0-2.0 nA (spot size ~25 µ) was rastered over an 
area of approximately 40 µ X 50 µ. 

In order to study the spatial distribution of different elements on the grain surfaces, elemental 
images of Mg, Al, Si and Ca were obtained for a few grains with the ARL IMMA with a 0.4 nA 
beam of 15 kV o- ions rastered over the area to be imaged, the secondary ion mass spectrometer 
tuned to m/e = 24, 27, 28 and 40 respectively, and the secondary ion signal modulating the 
brightness on a CRT. 

After ion probe analysis the grains were viewed in the SEM to determine whether the sputtered 
areas coincided with the preselected regions. Some of the samples were recoated and high 
magnification micrographs taken of a few grains in order to compare features on the grain surfaces 
before and after sputtering. 

RESULTS AND DISCUSSION 

(a) Measurement of elemental concentrations 
Surface concentrations of Mg, Ti and Fe were measured by integrating the 

areas under the depth profiles and by comparing these with those of artificially 
implanted marker isotopes whose concentrations were known within better than 
10% (Zinner et al., 1974; Zinner and Walker, 1975). Surface enhancements 
(Table 2) are present in almost all measured grains. 

For all three Mg isotopes interferences from molecular and doubly charged 
ions in the ARL IMMA are less than 1-2% (Zinner et al., 1976 and 1977). 
M/e = 24 and 26 signals are proportional to 24Mg and 26Mg isotopic abundances 
throughout the profiles. This is not the case for Fe, for which the background of 
Alt at m/e = 54 and Cao+ at m/e = 56 is substantial. We used the profiles at 
m/e = 54 for the determination of surface concentrations by subtracting the 
background at large depth consisting of Alt and of structural 54Fe+ since the Alt 
signal (Zinner et al., 1977) as well as the 54Fe+ signal from a uniform Fe 
concentration (Zinner, 1978) were shown to exhibit no surface enhancement. In 
the ARL IMMA we do not have any way of knowing what the relative 
contributions of the structural 54Fe+ and Alt are but, except for a larger 
uncertainty on the surface Fe concentration because of a higher level of 
background, detailed knowledge of the composition of a constant background 
signal is not necessary for the measurement of the Fe surface enhancement. With 
the CAMECA IMS 300 with high mass resolution we can separate the structural 
54Fe+ signal from the Al1 background and have shown these to be approximately 
equal (Zinner et al., 1977). This time we measured 60007,9029 with the 
CAMECA IMS 300 employing energy filtering. Figure 1 shows depth profiles at 
m/e = 24 and 25 as well as at m/e = 54 and 56 which were measured in this 
way. Since the m/e = 54 to 56 ratio is that of 54Fe/56Fe we know that molecular 
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ions are sufficiently suppressed. The long (in comparison to ARL profiles) tails 
are caused by atomic mixing under the primary beam (Zinner et al., 1976; 
Ishitani et al., 1974 and 1975) and by edge effects since no electronic aperture 
was used. In order to integrate the areas under the depth profile curves, the 
measured points of the decreasing tails were fitted to an exponential function of 
the form Ae-Bt + C where t is the time of sputtering. 

A comparison of the ARL and CAMECA measurements of Mg and Fe 
surface concentrations is shown in Fig. 2 as Fe versus Mg concentrations for two 
Apollo 16 core samples analyzed in the two different instruments. Absolute 
values of surface enhancements measured in the CAMECA are higher than those 
measured in the ARL probe by up to a factor of five. We think the reason for this 
fact is that because of the poor viewing system of the IMS 300, individual grains 
were placed under the incident primary ion beam not by visual alignment but the 
alignment was made by maximizing the secondary Al+ signal. As a consequence 
of this and of the 45° primary beam incidence, many grains were not only 
sputtered on the top surface where the marker ions had been implanted but also 
on side faces as could be seen in the SEM photographs taken after ion probe 
analysis. This misalignment should affect the absolute values measured by our 
marker ion method but not elemental ratios. Fe/Mg ratios measured in the ARL 
probe are somewhat higher than those measured in the CAMECA ion micro-
scope. This difference might reflect a systematic error due to Alt interference in 
the ARL IMMA or it might result from the fact that natural isotopes were also 
sputtered from faces where no artificial isotopes were implanted. A third 
explanation is that the difference is a consequence of possible different bulk 
concentrations of the two samples taken from different locations in the Apollo 16 
deep drill core (see Table 1). The slight difference is not significant in light of the 
fact that the Fe/Mg ratio is not a strong indicator for the possible sources (solar 
wind implanted ions, vapor deposits, thin glass splashes) of the surface enhance-
ments. In Fig. 2 the two lines correspond to Cameron's solar system ratio 
(Cameron, 1973) and the average bulk soil composition of 60007,114 (Nava and 
Philpotts, 1973) which is the closest analyzed bulk sample to our analyzed grains. 
Since measured solar wind ratios are known to agree with the Cameron values 
only within a factor of two (Geiss, 1973) the uncertainty in the solar wind Fe/Mg 
ratio is larger than the difference between the Cameron value and the average 
soil composition. 

The Ti/Mg ratio should provide a much better way of differentiating between 
solar wind and lunar sources of surface enhancements because the Ti/Mg ratio is 
much higher on the moon than it is expected to be in the sun. In the past we have 
considered our Ti measurements in the ARL IMMA to be only upper limits since, 
although we could subtract the 48Ca+ background at m/e = 48, we could not 
exclude the presence of molecular interferences such as Mgt. In the CAMECA 
microscope such interferences are suppressed and the values derived from 
measurements at m/e = 48 represent Ti concentrations rather than upper limits. 
Figure 3 compares the Ti and Mg measurements in both instruments. Again, 
absolute Ti values in 60007,9029 are higher than in 60007,9027 as are Mg and Fe 
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Table 2. Surface concentrations of Mg, Fe and Ti, percentage of glass coverage and microcrater densities 
in individual soil grains. Grains from sample 60007,9029 were not documented at high magnification in 
the SEM. A blank space in the microcrater density column of the other samples indicates that no 
microcraters were seen on this grain but that the low quality of the SEM micrographs makes it impossible 

to claim the absence of any rnicrocraters with certainty. 

Surface Concentration (Atoms/cm2) 

Glass Coverage Microcrater Density 
Sample Grain# Mg(x l015) Fe(X l015) Ti(X l013) (%) (#/cm2) 

67601,9003 7.1 2.8 8.2 13.0 
2 6.8 1.5 14. not measured 
3 0.95 3.9 4.0 12.4 0 
4 1.15 11.4 3.3 5.8 0 
5 5.76 4.0 12.6 25.6 
6 1.30 2.56 4.4 19.9 0 
7 0.61 0.76 <2.8 5.5 8.1 X l07 

8 0.80 0.85 1.7 I. 0.9 X l07 

9 0.34 0.45 <1.8 0.8 0 
JO 2.25 1.76 4.5 21.4 0 
11 2.02 1.73 1.9 4.1 3.1 X l07 

12 1.87 1.80 2.8 2.7 1.8 X 106 

13 0.61 0.76 <1.0 4.2 0 
14 2.06 1.74 3.3 21.7 3.6 X l06 

15 0.46 0.73 4.8 8.2 
16 1.45 1.25 0.57 22.7 5.1 X l07 

60007,9027 21 1.7 2.3 4.5 17.1 
22 7.0 3.52 20.7 47.2 
23 3.0 4.2 7.8 9.3 
24 0.54 0.44 <1.84 13.2 
25 1.31 1.03 4.3 1.7 
26 1.3 0.85 4.1 10.6 
27 0.47 0.50 <0.92 4.0 
28 ~0.08 0.12 $3.2 1.9 
29 $0.06 ,s;0.35 $2.6 0.4 0 
30 13.3 5.4 24.8 88.8 
31 0 <0.12 0 3.9 0 
32 0.18 0.39 0.6 2.8 0 
33a 1.07 0.74 1.5 6.9 0 
33b 1.9 1.2 5.1 14.2 0 

60007,9029 41 1.7 0.7 50. 
42 6.0 3.15 33. 

values for the probable reason mentioned above. In contrast to the Fe/Mg ratio 
the Ti/Mg obtained from the CAMECA measurements of 60007 ,9029 is slightly 
higher than that measured in 60007 ,9027 with the ARL IMMA. After the 
measurement of the Apollo 16 core grains we measured profiles also at m/e = 49 
in addition to m/e = 48 in several grains from the Apollo 15 and Luna 24 core 
with the ARL machine. Unlike in the case of crystal 76215,91 from a rock 
surface (Zinner et al., 1977) where the profile at m/e = 49 and that at 
m/ e = 48 with 48Ca + subtracted did not agree with the Ti isotopic abundances 
(which led us to infer the presence of molecular interferences), these more recent 
measurements give good agreement. From this agreement, the comparison of the 
ARL and CAMECA measurements (Fig. 3), and on the basis of laboratory 
experiments which show that the contribution of Mg! is small, we tend to believe 
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Table 2. (cont'd.) 

Surface Concentration (Atomstcm2) 
Glass Coverage Microcrater Density 

Sample Grain# Mg(x 1015) Fe(X 1015) Ti( X 1013) (%) (# /cm2) 

(,00()7,9029 43 17.0 14.5 560. 
44 5.3 3.15 14.5 
45 2.4 4.6 62. 
46 13.3 4.5 69. 
47 3.3 1.2 21. 
48 7.7 8.8 51. 
49 6.2 4.0 40. 
50 10.0 4.3 40. 
51 2.4 I.I 10. 

64421,9005 61 ::s;0,02 ::SO.IO <0.5 1.6 0 
62 0.57 0.42 <1.0 7.1 
63 0.92 0.78 3.7 13.1 
64a 1.97 1.66 13.8 27.1 
64b 6.1 4.4 22.8 29.8 
65 0.57 0.42 2.3 13.3 0 
66 0.57 0.66 <0.8 3.3 
67 $0.11 $0.o? <0.5 7.2 0 
68 0.66 0.43 1.5 6.4 

15002,562 71 1.13 0.64 31.0 6.2 $3 X 104 
72 2.12 1.28 20.8 5.1 1.2 X 107 

15006,209 76 3.23 1.88 24.3 19.0 0 
77 0 0 0 1.7 0 

24077,9002 81 3.17 3.01 20.6 14.4 1.0 X 107 

24210,9002 91 <0.04 <0.1 0 2.8 0 
92 <0.o3 <0.1 <1.3 4.2 0 
93 0.87 0.65 15.5 18.2 $6 X 104 
94 0.79 1.02 5.1 2.8 $9 X 104 
95 1.43 1.41 20.9 21.1 0 
% 5.75 5.77 23.6 16.2 8.0 X 105 

that most of the ARL values also represent actual Ti concentrations within the 
large errors (30-50%) of these measurements. In any case, conclusions involving 
Ti/Mg ratios are based only on their upper limit thus do not depend on the 
detailed understanding of the interference problem. 

The Mg, Ti and Fe surface concentrations measured in all samples are 
combined in Fig. 4 .where Ti/Mg ratios are plotted against Fe/Mg ratios and 
where we have also added our previous results on 67601 (Zinner et al., 1977). 
Again, these ratios are compared to the Cameron values and the ratios of average 
soil and agglutinate compositions. For the samples 64421 and 67601 elemental 
concentrations of agglutinates have been measured (Rhodes et al., 1975) 
although they do not differ very much from bulk soil values. The points in Fig. 4 
scatter widely and all the grains show Ti/Mg ratios which are higher than the 
Cameron value. However, most grains still have a lower Ti/Mg ratio than the 
average agglutinate or soil. The Ti/Mg average of all cratered grains (which are 
denoted by numbers) is lower than the average of all uncratered ones. This could 
indicate that for grains exposed on the surface there is a solar wind contribution 
present. This obviously could not be the case for unexposed (uncratered) grains. 
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Fig. 1. Concentration depth profiles at m/e = 24 and 25 (top) and m/e = 54 and 56 
(bottom) measured with the CAMECA IMS 300 in a plagioclase grain from soil sample 
60007,9029. The vertical scales of both graphs are proportional to the normal isotopic 

abundances of 24Mg and 25Mg and 54Fe and 56Fe respectively. 

However, on the basis of elemental ratios alone, it is not possible to identify the 
source of the surface enhancements unambiguously. 

(b) Surface features 
Listed in Table 2 are densities of microcraters for the cases when present and 

surface coverage by glassy disks as observed in the analyzed areas. Whereas 
glassy disks (pancakes) are present on the surface of practically all grains, only a 
limited number of grains exhibit microcraters. For some grains the quality of the 
high magnification SEM pictures was not sufficient to exclude the presence of 
microcraters of <':0.1 µ size with certainty even if none were detected by the film 
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Fig. 2. Surface concentrations of Fe versus surface concentrations of Mg measured in 
plagioclase grains of two Apollo 16 core samples. Measurements of 60007,9027 were 
made with the ARL IMMA, those of 60007 ,9029 with the CAMECA IMS 300. The 
scales are different in the two graphs to account for the fact that surface enhancements 
measured with the CAMECA are larger than those measured with the ARL machine. 
The lines labeled CAMERON and SOIL represent the elemental abundance ratios of 
the solar system (Cameron, 1973) and the average composition of soil material from the 
Apollo 16 deep drill core. The first ratio is assumed for the solar wind composition, the 
second is expected if glass splashes and/or vapor deposits are responsible for the surface 
enhancements. The soil line is taken from a bulk soil analysis of 60007,114 (Nava and 

Philpotts, 1973). 
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Fig. 3. Surface concentrations of Ti versus surface concentrations of Mg measured in 
the same grains as in Fig. 2. Vertical bars without central points represent uncertainties 
of the possible presence of Ti in cases where no surface enhancements were seen in the 
m/e = 48 depth profile. The lines labeled CAMERON and SOIL have the same 

meaning as in Fig. 2. 
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Fig. 4. Scatter plot of Ti/Mg versus Fe/Mg ratios for all samples measured. No error 
bars are drawn for simplification but are approximately of the same magnitude as in 
Figs. 2 and 3, i.e., 15-20% for the Fe/Mg ratios and 30--50% for the Ti/Mg ratios. 
"Upper limits" reflect the experimental uncertainties in cases where no actual surface 
enhancements were seen at m/e = 48. Numbered points represent grains with micro-

craters. 

scanner. The much higher percentage of cratered grains on the 67601 mount is 
explained by the different selection criteria applied to this sample: grains with 
microcraters which were not necessarily flat were also analyzed. The presence of 
Mg and Fe surface enhancements on grains without any apparent exposure to 
free space as would be indicated by the presence of microcraters (Morrison and 
Zinner, 1977; McDonnell, 1977) is evidence for sources other than the solar wind 
such as glassy pancakes, vapor deposits from meteorite impacts, and coatings 
produced by the sputtering ejecta from the solar wind ions incident on nearby 
grains. Also, it has been remarked that Fe in lunar plagioclase crystals could be 
highly zoned. A zoning pattern which would result in surface enhancements on a 
depth scale of a few hundred A but over an area of ~40 µ X 40 µ would be 
possible only if the analyzed surface of a given grain is part of the original 
surface of a naturally grown plagioclase crystal. However, from the SEM 
micrographs it is clear that an average lunar grain in the size range of 100-200 µ 
results from a break-up of larger crystals. We thus practically always analyze 
interior crystal surfaces. 
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Fig. 5. Percentage of glass coverage of soil grain surfaces versus Mg surface concentra-
tion. Included are also measurements on 76215,77 (Zinner et al., 1976 and 1977). The 
radial lines from the origin are lines of constant thickness for an assumed uniform glass 
coating of 64421 agglutinate composition which would account for the measured Mg 
concentrations. Numbered points represent cratered grains. Crystal 76215,77 from a 

rock is also cratered, although not numbered. 

In order to estimate the contribution of the pancakes we plotted in Fig. 5 the 
percentage of coverage by glass splashes on the surface of grains against the Mg 
surface concentration. If we assume a Mg concentration of the glass we can 
calculate how thick the pancakes would have to be on the average in order to 
account for the observed Mg concentrations. We assumed the 64421 agglutinate 
composition (Rhodes et al., 1975) to obtain the thicknesses for the lines in Fig. 5. 
Most derived "glass thicknesses" (we use quotation marks to emphasize the 
model dependent nature of this quantity) range from ~ 150A to a little more than 
500A. which is the right order of magnitude for pancake thicknesses based on 
SEM pictures. This thickness range also agrees roughly with the depth of the Mg 
enhancements measured from the ion probe depth profiles. This depth can be 
measured with some accuracy only for the ARL runs, in which the use of a low 
energy (9kV) N02 beam in combination with an electronic aperture yields good 
depth resolution (Zinner et al., 1976). 
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concentrations in Fig. 5 versus the half-maximum depth of the Mg surface enhancement 
in lunar soil grains. Grains for which these two thicknesses are equal would be plotted 
on the 45° line. Of the grains with "glass thicknesses" of more than 1200 A which fall 
outside the plot and are indicated by symbols with short horizontal lines at the right 

edge of the figure, all except two are cratered. 

1200 

Figure 6 shows the "thickness of pancakes" calculated from Fig. 5 plotted 
against the half-maximum depth of the Mg surface enhancement. This depth was 
obtained from comparison with the maximum of the Mg marker ion profiles 
which was calculated to be at 324 A for 1 keV /nuc and at 620 A for 2 keV /nuc 
Mg ions from the LSS (Lindhard et al., 1963) and WSS (Winterbon et al., 
1970) theories. There exists no simple correlation between these two quantities. 
"Glass thicknesses" are on the average a little larger than the Mg fall-off depths 
but show a much wider scatter. If our belief that glass splashes are the source of 
the surface enhancements is correct, then the wider variation in the "glass 
thickness" reflects the variation of the Mg concentration of the glass whereas the 
more uniform fall-off depth reflects a more uniform physical thickness of the 
pancakes. 

Let us now consider the alternative possible source for the surface enhance-
ments on uncratered grains: namely vapor deposits from meteorite impacts 
(Zook, 1975) and redeposition of solar wind sputtered material (Cassidy and 
Hapke, 1975; Baron et al., 1977; Gold et al., 1977; Switkowski et al., 1977). 
Since we expect these deposits to be distributed uniformly on surfaces and not to 
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Fig. 7. Half-maximum depth of Mg depth profiles versus Mg surface concentration. 
For vapor deposits as the source of surface Mg one expects a linear correlation between 

these two quantities. 

be concentrated like the pancakes, the expected thicknesses of these coatings 
would be much less than 100 A. This can be seen from Fig. 5 where 100% 
coverage with a 100 A thick coating would result in an average surface Mg 
concentration of >2.5 X 1015 atoms/cm2 whereas most grains show smaller 
surface concentrations. Second, since vapor deposits would be the result of 
averaging over a much larger area from which the vapor originates and would 
represent a larger number of individual impact events than pancakes, we would 
expect the deposits to have a more uniform Mg concentration than the pancakes. 
A variation in the Mg surface concentration would then correspond to a variation 
of the deposit thickness and we would expect some linear correlation between 
these two quantities. This is not borne out by the data shown in Fig. 7 where the 
depth of the Mg enhancements as measured in the ion probe versus the Mg 
surface concentrations is shown. We conclude that the thickness is apparently 
quite independent of the surface concentration. This lack of a correlation as well 
as the measured depth values themselves provide evidence that pancakes, rather 
than vapor deposits are the most likely source of elemental surface enhancements 
for most grains. For sputter deposits it is conceivable that because of a particular 
geometry the source of deposits is only a few grains. In such special cases larger 
variations of Mg concentrations are possible but we still would expect a 
correlation (be it with more scatter) between Mg concentration and thickness of 
coating. 
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Preliminary attempts have been made to verify this conclusion. Scanning ion 
images were obtained in the ARL ion microprobe but poor spatial resolution 
compared to the average size of the pancakes as well as the fact that the 
secondary ion image is dominated by topographic effects of rough crystal 
surfaces limit interpretation. Nonetheless, in a few cases we succeeded in 
obtaining images which showed that the distribution of the major elements Al, Si 
and Ca was uniform indicating a homogeneous plagioclase surface, but with a 
different Mg distribution. Figure 8 compares the SEM image of a plagioclase 
grain from sample 15002,562 with the Mg+ and AI+ image obtained in the ion 
probe. A Scanning Auger Microscope (PEI) which has a high enough spatial 
resolution so that pancakes can be probed with the Auger spectrometer was also 
utilized. Charging problems and machine availability limited the amount of 
information we could obtain from this investigation but given the right sample 
preparation such an instrument should be capable of comparing the Mg and Fe 
concentration of clean areas on grains with areas covered by glass splashes. The 
sensitivity of an Auger spectrometer is high enough to detect Fe and Mg at the 
concentration level of a few percent expected in glassy splashes. Unfortunately, 
sensitivity is too low to detect elements implanted from the solar wind in 
glass-free areas. 

Additional evidence concerning the thickness of pancakes is provided by 
comparing grain surfaces as they appear in the SEM before and after sputtering 
with the ion beam. Neither glassy disks nor their outlines could be recognized 
after sputtering (removal of ~1500 A), and previously existing pancakes seem to 
have been completely removed. It should be possible to obtain direct measure-
ments of pancake thicknesses in a Scanning Auger Microscope in combination 
with ion etching. 

So far we have discussed the nature of the elemental surface enhancements in 
uncratered grains which presumably have never been exposed to free space. 
While almost all grains show glass splashes only a much smaller fraction has 
microcraters. One explanation is that the re-entrant nature of the lunar regolith 
makes it apparently more likely for grains to "see" other grains, leading to the 
acquisition of glassy surface splashes, than to "see" the sun and the sky directly. 
But it is also possible that a grain acquires all its pancakes from a single larger 
impact event. For cratered grains with glass splashes we expect these splashes to 
contribute to the surface enhancements in the same way as for uncratered grains. 
However, if we look at the distribution of cratered grains on the scatter plots of 
Figs. 5 and 6 we notice that it differs from the distribution of uncratered grains. 
Only about 50% of the cratered grains plot in the same locations as uncratered 
ones, while the other 50% fall into quite distinct locations (beyond the 1000A 
"glass thickness" line in Fig. 5 and off the plot to the right in Fig. 6). If glass is to 
account for the Mg enhancement in this second group, glass thicknesses would be 
required which are much larger than the Mg depth measured in the ion probe 
even if we assume pure olivine or pyroxene composition for the glassy pancakes. 
Furthermore, even if Mg enhancements are due to glass pancakes in all grains it 
would not be clear why the glass composition of cratered grains should be 
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different from that of uncratered ones. Alternatively, we can interpret the high 
surface enhancements relative to the glass coverage as the addition of Mg from a 
different source. Also in Fig. 4 cratered grains plot closer to the Cameron solar 
system value than uncratered grains. The Ti/Mg ratio of the Apollo 15 soils falls 
outside the range of Fig. 4 but both cratered grains from the Apollo 15 core still 
have a much smaller Ti/Mg ratio than the soil value. The Ti/Mg ratio of the 
Apollo 17 soils is even higher but for 76215 the measured surface concentration 
ratios are between a factor of 3 and 10 below this value (Zinner et al., 1976 and 
1977). In this crystal from a rock we interpreted the surface Mg and Fe as being 
due to solar wind implanted ions. In Fig. 5, 76215,77 falls also well beyond the 
1000A "glass thickness" line. According to our argument above that this requires 
the addition of Mg from a source different from pancakes we thus still interpret 
the 76215 enhancements as being of solar wind origin. We also conclude for the 
few soil grains with low glass coverage and/or low Ti/Mg ratios that the solar 
wind is still the most likely source of a large part of their Mg and Fe surface 
enhancements. 

We have etched several of these grains for solar flare tracks. In no case could 
we find any steep gradients at the exposed surface. Track densities were much 
higher than we would have expected if tracks were produced only during 
exposure to free space for a solar wind exposure time derived from the surface 
Mg. This indicates as before (Poupeau et al., 1975) that most tracks were 
accumulated under some shielding. 

Unfortunately, some glassy pancakes are present in all cratered grains with 
large surface enhancements, and since we do not know how to subtract their 
contribution, there is considerable uncertainty in the solar wind contribution. 
Even if we allow a glass contribution, Mg surface concentrations attributable to 
the solar wind range up to 1.5 - 2.0 X 1015 atoms/cm2• Previously we (Zinner et 
al., 1977) and others (Filleux et al., 1977; Jull and Pillinger, 1977) discussed how 
the solar wind sputtering affects the accumulation of solar wind implanted 
elements. The maximum surface concentrations given above interpreted as solar 
wind implanted elements would still require a very low solar wind erosion rate. 
Recently, Filleux et al. (1978) have revised their earlier measurements of C 
concentrations (Filleux et al., 1977) and added new measurements which would 
also imply very low erosion rates even if still being larger than ours. The solar 
wind sputter rate remains an extremely complicated question (Kerridge et al., 
1978; Carey and McDonnell, 1978) and, as Filleux et al. (1978) already pointed 
out, until it is solved in a satisfactory way any discussion of solar wind 
equilibrium concentrations takes place on shaky ground. 

The fact that after searching through many hundreds of relatively large soil 

Fig. 8. A plagioclase grain from 15002,562 imaged in the SEM (top), in the ARL ion 
probe at m/e = 27 (middle) and m/e = 24 {bottom). The scale is the same for all three 
pictures; the scale bar is 100 microns. The Mg and Al distributions are not the same for 

this grain. High Mg areas can be associated with glassy accreta on the surface. 
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grains and after analyzing dozens of these we found only a handful of them 
where we believe we can observe solar wind implanted ions points to the difficulty 
in measuring solar wind species with the ion probe: we have to compete with 
seemingly ever-present glass coatings on the grain surfaces. Clean grains which 
have been exposed to free space (i.e., those which show microcraters, but which 
are essentially free of glassy pancakes) are extremely rare. The plagioclase 
crystals from 76215 are exceptions. This rock has the shortest exposure age of all 
returned Apollo samples and has not gone through the complex gardening 
process of the average soil grain. An additional problem is the fact that the 
thickness of glass pancakes is approximately the same as the implantation depth 
of solar wind ions. If we want to look for elements not indigenous to the moon for 
which glass splashes would not represent a background problem, we are 
frustrated by the low ion probe sensitivity for these elements (N, noble gases) or 
by problems of terrestrial contamination (C). 

The measurement of depth profiles in the clean areas between the pancakes 
would require a new instrument which is a combination of an ion probe with an 
SEM, in which the pancakes could be seen during analysis and in which the ion 
beam could be focused into a finer spot and rastered over an area of several 
microns on a side. Basic designs of instruments incorporating these features exist 
(Liebl, 1971 and 1972) but their practical realization lies in the future. 
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Sputtering: Its relationship to isotopic fractionation 
on the lunar surf ace 

J. F. KERRIDGE and I. R. KAPLAN 
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University of California, Los Angeles, California 90024 

Abstract-Silicon, oxygen, sulfur and, possibly, potassium show systematic enrichment of heavier 
isotopes with increasing soil maturity, probably as a result of solar-wind sputtering, but such a pattern 
is not exhibited by solar wind-implanted species. Apparently sputter-erosion is not penetrating to their 
implantation depth, about 200 A. This suggests that sputtering on the moon is being impeded by 
deposition of vapor condensate following meteoritic impact. 

Although neither secular variation in the isotopic composition at the source of regolith carbon, 
probably the solar wind, nor isotopic fractionation of carbon after implantation in the regolith can be 
ruled out, carbon isotope systematics currently yield no evidence in support of either process. 

INTRODUCTION 

It was recognized early that irradiation of the lunar surface by solar wind with 
energies around 1 KeV per nucleon could sputter material from the surfaces of 
grains and produce physical and chemical changes in the lunar regolith (Wehner 
et al., 1963a,b; Hapke, 1966). More recently, interest has revived in this process 
as a possible mechanism for: (a) producing observed changes in lunar albedo 
(Hapke, 1973; Gold et al., 1974); (b) reducing indigenous ferrous iron to 
superparamagnetic metal grains (Yin et al., 1972; Hapke et al., 1975); (c) 
enriching grain surfaces in heavy elements (Hapke et al., 1975; Pillinger et al., 
1976a); and (d) causing isotopic fractionations for some elements in soil samples 
(Epstein and Taylor, 1971; Pillinger et al., 1976b; Switkowski et al., 1977; Haff 
et al., 1977). We focus here upon the last of these topics, i.e., the concept that 
preferential loss of light species from the moon by means of sputtering is capable 
of explaining observed enrichments in the heavy isotopes of some elements in the 
lunar surface. 

An important detail is that sputtering in the lunar environment is a complex 
process which may be divided into several stages, each capable of producing its 
own characteristic fractionation, and that different models have emphasized 
different stages. Thus, Switkowski et al. ( 1977) considered gravitational sorting 
of sputtered atoms in ballistic trajectories from the lunar surface; Haff et al. 
( 1977) expanded on this idea to include mass-dependent recoil within the 
sputtered surface; whereas Cassidy and Hapke (1975) and Paruso et al. (1978) 
emphasized preferential sticking of heavy species during redeposition of sput-
tered material. 

Insofar as isotopic fractionation is concerned, the most detailed theoretical 
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