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ABSTRACT 

Petrographic and microprobe studies, primarily of 12013,6, 
indicate that 12013 is a thermally metamorphosed microbreccia. 
The rock is heterogeneous, with three dominant lithologies: 
(1) gray fragment aggregate; (2) dark gray fragment aggregate; 
and (3) light gray felsite. Most lithic fragments in gray aggre 
gate are basaltic or gabbroic, whereas most in dark aggregate are 
anorthositic or felsitic; most crystal fragments are plagioclase 
or pyroxene in both lithologies. Size distribution of fragments 
is seriate in gray aggregate and bimodal in dark aggregate. Ma
trix of the latter is finer grained, richer in ilmenite, and has 
a more mafic bulk composition than matrix of the former. The 
felsite consists largely of a fine intergrowth of quartz and po
tassium feldspar. Most of 12013 is a mottled mixture of gray 
aggregate and felsite, in which the latter tends to form small 
streaks and interconnected patches in the former; dark aggregate 
occurs as large patches within this mottled rock. 

The results of this study suggest the following interpreta
tion of the origin and history of the microbreccia. Gray aggre
gate is the "groundmass" fragmental material of the breccia; the 
fragments were likely broken by impact deformation. Dark aggre
gate was included in the breccia as aggregates of fragments bound 
together by a molten or glassy matrix of mafic composition; fel
site was incorporated as fragments of glass or irregular drople ts 
of melt. It is likely that these melts and glasses formed by 
impact-induced melting and that the entire microbreccia is of im
pact origin. Heating during or after aggregation formed grano
blastic textures in matrices, caused reactions between fragments 
and matrix material, and may have produced the recrystallization 
and devitrification textures that are dominant in fragments. 

INTRODUCTION 

The Apollo 12 mission returned one small rock, 12013, that 

is unique among the hand specimens collected from the lunar sur

face to date. The distinctive characteristics of. this sample 

suggest that an understanding of its origin and history should 

greatly extend our knowledge of lunar petrogenesis. The rock is 

a light gray, angular, nonfriable clast about 5 em across, and 

preliminary chemical analyses showed that it contains much more 

Si, K, Rb, U, Th, Pb, and Zr than any of the other Apollo 11 or 12 

hand specimens (LSPET, 1970; Anderson, 1970). Moreover, K/Ar, 

Rb/Sr, and U-Th-Pb isotope studies reported by Albee et al. (1970), 

Alexander (1970), Schnetzler et al. (19~0), Tatsumoto (1970) and 

1 



Turner (1970) show an apparent age of 3.9 to 4.3 b.y. that is in

termediate between the 3.3 b.y. crystallization ages of the 

Apollo 12 mare basalts and the 4. 4 b. y. model "age" of the Apollo 

12 fine fines (determined by Rb/Sr methods by Papanastassiou and 

Wasserburg, 1970). 

Some results of studies of the chemistry, mineralogy, and 

petrology of 12013 have recently been published by Drake et al. 

(1970)~ Gay et al. (1970), Burnett et al. (1970), Albee et al. 

(1970), Morgan and Ehmann (1970), Wakita and Schmitt (1970), 

Turner (1970), Hubbard et al. (1970), Schnetzler et al. (1970), 

Tatsumoto (1970), Alexander (1970), Taylor and Epstein (1970) 

and Laul et al. (1970). To aid in interpretation of these re

sults, I present here a petrographic description of 12013 along 

with tentative hypotheses on the origin and history of the rock. 

Most of the studies by other investigators were carried out on 

samples from two slabs that represent adjacent cross sections 

cut through the rock (Anderson, 1970). The sample allotted to 

our group (E.C.T. Chao, Principal Investigator) is a thin section 

from the chip studied during preliminary examination, and we do 

not know its spatial relation to the cross-sectional slabs. The 

data and hypotheses given here are based on petrographic and 

microprobe studies of this sample (12013,6) and on brief petro

graphic examination of the three thin sections (12013,13, 

12013,14, and 12013,15) made from one of the cross-sectional 

slabs ( 12013, 9) . 

GENERAL CHARACTERISTICS OF 12013 

Petrologically, 120 13 is perhaps best interpreted as a 

thermally metamorphosed microbreccia, and the thin sections and 

surfaces of cut slabs show extreme lithologic heterogeneity 

(figs. 1 and 2; also see plates 1-3 in Anderson, 1970, and fig. 1 

in Drake et al., 1970). The r ock contains three dominant lith

ologies : (1) gray fragment aggregate; (2) dark gray fragment 

aggregate; and (3) light gray felsite. The first two lithologies 
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Figure 1.- - Photomicrograph of thin section 12013,6 (NASA photo 
S-70-25410). Plane light; maximum dimension of thin section 
is 11. 8 mm. 
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Figure 2.--Distribution . of dark aggregate, gray aggregate, and felsite in thin section 12013,6 (see 
fig . 1). Heavy stipple represents dark aggregate (lithology 2), light stipple represents gray 
aggregate (lithology 1), and unpatterned areas represent felsite (lithology 3 and inclusions in 
dark aggregate) . Dark aggregate and felsite were distinguished from gray aggregate on the fol
lowing bases: dark aggregate contains appreciable very fine grained ilmenite; felsite contains 
little or no mafic minerals and abundant silica mineral. The diagram also includes the outlines 
of the areas of photomicrographs shown in figures 3, 5, 7, 9, and 10. 



consist of mixtures of diverse lithic and crystal fragments with

in fine-grained crystalline matrices. The matrix in dark aggre

gate is finer grained, much richer in opaque minerals, and has a 

more mafic bulk composition than the matrix in gray aggregate; 

and these characteristics apparently produce the color contrast. 

The third lithology consists of a fine intergrowth composed large

ly of quartz and potassium feldspar, and its light color is the 

result of the dominance of these two minerals. Table 1 summar

izes the characteristics (presented in detail below) of each of 

these three lithologies. 

Spatial interrelations of the three lithologies are complex 

(fig. 2). The bulk of 12013 is a mottled-appearing mixture of 

gray aggregate and felsite, in which the latter4 forms a network 

of small streaks and interconnected patches within the former. 

Dark aggregate forms large, irregular, sharply-bounded blebs and 

schlieren that appear to be enclosed by the mottled material. 

Locally, however, felsite occurs as small veins, inclusions, or · 

ovoid blebs within dark aggregate. 

The entire rock was strongly heated during or after its con

solidation. The heating produced granoblastic textures in ma

trices, caused mineral reactions between coarse fragmental and 

fine matrix material, and may have formed the mosaic recrystal

lization and devitrification textures that are dominant through

out the rock. Nonetheless, it appears that many of the gross 

structures of the rock are re l ict , and from these it is possible 

to reconstruct some of its metamorphic and premetamorphic history. 

CHARACTERISTICS OF THE DOMINANT LITHOLOGIES 

Gray Aggregate 

Lithic fragments and single mineral grains in material of 

this lithology have a seriate size distribution (fig. 3). In 

12013,6 the largest lithic fragment is 1.4 mm across, but inspec-
" 

tion of photographs of t he surfaces of cut slabs suggests that 
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Figure 3.--Photomicrographs of gray aggregate (lithology 1) in 
12013,6. (a) Highly diverse crystal and lithic fragments 
within fine-grained matrix; fragment sizes tend to be seriate. 
The largest fragments in the field are single grains of 
plagioclase (bottom right) and partly recrystallized plag
ioclase-rich rock (bottom left) . Gr ains of olivine that 
have been converted to pyroxene retain original outlines 
(center, see fig. 9 for enlarged view). Plane light; field 
width represents 2. 05 mm. (b) Matrix has granoblastic tex
ture, is highly inequigranular, and varies widely in mineral 
proportions. Note large fragment of ilmenite (bottom right) 
and small fragment of pyroxene (center left) that contains 
minute dark inclusions distributed along subparallel planes. 
Plane light; field width represents 0. 81 mm. 
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(1) Gr ay fragment 
aggregate 

(2) Dark fragment 
aggregate 

(3) Felsite 

Textures, structures, 
and distribution 

Consists of lithic and 
crystal fragments in 
matrix 

Fragments and mineral 
grains show seriate 
size distribution 

Encloses material of 
(2) and (3) 

Consists of lithic and 
crystal fragments in 
matrix 

Fragments and mineral 
grains show bimodal 
size distribution 

Enclosed by mottled 
mixture of (1) and (3) 

Locally vesicular 
Locally veined by (3) 

Consists largely of 
intimate intergrowth 
of feldspars and 
silica minera l 

Enclosed by (1), in 
which it forms inter
connected patches and 
irregular streaks 

Table l 

Characteristics of the dominant lithologies in 12013 

Lithic fragments 

Dominantly basaltic and gabb r oic 
(pyroxene + plagioclase + olivine 
+ ilmenite + chromite) -

Mi~o r anorthositic (plagioclase 
+ pyroxene + olivine + ilmenite) 

Diverse textu~es and modes 
Significan t number deformed 

Dominantly felsitic (tridymite 
+ potassium feldspar) or 
anorthosi tic (plagioclase+ 
pyroxene ± olivine ± ilmenite) 

Intergrowth minerals 

Dominantly quartz and potassium 
feldspar : potassium feldspar 
locally is caicium-rich 

Minor plagioclase: andesine 
labradorite 

Components 

Crystal fragments 

Dominantly plagioclase and 
pyr oxene : plagioclase is 
dusty-appearing labradorite 
to anorthite; pyroxene is 
dusty-appearing ortho
pyroxene, pigeonite, and 
augite 

Common olivine and ilmenite 
Minor chromite 

Dominantly plagioclase and 
pyroxene, plagioclase mor e 
abundant than pyroxene: 
plagioc lase is clear lab 
r adorite to anorthite; 
pyroxene is clear ortho
pyroxene, pigeonite, and 
augite 

Common olivine and ilmenite 
Trace chromite 
Tridymite, apatite, whitlock

ite, zircon locally concen
trated 

~latrix 

Dominantly plagioclase and pyroxene: 
plagioclase is labradorite to 
anorthite; pyroxene is mostly 
pigeonite, some augite is present 

Locally quartz and potassium feld-
spar a r e abundant 

Opaque oxides <2% 
Average grain size-vlS ~m 
Heterogeneous in grain size and modes 

Dominantly plagioclase and pyroxene: 
plagioclase is andesine to anor 
thite; pyroxene is mostly ortho 
pyroxene and pigeonite, some is 
augite, aver age compositions are 
more magnesian than in gray 
aggregate 

Opaque oxides > 4% 
Average grain size-v6 ~m 
Uniform in grain sizes and modes 

Minor constituents 

Calcium- rich potassium feldspar: as euhedral grains or clear cores 
in P.Otassium feldspar 

Labradorite: as cores in potassium feldspar, some with mosaic 
extinction; partly replaced by potassium feldspar 

Pyroxene: dominant augite, subordinate pigeonite; both more iron
rich than in ( 1) or (2) 

Ilmenite: more iron-rich than in (1) or (2) 
Troilite: accompanied by trace nickel-rich metallic iron; more 

abundant than in ( l) or (2) 



some clasts as large as 6 mm may be present in other parts of the 

rock. The largest crystal fragments are 0.3 mm, and the average 

size of grains in the matrix (fig. 3b) is about 15 ~m; mineral 

grains of all intermediate sizes are present. Lithic fragments 

are subrounded to subangular. Large grains of single minerals 

have subrounded to angular fragmental outlines, but the fine 

grains in the matrix have shapes typical of metamorphic inter

growths, in which no premetamorphic grain outlines are preserved. 

Lithic Fragments 

Most of the lithic fragments appear to be basaltic or gab

broic, a few are anorthositic, and a few cannot be assigned to 

either of these major compositional groups. Textures, modes, 

and grain sizes are highly diverse. Rock types recognized in

clude: medium-grained olivine-pyroxene cumulates (12013,13); 

fine-grained ophitic and subophitic basalts or diabases (12013,6 

and 12013,15; see plate 5 in Anderson, 1970); variolitic basalts 

similar to hand specimens of Apollo 12 basalts (12013,15); very 

fine grained "basalts" that consist of micrographic, bladed, or 

granoblastic intergrowths of minerals (see fig. 2b in Drake et 

al., 1970); medium-grained anorthosites; fine-grained, granu

lated-appearing anorthosites; rocks with chondrule-like texture 

(12013,15; see fig. 2c in Drake et al., 1970); and, possibly, 

microbreccias (12013,15). In many of the fragments of igneous 

rocks, primary textures are perfectly preserved. In many others, 

however, primary igneous texture is indicated only by relict 

grain boundaries; present textures dominantly reflec~ recrystal

lization, reaction, or deformation. Plagioclase in these latter 

fragments commonly has mosaic extinction, or displaced twin 

lamellae, or both; pyroxene is typically a mosaic of minute re

crystallized grains. Some fragments contain patches and streaks 

of finely granulated minerals. In all cases observed, deforma

tional textures are confined to single fragments and surrounding 

material is unaffected; it therefore appears that deformation 
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predated incorporation of the fragments into the aggregate. On 

the other hand, recrystallization textures in the fragments could 

have formed during heating of 12013, or duting prior metamorphism 

of the parent rock bodies of the fragments, or both; it is not 

possible with the available data to distinguish between these 

alternatives. 

Despite their variability in bulk compositions, modes, tex

tures, and grain sizes, most lithic fragments have similar min

eral assemblages. The major minerals are generally calcic plagi

oclase and pyroxene, and some lithic fragments also contain ap

preciable olivine, ilmenite, and chrome spinel. In two fragments 

of subophitic basalt in 12013,6, plagioclase is bytownite that 

ranges from An77 to Ans7 (Table 2, fig. 4). In two fragments of 

ophitic basalt in the sections made from 12013,9 (analyzed by 

Drake et al., 1970), plagioclase is bytownite-anorthite, Anss to 

An92 • Drake et al. (1970) also gave analyses of ilmenite and 

chromite in fragments of ophitic basalt, partial analyses of py

roxene and olivine in a fragment of cumulate ("ultramafic lithic 

fragment"), and partial analyses of plagioclase in three chon

drule-like fragments. 

Crystal Fragments 

Most crystal fragments are of the same minerals that make up 

the lithic fragments. Among these, plagioclase and pyroxene are 

by far the most abundant, olivine and ilmenite are less abundant, 

and chromite is minor. 

Fragments of plagioclase tend to be angular, and in 12013,6 

they are as much as 0.3 mm across. Most appear faintly dusty be

cause they contain abundant minute inclusions; a lesser number are 

clear and transparent. Optically most grains show little or no 

evidence of primary zoning. They are in general undeformed and 

unrecrystallized. However, some have mechanical twins, bent and 

displaced growth twins, mosaic extinction, or fine lamellar struc

tures; a very few are mosaics of minute recrystallized grains. 
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Table 2 

Compositions (weigh t %) of feld spars in gr ay aggregate in 12013,6 

Lithic (Basal tic and Gabbroic) 
Fragments Crystal Fragments Ma t r ix 

11 21 3a
2 3b2 43 54 6a5 6b5 

7 86 97 107 lla5 llb5 12 7 

Si02 49.5 47 . 0 47. 1 63.3 52 . 6 46.6 47.7 64 . 0 47.6 50.0 62. 1 61.3 52. 7 64.0 61.3 

Al
2
o

3 32.6 33.4 34.4 18. 7 31.3 34 . 3 34.5 19.0 33.3 3 1. 9 20 . 1 20 . 8 31. 3 18.6 21. 1 

FeO 0.37 0.43 0.28 0 . 22 0 . 30 1. 21 0.30 0 . 27 0.44 0.46 0 . 42 0 . 76 0 . 37 0 . 35 0.50 

CaO 15. 6 16.8 17.4 0.50 13. 9 18. 0 16. 9 ·o. 10 16. 4 14. 5 2 . 29 0.47 12. 9 0.39 3 . 64 

Na
2

0 2.53 1. 69 1. 45 1. 75 3 . 34 0.79 1. 89 1. 73 2. 10 2.95 2. 80 1.77 4.05 1. 75 3.02 

K
2

0 0. 16 0 . 02 0 . 02 13.2 0.09 0.10 0.08 12.7 0 . 08 o. 12 10.3 12.9 o. 17 13. 1 9.05 

Total 100. 76 99 .34 100. 65 97. 67 101. 53 101.00 101. 37 98 .40 99 . 92 99 .93 98.01 98 .00 101. 49 98. 19 98.61 

Number of ions on the basis of 32(0) 

s i J z 8.988 8. 692 8. 596 11. 883 9.402 8. 521 8. 646 11. 882 8. 7 51 9 . 125 ll. 570 11.509 9 . 426 11.932 11. 339 
Al 6. 972 7.279 7.397 4. 132 6.599 7. 399 7. 362 4 . 156 7. 215 6. 868 4.409 4.598 6. 599 4 . 088 4.609 

Fe i 0.056 o. 067 0.043 0.035 0.045 o. 185 0.045 0.042 0 . 068 0 . 070 0.066 0. ll9 0. 055 0 . 055 0.077 
~ 

Ca X 3.046 3.327 3.4ll o. 101 2. 664 3.523 3. 278 0. 139 3. 225 2. 842 0.457 0.095 2.472 0.078 o. 721 0 

Na o. 891 0. 606 0. 513 0. 637 1. 157 o. 280 0. 664 o. 623 o. 749 1. 044 1. 012 0. 645 1. 406 0. 632 1. 083 
K 0.037 0. 005 0.005 3. 163 0.021 0.023 o. 0 19 3.021 0. 019 0.028 2.437 3.096 0. 039 3. ll2 2. 136 
z 15.960 15 . 971 15 .993 16. 015 16.001 15.920 16.008 16. 038 15. 9 66 15 .993 15.979 16. 107 16.025 16.020 15.948 
X 4.030 4.005 3.972 3.936 3.887 4.0ll 4.006 3.825 4.061 3. 984 3. 972 3. 955 3. 972 3 . 877 4. 017 

Total 19. 990 19 . 976 19. 9 65 19.951 19.888 19 . 931 20.014 19. 863 20.027 19.977 19.951 20.062 19.997 19. 897 19. 9 65 

Or 0.9 0 . 1 o. 1 81. 1 0.5 0.6 0.5 79.8 0 . 5 0.7 62.4 80 . 7 1. 0 81.4 54.2 
Ab 22.4 15.4 13. 1 16.3 30. 1 7 . 3 16. 7 16.5 18. 7 26 . 7 25.9 16.8 35.9 16. 6 27. 5 
An 76.7 84.5 86.8 2. 6 69.4 92 .1 82 . 8 3. 7 80.8 72 . 6 11. 7 2. 5 63 . 1 2.0 13 . 8 

Electron microprobe analyses; ana lyst, 0. B. James 
1 Laths subophitical l y enclosed by pyr oxene. 
2 a is a large mosaic grain permeated and intimately veined by b. 
3 Rec r ystallized mosaic 
4 Grain con t ains faint planar s t ruc tures 
5 a designa tes core feldspar and b designates rim feldspar; both ar e op t ical l y continuous. 
6 Subhedr al gr ain. 
7 Interstitial gr ain. 



.. 
. , 

An 

Figure 4.--Compositions of feldspars in gray aggregate in 12013,6. 
All points represent 6-element microprobe analyses. Symbols 
"indicate: • --grains in lithic fragments, single crystal 
fragments; • --grains <20 ~m in matrix; • --grains replacing 
or rimming plagioclase of matrix; 0 --grains replacing or 
rimming plagioclase of fragments. Some representative analyses 
are given in table 2; numbers of points in the diagram refer 
to analysis numbers in this table. 
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Six plagioclase fragments in 12013,6 have compositions ranging 

from An69 to An92 ('table 2, fig. 4), whereas partial analyses of 

37 fragments in the sections made from 12013,9 (Drake et al., 

1970) indicate compositions that range from An52 to An91· 

Fragments of pyroxene have subangular to subrounded outlines, 

and the largest in 12013,6 is 0.2 mm acr oss. Some are clear, but 

most are charged with minute dark inclusions that commonly are 

distributed along sets of subparallel planes (see fig. 3b) . A 

few monomineralic pyroxene fragments are mosaics of small grains 

rather than single crystals. Fine exsolution lamellae are present 

in many grains. Microprobe analyses of fragments from chip 40 of 

slab 12013,10 (Albee et al., 1970) indicate that they include 

both high-calcium (augitic) and low-calcium pyroxenes; three 

grains of the former averaged about ca35Mg38Fe27 and ten grains 

of the latter ranged from about Ca2Mg61Fe27 to ca9Mg44Fe47 • The 

compositions of the low-calcium pyroxenes suggest that both pi

geonite and orthopyroxene are present, and this has been confirmed 

by x-ray studies (Gay et al., 1970). Optical inspection of num

erous small fragments from a crushed fraction of chip 42 of slab 

12013,10 suggests that orthopyroxene is more abundant than either 

pigeonite or augite (G. A. Izett and R. E. Wilcox, written com

munication, see Tatsumoto, 1970). 

No olivine has been identified in 12013,6, but fragments of 

this mineral as much as 1 mm across are common in other thin 

sections (Drake et al., 1970). The fragments tend to be angular, 

their margins are commonly embayed, and they are rimmed by low

calcium pyroxene. Most are undeformed and unrecrystallized, but 

a few show mosaic recrystallization textures or faint lamellar 

structures. Albee et al. (1970) gave analyses of four grains 

that may be fragments in gray aggregate; compositions ranged from 

Fo48 to Fo53 . 

Fragments of opaque minerals are subrounded to subangular, 

and the largest in 12013,6 is 0.2 mm. Most are ilmenite, some 

12 



are titanian chromite, and a few are intergrowths of these two 

minerals. Analyses of fragments in 12013,6 are given in table 3, 

and Albee et al. (1970) gave analyses of two grains of titanian 

chromite that are probably from gray aggregate. 

Matrix 

The fine-grained material that forms the matrix is character

ized by metamorphic granoblastic texture (see fig. 3b), Rounded, 

equidimensional grains of pyroxene and plagioclase form a mosaic, 

in which minute interstices are filled by potassium feldspar. 

Locally pyroxene occurs as small poikiloblastic grains that en

close plagioclase. Bladed or equidimensional grains of opaque 

oxides are distributed irregularly throughout the matrix, and 

they generally are present in amounts less than . 1-2%. No olivine 

or interstitial glass have been observed. The matrix is extremely 

heterogeneous, both in grain size and in mineral proportions. 

Within any given area individual mineral grains are highly vari

able in size, and from area to area their average grain size 

varies as well, from about 10 to 20 ~m. Pyroxene and plagioclase 

are dominant everywhere, but locally potassium feldspar and quartz 

(identified by microprobe analysis and index of refraction) are 

abundant: the potassium feldspar rims and replaces plagioclase, 

and the quartz forms small needles between grains of feldspar. 

Microprobe analyses indicate that the plagioclase grains in 

the matrix vary widely in composition. Ten grains less than 

20 ~m across from three different areas of matrix in 12013,6 

range from about An
55 

to An87 (from results of four partial anal

yses and six complete analyses; see table 2, fig. 4). Drake et al. 

(1970) found an even greater range, An47 to An95 , from the results 

of partial analyses of 36 grains less than 15 ~m across in the 

sections made from 12013,9. The interstitial potassium feldspar 

(polymorph unknown) is generally about Or81Ab
16

An
3

, but larger 

interstitial patches or rims on plagioclase may contain appreci

able anorthite component (table 2, fig. 4). 

13 





Analyses of matrix pyroxene and ilmenite suggest that these 

minerals may be more uniform in composition than plagioclase, but 

too few grains have been analyzed to establish their composition

al ranges with certainty. The results of 15 partial analyses 

(Drake et al. , 1970) indicate that low-calcium pyroxene (probably 

pigeonite) averages about ca
7

Mg51Fe42 , and high-calcium pyroxene 

(augite) averages ca
39

Mg
40

re21• The low-calcium pyroxene appears 

to be dominant. In 12013,6, two ilmenite grains from widely sep

arated areas of matrix have nearly identical compositions (table 3). 

Dark Aggregate 

Fragments and mineral grains in material of this lithology 

have a distinctly bimodal size distribution (fig. 5) different 

from the seriate distribution characteristic of gray aggregate. 

In 12013,6, nearly all lithic and crystal fragments that show 

subrounded to angular outlines range from 0.6 to 0.02 mm; in con

trast, the matrix has granoblastic texture and the average grain 

size is about 6 ~m. One area in 12013,13 contains abundant round 

vesicles, averaging about 0.2 mm across (see fig. la in Drake et 

al., 1970), and another area in 12013,14 contains sparse vesicles 

(Albee et al., 1970); but many areas of this lithology do not 

appear to be vesicular. 

The same general types of lithic and crystal fragments are 

present in both types of aggregate, but the relative abundances 

and textures of these fragments vary considerably between gray 

aggregate and dark aggregate , and between different areas of dark 

aggregate. In the latter, most lithic fragments are anorthos,itic 

or felsitic (rather than basaltic or gabbroic). Anorthositic 

fragments are dominant in some areas, felsitic fragments in others. 

Grains of tridymite, apatite, whitlockite, and zircon, which are 

relatively rare in gray aggregate, are concentrated locally. The 

following observations indicate the general nature of the vari

ations in assemblages. In dark aggregate in 12013,6, most large 

fragments are crystal fragments, and tridymite, apatite, 
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Figure 5.--Photomicrographs of dark aggr egate (li thology 2) in 
12013, 6. ( a) Crystal and lithic f r agments within very fine 
grained mat rix; grain sizes are bimodal. Notable among the 
fragments are: fractured plagioclase gra in veined by felsic 
mate r ia l (bot tom right); and subrounded tr i dymite grain 
(large gra in above and to left of cen ter, partly plucked out 
by thin sec tion gri~ding). Subangular patches of fine-grained 
granob l astic rock (top right) may a lso be fragmental. Plane 
light ; field wic1 th represents 2. 05 mm. (b) Matrix is a gran
ob las tic rock of minute grain size and i s re latively rich in 
opaque minerals. ThE largest fra gments i n t he field are 
pla gioclase grains (bottom left, c~nter r igh t) and felsite 
(top l eft). P]ane lighr, fieLd 1,1idth r epres ents 0.35 mm. 

f 
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whitlockite, and zircon are notable among these; most lithic 

fragments are small and are felsitic. In the patch in 12013,14 

(see fig. lc in Drake et al., 1970), the assemblage is like the 

one in 12013,6 except that anorthosite is common among the large 

lithic fragments. In a broad streak in 12013,15 (see fig. lb in 

Drake et al., 1970), most of the largest fragments are anorthosite 

and plagioclase-rich microgabbro, but a few large fragments of 

felsite and single-grain plagioclase are also present. In the 

patch in 12013,13 (see fig. lain Drake et al., 1970), the larg

est areas of exotic material are ovoid blebs of felsite. These 

are similar, both in bulk composition and texture, to the felsite 

of the third major lithologic type. Drake et al. (1970) reported 

a bulk analysis of the blebs obtained from expanded-beam micro

probe analyses; as these authors and Albee et al. (1970) pointed 

out, the composition is strikingly similar to the average compo

sition of late-stage high-silica immiscible melt from Apollo 11 

basalts (Roedder and Weiblen, 1970a and b)~ 

Despite the gross variations in fragment assemblages and 

vesicularity, fine matrix material appears to be much the same in 

all areas. The texture is granoblastic, as in gray aggregate, 

but grain sizes and mineral proportions are fairly uniform through

out. Bulk composition is relatively mafic: ilmenite is more 

abundant, interstitial potassium feldspar is less abundant, and 

pyroxene is richer in magnesium (Albee et al., 1970) than in gray 

aggregate. 

Lithic Fragments 

Felsitic fragments in 12013,6 (fig. 5b) are similar in bulk 

composition, and somewhat similar in texture, to the felsite of 

the third major lithologic type. All the fragments have rounded 

or subrounded outlines, and the largest is about 0.4 mm across. 

Potassium feldspar (polymorph unknown) and tridymite (polymorph 

suggested by index of refraction and habit) are dominant; labra

dorite, ilmenite, and pyroxene are present in some fragments but 

are greatly subordinate. The tridymite_(table 4) forms laths, 
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Table 4 

Compositions (weight%) of feldspars and silica minerals in dark aggregate in 12013,6 

Lithic (Felsic) Fragments Crystal Fragments Matrix 
--

1* 21 31 41 51 61 7 8 9a2 9b2 9c2 9i 10* 113 123 

Si0
2 97.9 56.4 61.4 61.9 63.0 63.7 50. 1 50.2 48.8 55.6 54.4 65.9 99. 1 51.2 50.3 

Al2o
3 

1. 01 27.3 20. 7 21.2 18.4 19.2 32.1 32.0 33.6 29.0 29.8 18.8 o. 70 31.5 31.4 

FeO 0.04 0.44 0.28 0.21 0.29 0. 17 0.43 0.20 0. 31 0. 28 0.34 0.20 o. 11 0.54 0.88 

CaD 0 . 15 10.9 2.97 3. 63 0.50 0.84 14.4 14.6 16.0 12.8 11.3 0.37 0.03 13.6 14.9 

Na2o o. 10 4.82 2.53 3.20 1.72 2. 13 2.91 2. 79 2. 16 3. 75 4. 60 1. 37 0 . 09 3. 75 2. 83 

K
2

0 0 . 03 o. 15 9.35 8.39 12.9 11.8 o. 19 0.20 0.14 0.38 o. 15 13 . 3 0.04 0.09 0 . 05 

Total 99.23 100.0 1 97.23 98 .53 96 .81 97.84 100. 13 99.99 101.01 101. 81 100.59 99.94 100.07 100.68 100.36 

Number of ions on the bas is of 32(0) 
..... 
CXl 

Si} z ---- 10. 141 11.472 11.404 11.918 11. 854 9. 122 9. 148 8. 842 9. 865 9. 756 12.034 ---- 9.266 9. 158 
A~ ---- 5. 791 4.563 . 4. 591 4.098 4.207 6.890 6.867 7. 176 6. 066 6. 296 4.039 ---- 6. 720 6. 750 

'·I ---- 0.066 0.044 0.032 o. 046 0.027 0.066 0.031 0.047 0.042 o. 051 0.031 ---- o. 082 o. 134 
Ca X ---- 2. 108 0.595 0. 716 0. 101 o. 168 2. 819 2.856 3.110 2.442 2. 175 0.072 ---- 2. 637 2. 919 
Na ---- 1. 680 0. 917 1. 143 o. 631 o. 769 1. 028 0. 986 0.758 1. 291 1. 601 0.485 ---- 1. 317 1. 000 
K ---- 0.034 2.230 1. 971 3. 109 2.808 0.044 0.047 0.032 0.086 0.034 3.098 ---- 0.021 o. 012 
z ---- 15.932 16.035 15. 995 16. 016 16.061 16. 012 16. 015 16. 018 15. 931 16.052 16.073 ---- 15.986 15. 908 
X ---- 3. 888 3. 786 3.862 3.887 3. 772 3.957 3.920 3.947 3.861 3.861 3.686 ---- 4.057 4. 065 

Total ---- 19 . 820 19. 821 19. 85 7 19 . 903 19. 833 19. 9 69 19. 935 19. 9 65 19.792 19. 913 19.759 ---- 20.043 19.973 

Or ---- 0 . 9 59.6 51.5 81. 0 75.0 1.1 1.2 0.8 2.3 0.9 84 . 7 ---- 0.5 0.3 
Ab ---- 43.9 24.5 29.8 16.4 20 .5 26.4 25.3 19.5 33.8 42.0 13.3 ---- 33.1 25.4 
An ---- 55.2 15.9 18. 7 2.6 4.5 72.5 73.5 79.7 63.9 57. 1 2.0 ---- 66.4 74.3 

Electron microprobe analyses; analyst, 0. B. James 
1 Interstitial grains. 
2 Partly replaced fragment: a, unaltered; b, narrow rim bordering replaced zone; c, small patch in replaced zone; and 

3 
d, interstitial and intergrown with silica in replaced zone. 
Subhedral grains. ,, Index of refraction, optical properties, and habit suggest polymorph is tridyrnite . 



and interstices between them are filled by potassium feldspar 

(table 4, fig. 6). The feldspar contains patches of minute micro

graphic intergrowth with a low-index phase that may be tridymite, 

small grains of labradorite (table 4, fig. 6), and clear irregu

lar patches relatively enriched in anorthite component (table 4, 

fig. 6). Pyroxene and ilmenite, where present, generally form 

equidimensional grains; but ilmenite locally occurs in blades. 

Dark aggregate in 12013,6 also partly encloses a few patches 

of fine-grained granoblastic rocks with subangular outlines (see 

fig. Sa). These rocks have textures and mineral assemblages like 

those characteristic of the matrix of gray aggregate. The patches 

are concentrated near one margin of the thin section, and it is 

not possible to establish with certainty whether they represent 

distinct lithic fragments or were initially continuous with gray 

aggregate. 

The anorthositic fragments in the streak in 12013,15 have 

highly diverse textures. Among these rocks are: fine-grained 

plagioclase-rich microgabbro with poikilitic mafic minerals (sim

ilar to sample 10085,12-61 described by Chao et al., 1970a); 

coarse-grained mosaic anorthosite; and very fine grained, granu

lated-appearing anorthosite. Drake et al. (1970) reported that 

plagioclase in two of these fragments is quite calcic, An80 to 

An96" 
Crystal Fragments 

The major minerals that occur as crystal fragments are the 

same as in gray aggregate. But unlike in gray aggregate, plagio

clase appears to be far more abundant than pyroxene, chromite is 

very rare, and tridymite, apatite, whitlockite, and zircon are 

common locally. 

Fragments of plagioclase are generally angular to subangular. 

In 12013,6 there are a number that are larger than any in gray 

aggregate, as much as 0.5 mm across. Most are clear, transparent, 

and undeformed, but a few are composed of fine recrystallized 

mosaics. The grains show a wide range of compositions. Six 
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Figure 6.- - Compositions of feldspars in dark aggregate in 12013,6. 
All points represent 6-element microprobe analyses. Symbols 
indicate: • --gra ins in lithic fragments; • --single crystal 
fragments; .& - - grains <10 iJ.m in matrix; and 0 --grains 
formed by reaction or replacement . Some representative 
analyses are given in table 4; numbers refer to ana l ysis 
numbers in th i s t able. 
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fragments in 12013,6 vary from An72 to An87 (from results of one 

partial analysis and eight complete analyses, four of the latter 

in the same grain; see table 4, fig. 6). Drake et al. (1970) re

ported that five fragments in 12013,13 varied from about An
60 

to 

An
95

, and Albee et al. (1970) reported that the fragments they 

analyzed ranged from An63 to An89 • Optically the grains show 

little or no primary zoning (confirmed by microprobe analysis by 

Drake et al. , 1970) , but locally they are partly replaced by a 

fine intergrowth of potassium feldspar and a silica mineral. In 

one such grain studied in 12013,6 (table 4, fig. 6), plagioclase 

bordering the intergrowth has been converted from An
80 

to An
64

, 

and minute patches within the intergrowth are An
57

• 

Fragments of pyroxene are subangular to angular, and in 

12013,6 the largest is 0.2 mm. Most are undeformed and free of 

the minute dark inclusions that characterize fragments in gray 

aggregate, but many contain recrystallized patches or consist of 

mosaics of small recrystallized grains. Exsolution lamellae are 

common. The results of 42 partial microprobe analyses of grains 

in 12013,14 (Drake et al., 1970) indicate compositions suitable 

for pigeonite, orthopyroxene, and augite. Single grains these 

authors analyzed were fairly homogeneous, but the low-calcium 

pyroxenes showed a much greater range of compositions (from about 

Ca2Mg83Fe15 to about Ca7Mg53Fe40) than the augites (nearly all 

about Ca37Mg43Fe20). Optical inspection of fragments from a 

crushed fraction of chip 9 of slab 12013,10 suggests that ortho

pyroxene is greatly dominant (G. A. Izett and ~ E. Wilcox, 

written communication, see Tatsumoto, 1970). 

Olivine is absent in dark aggregate in 12013,6, but it occurs 

as fragments in this lithology in other samples. Three grains 

analyzed in 12013,13 and 12013,14 (Drake et al., 1970) ranged 

from Fo58 to Fo82 , but each was relatively homogeneous. 

Fragments of opaque oxides are subrounded to subangular , 

and are as much as 0.2 mm across in 12013,6. Most are ilmenite, 
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and the two grains analyzed in 12013,6 have higher MgO contents 

than those analyzed in gray aggregate (table 3). 

Tridymite (optical properties given by Drake et al., 1970) 

fragments are subrounded to rounded and some of these are very 

large , in 12013,6 up to 0.4 mm across (fig. Sa). At their mar

gins, the grains typically have an irregular zone of fine inter

growth with potassium feldspar. Apatite and whitlockite form 

subangular composite fragments that may also be fairly large, up 

to 0. 3 mm across in 12013,6. Partial uncorrected analyses were 

given by Drake et al. (1970), and complete analyses of grains 

that are probably fragments in this lithology were given by Albee 

et al. (1970). Gay et al. (1970) presented cell parameters for 

two grains tentatively identified as whitlockite. Zircon occurs 

as rounded fragments that are generally qu ite small; the largest 

in 12013,6 is 0.03 mm across. An analysis was given by Albee et 

al. ( 1970). 

Matrix 

The matrix is a very fine grained, granoblastic mosaic (see 

fig. 5b) of equidimensional plagioclase, pyroxene, and opaque 

minerals (mostly ilmenite). The plagioclase and pyroxene are 

uniform in grain size, averaging about 6 ~m; size of the opaque 

grains is also uniform but much finer, about 1 - 2 ~m. Rough 

visual estimates indicate that on the average 4% or more of 

opaque minerals are present. Interstitial potassium feldspar and 

silica are much less abundant than in matrix of gray aggregate. 

Compositions of four grains of plagioclase less than 10 ~m 

across in one area of matrix in 12013,6 ranged from An
66 

to An
74 

(table 4, fig. 6); Drake et al. (1970) reported a much greater 

compositional range, from An
48 

to An
94

, on the basis of 58 par

tial analyses of grains less than 15 ~m across. Compositions of 

matrix pyroxenes, from partial analyses of grains smaller than 

15 ~m (Drake et al., 1970), are similar to those of pyroxenes 

that form larger crystal fragments, except that the latter include 
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a significant proportion of orthopyroxenes that are more magnes

ian than any of the matrix grains. This difference may be real 

or it may be only an expression of sampling difficulties. How

ever, the data do clearly demonstrate that both the high-calcium 

and low-calcium pyroxenes are on the average more magnesian than 

those in the matrix of gray aggregate. 

Felsite 

Material of this lithology is fairly homogeneous, and in 

texture and composition it contrast greatly with material of the 

first two lithologies. Potassium feldspar (tentatively identi

fied as sanidine by LSPET, 1970), and G. A. Izett and R. E. Wil

cox, written communication) and quartz (polymorph identified by 

x-ray methods by Gay et al., 1970, and by index of refraction) 

are the dominant minerals; labradorite is abundant locally. 

Troilite is a notable accessory, and is far more abundant than in 

either of the other two lithologies. The quartz forms a network 

of fine interconnected laths, and interstices between these are 

filled by potassium feldspar (fig. 7). Both minerals generally 

contain abundant minute inclusions, and each is optically contin

uous over patches that are as much as 0.3 mm across in 12013,6. 

Locally the potassium feldspar forms euhedral laths, as much as 

0.12 mm long in 12013,6, or irregular clear patches that are 

relatively free of intergrowth with quartz (fig. 7a). The euhed

ral grains and clear patches are commonly rimmed by feldspar that 

is intimately intergrown with quartz. Small grains of labradorite 

form cores within euhedral and subhedral grains of potassium feld

spar; some of the cores are euhedral, but others are embayed and 

partly replaced. Large grains of labradorite are present locally; 

in 12013,6 these have mosaic extinction and are replaced at their 

margins by potassium feldspar (fig. 7b). Minor labradorite also 

occurs in interstices between quartz laths, apparently intergrown 

with potassium feldspar. Felsite in 12013,14 contains irregular 

patches of fine-grained mosaic labradorite, and in 12013,15 sim

ilar mosaic labradorite forms a narrow medial strip within a 

broad streak of dark aggregate (see fig~ lb in Drake et al., 1970) • . 
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Figure 7.--Photomicrographs of felsite (lithology 3) in 12013,6. 
(a) Fine laths of quartz are intergrown with interstitial 
potassium feldspar . Locally patches of this feldspar are 
free of quartz (center) and are relatively rich in anorthite 
component (table 5, analysis 4a). Calcic pyroxene forms 
long thin prisms (top right to bottom left), and ilmenite 
forms thin blades or equidimensional grains (center left). 
Crossed nicols ; field width represents 0.75 mm. (b) Large 
grain of labradorite (table 5, analyses la-c) shows mosaic 
extinc tion and displaced twin lamellae (bottom center). The 
grain is enclosed by quartz-potassium feldspar intergrowth 
and is replaced at its margins by potassium feldspar. Crossed 
nicols; field width represents 0.53 mm. 
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Minor constituents are pyroxene, ilmenite, and troilite, 

and trace minerals (reported by Drake et al., 1970) are apatite, 

whitlockite, zircon, and chromian ulv~spinel. Pyroxene occurs as 

equidimensional grains or long prisms. Ilmenite typically forms 

thin blades, but some equidimensional grains are also present 

(fig. 7a). Troilite occurs as irregular rounded blebs that con

tain a few grains of native metal. 

Compositions of the potassium feldspars are similar to those 

in the other lithologies. In 12013,6 potassium feldspar in 

interstices is typically about Or81Ab 17 • 5An1•
5 

(table 5, fig. 8); 

but some euhedral crystals and interstitial grains free of inter

growth with quartz contain appreciable anorthite component (table 

5, fig. 8; Drake et al., 1970). Optically this feldspar appears 

homogeneous, and no attempt was made in the present study to de

termine whether it consists of a single phase or of a submicro

scopic mixture of phases. Drake et al. (1970) reported a range 

of major element compositions similar to that shown on fig. 8. 

These authors and Albee et al. (1970) also analyzed for BaO, and 

they reported as much as 8% in some grains. 

The plagioclases show a much narrower range of compositions, 

and are much more sodic on the average, than in the other two 

lithologies. In 12013,6, plagioclase in a small, partly replaced 

grain and in a large mosaic grain (fig. 7b) have compositions 

that vary from An52 to An
60 

(table 5, fig. 8). Two interstitial 

grains are slightly more sodic, An
45 

and An
51

• Drake et al. 

(1970) reported a nearly identical range of compositions for 

plagioclase in felsite they analyzed. 

Ilmenite and pyroxene are more iron-rich than in the other 

two lithologies, and pyroxene appears to be dominantly augite 

rather than orthopyroxene or pigeonite (Drake et al., 1970; Albee 

et al., 1970). The most iron-rich ilmenites analyzed in 12013,6 

(table 3) and 12013,9 (Drake et al., 1970) were in felsite; and 

the most iron-rich pyroxenes analyzed in 12013,9 were in a lab

radorite-rich streak in thin section 12013,15. These augite and 
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Table 5 

Composit i ons (weight%) of feldspars and silica minerals in felsite in 12013,6 

la
1 lb 1 

lc
1 

2a
2 

2b
2 

2c
2 

2d
2 

3a
3 3b3 4a

3 4b3 54 64 74 84 9;, 

Si0
2 55.3 54.6 55.5 54.7 61.3 62.4 63.7 60.3 65.5 62.0 66. 1 63.4 64.0 53 . 8 56. 7 97 . 7 

Al
2
o

3 27.4 28 . 0 27.5 28. 1 20.9 20 . 1 18. 7 21.5 16. 7 20.6 18.3 18. 5 18. 7 23.9 26.3 0. 77 

FeO 0.30 0.06 0.30 0.49 0 . 24 o. 16 o. 12 o. 17 0.35 0. 16 o. 16 0. 19 o. 06 0.81 o. 67 0.25 

CaO 12.2 10. 7 10. 7 10.8 3. 13 1.77 0.44 3. 90 0.52 2. 55 o. 17 0.32 0 . 39 9.46 10 . 5 

Na20 4 . 44 5.21 5.33 5.22 3.03 2. 69 2. 08 3. 75 2.08 3.22 1. 70 1. 95 1. 91 6.20 5 . 48 

K
2

0 o. 13 o. 16 0.20 0.24 9.08 10. 6 12. 8 7. 84 12.7 9 . 44 13.5 13.2 12. 6 0 . 19 o. 16 0.02 

Total 99.77 98 . 73 99.53 99.55 97.68 97.72 97.84 97.46 97 . 85 97.97 99 . 93 97.56 97.66 94.36 99.81 98 . 74 

Number of ions on the basis of 32(0) 

Si} z 10 . 017 9. 963 10. 051 9. 935 11.417 11. 629 11.906 11. 248 12.218 11. 504 12.073 11.909 11.949 10.325 10.242 
N 

"' Al 5. 843 6. 021 5. 875 6.011 4.587 4.407 4. 119 4.726 3.681 4.509 3 . 949 4. 103 4.114 5.400 5. 606 

'"l 
0.045 0 . 009 0.045 0.074 0.037 0.025 o. 019 0.027 0.055 0.025 0.025 0.030 0.009 o. 130 0. 101 

Ca X 2. 362 2.094 2.081 2.092 0.624 0.354 0.088 o. 779 o. 104 0.507 0.033 0. 064 0.078 1. 944 2. 027 
Na 1. 558 1. 843 1.872 1. 838 1. 093 0.973 o. 753 1. 356 0. 753 1. 158 0.599 o. 710 0. 691 2.305 1. 920 
K . 0.030 0.037 0 . 046 0.056 2. 156 2.532 3. 055 1. 865 3. 017 2. 234 3. 148 3 . 159 2.998 0 . 047 0 . 037 
z 15.860 15.984 15.926 15.946 16.004 16. 03 6 16.025 15 . 974 15. 899 16.013 16.022 16. 012 16.063 15.725 15.848 
X 3. 995 3.983 4.044 4 . 060 3. 910 3.884 3. 915 4.027 3. 929 3. 924 3.805 3. 963 3. 776 4.426 4. 085 

Total 19. 855 19. 967 19 . 970 20.006 19.914 19 . 920 19.940 20.001 19.828 19.937 19 . 827 19.975 19. 839 20. 151 19.933 

Or 0.8 0.9 1.2 1.4 55.7 65 . 6 78.4 46.6 77.9 57.3 83.3 80 . 3 79. 6 1.1 0.9 
Ab 39.4 46.4 46.8 46. l 28 . 2 25.2 19.3 33.9 19.4 29.7 15.8 18. l 18.3 53. 7 48.2 
An 59.8 52 . 7 52.0 52.5 16. l 9. 2 2.3 19.5 2. 7 13 . 0 0 . 9 l. 6 2. 1 45 . 2 50.9 

Electron microprobe analyses; analyst 0. B. James 
l 

Large grain with mosaic extinction and displaced twins (see fig. 7b). 
2 

a, partly replaced core; b, rim that is free of intergrowth with quartz; c and d, in interstices between quartz l~ths. 
a - d are all optically continuous. 

3 a, clear patches free of quartz; b, in interstices between quartz laths, but optically continuous with a. 
4 

Interstitial grains; low total and poor cation balance of analysis 7 due to small grain size. 

·k Index of refraction suggests polymorph is quartz. 
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Figure B.--Compositions of feldspars in felsite in 12013,6. All 
points represent 6-element microprobe analyses. Symbols in
dicate: • - -mosaic or partly replaced grains; • --euhedral 
grains, clear patches free of intergrown quartz; • --inter
stitial grains . Representative analyses are given in table 5; 
numbers refer to analysis numbers in this table. 
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pigeonite compositions, from 12 partial analyses, averaged about 

Ca
38

Mg
33

Fe
29 

and Ca
9

Mg
37

Fe
54

, respectively. Complete analyses of 

two pyroxene grains in chip 2 from slab 12013,10 (Albee et al . , 

1970) indicated the following contents of minor elements : 1% 

Al2o
3

; 0.7% Ti02 ; 0. 35% Cr2o3 ; and 0. 34% MnO. Exsolution lamellae 

are abundant, and in augite these are basal lamellae of pigeonite. 

Troilite in felsite in 12013,6 contains little or no Ni or 

Co, but associated native metal is relatively rich in both these 

elements. Partial, uncorrected analyses of four meta l grains in 

12013,6 indicate about 38% Ni and 1. 7% Co; Drake et al . (1970) 

reported 26.7 to 27 . 6% Ni in similar grains . 

Crystallization history 

The uniform distribution of potassium feldspar and quartz 

throughout the areas of this lithology suggests that the bulk of 

the felsite crystallized from a fairly homogeneous "liquid" con

sisting largely of these two components (with minor andesine

labradorite). Textures of the quartz - feldspar intergrowth re

semble devitrification textures, however, and much of the crys 

tallization of these minerals may have occurred in glass rather 

than in actual melt. The habit of the silica mineral suggests 

that it may have formed as tridymite and subsequently inverted 

to quartz. The pyroxenes, opaques, and other minerals that are 

sparsely distributed throughout the felsite may have crystallized 

from minor constituents in the "liquid", or they may represent 

included grains , or both. In par ticular, the large, partly r e

placed, mosaic grains of labrador i t e that occur local l y may be 

relict unmelted grains or xenocrysts . 

GROSS TEXTURAL RELATIONS BETWEEN DOMINANT LITHOLOGIC TYPES 

On the surfaces of cut slabs and over entire thin sections, 

12013 has the appearance of a patchy mixture of the three dom

inant lithologies (figs . 1 and 2 ; also see plates 1 and 3 in 

Anderson, 1970) . On this scale, most of 12013 is a relatively 

light- colored mottled rock that cons i sts of gray aggregate , the 
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large lithic and crystal fragments it contains, and irregular 

patches of felsite. This mottled rock typically envelops dark 

aggregate, but in some areas minor felsite occurs within the 

latter. 

Dark aggregate is concentrated in widely separated patches 

and streaks that tend to be relatively large, as much as 1 em 

across. In 12013,6, dark aggregate forms irregular patches that 

have well-defined, but slightly gradational, margins (fig. 1). 

In 12103,13 it forms a large patch that has very sharp, rounded 

outlines (fig. la in Drake et al.). Here it encloses ovoid blebs 

of felsite that are isolated from one another (although one is 

continuous with felsite in the surrounding rock and forms a rounded 

tongue projecting into the dark material). In 12013,15 dark ag

gregate occurs in a broad irregular streak and several smaller 

rounded patches (fig. lb in Drake et al.). Most contacts are 

sharp, but the broad streak is paralleled by several thin, dark 

schlieren that grade into the surrounding rock. In many areas 

in this thin section, the dark material appears to form a fairly 

even "coating" around the large lithic fragments it contains. The 

outlines of dark areas in 12013,13 and 12013,15, and on some of 

the surfaces of cut slabs suggest bulk plastic flow of the mate

rial (also suggested by Drake et al., 1970; see their figs. la 

and lb). 

Felsite is fairly evenly distributed throughout the mottled 

rock that forms the bulk of 12013. It occurs primarily in small 

patches, mostly less than 2 mm across, that tend to be roughly 

equidimensional. Many of the patches have well-defined subangu

lar to subrounded outlines, and some of these appear to be com

pletely isolated from each other. (Felsite with similar bulk 

composition, but slightly different texture, occurs in patches 

that clearly represent fragments within dark aggregate.) Most 

patches, however, have somewhat gradational contacts and are 

interconnected; locally they merge to form highly irregular 
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streaks. In a few places felsite fills fractures in coarse 

lithic fragments (see fig. Sa). In 12013,14 a planar veinlet of 

felsite intrudes dark aggregate (fig. lc in Drake et al., 1970, 

and plate 4 in Anderson, 1970); in 12013,15 a thin medial streak 

of mosaic labradorite within a broader streak of dark aggregate 

has been interpreted as a veinlet by Drake et al. (see their 

fig. lb). Near some of the felsic patches, the matrix of gray 

aggregate contains abundant potassium feldspar and quartz, and 

plagioclase crystal fragments in both dark and gray aggregate are 

commonly cut by minute veinlets of potassium feldspar or felsite. 

THERMAL METAMORPHIC EFFECTS 

Textures indicate that 12013 was extensively heated during 

or after consolidation. Throughout the rock, pyroxenes show 

abundant exsolution lamellae. In gray and dark aggregate, many 

fragments have recrystallization textures, a few monomineralic 

chips have possible devitrification textures, many minerals in 

lithic and crystal fragments show reactions with surrounding 

matrix, and all matrix material has granoblastic texture. In 

the felsite, it is possib le that most of the feldspar-silica 

intergrowth formed by devitrification. Some of the recrystal

lization and devitrification textures of the fragments may be 

relict, inherited from prior metamorphism of parent material. 

Other textures , however, can only have been produced by heating 

during or after aggregation; most distinctive of these are the 

granoblastic texture in matrix materials, and the textures formed 

by reactions between fragments and matrix. 

Reactions Between Fragments and Matrix 

Olivine, plagioclase, pyroxene, and tridymite all show evi

dence of reactions with matrix material. Olivine has been con

verted to low-calcium pyroxene, plagioclase has been replaced by 

potassium feldspar, pyroxene forms a fine intergrowth with the 

grains of the matrix, and tridymite is rimmed by pyroxene. Sim

ilar reactions have occurred in both gray and dark aggregate, but 
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the textures formed by these reactions differ slightly in the 

two lithologies. 

Olivine has reacted extensively with matrix material in 

both gray and dark aggregate. Single crystal fragments and 

grains within lithic fragments have been partly or largely con

verted to low-calcium pyroxene--from its composition and habit, 

probably orthopyroxene. Some grains have narrow rims of pyrox

ene where they border matrix. Other grains have broad coronas 

of pyroxene that consist of mosaics of fine equidimensional 

grains or intergrowths of small laths. These coronas generally 

contain small vermicular blebs of ilmenite. Monomineralic py

roxene fragments composed wholly of mosaic or lath intergrowths 

(fig. 9) apparently represent olivine that has been entirely re

placed. Relict boundaries of the original olivine fragments are 

typically retained, but in some cases the pyroxene that formed 

by reaction is optically continuous with fine poikiloblastic 

pyroxene in adjacent matrix (fig. 9). Semi-quantitative micro

probe analyses of replacement and poikiloblastic pyroxene, from 

both dark and gray aggregate in 12013,6, indicate that composi

tions are nearly identical with the average composition of low

calcium pyroxene in the matrix of dark aggregate. 

Plagioclase fragments typically show evidence of minor re

action with matrix material; their margins are minutely embayed 

and they have narrow rims of potassium feldspar . These rims are 

clearly apparent on grains in gray aggregate but not on most 

grains in dark aggregate ; if they are developed in the latter 

lithology they are extremely narrow. In both aggregates, frac

tured or deformed grains have been veined (see fig. Sa) and per

meated, and some have been extensively replaced, by potassium 

feldspar. 

Pyroxene in fragments is commonly intergrown with pyroxene 

in immediately adjacent matrix; and the fragments have highly 

irregular scalloped boundaries on a very fine scale. This tex

ture is more clearly evident in dark aggregate, where fragment 
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Figure 9.--Photomicrograph of pyroxene intergrowth formed by re
placement of olivine in 120·13 ,6. The grains of replacement 
pyroxene are lath shaped and contain vermicular blebs of 
ilmenite (opaque). Relict grain boundaries are preserved, 
but pyroxene within the intergrowth is optically continuous 
with pyroxene in the surrounding matrix (to top and right of 
grain). See fig. 3a for plane light view. Crossed nicols; 
field width represents 0 . 38 mm. 

Figure 10.--Photomicrograph of fragment of felsite in dark aggre
gate in 12013,6. The felsite consists of a fine intergrowth 
of tridymite and potassium feldspar and the fragment has a 
pyroxene-rich corona (granular material at margin). Plane 
light; field width represents 0.23 mm. 
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outlines are better preserved and the size contrast between 

fragments and matrix is more distinct. 

Fragments of tridymite, and lithic fragments that contain 

tridymite (fig. 10), are bordered by coronas rich in pyroxene. 

The pyroxene grains are rounded, equidimensional, and somewhat 

coarser than matrix grains; in most cases they form a granular 

discontinuous rim, but in others they completely encase the 

silica-rich fragments. 

INFERENCES ON THE ORIGIN AND HISTORY OF 12013 

Although textures produced by recrystallization and devit

rification are well developed throughout 12013, it appears that 

much of the gross structure of the rock is relict, including 

most outlines of contacts between the dominant lithologic types. 

These contacts are in general sharp and show little or no evi

dence of displacements produced by penetrative deformation; lo

cally, however, they show gradations that may be the result of 

migration of potassium feldspar and silica. The outlines of 

fragments are well defined on all but the finest scales; even 

where minerals have been entirely replaced, relict boundaries 

are clearly apparent. Lithic and crystal fragments that have 

recrystallized retain their original subrounded to angular 

shapes , and all vesicles are preserved undeformed. 

Gray Aggregate 

Material of this lithology encloses the material of the 

other two lithologies and thus forms the "groundmass" rock, or 

essential rock type, of 12013. It is a microbreccia and repre

sents a consolidated aggregate of diverse fragmental debris. 

(Albee et al., 1970, suggested that gray aggregate formed by re

action between dark aggregate and felsite, but the observation 

that the fragment suites are different in the first two litholo

gies clearly demonstrates that these represent different frag

mental rocks.) Sizes of lithic clasts and single mineral grains 

are seriate, possibly suggesting that in the unmetamorphosed 
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aggregate crystalline fragments were dominant over glassy frag

ments. A significant proportion of the fragments have textures 

that indicate they were deformed before being incorporated into 

the breccia. The diversity of the fragments, their seriate 

sizes, and their deformat ional textures suggest that their par

ent rocks were broken by impact processes, and that the gray 

aggregate is probably a breccia of impact origin. 

Dark Aggregate 

The characteristics of dark aggregate suggest that material 

of this lithology was incorporated into the microbreccia as ag

gregates of fragments bound together by melt or welded by glass; 

the molten or glassy matrix subsequently devitrified to form a 

granoblastic rock of minute grain size. Rough visual estimates 

of modes indicate that the matrix material is mafic. The pres

ence of vesicles in some of the patches demonstrates that in 

these areas, at least, the matrix was hot and plastic, possibly 

molten. The gross outlines of the patch in 12013,13 suggest 

that the dark aggregate material either invaded 12013 or was in

corporated into the rock as hot globules that were capable of 

flow. As no other areas of this lithology appear intrusive, the 

latter hypothesis seems more likely. 

Other areas of dark aggregate have matrix material that is 

apparently identical in composition and texture to that in the 

vesicular patches, but they do not contain vesicles. In some, 

however, the matrix appears to coat evenly the fragments it in

cludes in somewhat the same way that glass coats single lithic 

and crystal fragments in Apollo 11 and 12 fines and breccias 

(see fig. 12 in Chao et al., 1970b). The matrix materials in 

these cases may initially have been melts or glasses that had 

lower temperatures or lower volatile contents than in the vesic

ular patches. Alternatively, it is possible that some of these 

areas represent microbreccias in which matrix material was orig

inally very fine fragments of mafic glass. 

Origin of the matrix melt or glass has not been established 
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in the present study. This material includes abundant and di

verse fragments, suggesting an origin by shock melting, but 

nearly all the fragments themselves appear to be unshocked. The 

data presented here do not preclude the possibility that the 

melt was generated by processes other than shock melting. 

Felsite 

Felsitic material was apparently incorporated into the 

breccia as fragments of glass or, possibly, as irregular blebs 

of melt. Where this material is sparse, it forms isolated 

patches that have well-defined subangular and subrounded outlines, 

suggesting it was originally clastic material that was fairly 

rigid. Felsitic patches that clearly represent fragmental mate

rial occur in dark aggregate. The presence of grains of nickel

iron and of grains of plagioclase that may be relict deformed 

xenocrysts suggest that the felsitic glass or liquid originally 

formed by impact-induced melting of a silica-potassium feldspar 

rock. 

It appears, however, that felsic material had considerable 

mobility within 12013. ~t fills fractures in lithic and crystal 

fragments and forms narrow veinlets that cut dark aggregate. 

The matrix of gray aggregate bordering some patches of felsite 

contains abundant interstitial potassium feldspar and quartz, 

and throughout the entire rock plagioclase is replaced to vary

ing degrees by potassium feldspar. Where felsite is abundant, 

it forms patches that have subangular outlines but are inter

connected, or it is distributed in broad irregular streaks that 

have the general appearance of veins. Other authors have pro

posed that this mobility of felsic material indicates that it 

was intrusive into the breccia (Albee et al., 1970; Drake et al., 

1970); under this hypothesis, however, it is difficult to explain 

its occurrence locally as subangular patches that appear com

pletely isolated from one another, in both gray and dark aggre

gates. From the results of the present study, it seems more 

likely that the fracture fillings, veins, and replacement 
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features fo rmed by migration of material that was either remo

bilized by thermal metamorphism or incorporated into the rock 

as blebs of melt. 

The origin of the ovoid blebs of felsite that occur in one 

of the a reas of dark aggregate is an interesting problem. It 

has been suggested by Albee et al. (1970) and Drake et al. (1970) 

that these represent vesicles filled by granitic fluids . How

ever, the blebs appear to be completely isolated from one another 

and they tend to be large and oval, whereas most empty vesicles 

are small and round. An alternative possibility is that the 

blebs represent partly or wholly melted felsic xenoliths includ

ed by mafic mel t. It is not possible at present to distinguish 

with certainty between these alternatives. 

Origin 

The results of the present study suggest the following 

tentative hypothesis for the origin of 12013. 

The rock is a microbreccia that contains three major kinds 

of "fragmental" components. The first component consists of a 

sui t e of lithic and crystal fragments derived from highly di

verse crystalline rocks, mostly basalts, gabbros, and anortho

sites. These fragments form the "groundmass" material of the 

breccia. The second component is a dark-colored aggregate of 

fragments that were initially bound together by mafic melt or 

glass. This aggregate material was incorporated into the brec

cia as large irregular globules, some of which were very hot 

when included and capable of plastic flow. The third component 

is a light-colored felsite that was incorporated into the brec

cia as fragments of glass or, possibly, as irregular blebs of 

melt. It is likely that impact processes were involved in for

mation of all three of these components: the mafic and felsic 

melts and glasses may have been generated by shock melting, and 

the crystalline fragments may have been broken by shock defor

ma tion. Indeed, the entire microbreccia probably f ormed by im

pact processes. 
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At some time during or after formation of the microbreccia, 

its constituents were intensely heated and they recrystallized, 

devitrified, and reacted with one another. The heating could 

have occurred immediately after aggregation, with material in

corporated into the breccia acting as the source of heat. Al

ternatively, the metamorphic effects could have been produced 

by a later episode of reheating. The time of heating has been 

dated by K/Ar, Rb/Sr, and Pu-U/Xe methods at about 3.9-4.0 bil

lion years (Turner, 1970; Schnetzler et al., 1970; Tatsumoto, 

1970; Alexander, 1970; Albee et al., 1970). This is the ear

liest single event yet dated on the lunar surface, a metamorphic 

event almost a half billion years prior to crystallization of 

Apollo 12 mare basalts. 
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