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Abstract--Data on the major element composition of glasses in Apollo 11, 12, and 14 and Luna 16 soils 
have been classified into groupings of preferred compositions by cluster analysis techniques. These pre-
ferred compositions are interpreted as being representative of the composition of rock types contributing 
to the various soils. 

Nonmare rock types are characterized by high weight percent Al2O 3 (> 14), low FeO ( < 14), low 
Cr2 O 3 ( <0.2) and low CaO/Al2O 3 ( <0.7). Two major nonmare rock type: are recognized. Fra Mauro 
basalts (KREEP) predominate at the Apollo 14 site, are abundant in some Apollo 12 soils, but are un-
common in the Apollo 11 and Luna 16 soils. Highland basalt, or anorthositic gabbro, is abundant at all 
four sites and is interpreted as a major rock type in the lunar highlands. 

Apollo 11 and 12 basalts are higher in Fe, Cr and Ca/Al, and lower in Al than the Luna 16 basalts. 
Ilmenite pyroxenites form a minor group at each mare site. Mare basalts probably are partial melts of a 
pyroxenitic mantle whereas Highland basalts and possibly Fra Mauro basalts originate from a shallower, 
more aluminous source region. The outer regions of the moon apparently are heterogeneous and layered, 
with a Ca-, Al-rich feldspathic crust overlying a more mafic pyroxenitic mantle at depth. 

INTRODUCTION 
THE BUILDING BLOCKS required to construct models of the petrologic evolution of 
the moon are the rock types discernible in the lunar samples. In order to define these 
rock types, evidence from soils, breccias and igneous rocks must be combined. The 
advantage in studying well-mixed soils is that they contain (1) locally derived materials 
that may be more representative of a specific area of the moon than the few large 
rock samples that can be returned, and (2) material derived from more distant 
sources. Much of the material present in the lunar soils has been so altered by breccia-
tion, mixing, recrystallization, and deformation that the nature of the parent rocks is 
difficult to decipher. Two types of material, lithic fragments and glasses, provide 
clues to the compositions of these parent rocks. Lithic fragments of primary igneous 
character offer the most direct evidence, but not all of the contributing rock types 
are present as primary igneous fragments. Rock fragments are transported from 
distant sources by major impacts that may destroy the original texture and phase 
chemistry. Thus lithic fragment studies must include non-igneous fragments, many 
of which may be mixed rocks derived from more than one parent rock. To characterize 
such lithic fragments properly requires a large number of very time-consuming 
analyses (e.g., Prinz et al., 1971). 

We have attempted to study the rock types contributing to the lunar soils by 
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analyzing glasses and using glass compositions as a guide to the composition of these 
rocks. Melting of the parent rock tends to homogenize the material so that analysis 
of a small amount of glass may be used to infer the composition of a heterogeneous 
crystalline rock. Several objections can be raised to the assumption that glass com-
positions represent the composition of the parent rocks from which the glasses are 
derived. In small impacts, the portion of the parent rock melted may not be represen-
tative of the bulk rock composition An extreme case would be the production of 
glass by melting a single mineral constituent in the parent rock. This factor undoubt-
edly contributes to the spread of compositions that we find in glass analyses. However, 
it should be noted that, with the exception of feldspar grains rendered isotropic by 
shock effects (maskelynite), we have not found any monomineralic glasses. A second 
major problem is that glasses form not only from primary rocks but from secondary 
mixed rocks such as breccias and soils. This factor must also contribute to the spread 
in composition found in the lunar soil glasses. In addition we must consider the 
possibility that the glass-forming process causes fractionation so that the glass does 
not have the same composition as the parent. Of the elements considered here, only 
the alkalis appear likely to be affected by high temperature fractionation (Gibson 
and Hubbard, 1972). 

The practical advantage of studying glasses is that they can be analyzed much 
more rapidly than lithic fragments so that a large number of analyses can be accumu-
lated in a relatively short time. We believe that because of the factors outlined above, 
no single glass analysis can be taken as representative of the composition of the 
parent rock. However, if a sufficiently large number of glass analyses are considered, 
preferred compositions can be distinguished. Such preferred compositions, we 
believe, provide the best guide to the composition of the parent rocks from which the 
glasses are derived. Various factors in the glass-making process contribute towards 
scatter in the analytical data, but by considering a sufficiently large number of 
analyses we hope to deduce the parent rock compositions. 

In this paper we summarize the data, using the above approach, on two Apollo 
14 soils (Apollo Soil Survey, 1971; Reid et al., 1972a) and Luna 16 soils (Jakes et al., 
1972). In addition, glass data from several authors (Warner, 1972) are summarized 
for the Apollo 11 and 12 soils. The data are interpreted in terms of the major rock 
compositions contributing to the soils at each site. 

For each site, the glasses that have compositions like the mare basalts are discussed 
separately from those with compositions indicating a nonmare origin. Different 
mare-type glass groups at each site are given a letter code (e.g. Tranquillitatis A, 
Tranquillitatis B). Two major nonmare types are recognized: (I) Fra Mauro basaltic 
glasses (KREEP) that are characteristic of the Apollo 14 site and (2) Highland 
basaltic glasses that are common at all four sites. 

METHODS 

All analyses were made with the electron microprobe as reported in Apollo Soil Survey (1971, 1972). 
The actual analyses for the Apollo 14 soils are given in Brown et al. (1971a) and Reid et al. (1971a), and 
for the Luna 16 soils in Brown et al. (1971 b). Various binary plots and histograms were studied in order to 
establish a classification based on natural breaks or minima between preferred groups. For each group, 
averages were calculated and checked against plotted data to establish preferred compositions. In order to 
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minimize subjectivity, the data were regrouped by using a cluster analysis procedure to determine the 
groupings. The two approaches yield very similar groupings. In the following discussion, data from the 
cluster analysis treatment are used and average glass compositions may thus differ in detail from the 
averages published elsewhere. 

The cluster analysis method starts with an input set of cluster centers and improves on that set in an 
iterative manner. During each interation, new clusters may be defined and existing clusters may be com-
bined, if certain input test values are exceeded. The N parameters used (Ca, Fe, Mg, Si, Ti, Al, K, and Na) 
are not weighted. They are normalized by dividing each value by the standard deviation of the appropriate 
parameter, i.e. the standard deviations of the normalized values are all 1.0. Distance measures are calculated 
using an N-dimensional Euclidian distance formula. Each interation consists of 10 steps: 

1. Assign each point to one of the current clusters by minimizing the distance calculation. 
2. For each cluster, calculate (a) cluster mean, (b) average distance from the cluster mean to each point 

in that cluster, (c) standard deviation of each N parameter. Report mean, average distance, and the maxi-
mum standard deviation. 

3. If this is the final pass, report the cluster assignment for each data point and stop. 
4. Test each cluster for splitting; split a cluster if the average distance is greater than the input value 

TEST-I and the maximum standard deviation is greater than the input value TEST-2. 
5. If a cluster is to be split, (a) find the parameter n that displays the maximum standard deviation, 

(b) define new cluster 1 that has values of all parameters equal to the old values except that parameter n 
has a value of old value plus input value TEST-3, (c) define new cluster 2 as with cluster 1 except that 
parameter n has a value of old value minus TEST-3. 

6. Assign each data point to one of the current clusters as in step 1. 
7. If any cluster has 2 or fewer points, eliminate that cluster. 
8. For each cluster, calculate and report as in step 2. 
9. Test each cluster with every other cluster for combining; combine two clusters if the distance between 

the cluster mean is less than the input value TEST-4. 
10. Combine old clusters to be combined into a new cluster, calculate new cluster mean, and delete old 

clusters. 
The same results are achieved by starting with random input cluster centers and iterating 50 times, or 

by starting with a standard set of estimated input cluster centers and iterating 20 times. In practice, the 
latter procedure was used. The technique is similar to that described by Ball and Hall (1967). This approach 
yields major groupings and several minor groups. Some of the minor groups have been combined where 
their unique composition marks them as a separate but somewhat variable group. Thus all the high-silica 
glasses have been combined into a single "granite" group despite the fact that the range of compositions 
in the high-silica group causes the cluster analysis routine to divide this group into several clusters. 

PREFERRED GLASS COMPOSITIONS IN LUNAR SOILS 

Apollo 11 
The Apollo 11 data considered here are culled from the literature (Warner, 1972). 

Not all of the data are from random analyses of glasses in the soil and thus the pro-
portions of the various glass types given in Table I are only very crude estimates of 
relative abundance. 

Table 1. Chemical compositions of glass types in the Apollo 11 soils (wt;;:). 

SiO 2 Ti02 Al 2 O3 FeO MgO CaO Na2 O K 2 0 Approximate abundances 

Tranquillitatis A 40.2 7.2 13.2 16.5 8.5 12.0 0.3 0.10 40 
Tranquillitatis B 39.1 8.7 6.2 23.2 14.3 7.6 0.3 0.08 19 
Tranquillitatis C 45.0 3.0 16.9 12.3 9.2 12.1 0.7 0.13 2 
Highland basalt 44.6 0.9 24.4 6.6 8.5 14.5 0.3 0.05 21 
Anorthositic 45.2 0.2 32.1 1.9 2.3 17.1 0.8 0.03 6 
Fra Mauro basalt 50.4 2.5 17.2 10.5 6.0 10.1 1.1 0.87 5 
Granitic 75.6 0.5 12.0 2.2 0.3 1.9 0.4 6.1 7 
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Mare-type glasses. The Mare Tranquillitatis soils are very complex and do not show 
such well-defined groupings, on binary plots, as do the Fra Mauro soils (Fig. 1). 
The majority of the glasses have compositions like mare basalts, i.e. high in Fe and 
Ti, low in Al and K. Few glasses in the soil correspond in composition to the large 
samples of mare basalt from the Apollo 11 mission. The high iron, mare-type glasses 
split into two clusters. The larger cluster, Tranquillitatis basalt A, is a large very 
diffuse group that in comparison with the Apollo 11 mare basalts is richer in Al and 
poorer in Fe (Fig. 1). The composition and the large amount of scatter in the analyses 
suggest that these glasses may be mixtures of mare basalts and more aluminous 
material such as the Highland basalt glasses (described below). The Ti content of 
the glasses is, however, too high to be compatible with such simple mixing. The 
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Fig. 1. Plots of (a) FeO versus Al 20 3 , (b) CaO versus Al2 0 3 and (c) FeO versus MgO for 
glasses in Apollo 11 soils. Open circles represent the compositions of Apollo 11 mare basalts. 

367 

group may represent a very complex mixture, such as would be generated by melting 
of the Apollo 11 soil. Bulk analyses of the soil are consistent with this hypothesis. 
We are then left with the problem of explaining the near absence, in the soil, of glasses 
that have the composition of the larger igneous rocks. A third possibility is that the 
large Apollo 11 igneous rocks are not representative of average Mare Tranquillitatis 
basalt. The present sampling coverage allows the possibility that many basalts in the 
region are lower in Fe and Ti and higher in Al than the large basalt samples. The 
origin of Tranquillitatis basalt A glasses remains unknown in view of the very large 
scatter in the data. Absence of strongly preferred compositions may indicate extensive 
mixing in a mature soil. 

The second mare-basalt glass group (Tranquillitatis B) fornis a much tighter 
grouping with very high Fe and Ti, and low Al. The grouping of glasses around a 
specific composition (Fig. 1) suggests that these glasses formed by total 1uelting of a 
single rock unit. No large crystalline rocks of this composition have been,_recovered. 
Tranquillitatis B glasses commonly have a distinctive -red-brown color. Several 
workers have analyzed glasses from this Ti-rich group: Prinz et al. (1972)-discuss the 
glasses and report that no lithic fragments of comparable composition were found. 
Glasses of similar composition occur in less abundance in the Apollo 12, Apollo 14, 
and Luna 16 soils. The composition (Table 1) corresponds to that of an ilmenite 
pyroxenite with 46% pyroxene, 19% ilmenite, 17% plagioclase feldspar and 16% 
olivine. The composition resembles·the Apollo 11, low-K basalts but has higher Fe 
and Mg, and lower Al. Compared with.the mare basalts,· the source rock would be 
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expected to contain less feldspar and be very rich in pyroxene, olivine and ilmenite. 
The higher Mg/Fe ratio is consistent with formation of ilmenite pyroxenite as a 
cumulate. 

A third glass group, Tranquillitatis C, has lower Fe and higher Al than the other 
mare-type glasses. This small group is not an obvious preferred composition, in plots 
of the data, and may not be representative of a parent rock composition. The com-
position is similar to that of Fra Mauro basalt (KREEP) but with a lower K content. 
Nonmare glasses. The major nonmare glass type is a well-defined group with higher 
Al and Ca, and lower Fe, Mg and Ti than mare-type glasses. The average composition 
corresponds to a rock with 70% plagioclase, 20% pyroxene, 9% olivine, and 1 % 
ilmenite. These glasses constitute a major group at each site, where they outweigh 
the more anorthositic glasses in abundance. The average composition is essentially 
the same in Mare Tranquillitatis, Oceanus Procellarum, Fra Mauro, and Mare 
Fecunditatis. The presence of the same nonmare component at each site suggests that 
it is derived from a parent rock that predominates in the lunar highlands (Reid et al., 
1972b). The parent rock may be a fine-grained basalt (Highland basalt, Reid et al., 
1972b) formed by partial or total melting of an extremely aluminous source (Al20 3 , 

25 wt% or higher) or may be an anorthositic gabbro cumulate from a high-alumina 
basalt parent. 

A less abundant but more aluminous group includes glasses that are composition-
ally equivalent to gabbroic anorthosite and anorthosite. These glasses probably 
derive from highly feldspathic cumulates. Some portion of the anorthositic glasses 
(normative feldspar greater than approximately 95%) probably are feldspar grains 
melted or rendered isotropic by shock processes. 

A small number of glasses in the Apollo 11 soil have compositions similar to the 
dominant glass compositions at the Apollo 14 site and are thus Fra Mauro or KREEP 
basaltic glasses. This group is characterized by high Al and K, and low Fe and Mg. 
Higher K values provide the major discriminant of the group but the entire major 
element chemistry is very similar to Fra Mauro basaltic glasses (Apollo Soil Survey, 
1971) suggesting that there is a minor component of Fra Mauro material in the Mare 
Tranquillitatis regolith. 

The remaining glass group encompasses the high-silica glasses that are rich in 
Si, Al, K and Ba, low in Fe, Ca, Mg, and have high Fe/Mg ratios. The individual 
glasses have a wide range of compositions but the average high-silica glass from each 
site is remarkably similar. The dangers involved in using non-random data from the 
literature and calculating abundances is well-illustrated by the high calculated 
abundance of "granitic" glasses in the Apollo 11 soils (Table 1). 

Two possible sources can be proposed for these high-silica, "granitic" glasses. 
They may be derived from the late-stage residual liquids shown to form in the crystal-
lization oflunar basalts (e.g. Roedder and Weiblen, 1970). Alternatively, they may be 
derived from "granitic" source rocks. Some of these glasses are homogeneous, 
inclusion-free grains probably that formed by total melting of a pre-existing "granitic" 
parent rock. The existence of separate "granitic" bodies of small size is evidenced by 
the work on rock 12013 (e.g. Drake et al., 1971) or by the presence of "granitic" 
lithic fragments in the soil (e.g. Mason et al., 1971; Meyer, 1972). There does not 
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appear to be any direct evidence from the returned lunar samples for the presence at 
the lunar surface of extensive bodies of "-granitic" rock. 

Apollo 12 

The discussion here is based on glass data from the literature (Warner, 1972). 
The data show large variations in the constitution of different Apollo 12 soils. For 
example, the proportions of Fra Mauro-type material (KREEP) vary widely for 
different soils ( e.g. Meyer et al., 1971 ). The data base used in this work is an indiscrim-
inant mixture of analyses from several soil samples. These data are not extensive 
enough to provide a thorough insight into the glass chemistry of the various soils. 
Mare-type glasses. The major glass grouping, Procellarum basalt A (Fig. 2), con-
trasts in composition with the average Apollo 12 igneous rock, being higher in Al 
and lower in Fe and Mg (Table 2). The relationship between the major glass type and 
the large igneous rocks is analogous to the relationship at the Apollo 11 site and the 
discussion need not be repeated here. Compared to the Apollo 11 glasses, this group 
has higher Si and Mg, and much lower Ti. 

As in the Apollo 11 soils, there is a small, distinctive group of glasses, Procellarum 
basalt B, with compositions resembling Ti-rich mare basalts. This group resembles 
Tranquillitatis B in composition (Tables 1 and 2) but has higher Al and lower Fe and 
Mg. These glasses may be derived from an ultramafic mare rock. 
Nonmare glasses. The major nonmare contribution to the Apollo 12 soils is material 
of the type that predominates at the Fra Mauro site (Fra Mauro basalt or KREEP). 
The equivalent glasses have a distinctive composition (e.g. Meyer et al., 1971) with 
high Al and K, and low Fe in comparison with mare-type glasses (Table 3). These 
glasses are similar to those found at the Fra Mauro site (Apollo Soil Survey, 1971). 

Highly aluminous glasses occur in the Apollo 12 soil and a single group is dis-
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Fig. 2. Plots of (a) FeO versus Al2 O3 , (b) CaO versus Al2 O 3 and (c) FeO versus MgO for 
glasses in Apollo 12 soils. 
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Table 2. Chemical compositions of glass types in the Apollo 12 soil (wto/ci). 

SiO 2 Ti0 2 Al 2 O 3 FeO MgO CaO Na2 O K 2 0 Approximate abundances 

Procellarum A 43.7 3.3 13.2 16.5 9.9 11.1 0.2 0.16 53 
Procellarum B 41.1 9.9 9.6 14.4 8.9 9.8 0.1 0.02 4.5 
Highland basalt 43.9 0.4 26.2 4.9 8.9 15.0 0.2 0.04 16 
Fra Mauro basalt 48.5 2.2 15.2 11.7 8.4 10.7 0.7 0.78 25 
Granitic 76.l 0.6 12.0 3.1 0.1 1.5 0.2 6.6 1.5 

Table 3. Chemical compositions of glass types in the Apollo 14 soil (wt;~). 

SiO 2 TiO 2 Al 2 O 3 FeO MgO CaO Na2O K 2 0 Approximate abundances 

Fra Mauro basalt 48.0 2.1 17.0 10.9 8.7 10.7 0.7 0.54 60 
Highland basalt A 45.3 0.4 25.8 5.6 7.9 14.8 0.2 0.07 29 
Highland basalt B 48.7 0.3 28.5 3.0 2.1 15.0 1.4 0.81 I 
Anorthositic 38.0 0.2 34.5 1.2 5.6 20.4 0.0 0.0 <l 
Granitic 71.5 0.4 14.25 1.8 0.7 2.0 0.9 6.5 1 
Mare-type 45.4 2.7 9.6 18.4 12.9 9.4 0.4 .23 8 
Mare-type 41.2 8.3 10.5 16.4 11.8 10.6 1.1 .66 1 

tinguished. The average composition of this group is that of Highland basalt (anortho-
sitic gabbro) with 26 wt% Al2 O 3 . This composition is essentially the same as at other 
sites. True anorthosite or gabbroic anorthosite compositions are very rare at the 
Apollo 12 site. "Granitic" glasses have been reported in minor amounts. 

Apollo 14 

Some 500 glasses have been analysed (Fig. 3) in two Apollo 14 soils, 14259 and 
14156. The resultant glass groupings, almost identical for the two soils, are reported 
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Fig. 3. Plots of (a) FeO versus Al 2 O 3 , (b) CaO versus Al2 O 3 and (c) FeO versus MgO for 
glasses in Apollo 14 soils. Circle and hexagon represent the composition of rock 14310. 

and discussed in detail elsewhere (Apollo Soil Survey, 1971, 1972; Reid et al., 1972a). 
Nonmare glasses. The major glass type, Fra Mauro basaltic glass or KREEP, has 
higher Al and K, and lower Fe than mare basalt and resembles terrestrial tholeiites in 
major element composition (Table 3). Three subgroups with different MgO contents 
(Types B, C and D) can be distinguished (Table 4). The Apollo Soil Survey (1971) 
suggested that Fra Mauro basalts and anorthositic gabbro (Highland basalt) might 
be complimentary differentiates from a magma with the composition of rock 14310. 
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Table 4. Chemical compositions of Fra Mauro basaltic glasses 
(wt~,~) 

TYPE B TYPE C TYPED 

Si0 2 47.3 48.2 51.6 
TiO 2 1.9 2.2 1.8 
Al 2 O 3 17.0 17.1 16.9 
FeO 10.6 10.5 11.0 
MgO 10.2 7.6 4.7 
CaO 10.5 10.9 10.9 
Na2 O 0.6 0.8 0.8 
K 2 0 0.5 0.6 0.8 
TOTAL 98.6 97.9 97.9 

Relative abundance 47.3 48.2 4.5 

Later work (e.g. Ridley et al., 1972) has shown that 14310 probably does not represent 
a primary magma composition. Also it has become apparent that Highland basalt is 
abundant in Apollo 11, 12 and 14 and Luna 16 soils, whereas Fra Mauro basalt is 
abundant only in the Apollo 12 and 14 soils. These data are inconsistent with the 
complimentary differentiate hypothesis and the parents of these two glass types are 
probably not related by a simple one-stage process. The experimental data of Walker 
et al. (1972) and the very high concentrations of certain trace elements in Fra Mauro 
basalts (e.g. Hubbard and Gast, 1971) indicate that they are highly fractionated 
compositions. Such compositions could arise as residues from extensive crystal-
liquid fractionation or as liquids formed from a small degree of partial melting. The 
Cr content of Fra Mauro basalts (Type B, 0.16 weight percent Cr 2 0 3 ; Reid et al., 
1972a) may be inconsistent with an origin involving extensive crystal-liquid fraction-
ation (Hubbard and Gast, 1971). Some fractionation of this type probably has 
occurred, however, and Types B, C and D may represent the composition of successive 
residual liquids produced by crystal-liquid fractionation (Walker et al., 1972). 

The second largest glass grouping (30% of the glasses) have Highland basalt 
(anorthositic gab bro) compositions, essentially the same as at other sites. A subgroup 
comprises very few glasses with a similar major element chemistry but higher K. 
There is thus some indication that there may be two types of highly feldspathic 
material, with different Kand REE contents, as suggested by Hubbard et al. (1972). 
The higher K feldspathic rocks may be cumulates from Fra Mauro (KREEP) basalt. 
The much more abundant, low K, Highland basalts have a separate origin. Anortho-
sitic and gabbroic anorthosite glasses form a much smaller group than the Highland 
basalts. High-silica glasses are present but also rare. Their abundance is high relative 
to mare-derived glasses, indicating a nonmare origin. These non-mare "granites,, 
have very similar average composition to the "granite" glasses in mare soils. 
Mare type glasses. A portion of the Apollo 14 glasses have high Fe and low Al, and 
closely resemble mare glasses. These glasses are probably mare-derived and in average 
composition they resemble Oceanus Procellarum soil glasses. The group is com-
positionally diffuse and contains a few high-Ti glasses similar to Tranquillitatis B. 
Mixed glasses intermediate between mare-type and Fra Mauro type can be recog-
nized. 

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

http://adsabs.harvard.edu/abs/1972LPSC....3..363R


1
9
7
2
L
P
S
C
.
.
.
.
3
.
.
3
6
3
R

374 ARCH M. REID, JEFF WARNER, W. I. RIDLEY, DENNIS A. JOHNSTON et al. 

Luna 16 

The Luna 16 soils from Mare Fecunditatis have been studied intensively (e.g. 
Jakes et al., 1972). The major glass group, Fecunditatis basalt A (Fig. 4), has an 
average composition that resembles mare basalts (Table 5). Fe is lower, however, 
and Al substantially higher than in Apollo 11 and 12 mare basalts. There is thus 
indirect evidence that the major basalt type in Mare Fecunditatis is a mare basalt 
with less Fe and more Al than the other known mare basalts. Again, a minor Ti-rich 
composition is present in the glasses. Five percent of the glasses are rich in Fe and Ti 
(Fecunditatis B) and resemble Tranquillitatis B compositions. 

Cluster analysis yielded a third glass group that was included within Fecunditatis 
A in the paper by Jakes et al. (1972). This group, Fecunditatis C, has the composition 
of a high-alumina basalt with 21 wt% Al2 O 3 and only 10% FeO (Table 5). The com-
position is similar to that of Fra Mauro basalt (KREEP) but without the higher K 
content. The status of this group is uncertain in that it is not a strongly preferred 
composition and these glasses may represent mixtures of Fecunditatis A and Highland 
basalt. If indeed they do derive from a single rock type, then this composition would 
be an important component in constructing petrologic models of lunar evolution. 

As at the other sites, Highland basalt is an important glass type (16%) and more 
abundant than the more anorthositic glasses (6%). Fra Mauro basalt glass is not 
abundant (less than 2%) and "granitic" glasses are rare (less than 1 %). 
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Table 5. Chemical compositions of glass types in the Luna 16 soil (wt'~;,). 

SiO 2 TiO2 Al2 O 3 FeO MgO CaO Na 2 O K 2 O Approximate abundances 

Fecunditatis A 44.1 3.0 15.9 14.9 9.1 11.8 0.3 0.09 52.5 
Fecunditatis B 41.6 6.9 12.2 18.5 7.7 11.0 0.4 0.16 5 
Fecunditatis C 46.0 1.0 20.7 9.8 8.8 13.0 0.4 0.12 17 
Highland basalt 45.0 0.3 26.6 5.3 8.2 14.9 0.1 0.02 16.5 
Anorthositic 43.6 0.1 35.0 1.0 1.4 18.9 0.4 0.14 6.5 
Fra Mauro basalt 46.8 1.9 14.5 14.3 7.3 12.4 0.3 0.88 1.5 
Granitic 77.6 n.d. 11.3 1.4 n.d. 1.0 0.5 6.3 <l 

SUMMARY OF ROCK TYPES DEDUCED FROM GLASS ANALYSES 

The major element characteristics of the lunar glasses can be seen in Figs. 1 to 4 
and in the Tables 1 to 5. Over the entire range of glasses, Fe and Al vary more than any 
other major elements, but a striking feature is the near constancy (with the exception 
of the "granitic" glasses) of Fe plus Al. In part in this trend there is a mixing line 
between Fe-rich, Al-poor mare rocks and Fe-poor, Al-rich nonmare rocks. The 
major glass types also have very similar Mg contents, the exceptions being the 
anorthosites, gabbroic anorthosites, "granites", and a few high-Mg mare glasses. Si 
values are also similar for all the glasses except for the "granites" and the Ti-rich 
glasses. 

Mare types 

Three mare sites have been studied and in each case the glasses in the soil are 
dominated by a single, diffuse glass group. The compositions of these groups (tran-
quillitatis A, Procellarum A, Fecunditatis A) are characteristic for each mare site and 
do not match the compositions of the larger igneous rock samples from these sites. 
Either the larger rock samples are not representative of the regional mare basalt 
population, or the glasses represent mixtures of various components in the mare 
regolith (J.B. Reid et al., 1972). Some mixing of materials in the thoroughly reworked, 
mature soils undoubtedly has occurred. Nevertheless, the mare-basalt component is 
substantial and the unique chemical characteristics of the different mare are reflected 
in the glasses. Mare-type glasses are a minor component in the Apollo 14 soils and 
resemble Apollo 12 basaltic glasses. 

At each site there is a distinctive group of Ti-rich glasses that are Fe-rich and Al-
poor, and correspond in composition to ilmenite pyroxenites. They may in part 
represent cumulates from mare-basalt liquids. 

Mare basalts are characterized by high Fe, Cr and Ca/Al, and low Al, in com-
parison with the non-mare samples. These "mare" characteristics become increasingly 
prominent in the sequence Luna 16 Apollo 11 Apollo 12 Apollo 15 (Reid 
et al., 1971b). Luna 16 basalts have some characteristics, such as Al content, that are 
intermediate between nonmare and the other mare samples. Mare basalts appear to 
have formed at depth by partial melting of a dominantly pyroxenitic mantle (Ring-
wood, 1970). 

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

http://adsabs.harvard.edu/abs/1972LPSC....3..363R


1
9
7
2
L
P
S
C
.
.
.
.
3
.
.
3
6
3
R

The major element compositions of lunar rocks 377 

N onmare types 

The nature of the nonmare lunar rocks can be determined from a study of the one 
nonmare site (Apollo 14) and from a study of the exotic fragments in the mare soils. 
Nonmare samples are characterized by high Al (Al2 O 3 > 14%), low Fe (FeO < 14%), 
low Cr( Cr2 O 3 < 0.2%; Reid et al., 1972a, b), and low Ca/Al (CaO/Al2 O3 < 0.7). 
Two major types of nonmare material are recognized in mare soils and at the Apollo 
14 site. Fra Mauro basalts predominate at the Apollo 14 site, are prominent at the 
Apollo 12 site, but are rare in the Apollo 11 and Luna 16 soils. The other nonmare 
component is present in significant amounts in soils at all four sites and has essentially 
the same composition (anorthositic gabbro) at each site. These data are consistent 
with this component being derived from the lunar highlands and we have called it 
Highland basalt. In comparison, glasses with gabbroic anorthosite and anorthosite 
compositions are much less abundant. If, as seems probable, there is a highland-
derived component common to all four sites, the best candidate for this component 
is the Highland basalt. There are some indications in both Luna 16 and Apollo 11 
soils of the existence of high-alumina basalts similar to Fra Mauro basalts, but 
lacking their high K contents. 

The highly feldspathic composition and the high Mg/Fe ratio of Highland basalt 
is suggestive of a cumulative origin. Whether Highland basalts are cumulates or not, 
they apparently are derived from source material that is more aluminous, more 
feldspathic, and at a shallower depth than the source material for mare basalts (Reid 
et al., 1972b). Fra Mauro basalts have compositions that lie near the cotectic in the 
system silica-olivine-anorthite (Walker et al., 1972). According to Ford et al. (1972), 
feldspar is the liquidus phase for Types B, C, and D. Feldspar-rich cumulates from 
Fra Mauro basalts do occur (Hubbard et al., 1972; Apollo Soil Survey, 1972). The 
parent rocks for the Fra Mauro basalts apparently lie to the feldspar-rich side of the 
cotectic, also implying a source rock more aluminous than the proposed source for 
mare basalts. 

Lunar surface igneous rocks are derived from both a feldspathic outer layer (non-
mare basalts) and a deeper pyroxenite source (mare basalts). Present models call for a 
heterogeneous layered moon, high in Ca and Al near the surface and more mafic at 
depth, with both layers depleted in volatile and siderophile elements. This layering 
may be due to differentiation early in lunar history, or may partly reflect an accretion-
ary stratigraphy. 
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