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Abstract-The major features of 22 Apollo 15 breccia rake samples are described, and 30 lithic clasts 
in these samples are classified as KREEP basalts (9), mare basalts (11), or "ANT" (10) based on 
chemical data for plagioclase, pyroxene, and olivine. Notable clasts include: 

(1) a coarse-grained (4 mm) norite in 15689, with two chemically distinct diopsides, chromite, 
whitlockite, K-N a-Si-Al phase, Fe-metal, troilite, and Ca-Cr-Zr armalcolite occurring in 
veins similar to those in large norite 78235; 

(2) an olivine-plagioclase-pyroxene clast in 15364 with mare-basalt affinity and unusually well-
developed euhedral plagioclase; 

(3) an ultrabasic clast in 15360 with olivine (Fo91) and minor low- and high-Ca pyroxene, 
plagioclase, and chromite. The olivine has an unusually low CaO content (0.03 wt.%), and 
other chemical features suggest that this sample is unlike ultrabasic samples described to 
date; 

(4) pyroxene-plagioclase-olivine clast in 15146 which is mineralogically similar to a mare basalt 
cumulate but has low-Fe plagioclase and very restricted pyroxene compositions typical of 
"ANT". The bulk composition closely matches that of Apollo 15 "green glass" to which it 

. may be related. 

Numerous isolated exsolved pyroxene grains were analyzed (bulk and individual lamellae) and 
the range of compositions indicates a slowly cooled mare basalt source. In terms of exsolution 
features and compositions of tiny exsolved opaque phases these pyroxenes closely resemble those in 
large anorthosite 67075. A unique intergrowth of Fe-metal (Ni 7.0 wt.%) and ---Cr0_1Fe0_9S of possible 
meteoritic origin is present in 15316. The pyroxene-plagioclase-olivine clast (15146) as well as other 
conflicting chemical data may result from metamorphism of a mare-type basalt or from plutonic 
crystallization of magma with mare basalt affinity. 

INTRODUCTION 
WITH THE EXCEPTION of mare basalts, the Apollo 15 samples are dominated by 
dark matrix- and glass-rich breccias. Notable exceptions include such samples as 
15415 and 15362 (anorthosites), 15455 and 15418 (anorthositic norites), and 15386 
and 15382 (KREEP basalts). Little mineralogic data can be obtained from the 
fine-grained matrix of breccias and thus we concentrate on the chemistry of 
mineral and lithic clasts. The combination of texture (for lithic clasts) and 
chemistry can be used for interpretation by comparison with the larger lunar 
samples. We report here data for 22 breccia rake samples with particular 
emphasis on chemistry of mineral and lithic clasts; preliminary data have been 
previously reported for these samples (Steele et al., 1972a; Steele and Smith, 
1977). 
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1926 I. M. STEELE et al. 

ANALYTICAL TECHNIQUES 
Data were obtained by a variety of techniques: (1) Rapid surveys of whole breccias as well as 

individual lithic clasts were made by obtaining count rates for Mg, Fe, and Ca on random mafic 
grains using an electron probe. Approximate matrix corrections were made by assuming the balance 
from 100% to be SiO2, and compositions were then plotted on a pyroxene quadrilateral; (2) 
Electron-probe analyses were obtained for plagioclase for minor (Mg, Fe, K) and major (Ca, Na) 
elements. The anorthite content was obtained by reference to calibration curves based on synthetic 
glasses, while the minor element contents were derived by reference to mineral standards; (3) Total 
analyses were made using an energy dispersive spectrometer with an on-line computer. Data were 
processed according to procedures described by Reed and Ware (1975). Detection levels are about 
0.2 oxide wt.% and accuracy as estimated from standards is --±5% of the amount of present at the 
1.0% level and ±2% at levels >--5%. (4) Total analyses were made using computer controlled 
wavelength dispersive spectrometers with on-line data reduction using standard ZAF correction 
procedures. These analyses were used to obtain accurate values of minor elements with detection levels 
below 100 ppmw. 

GENERAL SAMPLE DESCRIPTION 
Table 1 presents a list of the samples studied, a summary of relative amounts 

(visual estimation) of the major components (glass, lithic clasts, mineral clasts, 
fine-grained matrix, porosity), and specific comments for each sample. The 
majority of breccia samples are from Station 7 (Spur Crater) and Station 2 (St. 
George Crater) at the base of Hadley Delta and presumably represent material 
mostly derived from this slope. Samples from Station 9A (Rille area) are 
dominated by mare basalts, but two breccias are present in our samples. We use 
the term mare basalt in reference to the commonly observed mare samples 
indicating rapid cooling of surface flows; mare-type basalt is used in a wider 
sense to indicate any rock showing chemical affinity to mare basalts. Only two 
samples (15357, 15364) contain no glass whereas a variety of brown, yellow, red, 
and green glass is present in all others as veins, coatings or spheres; only rarely 
is devitrified glass present. The abundance of glass and fine-grained matrix 
clearly indicates that most samples have not been annealed, at least in the most 
recent stage. Examples of the range of textures, including holocrystalline, 
vesicular, and glassy, are shown in Figs. la-f (see caption for details). 

GENERAL MAFIC MINERALOGY-UNIQUE Fe-Cr-S INTERGROWTH 

Optical study, random mafic analyses, and detailed analyses of selected clasts 
showed nothing particularly unusual about the general chemistry of these 
samples, except for several features described later. Figures 2a-d show the 
general distribution of pyroxene compositions in 15146, 15322, 15347, and 15364, 
respectively (other similar plots for 15316, 15335, and 15357 were given in Steele 
et al., 1972a). These illustrate several points: (1) 15146 shows a restricted range 
of compositions for pyroxene, but with a rather high Ca content and absence of 
optically visible exsolution lamellae. These features are typical of early-crystal-
lizing pyroxenes in mare basalt rocks (but see later for conflicting data); (2) 
15322 shows a wide range of compositions which can be interpreted in terms of 
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Table 1. Sample numbers, percentage of major components and brief comments for breccia rake samples studied. 
--

@ 
% % % 

r % lithic Clast mineral fine % 

= glass clasts typet clasts matrix porosity Comments 
= > 

Station 2 
"'Cj 

= 0 

Q.. 15135,6-7 (45)* 5 M 20 (45)* 30 Dark vesicular agglutinate. Largest mineral clasts are shocked plagioclase. t::: 
0 

15146,1 tr. 15 M? 75 10 0 Near-monomict breccia. One coarse igneous clast. Abundant shock fea-- VI 

= tures. er 
(0 "'1 

'"""" Station 7 
Cb 
(') 
(') 

15316,2 10 5 A 40 40 5 Shocked anorthosite clast. Reaction between matrix and mineral clasts. p;· 
Many glass spheres. Meta-breccia clasts. "'1 

= 15322,1 30 5 K,A,B 30 35 0 
r.l). 

'"""" 45 0 Mostly glass spheres or devitrified spheres. ..... 15326,1 50 0 - 5 Cb 

'"""" = 15329,6 5 K,A 30 15 0 Fine glass and matrix are difficult to distinguish. Mineral clasts mostly 
VJ 

'"""" 50 (0 3 
• plagioclase. "'Cj 

15331,2 35 10 M,A,B 25 30 0 Several anorthositic clasts. VJ 

I 0 15335,2 40 10 M,A,B 15 25 10 Glass and matrix are difficult to distinguish. Glass veins present. 
< 9 ..... Very dark breccia. Q.. 15341,1 20 5 A 15 60 0 s· 
(0 Cb 
Q.. 15344,2 15 35 K,B 35 15 0 One large KREEP basalt clast. Glass coated. "'1 

-a" e:.. 
15347,2 15 5 M,A,B 40 35 5 Several igneous-textured clasts. 0 

'"""" 15350,2 (65) 5 K,M,B 30 (65) 0 Fine glass and matrix are difficult to distinguish. '< =-(0 0 

z 15351,2 15 5 B 15 65 0 Very dark breccia. I-+) -> 15353,2 35 15 M,B 20 30 0 One large igneous clast. ~-M-

00 
::r' 

> 15357,2 0 5 A 95 0 0 Holocrystalline breccia. Large plagioclase grains. n· 
> 15360,2 20 5 K,M,O 30 45 0 Much of glass is devitrified. ::s 
r.l). Q. 

'"""" 15364,1 0 20 0 80 0 0 Holocrystalline. Mostly plagioclase. One clast has euhedral plagioclase. 3 0 
15366,1 95 0 - 0 5 0 Green glass breccia. s· 

=- Cb 

15378,2 20 5 K 30 45 0 Dark breccia. Several igneous-textured clasts. "'1 

r.l). e:.. ..... n 15389,1 (75) 5 B 0 (75) 20 Agglutinate (') 
r.l). S" 

VJ 

Station 9A M-

'"""" 
VJ 

15687,7-8 (60) 15 M 15 (60) 10 Agglutinate. Mare basalt+ clast. 
00 

15689,6 5 60 0 15 20 0 Dominated by large pyroxene-maskelynite clast. 
r.l). 

'"""" (0 

9 *Parentheses indicate that distinction could not be made between glass and fine matrix. 
tM = mare basalt; A= anorthosite; K = KREEP basalt; B = breccia; 0 = other. --...,l 
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1928 I. M. STEELE et al. 

Fig. 1. Photomicrographs of Apollo 15 breccias illustrating range of textures and 
components: (a) 15364-holocrystalline breccia with large clast composed of plagio-
clase and olivine at lower-right; (b) 15331-note dominant dark matrix, presence of 
glass spheres, mineral clasts and one large fine-grained holocrystalline lithic clast; (c) 
15316--note few glass spheres and predominance of dark matrix and mineral clasts; (d) 
15351-nearly totally composed of dark matrix with scattered mineral and rare glass 
clasts; (e) 15135-breccia with numerous vesicles and rare mineral clasts; (f) 15366--
breccia composed almost entirely of green glass spheres or fragments. The finest 
material also has the green glass composition. All photos: plain-light; max dimension= 

2.7mm. 
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Apollo 15 breccia rake samples-mineralogy of lithic and mineral clasts 1929 

15146 

(a) 

I 
II 
I 

I 21 
15211 
13 I 

En Fs 

15322 
I 

I 

2 

(b) 
I 

I 

II I 

II II 
I 

En Fs 

15347 
I I 

I I 

2 II 
I I I 

I I (c) I 

II 21 
I 2 

I I 2 
21 

I I 
122 II 

En II Fs 

15364 

Fig. 2a-d. Pyroxene and olivine compositions in breccias 15146, 15322, 15347, and 
15364, respectively. Data obtained by three element analyses as described in text. 
Numbers on figures indicate number of analyses which plot at that composition; olivine 

is plotted on base of quadrilateral. See text for discussion. 
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1930 I. M. STEELE et al. 

at least three general components. Mare basalt can account for the Fe-rich 
olivine (Fo < ---82) and pyroxene with intermediate Ca content (see Fig. 1 of 
Steele et al. (1972b) for typical mare basalt trend). The concentration of analyses 
at En80-70Fs15-25Wo5 is typical of KREEP basalt (see Fig. 5 of Steele et 
al. (1972b) or Irving (1975) for KREEP basalt trend). The olivine cluster at --- Fo89 

suggests an ultrabasic component as described by Smith and Steele (1976). 
Although other minor components may be present, the major features in 15322 can 
be explained by the above components; (3) 15347 shows a mixture of mare-type 
material and KREEP. The mare component is indicated by the olivine which is only 
very rarely present in KREEP (e.g., Steele et al., 1972b; Dowty et al., 1976); (4) 
15364 (Figs. la, 2d) differs from 15146 (Fig. 2a) by havi.ng widely separated Mg-rich 
high- and low-Ca pyroxene compositions and olivine. These compositions are 
distinctive as discussed later. 

In all breccia rake samples except 15689 the largest mineral clasts are 
plagioclase, suggestive of an anorthosite component which is present in the larger 
rocks at the Apollo 15 site (e.g., 15415) as well as in clasts. The grain size of 
pyroxene (except for 15689), olivine and minor phases is generally about ro as 
large as that of the largest plagioclase ( ---1 mm). 

Glass fragments and spheres are common in nearly all samples, but were not 
studied in detail. Reconnaissance analyses showed two distinct groupings pre-
viously recognized (e.g., Warner et al., 1972): (1) "green glass" (AhO3 7.5, FeO 
20.0, MgO 18.0 wt.%) and (2) "aluminous basalt glass" (AhO3 18.3, FeO 9.0, MgO 
9.3 wt.%). Of particular interest is the source of the green glass and whether any 
of the crystalline lithic clasts have comparable compositions. 

An extensive search for unusual mineral compositions was made using 
qualitative energy dispersive displays. Compared with similar surveys of Apollo 
14 samples, Zr-bearing phases and phosphates are rare. A very unusual 70 µm 
metal intergrowth was found in 15316. The host was Fe-metal with ---7 wt.% Ni 
and <0.3% Co. Within this metal are numerous 5-10 µm, subround inclusions of 
a phase close to (Fe0.9Cr0_1)S in composition. Scanning X-ray images for SKa and 
CrKa indicate, as do reflected light optics, a homogeneous sulfide phase. 
Nichiporuk and Chodos (1959) recorded 5.6 wt.% Cr in graphite-free troilite 
nodules from the Coahuila hexahedrite, and smaller values for other iron 
meteorites. A meteoritic origin for the lunar fragment seems plausible. A 
two-phase assemblage of submicroscopic daubreelite-troilite cannot be ruled 
out, but no further speculation is warranted for this unique occurrence. This 
breccia is otherwise not unusual except for a large 0.2 mm grain of MgAhO4-rich 
pink spinel. 

Breccia clasts-general 

Table 2 enumerates 30 clasts which have been studied, and provides brief 
descriptions of each. Only clasts large enough relative to grain size were chosen 
so textural and chemical data could be representative of a larger parental 
sample. Clasts which were themselves breccia were not included. Clast size 
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Apollo 15 breccia rake samples-mineralogy of lithic and mineral clasts 1931 

Table 2. Description of clasts in Apollo 15 rake samples listed in Table 1. 

Pyx type* Pl typet Brief description+ 

15146 O? LFe,LCa Pyx-pl-ol-il-cm-Fe. Coarse grained (1 mm) equigranular minerals 
not zoned. 

15316 0 LFe,HCa Mostly shocked pl (.3 mm) with minor (<5%) very fine pyx. 
15322 K LFe,LCa Pl (70% ), pyx (25% ), and residual areas with il and phosphate. Very 

fine grained. 
15329A K LFe,HCa Lath-shaped pl with interstitial pyx; minor ii. Small clast. 
15329B K LFe,HCa Similar to 15329A. 
15331A O? LFe,HCa Pl (80% )-pyx (20%) with fine grain size ( < .2 mm). 
15331B M HFe V ariolitic texture. Pyx-pl-ii. Small clast. 
15335A 0 LFe,HCa Equant pl ( --0.05 mm, 80%) and ol ( --0.05 mm, 20% ). Equilibrium 

texture suggests metamorphic effect. 
15335B M HFe Fine grained ( < .1 mm). Pl-pyx-ol with igneous texture. Reaction 

with matrix. 
15344 K LFe,LCa Large clast of pl-pyx-mesostasis (glass-il-phos). Igneous texture. 
15347A M HFe V ariolitic texture but shocked. Pl up to 0.5 mm with interstitial 

pyx. 
15347B M HFe Similar to 15347 A but finer grained and not shocked. 
15347C M HFe Similar to 15347B but il present. 
15347D M HFe Similar to 15347C. 
15350A K LFe,LCa Large pyx (50%, <0.25 mm) in finer pyx-pl matrix. Lath-shaped pl. 
15350B M HFe Coarse pyx (0.3 mm) with minor pl. Small clast. 
15350C K LFe,LCa Lath-shaped pl (50%, 0.2 mm), equant pyx, minor il. 
15353A M HFe Equigranular pl (50%, 0.1 mm)-pyx (45%)-ol-il with igneous 

texture. 
15353B 0 LFe,HCa Small pl-pyx clast. 
15360A 0 LFe,HCa Small clast of pl-pyx-ol with ol dominant. 
15360B M HFe Small pyx-pl clast. 
15360C K LFe,LCa Small pl-pyx-ii clast. 
15364A 0 LFe,HCa Euhedral and anhedral pl (0.7 mm) poikilitically enclosed by ol; 

minor pyx. 
15364B 0 LFe,HCa Similar to 15364A except for no euhedral pl. 
15378A K LFe,LCa Igneous texture with large (0.3 mm) pl, pyx, and residuum of 

ii-glass-pl. 
15378B K LFe,LCa Similar to 15378A. 
15687A M HFe Igneous texture; equal amounts of pl and pyx (0.2 mm) and minor 

spinel. 
15687B M HFe Similar to 15687B. 
15689A 0 LFe,HCa Small shocked clast with large pl (0.4 mm) and minor pyx. Subo-

phitic texture. 
15689B 0 LFe,HCa Large clast of shocked norite. Pyx is dominant with 4 mm grain 

size. Pl is maskelynite. Minor Fe and cm. 

*Pyroxene type-K = KREEP, M = mare basalt, 0 = other. 
tPlagioclase type-LFe = low Fe, HFe = high Fe, LCa = low Ca, HCa = high Ca. 
tPyx = pyroxene, pl= plagioclase, ii= ilmenite, cm= chromite, Fe= metal, ol = olivine. 
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1932 I. M. STEELE et al. 

ranged from 0.1 to 10 mm2 with most near 0.2 mm2
• Compositions of mafic 

minerals and plagioclase have been used previously to classify lunar samples and 
for each clast these data are summarized in Table 2 and ranges given in detail on 
Figs. 3a-c and 4. Figure 3a shows a common pattern typical of KREEP basalt 
similar to large sample 15386 (Steele et al., 1972b ). Olivine is not present and 
pyroxenes are Mg-rich (up to mg= 0.85) [ =atomic Mg/(Mg + Fe)] but extend to 
Fe-rich compositions. Figure 3b shows a second group with pyroxenes having 

Mare 
(mot.%) 

'ANT' 

(b) 

(c) 

Fig. 3a-c. Pyroxene and olivine compositions of individual clasts listed in Table 2. 
Figure 3a shows those with patterns typical of KREEP basalt (no olivine was present); 
Fig. 3b shows those with mare basalt patterns; Fig. 3c shows those with "ANT" suite 

patterns. Numbers refer to the last three digits of the sample number. 
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Apollo 15 breccia rake samples-mineralogy of lithic and mineral clasts 1933 

mg< 0.65 and extending to more Fe-rich compositions; olivine is generally 
present. This is the typical trend for mare basalt (Steele et al., 1972b). Figure 3c 
shows a third type of trend characterized by generally Mg-rich compositions, 
restricted range for any one clast, and except for 15331A and 15146 equilibrium 
compositions. These features are typical of the general "ANT" group of lunar 
material (see Smith and Steele (1976) for comments on "ANT"). 

Minor elements, including K and Fe (especially Fe because of ease in 
determination using an electron probe), in combination with the Ca content 
(expressed as anorthite content) of plagioclase have also proven useful for this 
three-fold division. Figure 4 shows data for iron for the 30 lithic clasts (3-4 
analyses for each clast) with symbols based on the classification using mafic 
mineral data (Fig. 3a--c). It is quite apparent that plagioclase compositions also 
reflect these groupings: (1) KREEP basalt plagioclase has low Fe (<---0.7 wt.%) 
and low Ca ( < --- An90); (2) mare basalt plagioclase has high Fe (Fe> --- 0.5 wt.%) 
and high Ca content ( > --- An88); (3) ANT plagioclase has low Fe ( < 0.2 wt.%) and 
high Ca content (> An90). 

These data are summarized in Table 2 under pyroxene and plagioclase type 
and show a 1 : 1 correspondence (with one exception) between the clast type 
based on either pyroxene or plagioclase chemistry. This is reassuring because 
recognition of parental rock type can be based only on the composition of 
individual mineral grains, especially plagioclase. This fact is significant for 
samples which are dominated by single mineral grains, such as many soils or 
fine-grained separates. Table 2 does have one exception in that sample 15146 
appears to have an "ANT"-like pyroxene composition and KREEP-like plagio-
clase composition; this sample will be discussed in detail in the next section. 

A Mare 
1.2 X 

1ANT 1 

• KREEP 
1.0 A A 

A A A 
A A 

Fe 0.8 4Al6 A 

(wt.%) • Ad A • 4 4 t4 A A 0.6 • 
• • • ' • AA • •• • • 0.4 • • X : . X X • • 

I : • 1X X 
0.2 • • X• :1 X 

lJJx x • X X X h l 
25 20 15 10 5 0 

Ab (mol %) 

Fig. 4. Plot of Fe (wt.%) content vs. Ab content of plagioclase for clasts listed in Table 
2. Symbols are assigned according to clast type based on mafic mineral compositions 
(Fig. 3a-c, Table 2). Note that with only several exceptions, the assignment based on Fe in 

plagioclase matches that based on mafic compositions. 
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1934 I. M. STEELE et al. 

Selected clasts-details 
(a) KREEP basalt clasts (Fig. 5a). Apollo 15 samples contained the most 

abundant samples of KREEP material with crystalline melt textures (e.g., Steele 
et al., 1972b; Dowty et al., 1976). Many small KREEP basalt clasts have been 
recognized in the soils (e.g., Basu and Bower, 1976) and breccias (e.g., Reid et 
al., 1977) from Apollo 15 indicating that, whatever the source, it is common. Of 
the 30 clasts in Table 2, nine are classed as KREEP basalt. Typical features of 
these clasts include plagioclase laths with interstitial pyroxene and conspicuous 
dark mesostasis areas composed of silica-rich glass, ilmenite, and phosphates. 
Typical analyses for 15344 are given in Table 3, analyses (1)-(5). 

(b) Mare basalt clasts. Eleven clasts have chemical features consistent with 
mare basalt origin (Table 2). None of these clasts is large enough to permit 
classification based only on textural evidence which emphasizes the importance 
of a chemical classification based on individual phase composition. The presence 
of mare clasts in these breccias is not surprising based on the proximity to mare 
source areas. No detailed study was made of these clasts. 

(c) Norite clast (Fig. 5b). Noritic breccia is a common material on the moon 
but few examples of a coarse-grained parent have been reported; an important 
one is 78235 (McCallum and Mathez, 1975; Steele, 1975). The norite clast in 
15689 is remarkably similar to large sample 78235. This clast is dominated by 
shocked low-Ca pyroxene (En74Fs23Wo3) and isotropic plagioclase (maskelynite, 
An91) with minor equigranular diopside (AhO3 1 wt.%). Several veins, inter-
mittent in two dimensions, occur in this clast and their mineralogy again is 
remarkably similar to those in other norite samples (e.g., Irving et al., 1974): 
chromite, whitlockite, Ca-Cr-Zr armalcolite, K-Na-Si-Al phase, diopside (AhO3 
~4 wt.%), troilite, and Fe-metal (Co2.7, Nis.7) (analyses 6-12, Table 3). 
Differences between this vein assemblage and the assemblage in 78235 include 
the absence of rutile, baddeleyite, and zircon and presence of an armalcolite and 
Na-K-Al-Si phase in 15689. Haggerty (1973) noted that complex armalcolite 
commonly is associated with the other oxide phases mainly rutile + baddeleyite 
suggesting decomposition; possibly, this relation holds for 78235 but in 15689 
decomposition has not occurred. Ryder and Bower (1977) describe an interstitial 
assemblage within a norite clast in 15455 which contains armalcolite, zircon, 
baddeleyite, and rutile, among other phases; the relation, if any, between 
armalcolite and the other phases could possibly be deduced from this clast in 
15455. The Na-K-Si-Al phase is too silica-rich for a feldspar, but a mixture of 
SiO2 and Na-K-feldspar is possible as is glass: three analyses were very similar 
(Table 3, analysis 10) indicating no variation in composition within this clast. 

McCallum and Mathez (1975) discussed the possible relation between 
KREEP and norites through partial melting of the latter, but ruled out derivation 
of KREEP by partial melting because of a large discrepancy between observed 
and calculated Eu anomalies. The calculated values were based only on whit-
lockite/liquid REE relations. Because the complex armalcolite phase carries 
appreciable REE and is at least as abundant as phosphates (in 15689), the 
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Fig. 5a-e. Photomicrographs of clasts described in text: (a) 15344 KREEP basalt 

ciast-light laths are plagioclase with interstitial darker pyroxene and mesostasis. 

Visicular glass rind is at top and dark matrix at bottom (max dimension= 6 mm); (b) 

Norite clast 15689-light colored plagioclase with large single grain of darker pyroxene 

in dark matrix (max dimension= 6 mmJ; (c) Large euhedral plagioclase in 15364 (top 

center) surrounded by olivine (at extmction) with numerou::; smaller plagioclase in-

clusions. Top of phot-J is epoxy, bottom is breccia matrix (max dimension= 1.2 mm); (d) 

Ultrabasic clast in 15360-nearly all olivine with one grain of plagioclase (light) (max 

dimension= 0.7 mm); (e) pyroxenite(?) clast in 15164 composed mostly of pyroxene 

and olivine but large clast at top-left contains plagioclase (not shown). Compositions of 

mineral clasts within breccia matrix are the same as minerals in clast. Note igneous 

textured clast at center-right suggesting that breccia is actually polymict (max 

dimension= 1.2 mm). All photos in plain light except (c) which is with polars crossed. 
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Table 3. Selected analyses of phases in Apollo 15 clasts 15344, 15689B, 15364A, 15360A, and 15146. 

Na2O 
MgO 
Al203 
Si02 
K 20 
CaO 
Ti02 
Cr20 3 
MnO 
FeO 
NiO 
I 

(1) 

0.04 
11.1 
1.24 

49.2 
0.04 

10.5 
1.03 
0.32 
0.40 

25.0 
0~01 

98.88 

(13) 

Na20 na 
MgO 36.7 
Al20 3 0.01 
Si02 37.6 
K 20 na 
CaO 0.10 
Ti02 0.04 
Cr20 3 0.01 
MnO 0.27 
FeO 25.4 
NiO nd 
I 100.13 

15344 KREEP basalt 

(2) 

1.86 
na 

33.0 
48.5 

0.14 
16.3 
na 
na 
na 
0.39 
nd 

100.19 

(3) (4) 

0.01 0.39 
27.9 0.05 
2.40 11.7 

53.5 79.0 
0.01 6.26 
1.55 0.81 
0.73 0.59 
0.90 nd 
0.20 0.02 

12.6 1.61 
nd 0.02 

99.80 100.45 

(5) 

0.01 
1.40 
4.57 
0.08 
nd 
0.10 

22.0 
19.5 
0.38 

49.1 
0.05 

97.19 

15364A 

(14) 

nd 
26.5 

1.27 
54.0 

nd 
1.85 
0.64 
0.37 
0.24 

14.9 
0.02 

99.79 

(15) (16) (17) 

0.57 nd 0.01 
0.06 2.5 33.7 

36.6 12.0 0.90 
44.2 0.2 57 .8 
0.05 nd 0.01 

19.5 0.5 2.20 
0.04 5 .1 0.35 

na 45.7 0.40 
na nd 0.09 
0.17 32.9 4.65 
na nd nd 

101.19 98.9 100.11 

15689B norite 

(6) (7) (8) (9) (10) (11) (12) 

0.03 0.20 0.29 1.01 2.6 
26.1 15.4 14.5 0.04 nd 

1.30 1.92 4.23 34.8 12.9 
55.4 53.0 51.5 46.6 77.2 
nd nd 0.03 0.07 3.6 
1.75 19.9 22.1 19.2 0.5 

na 
1.33 
1.44 
0.23 
na 
3.82 

0.02 
5.92 

0.76 1.52 2.22 0.03 nd 
0.81 0.80 1.36 na nd 
0.29 0.14 0.13 na nd 

14.3 7.62 5.45 0.05 nd 
0.03 nd 0.06 na nd 

60.4 
12.9 
0.07 
8.72 
na 

21.2 
0.10 
0.01 
0.07 
1.51 

45.6 
0.22 

26.8 
nd 

101.45 100.77 100.50 101.87 101.80 97.5 93.66 

15360A 15146 

(18) (19) (20) (21) (22) (23) (24) (25) 

0.10 
18.0 

1.72 
53.6 
0.01 

23.0 
0.79 
0.70 
0.09 
1.83 
0.01 

99.85 

na 
49.6 

0.03 
41.3 

na 
0.03 
0.04 
0.03 
0.06 
7.10 
0.04 

98.23 

nd 
8.9 

13.0 
0.3 
nd 
0.5 
0.5 

55.9 
0.4 

20.3 
nd 

99.8 

nd nd 
3.5 18.9 

nd 0.7 
nd . 52.5 
nd nd 
nd 5.4 
56.4 0.8 
0.5 0.1 

nd 0.1 
41.3 21.1 
nd nd 

101.7 99.6 

nd 
3.6 
5.0 
0.2 

nd 
0.2 

26.0 
17.2 
0.3 

49.0 
nd 

101.5 

nd nd 
16.4 28.2 

1.9 nd 
51.6 35.5 
nd nd 

15.0 0.2 
1.1 nd 
0.5 nd 
nd 0.2 

13.3 34.6 
nd nd 

99.8 98.7 

(1) High-Ca pyx (En34Fs43Wo23); (2) plagioclase (An79); (3) low-Ca pyx core (En77Fs20Wo3); (4) 
silica-rich glass in mesostasis; (5) Cr-ulvospinel; (6) low-Ca pyx (En74Fs23Wo3); (7) high-Ca pyx 
(matrix) (En45Fs13Wod; (8) high-Ca pyx (vein) (E~Fs9Wo47); (9) maskelynite (A}½1); (10) K-Na-Al-
Si phase in vein, BaO = 0.7 (EDS); (11) "armalcolite" phase in vein. ZrO2 = 4.75, REE present but 
not analyzed; (12) chromite in vein; (13) olivine (Fo72) poikilitically enclosing euhedral plagioclase; 
(14) low-Ca pyx (En73Fs23 Wo4); (15) euhedral plagioclase (~); (16) chromite with euhedral 
plagioclase (EDS); (17) low-Ca pyx (En89Fs7Wo4); (18) high-Ca pyx (En51Fs3Wo46); (19) olivine (Fo91); 

(20) chromite (EDS); (21) ilmenite (EDS); (22) low-Ca pyx (En55Fs34Wo11) (EDS); (23) Cr-ulvospinel 
(EDS); (24) high-Ca pyx (En47Fs22 Wo31) (EDS); (25) olivine (Fo59) (EDS). nd = not detected; na = not 
analyzed; EDS= energy dispersive system; pyx= pyroxene. 

calculated values may be m error depending on the relative abundance of 
REE-bearing armacolite and phosphate. Unfortunately, relevant data for armal-
colite are not known to extend such calculations. 

(d) Clast 15364A with euhedral plagioclase. Figure Sc illustrates the unique 
euhedral, chemically unzoned, form of plagioclase enclosed poikilitically by 
olivine; we have not previously observed this feature in lunar rocks on such a 
relatively large scale. Free growth of the plagioclase before the olivine 1s 
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indicated. The composition of the plagioclase (low Fe, high Ca) indicates 
affinities to the ANT group of rocks while the rather high Ca content of the 
pyroxene is common in mare basalts. The remaining portion of 15364 is similar 
mineralogically to the clast shown in Fig. 5c and thus appears to be a monomict 
breccia, but this portion does not have euhedral plagioclase grains. Ti-bearing 
chromite (Table 3, analysis 16) is present both in the clast and in the breccia 
matrix indicating a complication with the ANT group assignment based on 
plagioclase because Ti-chromite is characteristic of mare basalts. Sample 67075 
has similar chemical features (Ti-chromite, low-Fe plagioclase) possibly indicat-
ing genetic similarities. 

The above chemical data are ambiguous in that 15364A has features of both 
the ANT and mare basalt rock types. The possibility that this sample might 
result from annealing of mare-type basalt raises the difficult problem of recog-
nition of such rocks. Although most samples of mare basalt must derive from the 
late lava flows on the surfaces of mare basins, there is no reason why some 
mare-type basalts should not have annealed to gabbroic ro·cks either in magma 
chambers in the crust, or perhaps even in the mare basins themselves. Ryder and 
Taylor (1976) discussed the possibility of early mare-type volcanism, but did not 
discuss the possible effects of associated plutonism or metamorphic recrystal-
lization. 

(e) Clast 15360A with ultrabasic affinity. We have previously described many 
examples of "dunitic" or "troctolitic" fragments which are characterized by 
Mg-rich olivine (e.g. Steele and Smith, 1975). Clast 15360A (Fig. 5d) is an 
additional example but with somewhat different chemical features. The high Mg 
content of the olivine (Fo91) and the very low Ca content ( -- 0.03 wt.%) matches 
only with the olivine from spinel cataclasite 15445 (Steele and Smith, 1975) and 
73263,1,11 (Bence et al., 1974); the common "dunitic" olivine (Foss) has CaO 
---0.075 wt.%. Unlike 15445 and 73263,1,11, a Mg-Al spinel is not present 
although chromite is, and the AhO3 content of the low-Ca pyroxene is much 
lower; these suggest that 15360A is unique. Plagioclase (An93) is present in 
15360A. The clast is too small to deduce textural relations, but all phases show 
shock effects. One cannot rule out meteoritic contamination, but there is nothing 
"non-lunar" about the fragment; it appears to be an additional bit of evidence 
for a diverse ultrabasic suite on the moon. 

(f) Clast 15146-pyroxenite (?) (Fig. 5e). This clast is composed of five 
phases-pyroxene (En55Fs34Wo 11), plagioclase (Ans5-90), olivine (Fos9), ilmenite, 
and Cr-ulvospinel (Table 3-analyses 21-25)-which could represent a typical 
mare-basalt assemblage. It was previously noted that the plagioclase was low in 
Fe, unlike mare basalt samples, and that the pyroxenes, like in "ANT" samples, 
did not show a wide range of composition; however, the pigeonitic composition 
does not indicate low temperature equilibration as is found in most ANT 
samples. These chemical features suggest that 15146 is apparently unique and 
may represent a deviant from the normal mare basalt crystallization products. It 
is also notable that the bulk chemistry would closely correspond to "green glass" 
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composition (e.g., Warner et al., 1972) if the mode is low-Ca pyroxene =55%, 
plagioclase =20%, and olivine =25%-close to that visually estimated in the 
clast ( 65% pyx, 15% pl, 15% ol; accuracy poor due to coarse grain size). 
However, the TiO2 content of "green glass" ( ~0.4 wt.%) is too low to allow the 

1 % of ilmenite observed in the clast which together with the silicates would 
give ~1 wt.% bulk TiO2. Further data are needed (e.g., REE abundances) to test 
the origin of this clast, but it may turn out to be a crystalline relative to "green 
glass". The low TiO2 content of this clast might indicate a relationship to the 
VLT (very low Ti) mare basalts described by Vaniman and Papike (1977) and 
Taylor et al. (1977), but details such as the Fe content of the plagioclase and 
mineral zoning are different. This clast as well as other rare samples of mare-
type basalts are an indication of a diverse suite of mare-type basalts in contrast 
to those collected on the mare surfaces. 

(g) Exsolved pyroxene clasts. Twenty-five small, exsolved pyroxene grains 
were observed in these breccias, especially those which contained some dark 
matrix. Special care was made to analyze (by EDS) the lamellae in each as well 
as to obtain a bulk composition by using a large, but stationary, beam and 
applying matrix corrections assuming a homogeneous material. Individual lamel-
lae ranged from about 15 µm to the limit of optical resolution. X-ray scanning 
images showed only one set of lamellae in all grains examined. 

The major element variations are shown on a pyroxene quadrilateral (Fig. 6). 
The maximum mg of the bulk composition is ~0.74 and the range extends to 
very Fe-rich compositions. Based on just bulk pyroxene compositions the trend 
is similar to that observed in other Apollo 15 mare samples which show no 
coarse exsolution (e.g., Dowty et al., 1974) and a possible interpretation is that 
these grains represent a more slowly cooled mare basalt. Another feature on Fig. 
6 is the suggestion of a gap in the bulk trend at an mg of ~0.60 possibly 
indicating the beginning of plagioclase crystallization. Dowty et al. (1974) noted 
abrupt changes in pyroxene trends at a similar composition and attributed this to 
plagioclase crystallization. A similar gap was noted by McCallum et al. (1975) in 

Fig. 6. Pyroxene quadrilateral showing compositions of bulk (solid circles) and high-
and low-Ca lamellae (open circles) of exsolved pyroxene grains. Numbers give last 

three digits of breccia listed in Table 1. 
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67075 pyroxene compositions but at a more Fe-rich composition. These chemical 
similarities among the pyroxenes might suggest similar crystallization histories 
except for cooling rates. 

Very commonly, tiny opaque phases (ilmenite and Ti-bearing chromite) are 
oriented at high angles to the pyroxene lamellae (Fig. 7a,b) and always centered 
on the high-Ca lamellae. Apparently, after pyroxene exsolution began, minor 
elements such as Ti, Cr, and Al which are always enriched in high-Ca relative to 
low-Ca pyroxene, migrated to form the oriented opaques. Okamura et al. (1976) 
described similar features but on a coarser scale in 67075 and commented on the 
mechanism of formation. Again this suggests a similarity between the thermal 
history of these exsolved pyroxene grains and those in 67075. 

CONCLUSIONS 

The clasts recognized in these Apollo 15 breccias provide additional evidence 
for the common occurrence of KREEP basalts at the Apollo 15 site and 
contamination from the nearby mare regions. The unusual clasts such as norite 
and the ultrabasic sample provide additional samples of a poorly defined group 
of rocks from the moon which could represent early crystallizing products. 
Some evidence, mostly from conflicting chemical features and exsolved 

Fig. 7a-b. Photomicrographs of exsolved pyroxene grains showing details of opaque 
exsolution: (a) Grain in 15331. Trace of pyroxene lamellae is NE-SW while trace of 
o·paques is NW-SE. Note that opaques are not continuous but are centered on high-Ca 
lamellae (max dimension= 0.23 mm); (b) Grain in 15378. Trace of pyroxene is E-W 
while that of opaques is N-S. Again note concentration of opaques on high lamellae 

(max dimension = 0.1 mm, oil immersion). 
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pyroxene grains indicates that some mare-type samples are represented by meta-
morphosed or plutonic samples in contrast to the abundant near-surface lava flows. 
One sample having mare basalt affinities also might provide a link between the 
abundant "green glass" and a crystalline rock. 
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