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Abstract-The magnetic properties of a number of Apollo 17 samples have been measured and confirm 
that regoliths of mare sites (Apollo 11, 12, 15 valley, and 17 valley) differ markedly from those of 
highland sites (Apollo 14, 16, and 17 massif) in the ratio of content of metallic to ferrous iron 
(Fe0 /Fe++) and in the grain size of metallic iron. Fe0 /Fe++ is correlated with mean particle size, a 
parameter representing maturity, for soils of Apollo 16 and roughly correlated with the age of the sites 
for soils of different _sites. It is suggested that Fe0 /Fe++ may be an effective indicator of relative soil 
maturity for any one site and of the age of the soil material for any sites. 

INTRODUCTION 
IN A NUMBER of earlier papers (Gose et al., 1972; Pearce et al., 1973a; Pearce and 
Simonds, 1974), we have discussed information that can be derived from 
measurement of magnetic properties of lunar material. This has also been 
reviewed by Fuller (1974). Some, or all of the following can be so obtained: 
estimates of the amount of metallic iron (Fe0

), of the amount of ferrous iron 
(Fe++), of the relative grain size of the metallic iron (Gose et al., 1972). The ratio 
Fe0 /Fe++ has been interpreted in terms of the degree of reduction of the material. 
Variations of Fe0 /Fe++ between different types of samples at any given site as well 
as variations between similar samples at different sites have been noted and 
ascribed to the differing histories of the various materials. Reduction, evidently, is 
largely a surf ace process due to impact and solar wind implantation and is 
interpreted in terms of heating histories of samples (Cisowski et al., 1973; Housley 
et al., 1973; Pearce et al., 1973a). A second process that affects the metallic iron in 
lunar samples is grain growth by diffusion. This mechanism will be effective at 
elevated temperatures larger than about 7OO°C, but no reduction is required. This 
process has been studied by Pearce et al. (1973b) and Usselman and Pearce (1974). 

The present paper presents further data on the magnetic properties of two 
Apollo 16 soils and Apollo 17 soil and rock samples and examines the information 
with respect to the preceding concepts as they relate to soils. 
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2816 G. W. PEARCE et al. 

MEASUREMENTS 

The magnetic properties are presented in two tables. The samples considered 
in the first table are powders, small particles or collections of small particles, 
ranging in weight from 2 to 150 mg, measured in a vibrating sample magnetometer. 
The properties measured for these samples include saturation magnetization (ls), 
paramagnetic (Xv) and initial (Xo) susceptibilities, ratio of saturation remanence 
(lrs) to ls, coercivity (He), remanence coercivity (Hrc) and three derived 
quantities-approximate values of wt.% Fe0 and Fe++, and their ratio. Definitions 
and significance of these parameters can be found in Nagata (1961) and have been 
summarized in Fig. 1. As it has been found (see, for example, Fuller, 1974 or 
Pearce et al., 1973a) that relatively pure iron is the dominant ferromagnetic 
mineral in lunar materials, wt.% Fe0 can be derived from ls, which is proportional, 
then, to the quantity of metallic iron present. Similarly Xv is proportional to the 
quantity of ferrous iron (Fe++) present assuming no other paramagnetic ions are 
significant, as is the case for most lunar samples. Some lunar samples, particularly 
soils, have abundant fine superparamagnetic iron particles which interfere with 
the measurement of Xv and reduce its accuracy (Pearce et al., 1973a). lrslls is 
roughly proportional to the fraction of Fe0 which is of grain size between 150 and 
300 A diameter (single-domain size). Procedures used to obtain these parameters 
for the present study and their accuracies have been previously documented 
(Pearce et al., 1973a). 

The samples considered in the second table are slabs potted in epoxy for 
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Fig. 1. Derivation of parameters from the magnetization curve. Xp is the slope of the 
high field linear portion of the curve. l:1 is the intercept of that high field linear curve. lr:1 
is the magnetization at zero applied field after the sample has been saturated. He is the 

reverse field to reduce magnetization to zero after saturation. 
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Magnetic properties of Apollo samples and implications for regolith formation 2817 

subsequent cutting into thin sections. They are consortium samples from the 
boulder at Station 6 of Apollo 17 (Phinney et al., 1974) and Station 2. They are 
similar to the samples of Apollo 16 walnuts considered by Pearce and Simonds 
(1974) except that they are considerably larger (2-3 g instead of .05-1 g). They are 
so large in fact, that they extend outside the measurement zone of the magnetome-
ter (roughly, a 0.6 cm radius sphere). No reliable estimate of the true value of ls, 
Xv or Irs can be made although the ratios Fe0 /Fe++ and Irslls can be derived. 

A sketch (Fig. 2) of the Apollo 17 site is included to locate samples particularly 
as to whether they were found on the massifs (i.e. highland areas), or in the valley 
(i.e. mare area). The second digit in the sample number indicates the site number 
where the sample was found. 

Figure 3 shows the correlation between wt.% Fe0 of some rock samples as 
measured magnetically (Table 1) and as measured by X-ray fluorescence (LSPET, 
1973; Phinney et al., 1974). The agreement is very good for Apollo 17 massif 
rocks, while for the mare basalts of Apollo 17 the magnetic measurements tend to 
be slightly high, signifying the presence of a small quantity of paramagnetic ions 
other than Fe++. The mare soil breccia 79135 shows a very high Xv which means a 
very high apparent Fe++ content due to the presence of superparamagnetic iron 
particles (diameters < 150 A) (Pearce et al., 1973b) in the sample. 
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Fig. 2. Sketch map of Apollo 17 landing site. Dots with numbers refer to sampling sites. 
Craters are identified by small irregular shapes and accompanying names. 
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Fig. 3. Comparison of Fe++ concentration in Apollo 17 samples as determined by chemical 
methods and air magnetic measurements. The abbreviations stand for AN anorthositic 

rock, NOR noritic rock, SB soil breccia, MB mare basalt. 

DISCUSSION 

1. Apollo 17 mare basalts 
Table 1 includes measurements of 5 mare basalts from Apollo 17. Magnetically 

they resemble the mare basalts of previous missions (Apollo 12 and 15), being low 
(0.06-0.19 wt.%) in metallic iron in comparison with lunar soils and breccias 
(.2-1 wt.%). Also the iron metal is coarse grained in magnetic terms as shown by 
the low values of lrslls and the ramp shaped magnetization curves (Gose et al., 
1972). The Apollo 17 mare basalts show a somewhat greater range of Fe0 contents 
than those of other missions 74275, in particular, is quite rich in Fe0 content 
compared to most mare basalts. 

2. Massif rocks 

Measurements of noritic and anorthositic rocks obtained from the massif areas 
of Apollo 17 are summarized in Tables 1 and 2. In general, these have Fe0 contents 
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Table 1. 

J, xp Xo Equiv. Equiv. Fe0 

Sample (emu/g) (emu/g Oe) (emu/g Oe) He Hrc wt.% wt.% Fe++ 
Xl06 Xl04 Jr, f Js (Oe) (Oe) Fe0 Fe++ 

Mare basalts 
70035,1 .320 35.2 2.0 .008 15 .15 16.1 .010 
70215,1 .246 35.0 .8 .007 23 .11 16.1 .007 
75035,37 .129 38.4 .4 .06 17.6 .0034 
75055,6 .155 33.3 2.3 .003 20 .07 15.3 .005 
74275,56 .424 35.9 .6 .013 22 .19 16.5 .012 

N oritic rocks 
72275,2 1.12 19.0 3.4 .005 35 .51 8.72 .059 
72435,1 .86 14.9 2.1 .003 19 .39 6.83 .058 
76055,5 1.14 15.3 3.7 .004 15 .52 7.02 .075 
76315,21 1.64 15.7 4.4 .005 30 .75 7.20 .105 

,30M2 .19 16.9 .73 .011 60 .09 7.75 .011 
,30-33 1.37 17.1 2.6 .002 11 .63 7.84 .076 
,352 .54 15.8 2.5 .005 10 .25 7.25 .034 

77135,2 1.11 14.5 3.8 .003 .51 6.65 .035 

Anorthositic rocks 
76230,4 .81 8.37 1.5 .004 22 .37 3.84 .097 
77017,2 .41 10.62 2.1 .009 .19 4.87 .039 
78155,2 .19 10.0 .58 .008 27 .09 4.59 .019 

Dunite clast 
72415,2 .064 19.3 .35 .03 8.85 .0033 

Soils 
72321,74 1.38 25.9 26.9 .044 25 420 .63 11.9 .090 
72441,12 1.02 20.0 18.3 .035 22 390 .47 9.2 .069 
75081,27 1.24 37.9 18.2 .073 37 410 .56 17.4 .042 
74220,245 .195 40.0 1.6 .073 88 540 (.09) 18.3 
65701,16 1.70 13.9 27.0 .027 18 450 .78 6.4 .122 
67601,24 .59 9.0 6.4 .019 18 410 .27 4.1 .066 

Soil breccia 
79135,1 2.01 30.5 18.1 .057 62 590 .92 14.0 .066 

Small soil components 
72321,7na6 2.2 14 .021 1.0 
72321,7a7 2.0 7 .005 .9 

1matrix, outer surface, patina; 2 matrix; 3clast; 4
( <20 m fraction); 5orange soil; 6nonaggultinate 

material; 7 agglutinate material. 
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Table 2. 

Fe0 frs He Hrc 
Sample Type* Fe++ J, (Oe) (Oe) 

72315,25 m .0595 .0018 3 200 
,26 m .0540 .0016 5 350 

76015,30 m .0358 .0056 18 280 
,48 m .0555 .0014 5 390 
,50 m .0649 .0028 

76315,29 m+c .068 .0016 6 440 
,46 m+c .091 .0020 5 450 
,60 C .206 
,104 m .041 .0021 7 530 
,105 m .066 .0015 5 

*m-matrix, c-clast. 

which are considerably higher than those of the mare basalts of the valley. The 
metal is predominantly coarse grained as evidenced by low Irs I Is values. These 
massif rocks are similar to the highland rocks from the Descartes region of Apollo 
16 (Pearce and Simonds, 1974), although the Apollo 17 rocks are not generally as 
rich in Fe0 as those from Apollo 16. The contrast between rocks of the massifs and 
of the valley is illustrated in Fig. 4 showing the ratio Fe0 /Fe++. 

The noritic rocks examined are breccias, the matrices of which are relatively 
constant in Fe0 content or Fe0 /Fe++ = 0.050 ± 0.012. Sample 76315.2 is a sample of 
matrix from the outer surf ace of the rock which has had a patina developed by 
micrometeorite and solar wind damage. It shows an unusually large value of 
Fe0 /Fe++ = 0.105, suggesting that some reduction took place in the process 
generating the patina. The reduction either produced coarse iron, or a later event 
must have coarsened the iron. Clasts in the breccias generally have a high metallic 
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Fig. 4. Plot of average Fe0 /Fe++ for different types of Apollo 17 samples. 
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Magnetic properties of Apollo samples and implications for regolith formation 2821 

iron content relative to the matrix, suggesting that reduction took place before 
inclusion of the clasts in the breccia. An exception to this is the dunite clast, 
72415, which is very low in Fee. 

Three anorthositic samples examined vary considerably in Fee content, an 
effect which appears to be correlated with the degree of heating of the sample in 
the process of formation. Thus the friable sample 78155 has 0.09 wt.% Fee, while 
the tough, partly annealed sample 77017 has 0.19wt.%, and sample 76230, which 
shows evidence of partial melting and is quite tough, has 0.37 wt.% Fee. This 
relation may not hold in general but it does suggest that the degree of reduction of 
the anorthosite samples is related to the severity of the process that produced the 
samples in their present form. 

3. Soils and related samples 
The soil 75081 (from a mare station) differs in magnetic properties from 72321 

and 72441 (from a massif station) in much the same way that mare and highland 
soils from previous missions have been found to differ (Pearce et al., 1973a). Thus, 
75081 has a higher Irslls signifying a greater abundance of very fine iron particles 
( <300 A) as compared to the massif soils. This matter will be discussed further in 
the next section. 

The two Apollo 16 soils measured also represent a contrast, but of a different 
sort. 67601 is distinguished by having the lowest Fee content of any < 1 mm fines 
samples yet measured by lunar investigators (Fig. 5). It is described by Heiken et 
al. (1973) as being relatively immature based on particle grain size and content of 
agglutinates. 65701 is more typical of other soils we have measured from the 
Apollo 16 landing site (Pearce et al., 1973a) in being relatively mature. 

The orange soil, 74220, has very little magnetic material compared to other 
fines materials from the regolith and so is distinct from normal soils in this regard 
as well as in others. Magnetically it most closely resembles the green clod 15426 
(Pearce et al., 1973a) in containing very little or no Fee. In fact, we have previously 
reported (Olhoeft et al., 1973) that 74220 appears to contain magnetite, amount 
roughly .2 wt.%, rather than iron. 

Soil breccia 79135 is most similar magnetically to soil 75081 although it differs 
in that it has a much higher coercive force, He. This high value means that 79135 
has less superparamagnetic iron particles ( < 150 A) than soils as was also found 
for 15498 (Pearce et al., 1973b). This latter conclusion suggests that 79135 was 
produced by heating from a mare soil, like 75081. This process involved sufficient 
heating to cause the very small superparamagnetic particles to grow to larger sizes 
or to be consumed, in a diffusion controlled grain growth process. 

REGOLITH FORMATION 

In considering the lunar regolith we will discuss soils and how they have 
formed. A study of the iron contained in the soils can help in understanding this 
matter. We here expand on the discussion by Pearce et al. (1973a). 
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There are a number of sources for metallic iron in lunar soils. Among these are 
(1) preexisting Fe0 supplied by rocks-igneous or breccia, (2) reduction during an 
impact event at low temperature (700°C) for appreciable time (hours to days) as 
might be expected in a small initially hot ejecta blanket, (3) high-temperature 
(solidus) reduction in microimpacts with quenching as envisioned by Housley et 
al. (1973). The reduction in either case 2 or 3 requires the presence of reducing 
volatiles. (4) Reduction might also occur without the need for reducing gases as a 
direct result of high shock pressures (>250 kbar) in impact events (Cisowski et al., 
1973). Some direct addition of meteoritic metal has been observed among larger 
particles (>20 µ) (Goldstein et al., 1973). 

The value of Fe0 /Fe++ and the average grain size of the metallic iron in lunar 
samples are then affected in three ways. An impact and its accompanying heating 
will cause fine iron particles . ( <300 A) to be reduced out of the material if 
quenching occurs or if temperatures do not exceed 700-800°C. Such processes 
will increase Fe0 /Fe++ and, in general, decrease average grain size. Second, coarse 
iron particles may be produced by high-temperature reduction or by addition from 
outside. In this case, Fe0 /Fe++ will increase and, in general, average grain size will 
increase. Third, subsequent heating of a sample to, for example, 1000°C for one 
hour, without appreciable reduction, will cause any fine iron particles it possesses 
to grow to large particles. This process of grain growth will not affect Fe0 /Fe++ but 
will increase average grain size. The general tendency then for material on the 
lunar surface will be to have increasing Fe0 /Fe++ and, perhaps, increasing average 
grain size as the material goes through more and more heating cycles. 

With such diverse sources of metallic iron, one might expect great variation 
from site to site in the Fe0

' contents of the soils especially considering the wide 
variation in Fe++ contents (Fig. 5). However, as Fig. 5 also shows, Fe0 contents are 
rather constant from soil to soil with the greatest variation seen among the soils 
from one landing site, Apollo 16. The ratio Fe0 /Fe++ is however quite variable and 
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Fig. 5. Histograms of Fe0 and Fe++ concentrations for Apollo soils. Numbers in boxes 
refer to missions. Figure modified after Pearce et al. (1973a). 
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Fig. 6. Plot of Fe0 /Fe++ against lr$l1s for Apollo soils. 

is roughly correlated with the relative grain size of the metallic iron particles as 
measured by Irs /Is (Fig. 6). The most reduced samples (as defined by large 
Fe0 /Fe++) have the coarsest iron particles (as defined by small Irslls). This is in 
agreement with the tendency noted above and suggests that the most reduced 
samples have been subjected to more heating cycles. 

In our earlier study, we commented that the relation described by Fig. 6 might 
be due to relative maturity of the soils because soils with longer, more severe 
histories of surface impacts would have more chance to acquire metal through 
reduction and addition and more of the metal particles would be able to grow 
larger. If Fe0 /Fe++ and Irslls for soil are plotted against relative age of the site 
(Fig. 7), the expected relation is roughly shown. McKay et al. (1974) have shown 
that maturity, particularly within a site, can be characterized by the mean grain 
size of all particles; the larger the average soil particle, the less mature is the soil. 
To test further the concept of magnetic properties as a gauge of soil maturity, 
Fe0 /Fe++ has been plotted against mean soil particle size in Fig. 8 for all data 
available. Only the data of the University of Houston Group, was used for mean 
soil particle size since there are systematic variations between values obtained by 
various groups (Butler et al., 1974). Figure 8 shows a very good correlation for 4 
Apollo 16 soils between the two parameters, but no clear correlation between 
landing sites. The good correlation within site 16 suggests that, given a relatively 
homogeneous source material, the degree of reduction of iron in the soil is a 
function of the maturity of the soil in terms of its exposure to surf ace erosional 
processes. 

The lack of a good correlation between Fe0 /Fe++ and mean soil particle size for 
soils of different sites means that factors other than soil maturity (as determined 
by mean particle grain size) determine Fe0 /Fe++. The most easily discernible of 
these is state of the source rocks. Figure 9 for the missions through Apollo 16 and 
Fig. 4 for Apollo 17 show that there is a considerable difference between mare 
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Fig. 7. Plot of average Fe0 /Fe++ and lr:1/J:1 for Apollo soils against rough order of site 
ages. 
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Fig. 8. Plot of Fe0 /Fe++ against graphic mean grain size for Apollo soils. Numbers refer 
to missions. Graphic mean grain size data from: King et al. (1971), King et al. (1972), and 

Butler et al. (1973). 
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Fig. 9. Plot of average Fe0 /Fe++ for different types of Apollo samples. This figure is a 
modification of Fig. 5 of Pearce and Simonds (1974). GL refers to glass samples from 
Apollo 16. Numbers along X-axis refer to missions and are ordered relative site ages, as in 

Fig. 7. 

sites and highland sites with respect to the amount of reduction required to turn 
the local rocks into local soil. For Apollo 16 for example, the crystalline rocks are, 
on the average more highly reduced than the soils. If we wish to make the Apollo 
16 soils by pulperizing Apollo 16 crystalline rocks, we would actually have to 
remove some metallic iron. Even if we include breccias and glasses as part of the 
ancestral material for the present-day soils, little reduction is required in making 
Apollo 16 soils from the available surface rocks. For mare sites such as Apollo 12 
and 15, considerable reduction is required to turn the mare basalts into soil. The 
highland and mare areas of Apollo 17 show the same relation. The evidence from 
the mare sites implies that the first cycle of soil formation may have the greatest 
effect in determining the Fe0 /Fe++. The highland rocks from Apollo 16 and 17 are 
similar to the local soils in Fe0 /Fe++ since they themselves are the product of, at 
least, one and of ten several cycles of impact brecciation and heating. 

Thus, magnetic properties appear to be effective parameters for judging 
relative maturity of lunar soils from a single site but is limited for intersite 
comparisons by other factors such as condition of source material. However, if, 
as appears, the degree of reduction of highland rocks is indicative of severe 
history of exposure to impacts, then perhaps magnetic properties are a clue to the 
age and complete maturity of the soil. Maturity as measured by soil grain size and 
petrography of soil particles is limited to determining soil history since the last 
cycle of regolith formation, whereas magnetic properties measure cumulative 
aging characteristics and thus see past the last cycle to all the previous ones. 
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