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Abstract-We have analyzed 6 Luna 24 soils for major and trace elements by atomic absorption 
spectrophotometry (AAS) and instrumental neutron activation analysis (INAA). We have also 
analyzed size fractions (90-150 µm and <20 µm) of these same soils and 6 fragments (>250 µm) for 
trace elements by INAA. We have used this data and those of other workers to identify several 
compositional components in the Luna 24 soils and have tested the reasonableness of these 
components by using mixing calculations to reconstruct the soils. 

The Luna 24 regolith contains compositional evidence for a history of mixing of several 
components. The soils are well mixed (i.e., have nearly homogeneous bulk compositions) throughout 
the length of the core tube yet the size fractions of each soil have quite dissimilar compositions. On 
this and other grounds we conclude that, since emplacement, the regolith has not been extensively 
reworked which would tend to homogenize the elemental distribution among grain size fractions; 
most of the properties of the regolith which are indicative of reworking (surface maturity) have been 
inherited from one or more of the components in the soil. 

The observed elemental distributions as a function of grain-size are due in part to admixture of 
noritic breccia component preferentially to the finest fractions and in part to differential comminution 
of one or more of the other components of the soil. 

Other than the small percentage of noritic breccia in the Luna 24 regolith we see no evidence for 
any other component that is clearly foreign to the Luna 24 site. The small percentage of noritic 
breccia does contribute significantly to the REE of the bulk soil, but has only insignificant effect on 
the major element composition. Among the other probable components, we have identified the 
ferrobasalt composition and one or more components with higher MgO contents. Mixing results do 
not definitively identify the high-MgO component. There is evidence from the petrographic analysis 
of mineral grains that there is probably a very coarse-grained component with very forsteritic olivine 
contributing to the regolith. Whether this coarse-grained component, which is not represented among 
the lithic fragments in the soil, can wholly account for the "excess" MgO in the soils or whether there 
is an additional high-MgO basalt is problematical. 

INTRODUCTION 

In August, 1976, the automated Soviet space probe Luna 24 returned to the 
earth a core tube of lunar material from the previously unsampled Mare Crisium 
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area of the moon. Through the efforts of the scientists at the Vernadsky Institute 
and the Government of the U.S.S.R., highly valuable samples from this core were 
made available to investigators throughout the world. We have studied samples 
of six soils ( <250 µm) from various depths in the Luna 24 core and a total of six 
fragments (> 250 µm) from three of those soils. The work reported here was done 
in conjunction with a working group which has been conducting multidisciplined 
studies of lunar regolith processes. The results of the others in this working group 
are reported elsewhere in this volume (Blanford and Wood, 1978; Bogard and 
Hirsch, 1978; McKay et al., 1978; and Morris, 1978). 

Our interests in Luna 24 samples were: 
1. To gain insight into the detailed history of the regolith at the Luna 24 site 

by studying relationships between particle sizes and compositions; 
2. To identify compositions of materials which have combined to form the 

soils; and 
3. To suggest sources on the moon which might supply these components. 

In a companion paper to this one, Haskin (1978) discusses the data on the 
fragments, the question of multiplicity of basalts at the Luna 24 site, and 
constraints on their source regions. 

SAMPLES AND METHODS 

We have analyzed samples of "bulk" soils ( <250 µm) as we received them with no further 
treatment. We received most soils directly from the Curator; soil 24210,11 was obtained from D. 
Bogard. Bulk soils were analyzed for the elements listed in Table 2 by nondestructive instrumental 
neutron activation analysis (INAA) (Jacobs et al., 1977). They were then dissolved in HF in a heated 
(130°C), pressurized teflon bomb, stabilized with boric acid, diluted, and analyzed for SiO2, TiO2, 

FeO, MgO, Ca2O and K2O by atomic absorption spectrophotometry (AAS) (Blanchard, 1973). 
Based on counting statistics and results of repetitive analyses of well known U.S.G.S. standard rocks, 
we estimate that the uncertainties associated with the INAA technique are 2-3% for all elements 
except Yb (6%), Ta, Ce, Tb (15%) and Ni, Hf, Th (20-25%). Uncertainties associated with AAS are 
2-3% except for TiO2 (15-20%). Uncertainties of AAS analysis of 24210,11 are slightly higher due to 
the small sample size. Values for FeO concentrations determined by the two methods agreed very 
well; the FeO values in Table 1 are the INAA data which have slightly smaller uncertainties. 

Because of the unusually valuable nature of the Luna 24 samples, we took the additional analytical 
precaution of analyzing a well-analyzed lunar soil 71501 in conjunction with the Luna 24 samples. 
Our results for 71501 were in close agreement with previous analyses in this laboratory (Korotev, 
1976) and with results on the same soil by Rhodes et al. (1974). There is some uncertainty about the 
cause of rather large disagreement among analysts of the Luna 24 bulk soils; it appears to be, in most 
cases, much larger than the analytical uncertainties. Most notably, values for FeO in the average bulk 
soil ranges from 17 .51 % reported by Simonds et al. ( 1977) to 20.5 reported here. Barsukov et al. 
(1977) report a range of FeO values from 18.8% to 20.9% for bulk soils; on fractions <75 µmin grain 
size their analyses range from 16.1 % to 16.3%. Our results indicate the same dichotomy in FeO 
between bulk and fine fractions; our average bulk soil contains 20.5% FeO, our average <20 µm soil 
fraction contains 16.4% FeO. We believe that some of the range in reported values for FeO in the 
bulk soils may be a result of nonrepresentative sampling, but the very low values for FeO on bulk soils 
probably reflect systematic analytical errors. 

Size fractions of the six soils were separated by sieving in the Johnson Space Center Scanning 
Electron Microscope Laboratory (McKay et al., 1978). The aliquants of soils which were sieved were 
not the same aliquants as those used for AAS and INAA of "bulk soils" reported here. We analyzed 
the 90-150 µm and <20 µm size fractions by INAA only (Table 2). Other aliquants of these same 
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Table 1. Major element compositions of Luna 24 soils (>250 µm). 

Mass 
(mg) SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Cr2O3 Total 

24077,7 9.72 45.9 0.9 11.8 19.9 9.7 11.2 0.29 0.03 0.56 100.3 
24109,14 13.56 44.1 1.0 11.3 20.6 10.3 11.0 0.27 0.02 0.62 99.2 
24149,16 11.07 44.6 1.3 11.0 20.3 10.1 10.8 0.28 0.03 0.48 98.9 
24174,12 12.83 45.5 0.9 11.l 20.9 9.7 10.8 0.29 0.03 0.49 99.7 
24182,17 11.28 44.5 1.3 11.5 20.2 10.0 11.l 0.29 0.04 0.50 99.4 
24210,11 3.51 47.5 1.0 9.7 21.1 11.3 10.8 0.25 0.45 102.2 
Average 45.4 1.1 11.1 20.5 10.2 11.0 0.28 0.03 0.52 100.1 
± s ±1.3 ±0.2 ±0.7 ±0.5 ±0.6 ±0.2 ±0.02 ±0.01 ±0.06 

size fractions have been studied petrographically by Basu et al. ( 1977), for solar and cosmogenic 
gases by Bogard and Hirsch (1978), and for particle track densities by Blanford and Wood (1978). 
Some of the aliquants used for INAA have been transferred to the JSC-MSID and isotope laboratory 
for further chemical and isotopic characterization. 

The six Luna 24 particles (>250 µm) were analyzed by INAA (Table 3) as received from the 
Lunar Sample Curator. Visual examination under binocular microscope verified that each particle 
corresponded to its description in the Luna 24 catalog except that 24149,5, described as a soil breccia, 
was received as a disaggregated soil. After INAA, the particles were transferred to other investigators 
as follows: 

24077,12-Split and sent to Keil (1 mg) and Nyquist (8 mg). 
24077,17-Split and sent to Keil (1 mg) and Nyquist (3 mg). 
24077,19-Sent to Nyquist (4 mg). 
24077,21-Thin sectioned and sent to L. Taylor (0.52 mg). 
24149,5-Sent to Nyquist (7 mg). 
24174,5-Split and sent to Keil (1 mg) and Nyquist (3 mg). 

DISCUSSION 

Four broad observations can be made from our data: 
1. Bulk soils are nearly identical to each other in composition. 
2. The compositions of the <20 µm fractions are quite different from the 

bulk soil, nevertheless, the <20 µm fractions are very similar to each other. 
Thus while the elements are not homogeneously distributed within any one 
soil, the soils themselves are well mixed with one another, each having the 
same elemental distribution among grain sizes. 

3. The bulk soils are distinctly basaltic in composition and generally similar 
to the average of the basaltic fragments from the >250 portion of the soil 
samples. Individually, however, the basalt chips have a wide range of 
compositions. 

4. Most of the individually analyzed fragments have compositions consistent 
with their being basaltic and are probably locally derived. Only 24077, 1 7 
is distinctly foreign to the Luna 24 site; only a small percentage of a 
component with its composition can be tolerated in the soils without 
noticably perturbing their composition. 
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@ Table 2. Results of INAA analyses of size fractions of Luna 24 soils. 
t""' 
= = Mass 
'1 (mg) FeO Na2O Cr2O3 Sc Co Ni Hf Th Ta La Ce Sm Eu Tb Yb Lu 

= Q. 
""d Bulk (<250 µm) - 24077,7 9.72 19.9 0.290 0.56 41.1 50.9 160 1.5 0.41 - 3.10 8.9 2.00 0.66 0.49 1.76 0.273 = (C 24109,14 13.56 20.6 0.272 0.62 43.4 52.5 230 1.36 0.25 3.22 9.7 2.04 0.66 0.49 1.78 0.272 ..... 
'1 24149,16 11.07 20.3 0.282 0.48 43.0 50.7 100 1.9 0.26 - 2.32 7.3 1.73 0.60 0.40 1.63 0.263 
..... 24174,12 12.83 20.9 0.287 0.49 43.9 50.4 130 1.47 0.24 - 2.74 8.5 1.95 0.63 0.46 1.89 0.299 = "1 24182,17 11.28 20.2 0.295 0.50 42.3 48.4 90 1.6 0.40 3.24 9.9 2.09 0.70 0.56 1.93 0.298 :t. -..... ti = 24210,11 3.51 21.1 0.252 0.45 44.6 54.0 1.5 0.30 - 2.64 6.8 1.74 0.54 0.51 1.81 0.27 ..... 0 (C Average 20.5 0.28 0.52 43.1 51.0 140 1.6 0.31 2.88 8.53 1.93 0.63 0.49 1.80 0.28 C • Cl 
""d ± s ±0.5 ±0.02 ±0.06 ±1.2 ±1.6 ±60 ±0.2 ±0.08 - ±0.37 ±1.26 ±0.15 ±0.06 ±0.05 ±0.11 ±0.02 t'"' 
'1 IZl 
0 (90-150 µm) "'C .... 
Q. 24077,9 1.48 20.1 0.321 0.52 43.2 61.0 230 1.0 - - 2.51 7.0 1.66 0.61 1.8 0.25 t;:i (C 
Q. 24109,13 4.44 20.7 0.234 0.41 45.8 51.0 1.0 2.38 6.9 1.69 0.54 0.36 1.55 0.22 t'"' - - -
C" z 24149,15 4.99 19.5 0.250 0.39 42.4 47.0 - 1.0 - - 2.05 6.4 1.45 0.53 0.60 1.61 0.23 (") ..... ::r:: =- 24174,10 4.00 20.9 0.255 0.39 45.4 48.0 - 1.2 - - 2.10 6.5 1.49 0.52 0.40 1.56 0.26 
(C ::0 z 24182,15 4.88 20.8 0.262 0.38 45.8 50.0 90 1.2 - 2.07 5.0 1.58 0.55 0.45 1.80 0.28 0 
> 24210,9 3.45 22.2 0.237 0.44 44.6 56.0 140 1.3 - - 2.14 5.9 1.48 0.54 0.36 1.56 0.24 <1> 
[J). 

.... 
> Average 20.7 0.26 0.42 44.5 52.1 150 1.1 - - 2.21 6.30 1.56 0.55 0.43 1.65 0.25 tl :---> ± s ±0.9 ±0.03 ±0.05 ±1.4 ±5.3 ±70 ±0.1 - ±0.19 ±0.75 ±0.10 ±0.03 ±0.10 ±0.12 ±0.02 "1 ..... 
'1 
0 (<20 µm) 'C =- 24077 5.21 16.3 0.57 0.46 30.5 47.0 430 2.1 0.66 - 4.35 10.3 2.57 0.83 0.64 2.04 0.31 
"1 24109 5.31 16.5 0.341 0.46 31.5 46.7 400 1.8 0.53 5.20 11.9 2.73 0.81 0.65 2.24 0.31 .... -
"1 24149 3.24 16.8 0.359 0.45 30.6 44.2 380 2.2 0.57 4.43 12.0 2.64 0.81 0.63 2.21 0.31 0 -
a 24174 4.22 16.8 0.352 0.46 31.4 45.6 430 2.1 0.70 0.29 5.0 13.0 2.90 0.89 0.65 2.26 0.35 

24182 7.69 16.7 0.377 0.45 30.4 46.0 390 2.3 0.67 0.27 5.8 17.3 3.35 0.92 0.75 2.55 0.36 [J). 

24210 1.98 15.0 0.310 0.44 27.3 42.3 270 1.7 - - 3.99 10.3 2.23 0.69 0.58 1.85 0.29 "1 ..... 
(C Average 16.4 0.38 0.45 30.3 45.3 380 2.0 0.63 - 4.80 12.5 2.74 0.85 0.65 2.19 0.32 s 

± s ±0.7 ±0.09 ±0.01 ±4.2 ±1.8 ±60 ±0.2 ±0.07 - ±0.66 ±2.6 ±0.37 ±0.08 ±0.06 ±0.23 ±0.03 
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Table 3. Results of INAA analyses of fragments from the Luna 24 core. 
p.. 

= ..... 
l'C '"1 

i:,, 
0 

"'1 Mass FeO Na2O Cr2O3 Sc Co Ni Hf Th Ta La Ce Sm Eu Tb Yb Lu 
(1) 

'-< (1) ..... (mg) 0 = "' 3 ::t. (1) 
::I = 24077,12 7.59 22.1 0.29 0.42 47.4 46.0 0.9 2.08 5.7 1.53 0.63 0.34 1.55 0.24 ..... - 0 l'C 

Basalt t:r' • (1) 

"ti 24077,17 3.72 7.60 0.66 0.184 13.3 20.2 180 9.9 1.4 4.8 24.9 68 12.1 1.74 2.9 9.7 1.40 §. 
"'1 "' Recrystallize ..... 0 '"1 < '< .... Breccia Q. 0 
l'C 24077,19 4.03 0.63 0.018 1.76 2.04 20 0.79 0.45 1.30 0.21 0.84 0.10 <0.009 

...., 
Q. 0.77 - t""' 
C" Plag-rich i:::: 

'-< ::I 
Gabbro i:,, 

=- N l'C 24077,21 0.52 16.3 0.31 0.46 36.4 46 180 1.0 2.6 7.0 1.6 0.58 0.38 1.4 0.22 .i,. z - -
"' > Agglutinate i:,, 

rn 3 
> 24149,5 0.695 20.3 0.27 0.51 47 50.7 150 1.3 0.3 2.8 9.2 2.0 0.59 0.43 1.75 0.29 'O 

0 > Soil Breccia "' 
"' ::;, 24174,5 5.89 16.6 0.38 0.20 35.8 29.7 0.88 - - 0.86 2.33 0.80 0.70 0.20 0.96 0.17 "'1 0 
0 Px-rich 3 "C =- Gabbro '-< 
"' i:,, .... '"1 t") (1) 

"' 0 (') 
'"1 a ;;;· 
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The major questions we will address here are: (1) What is the cause of the 
inhomogeneous elemental distribution among grain sizes and what does it imply 
about the regolith and its history at the Luna 24 site? (2) How many components 
are represented in the soils and what are their compositions? 

Relationships of Composition and Particle Size 
Most of the Luna 24 soils we have analyzed have bimodal size distributions 

(McKay et al., 1978). The Luna 24 "bulk" soils are, in fact, the <250 µm sieve 
fractions of the soil samples received from the Soviets. Figure 1 shows the size 
distributions (McKay et al., 1978) of the six Luna 24 soils we have analyzed. The 
open areas on the left of each histogram are the >250 µm fractions. It can be 
seen that for several soils the split at 250 µm has excluded nearly the entire larger 
particle size mode. The cross hatched areas denote the 90-150 µm and the <20 
µm fractions. While the 90-150 µm fraction is a relatively small fraction it is 
generally near the peak of the finer mode, and thus is probably a reasonable 
sample of materials making up that mode. For Luna 24 soils the <20 µm 
fractions comprise a rather substantial fraction of the <250 µm soils (16 to 
26%). 

Above the histograms in Fig. 1 are plotted the concentrations of selected 
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Fig. 1. Size distributions and elemental distributions between 90-150 µm and <20 µm 
size fractions for Luna 24 soils. Size distributions are from McKay et al. (1978); size 
units are units. The area on the left of each histogram which is outlined only is the 
>250 µm fraction. Shaded areas are 90-150 µm and <20 µm size fractions which were 
analyzed in this work. Directly above each of the shaded size fractions is plotted its 
concentration for the specified element, normalized to the concentration in the bulk soil. 

See text for discussion. 
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elements in the 90-150 µ,m and <20 µ,m fractions; each is normalized to the 
concentrations in the bulk <250 µ,m soils. The distribution of elements among the 
size fractions is very similar in all the Luna 24 soils; only in the uppermost soil 
24077 is there a change in the relative order of enrichments with Na2O 
concentrated in the finest fraction. In all cases Na, La and Sm are enriched in the 
<20 µ,m fraction and the La/Sm ratio is higher in the <20 µ,m fraction than in 
the bulk soils. Again, in every case the Sc and Fe are somewhat enriched in the 
90-150 µ,m and depleted in the <20 µ,m fractions relative to the bulk soils. 

We have compared these size-composition patterns with those of other mare 
soils (Korotev, 1976) and with results of a basalt-crushing experiment reported 
by Korotev and Haskin {1976). Figure 2 shows the histograms and fractionation 
patterns associated with the size fractions from the crushed basalt 70135 and 
Apollo 1 7 mare soils. 

Evidence for Differential Comminution 
The elemental distribution due to differential comminution during the 

crushing of lunar basalt 70135 is nearly identical, both in direction and 
magnitude to that observed for Luna 24 soils. The size distribution of basalt 
debris is heavily skewed to the coarse particles making the fractionation in the 
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Fig. 2. Size distribution and elemental distributions between 90-150 µ,m and 120 µ,m 
size fractions for Apollo 17 soils and crushed basalt 70135. Concentration data plotted 

as in Fig. 1. 
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<20 µm size fraction of the basalt somewhat less important than that in the Luna 
24 soils from a total mass balance standpoint. The compositional range of 1-2 
mm particles produced by the crushing experiment of Korotev and Haskin 
(1976) is only slightly exceeded by the compositional range of the >250 µm 
particles analyzed from these soils. This observa'tion is discussed further by 
Haskin (1978). 

Elemental distribution patterns such as these are not unique to cases of 
differential comminution. The results of analyses of a typical mare soil from 
Apollo 17 (Korotev, 1976) also show similar fractionation patterns, although 
they are somewhat less extreme. Using detailed mixing calculations utilizing well 
characterized materials at the Apollo 17 site, Korotev (1976) accounted for the 
compositional differences among the size fractions of the Taurus-Littrow valley 
soils as the result of the admixture to the soils of fine-grained material with 
compositions typical of the surrounding highland province. 

We have been unable to definitively rule out differential comminution as a 
mechanism to produce the elemental distributions in the Luna 24 soils. We lack 
the detailed data on compositions of materials present in the vicinity of the Luna 
24 site to evaluate the relative importance of differential comminution vs. mixing 
of components of differing composition and size distribution ala Korotev (1976). 
The analogous compositional data on the Luna 24 soils and crushed basalt at this 
point only imply the possibility of compositional effects due to differential 
comminution. 

Limited Rb-Sr data (Nyquist et al., 1978) are not consistent with mixing 
arguments and may require an explanation consistent with our suggestion of 
differential comminution. Rb-Sr data on Luna 24 soil 24077 show that the <20 
µm fraction does not fall on a mixing line between the bulk soil and the REE- and 
Rb-rich components such as Apollo 17 noritic breccia (Nyquist et al., 1978). The 
datum for the <20 µm fraction plots on a 3.3 b.y. isochron passing through 
24170, the coarse gabbro dated at 3.3 b.y. by Papanastassiou et al. (1977). If the 
<20 µm fraction is enriched in the fine fraction of a crushed, fresh basalt, the 
concentrations of LREE and FeO are compatible with observed patterns 
produced by differential comminution. If other <20 µm fractions also give 
similar Rb-Sr results, this will constitute the firmest evidence to date to suggest 
that the <20 µm fractions of Luna 24 soils or at least a major fraction of them 
derive directly from basalt; consequently suggesting that the elemental distribu-
tion among the grain sizes does in large part derive from differential comminu-
tion. 

Evidence for Mixing 
There are several lines of evidence that suggest that the Luna 24 soils are 

mixtures of several components. 
1. The bulk soils have distinctly more MgO than the rather well-defined suite 

of ferrobasalts identified among the >250 µm fragments (Ma et al., 1977; Laul, 
1977). As can be seen on Fig. 3, the soils are among the most magnesian 
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Fig. 3. Ab03 vs. MgO diagram for Luna 24 soils and fragments. Large filled circles 
are bulk soil analyses from this work and from Ma et al. (1977) except for the <74 µm 
soils which is from Barsukov et al. (1977). Open squares are fragments of basalts, 
plagioclase-rich, pyroxene-rich, and mixed mineral fragments from Ma et al. (1977). 
Triangular symbols are data from Laul (1977). The olivine vitrophyre composition is 
from Taylor et al. (1977). The noritic breccia is plotted as the composition of average 

matrix of 73215 (Blanchard et al., 1976). 

materials at the Luna 24 site. Only the rare olivine vitrophyres (Taylor et al., 
1977) are distinctly more magnesian. We discuss the identities of the other 
components in the soils later, but for now we point out the high MgO content of 
the soils seems to require at least one component in addition to the ferrobasalt 
which has MgO content of 10% or more. 

2. Bulk soils have somewhat enriched total REE and a more LREE-enriched 
pattern than the average of the basalt chips analyzed from Luna 24 (Fig. 4). The 
bulk soils have a net negative Eu anomaly while the average of the basalt chips 
has a slight positive Eu anomaly. These differences are in the opposite sense of 
what we expect from differential comminution based on analogy to Korotev's 
(1976) results; however, with the limited data available, the absolute significance 
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Fig. 4. REE abundances of soils and fragments from Luna 24. On the left side are 
plotted each individually analyzed particle and the average matrix from 73215 (open 
symbols) demonstrating the remarkable similarity of 24077,17 to this material. On the 
right are plotted the bulk soils ( <250 µm), the <20 µm fractions, and the 90-150 µm 
fractions. Also plotted is the average of all individually analyzed basalt chips; the 
composition was estimated by taking the average of all basaltic particles listed in the 

footnote to Table 4. 

of these differences is questionable. The relationships among the average basalts 
and bulk and size fraction data on soils is consistent with addition of small 
amounts of a REE-rich component to the finest fraction. 

3. Among the particles we analyzed was a recrystallized breccia nearly 
identical in composition to the aphanitic matrix of 73215 (Blanchard, et al., 
1976). This particle is clearly foreign to the Luna 24 site; its presence in the 
particle suite makes it not unreasonable to expect to find material of similar 
composition mixed into the soils. 

4. Both the Co concentrations and the Co/Ni ratios in the <20 µm fractions 
are clearly lower than the bulk soil. This suggests that the <20 µm fraction did 
not derive from the bulk soil by comminution by micrometeorite impact which 
tends to increase both Ni and Co concentrations in the <20 µm fraction 
(Korotev, 1976). There is no Ni data for Korotev's crushed basalt but the 
concentration of Co in the <20 µm fraction is greater than the bulk rock, thus the 
trend observed in the Luna 24 soils is in the opposite direction to that caused by 
differential comminution. We have recently found that the 74001/2 core samples 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1978mcvl.conf..613B


1
9
7
8
m
c
v
l
.
c
o
n
f
.
.
6
1
3
B Major and trace element chemistry of Luna 24 samples from Mare Crisium 623 

have a small but significant Co depletion in the <20 µm fraction of the orange 
and black glass that make up this core (Blanchard and Budahn, 1978). Korotev 
noted a similar Co depletion in the <20 µm fraction of orange soil 7 4220 
(Korotev, 1976). 74001/2 has had very little surface exposure and has a totally 
homogeneous composition throughout the core, suggesting that the soil is a single 
component soil at least in the regions below about 5 cm. We have pointed out the 
possibility that differential comminution of glass and olivine crystals in the 
74001/2 core could explain the Co effect. However, the 74001/2 is a core of very 
special, unique soil which in many ways is not analogous to the Luna 24 core 
materials. Consequently, we conclude that the Ni-Co relationships in the size 
fractions of Luna 24 soils are best explained by addition of a fine-grained 
component with distinctly higher Ni and lower Co content than the bulk soil. 

5. The Luna 24 soils have bimodal size distributions (McKay et al., 1978) 
strongly suggesting at least two components-a fresh component with coarse 
mean grain size and a component with a more mature particle size distribution. 
However, these components do not necessarily have different compositions. 

6. Particle track densities of the plagioclase fragments show a bimodal 
distribution (Blanford and Wood, 1978). The component with which the high 
track density plagioclases are associated must have received extensive surface 
exposure, but the measurements of Is/FeO exposure index for the bulk soils are 
relatively low (19-39), indicative of a submature to immature soil (Morris, 
1978). These observations are consistent if a mature component with high track 
densities and high Is/FeO were mixed with a fresh, immature component with 
low track densities and low Is/FeO. 

7. There is petrographic evidence that some highland material is mixed with 
the otherwise predominantly basaltic materials which make up the major portion 
of the Luna 24 soils. Bence and Grove ( 1977) report finding less than 2% 
highland material. Basu et al. (1977) identified fragments of highland anortho-
site and gabbroic anorthosite amounting to ~1.5% of the total soil. Both groups 
report total absence of feldspathic basalts and KREEP basalts. 

8. The population of monomineralic fragments in the Luna 24 soils includes 
olivines that are far too Mg-rich to have been in equilibrium with the ferrobasalt 
fragments ( e.g., McKay et al., 1978; Taylor et al., 1977). McKay et al. (1978) 
argue that the distribution of monomineralic olivines among the grain size 
fractions suggests that the component which contributed these forsteritic olivines 
was coarse-grained; so coarse-grained that it is not represented as fragments in 
the Luna 24 fragment suite. 

There is evidence, therefore, that suggests that both mixing and differential 
comminution processes have been operative in the Luna 24 regolith, resulting in 
the observed compositional differences among size fractions. We believe that the 
evidence for mixing is undeniable and that mixing is primarily responsible for the 
observed compositions of the soils. However, differential comminution effects 
cannot be ruled out. Perhaps as more isotopic data become available, especially 
on the <20 µm size fractions, limits can be placed on the extents to which the two 
processes have participated to produce the observed effects. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1978mcvl.conf..613B


1
9
7
8
m
c
v
l
.
c
o
n
f
.
.
6
1
3
B 624 DOUGLAS P. BLANCHARD et al. 

on the <20 µm size fractions, limits can be placed on the extents to which the two 
processes have participated to produce the observed effects. 

Components for Mixing Calculations 
We have determined that it is necessary to have at least the following 

components to fulfill the requirements of the lines of evidence for mixing detailed 
above. 

1. A ferro basalt/ gab bro: This is the dominant rock type identified among the 
<250 µm fragments; its composition parallels that of the bulk soils more nearly 
than any of the other fragment types (except soil breccias and agglutinates, of 
course) and thus it is an obvious soil component. 

2. Noritic breccia: This component fulfills the requirements of having high 
REE abundances with LREE enrichment. It is probably predominantly mixed in 
as fine material, although we have identified a fragment of this composition 
among the >250 µm fragments. It is a well identified composition on the moon, 
especially at the Apollo 17 site. It is a highland material and probably accounts 
for most of the highland materials found in the Luna 24 regolith. With 180 ppm 
Ni and 20 ppm Co this component fulfills the requirement of a component with 
lower Co than the bulk soil, but does not have enough Ni to completely explain 
the Ni differences. 

3. Meteoritic component: Most assuredly, as in almost every lunar soil, some 
of this component exists. The noritic breccia also probably contains some 
meteoritic component, thus this component might more aptly be called additional 
meteoritic component. 

4. High-Mg mafic component: The need for this component is based largely 
on the anomalously high abundances of coarse monomineralic fragments of 
forsteritic olivine in the soils. These olivines are not equilibrium olivines with the 
ferrobasalt (McKay et al., 1978). We have attempted to estimate the major 
element composition of this very coarse-grained component by using the analysis 
of olivine vitrophyre by Taylor et al. (1977). Basu et al. (1977) have suggested 
that the olivine vitrophyre may be a volcanic or impact melted, nearly isochemi-
cal, equivalent of the inferred, very coarse-grained cumulate from which the 
anomalously high abundances of MgO-rich mineral fragments derived. Having 
no trace element data, we have arbitrarily set the trace element abundances equal 
to those of the average soil, thus in effect using only the major elements to 
calculate the proportions of this component in the soils. 

5. High-MgO basalt: The necessity for this component is probably the most 
weakly defined. We based our choice on two factors: ( 1) There are basalt 
fragments reported with 10% MgO suggesting, though not unequivocably (see 
Haskin, 1978), that there may be a high-MgO basalt present at the Luna 24 site; 
and (2) the relatively few samples of olivine vitrophyre that have been identified 
(e.g., Basu et al., 1977; Taylor et al., 1977) suggests that a more plentiful, high 
magnesium component may also be needed. 
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Results of Mixing Calculations 
We have calculated mixtures of the above components whose compositions are 

in Table 4 for the average <250 µm soil, and each of the 6 individual bulk soils. 
Fits were calculated using the elements and weighting factors listed in Table 4 
except for the size fractions where only the INAA elements were fit. The 
weighting factors were arbitrarily chosen to emphasize major and trace elements 
more or less evenly. The mixing program is an adaptation of a program used by 

Table 4. Compositions of components used in mixing calculations. 

High-Mg Ferro- Noritic 
Basalt Basalt Breccia 

SiO2 42.9 45.2 46.4 
TiO2 0.93 1.03 0.70 
Al2O3 12.7 12.4 20.6 
FeO 19.7 21.0 7.6 
MgO 10.2 7 .l 11.6 
CaO 11.7 12.3 11.6 
Na2O 0.26 0.25 0.66 
K2O 0.027 0.016 0.2 

. Cr2O3 0.39 0.28 0.18 
Sc 41 46 13.3 
Co 53 40 20.2 
Ni 365 60 180 
La 2.48 1.6 24.9 
Sm 1.70 1.35 12.1 
Eu 0.61 0.69 1.74 
Tb 0.38 0.29 2.9 
Yb 1.63 1.17 9.7 

Ferrobasalt-Major element composition is average of: 
24077,62; 24174,7; and 24182,12 (Laul, 1977) 

High-Mg 
Mafic 

44.2 
0.62 
7.7 

21.6 
18.2 
7.0 
0.15 
0.05 
0.53 

43.1 
51 

140 
2.88 
1.93 
0.63 
0.49 
1.8 

24077,63; 24109,76; 24109,78; and 24149,29 (Ma et al., 1977) 

Meteorite 

23.1 
0.08 
1.78 

22.0 
15.6 

1.51 
0.69 
0.07 
0.36 
5.1 

520 
10,000 

0.33 
0.18 
0.069 
0.047 
0.20 

24109,51; 24109,52; 24077,41; and 24182,25 (Vaniman and Papike, 1977) 
-Trace element composition is average of: 

24077,62 and 24182,12 (Laul, 1977) 
24077,63; 24109,76; and 24149,29 (Ma et al., 1977) 

High Mg Basalt-Major and trace element data is average of: 
24077,4 and 24210,50 (Laul, 1977) 
24077,81 and 24149,61 (Ma et al., 1977) 
24077,12 (this work) 

Noritic Breccia-

Relative 
Weight 

0.001 
0.2 
1.0 
1.0 
1.0 
1.0 
0.2 
0.2 
0.2 
1.0 
0.5 
0.5 
0.5 
1.0 
0.5 
0.001 
0.5 

Major element data is taken from the average matrix of 73215 (Blanchard et al., 1976). 
Trace element data from 24077,17 (this work). 

High-Mg Mafic-
Major element composition from Taylor et al. (1977). 
Trace element data arbitrarily set equal to average Luna 24 soil (Table 1) see text. 

Meteorite-
Major elements from Goles et al. (1971) and Schonfeld and Meyer (1972). 
Trace elements from Haskin et al. ( 1968). 
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the JSC Earth Resources Observation Lab.; the program constrains the compo-
nents to remain positive. 

Our intent was not to calculate the definitive combination of components for 
each soil, but rather to test the reasonableness of the components which, on other 
grounds, we have defined as necessary. The results of the calculations are given in 
Table 5. The calculated vs. observed composition of the average bulk soil is given 
in Table 6 as an example of the typical match between observed and calculated 
compositions; generally, the calculated compositions closely matched the 
observed. 

Since the proportions of ferrogabbro to high-Mg basalt were hypersensitive to 
small changes in the weighting parameters or small differences in observed 
compositions, we conclude there is little or no significance to the ratio of the two 

Table 5. Results of mixing calculations on bulk ( <250 µm) samples of soil. 

Ferro- High-Mg Noritic High-Mg 
Basalt Basalt Breccia Mafic Meteorite 

24077 50 29 3 18 0 
24109 30 51 2 17 0 
24149 64 7 1 28 0 
24174 57 17 2 24 0 
24182 66 3 4 27 0 
24210 No Suitable Fit Calculated 
Avg. Soil 52 20 2 25 

Table 6. Typical result of mixing calculations 
for average soil. 

Calculated Observed 

SiO2 45.0 45.4 
TiO2 0.9 1.1 
Al2O3 11.5 11.1 
FeO 20.7 20.5 
MgO 10.7 10.2 
CaO 11.0 10.9 
Na2O 0.24 0.28 
K2O 0.025 0.030 
Cr2O3 0.37 0.52 
Sc 43.8 43.1 
Co 45.2 51.0 
Ni 145 140 
La 2.63 2.88 
Sm 1.82 1.93 
Eu 0.64 0.63 
Yb 1.65 1.80 
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basaltic components. Probably the more significant observation about the mixing 
results is that the totals of the basaltic components (Ferrobasalt + High Mg 
Basalt) are more or less the same (69-81%) for all the soils. Mixing calculations 
using only the INAA suite of elements indicate that, if there are two basaltic 
components as we have suggested, the finest fraction of the soils is much enriched 
in the High Mg Basalt. The significance of this observation based on a limited 
number of elements will be more easily assessed when MgO data for the <20 µm 
fraction becomes available. 

The proportion of noritic breccia component ranges from 1 to 4% in the bulk 
soils. The proportion of this component was not nearly as sensitive to parameter 
changes in the mixing model as were the basalt components. Clearly the high 
REE abundances of this component determine its proportion rather firmly. 
Mixing calculations on size fractions not surprisingly suggest that noritic breccia 
was concentrated in the <20 µm fraction. Arguments about differential commin-
ution aside, this suggests that the noritic breccia entered these soil samples 
predominantly as very fine material. 

The proportion of our high-Mg mafic component remains relatively constant 
among the soils. Remembering that the trace element composition is arbitrarily 
assigned so as to minimize its effect in the calculations, the fit most certainly 
depends primarily on the MgO difference between the basalts and the soils. Basu 
et al. (1977) has observed that monomineralic fragments account for 50% or 
more of the soils. Thus both petrographic and mixing model evidence would 
predict a rather sizable proportion of this coarse-grained component in the 
soils. 

Interestingly there was no apparent requirement for additional meteoritic 
component in any of the mixes. This is consistent with the argument that the 
Luna 24 regolith has not been substantially reworked since its emplacement. 
Whatever meteoritic component may be present in the soils was most probably 
carried in as part of the noritic breccia. Mixing data on the size fractions require 
no meteoritic component either, even for the <20 µm fractions, thus re-enforcing 
our argument for mixing given above. 

No mixing calculation adequately described the composition of 24210. This 
soil has higher FeO and MgO and lower AliO3 than the other soils. As noted 
previously, the major element analysis by AAS of this soil may be somewhat less 
precise than the others because of the small sample size (3.51 mg). INAA results 
indicate that 24210 may be very slightly enriched in mafic component (slightly 
higher FeO, Sc and Co); however, these enrichments are so slight that we ascribe 
the inability to obtain a reasonable fit for this soil to the uncertainties in the 
major element analysis, especially for AliO3 and SiO2• 

CONCLUDING DISCUSSION 

The Luna 24 regolith contains compositional evidence for a history of mixing 
of several components. The soils are well mixed (i.e., have nearly the homoge-
neous bulk compositions) throughout the length of the core tube yet the size 
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fractions of each of the soils have quite dissimilar compositions. On this and other 
grounds we conclude that, since emplacement the regolith has not been exten-
sively reworked; reworking would tend to homogenize the elemental distribution 
among grain size fractions. Most of the properties of the regolith which are 
indicative of reworking (surface maturity) have been inherited from one or more 
of the components in the soil. 

The observed elemental distributions as a function of grain-size are due in part 
to admixture of noritic breccia component preferentially to the finest fractions 
and in part to differential comminution of one or more of the other components 
of the soil. We note that either the very coarse-grained rock component (whose 
composition is estimated in mixing calculations by the high-Mg mafic compo-
nent) and/or the observed ferrobasalt rock type could be a candidate for the 
object of this inferred differential comminution. At present there is too little data 
on size fractions and exact compositions of local basalts to estimate the extent to 
which each of these effects has contributed to the elemental distribution among 
grain sizes. 

Other than the small percentage of noritic breccia in the Luna 24 regolith we 
see no evidence for any other component that is clearly foreign to the Luna 24 
site. The small percentage of noritic breccia does contribute significantly to the 
REE of the bulk soil, but has only insignificant effect on the major element 
composition. Among the other probable components, we have identified the 
ferrobasalt composition and one or more components with higher MgO contents. 
Mixing results do not definitively identify the high-MgO component. There is 
evidence from the petrographic analysis of mineral grains that there is probably a 
very coarse-grained component with very foresterictic olivine contributing to the 
regolith. Whether this coarse-grained component, which is not represented 
among the fragments in the soil, can wholly account for the "excess" MgO in the 
soils or whether there is an additional high-MgO basalt is problematical. 
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