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Abstract

Glass particles generally make up from 20 to 4#0% of the
Avollo 11 and 12 fines (<1 mm dia ). Regular forms (mostly
spherical, elliptical, teardrop or dumbbell in shape) make up
from approximately 0.5 t0 1% of the fines. Splasned silicate
glass, metallic beads and mounds, and impact pits are conmon sur-
face feztures on both Avolle 11 aed 12 glass particles., Relict
silicate and oxide mineral inclusions (mostly pyroxene, plagio-
clase with some clivine and i1lmenite) and metallic spherules are
present 1n zlmost all of the opaque particles, but are present
in only about ocae-third of the non-~-opacue glass particles. wNicxel-
iron cctahedral crystals (2-5 pm daa.) neve been found in a few
glass particles.

llost of the glasses have "basaltic" compositions similar to
the rocks or fine nmaterial from the respective Apcllo sites, The
Apollo 12 glasses differ in composition from the Apollo 11 glasses
in the same manner that the Avollo 12 rocks differ from the Apollo
11 rocks--1.e. the Apollo 12 glasses generally have highexr 510,
contents ana lower TlOE contents than tne Apollo 11 glasses.
Glasses with "anorthositic"” compositions have been found at both
the Apollo 11 and 12 sites. "“Basaltic" glasses witn high X and P
contents have been found in the Apollo 12 fines. These glasses are
similar in composition to KRBEP. Such material may be the cryptic
component needed to explain the difference in composition between

the Apolio 12 crystalline rocks and the fines and breccias. Tae



remaining glasses may represent exotic components or partial melt-
ing products of known materials. Modification of glass compositions

by vapor fractiomation seems to have been negligible,



INVESTIGATION OF GLASS PARTICLES RECOVERED FROM APOLLO 11 AND 12
FINES: IMPLICATIONS CONCERNING THE COMPOSITION OF
THE LUNAR SURFACE

1. INTRODUCTION

Glass particles make up from 20 to §p percent of the fines
(€1 mm diameter) from the lunar soil at the Apollo 11 and 12
sites. Most of these glass particles were probably formed by im=-
pact melting of the local and surrounding regolith. Evidence most
quoted for an impact origin of these glasses includes: 1) chemical
heterogeneity of some of the glasses, 2) glasses with monomineral-
lic compositions (mostly in Apollo 11 samples), 3) included Ni-
Pe spherules, and 4) highly shocked crystalline inclusions. (The
reader is referred to Chao et al. {1970a] for a more detailed
discussion of the evidence for an impact origin for the lunar
glassese)

Many of these glass particles represent homogenized portions
of the lunar rock or soil from which tney were formed. A 500
milligram sazple of €1 mm fines will yield hundreds or thousands
of such particles >50 um drameter. According to Shoemaxer et al.
(1970) 50% of the regolith at Tranguillity Base 15 expected to have
come from a distance less than 3.1 km, about 5% from distances
greater than 100 km and as much as 0.5% or more from alstances
greater than 1000 km. Thus the 1nvestigation of lunar glass par-
ticles from a single sample of &1 mm fimes can tell us a2 great
deal about the composition and variabilaity of the lunar surface
material within a raazius of several hundred xilometers of the col-

lection site.



A short summary of preliminary findings resulting from the
investigation of glass particles from Apollo 11 soil sample 10084
was reported in a paper by Adler et al. (1970). In addirtion, a
paper presenting the main conclusions of an investigation of
glass particles from Apollo 12 sample 12057 has been published
(Glass, 1971). However, because of length resstrictions much of
the supporting data for the above papers were not included, These
data and additional data on glass particles from Apollo 12 sample
12070 are presented in thas paper along with a discussion of the

main findings and conclusions from these investigations.

2. SAMPLE DESCRIPTIONS

The glass particles discussed 1n this paper were recovered
from an approximately four gram sample of Apollo 11 sample 10084
and approximately 0.5 gram samplesof Apolle 12 samples 12057 and
12070. All three samples are <1 mm fines., The Apolloc 11 sample
is fines collected in the contingency sample. 4pollo 12 sample
12057 consists of fines from the bottom of the documented Apollo
Iunar Sample Return Container and is thus a2 mixture of material
from several locations at the Apollo 12 site., Sample 12070 1is tThe
fines of the contingency sample taken on the rim of a small crater

fifteen meters northwest of the LM,

3. ANALYTICAL PROCEDURES

A, Separation Methods

A total of 107 glass spherules were concentrated from the

greater than 149f4m size fraction of Apollio 1t sample 10084 in



the course of heavy liquid mineral separation. The spherules were
obtained from Dr, J.A, Philpotts and the percent recovery is not
known, The size, shape, color, transparency, surface features and
other outstanding characteristics of each spherule were recorded
and the spherules were placed i1n a contalner for additional ine
vestigations. In addition to the spherules, three angular glassy
fragments from 10084 were selected for investigation and a frag-
ment of pale green transparent glass from sample 10084 was obtained
from Dr. N.M. Short,

The two Apollo 12 samples (nos. 12057 and 12070) were disag-
gregated with a sonic vibrator and dry sieved into five size frac-
tions: > 580 um, 147-—580}3111, 74-147)4111, 44-74},«111 and 444}4111. A1l
of the spherules:>74}4m dianeter ware picked out of the sample,
described and placed in a contaziner for Further investigation.

A total of 266 spherules were recovered from sample 12057 and 355
from sample 12070,

B, Petrozraphlc Studies

The refractive indices of eighty~seven glass particles from
sample(JEOST were determined by the oll immersion method., In
general, the preeision of measurement is + 0,002. Polished
sections of each glass particle mounted for microprobe analysis
were studied in reflected and transmitted light to determine the
abundance of veslcles and crystalline inclusions, Metallic spher-
ules were distinguished from other crystalline ianclusions by thelr
shape and reflectivity. Approximatley twenty mineral inclusions

in several glass particles were 1dentified by making spectral
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scans with an electron microprobe analyzer, In addition, mineral
species included in or attached to the surface (rock flour) of
several glass particles were identified by x-ray diffraction ansly-
8is using a Debye~-Scherrer camera,

C. Electron Microprobe Analysis

Glass particles showing the widest range in physical proper-
ties were picked for electron microprobe analysis. EBEach particle
was mounted in epoxy inside a 3" metal tube, ground down to expose
2 section and polished. Coarse polishing was done with diamond
paste. The final polish was with cerium oxide. Each particle
was analyzed for Si, Ti, AL, Fe, Mn, Mg, Ca, Na and K. In addition,
the Cr and P contents of fority glass particles from 12057 were
determined,

The analyses were made with an ARL microprobe analyzer. Opera-
ting conditions were generally 15 KV accelerating voltage and 0.04
upamp specimen current. Ten to forty second counfting times were
used. Glasses made up by Corning and analyzed by the USGS were
used for standards. Silica and 41,03 standards were used for
background counts, The data were corrected for background, in-~
strument drift, absorptlion, atomic number and fluorescence using
a computer program by Goldstein and Comella (1969). Each analysis

is an average of five to ten point counts.

4, RESULIS

A, Abundance and Description of Glass Particles

Glassy particles Iin the lunar fines range from glassy coat-
ings on rock fragments, to dark opacue glassy blebs, to cpague

spherules, %o transparent spherules, as well as, angular frggments



of opaque and non-opague glass (Fig. 1). Point counts of 1000
grains from the 74-147}Am and 147-580)4m size fractions of the two
Apcllo 12 samples indlcate an average glass content of approximately
thirty percent (Table i1). Quaide et al, {(1971) report that these
samples contain ~40% discrete grains of glass for similar size
fractions., The greater than 580)Am size fraction apparently con=
tained less glass, but only twenty-two grains were present in each
sample from this size range. Quaide et al. (1971) also report
lower glass contents for this size fraction (~25% and ~5% for sample
12057 and 12070, respectively).

Glass spherules {(spheres, ovals, dumbbells, teardrops and
other regular forms)} make up approximately 1 to 5% of the Apollo
11 fines (Duke et al., 1970; Quaide and Bunch, 1970). The percent
spherules increases with decreasing size fraction (Duke et al.,
1970). Similarly the two Apollo 12 samples 12057 were found to
contain approximately one vercent spherules (based on point counts
of 1000 grains) with a slight indication of an increase in per-
cent spherules with decreasing size fraction (Table 1). Sample
12070 was found to contain only 0.4 to 0.6% glass spherules., How-
ever, the number of spherules recovered per gram of sample 1s
greater for 12070 than for 12057 (Table 1). As with sample 12057
there is a2n indication that the percent spherules in sample 12070
increases with decreasing size fraction down to at least 74 um,
Quaide et al., (1971) report similar values for the spherule con-
tent of these two samples, but their data show no indication of

an increase in percent spherules with decreasing size fraction,



The 107 spherules recovered from Apolle 11 sample 10084 range
in size from 35}&m diameter up to an oval shaped spherule 128O)Am
long by 1O4O}Jm wide., (Since the spherules were recovered from tne
greater than 149,Am si1ze fraction, the spherules with diameters
less than 149 um diameter must have been adhering to larger grains. )
The largest spherical shaped glass body recovered from the Apollo
12 samples iS"BAO}jm in diameter. (However, it should be re-
membered that the Apollo 12 samples have only a combined weaght of
approximately one gram as opposed to the Apollo 11 sample which
was apyroximately four grams.)

The size distribution for glass spheres greater than 176)Am
diameter is similar for all three samples (Table 2). The number
of spheres increases with decreasing size range and greater than
half of the spheres occur in the smallest size range observed
(Table 2).

Nearly 40% of the Apollo 11 spherules and approximately 50%
of the recovered Apollo 12 spherules are opaque black. The non-
opajue spherules occur in a wide variety of coclors. However,
dark wine red spherules are the most common in the Apollo 11
sample (Table 3). In contrast, yellow-brown to dark brown spher-
ules are the most common in the two Apollo 12 samples with deep
wine red spherules being fairly rare.

Spherical or elliptical forms wake up approximately 90 to 94%
of the spherules i1n all three samples (Table 4). The remaiader

are mostly dumbbells, teardrops or rod-shaped forms.



B. BSurface PFeatures

The following discussion 1is based mostly on scanning electron
microscope {SZIM) studies of twenty-four Apollo 12 glass particles
(fifteen spherules and nine arregular blebs or fragments). Only
seven Avollo 11 glass particles were studred with the SEM. How-
ever, comparison of the surface feafures observed on the Apollo 12
glasses with published descriptions of surface features on Apollo
11 glass particles indicates that there is no significant differ-
ence between the two. (For a more complete d%scussion of sirface
features observed oa Agollo 11 glasses see Carter and MacGregor,
1970; McKay et al., 1970; Prondel et al., 1970.)

The surface of the glass spherules range from smooth and
regular to rough and dust covered (Fig. 1E & P)}. Most of the surface
features can be grouped into the following categories:

Rock Flour. Some of the opague spherules have minute miner=

al grains or rock fragments (rock flour) embedded 1n or coating
their surface, The dust coating is often only on one side of the
spherule suggesting that it was acquired as the spherule landed

on the regolith before 1t was completely solid. Someitimes vigorous
agitation with 2 sonic vibrator will dislodge some of the partacles
leaving indentations on the surface of the spherule.

Exposed Vesicles. Apvroximately one-third of the spherules

have exposed vesicles which were appareatly formed by outgassing
(Fig. 24A). Exposed vesicles have been observed only on the opague
spherules, Some of the splashed silicate glass blebs and coatings

also have exposed vesicles.



Splashed Silicate Glass, Blebs or coatings of silicate

glass (Pig. 2B and Fig. 3) occur on ten of the thirty-one glass
particles studled, The silicate glass coatlng on the spherule
shown in Figure 3 has a slightly different composition than the
spherule being somewhat richer in Oa and Ti and poorer in PFe and

K.
Ni-Fe and Sulfide EBeads and Mounds., Beads or mound-like

structures are visible on approximately one-third of the glass
particles. They range in diameter from less than 1}Am up to
approximately 254 m. 1In general, the beads or mounds are randomly
scattered over the surface of the spherules (Fig. 2C). However,

on two of the spherules the beads occur in a geometric pattern
“Fig. 4B)and on one the beads have partially coalesced %o form an
irregular mass (Pig. 5). On iwo of the spyherules some of the beads
have fallen out leaving dimple-~like depressions (Figs. 4B and 5).

Electron microprobe analysis of the beads shown in Figure 5
shows that these beads are composed predominantly of iron with a
minor amount of nickel and a trace of cobait and sulphur. Other
authors have reported troilite and phosphorous=rich mounds (e.g.
Carter and MacGregor, 1970).

The geometric pattern shown in Figure 4B consists of large
beads (up to~1.5um dia.) each surrounded by a circle of smaller
beads (~0.1fum dia. or less)., The circle of smaller beads occurs
out from the central bead a distance that is approximately equal
to the diameter of the central bead. In many cases the central
bead has fallen out leaving a depression that is surrounded by a

ring of small beads.



It is suggested that the geometric arrangement of beads dis-
cussed above 1s produced when a spherule is coated with a thin
layer of Nl=Fe which draws up\into beads due to surface tension.
The shallow depression left where beads have fallen out indicates
that the beads formed while the glass sphere was st1ll in a molten
state, A similar, bub more irregular pattern of beads is present
on the spherule shown 1n Figure 5.

Impact Pits. Of the thirty-one glass particles studied
only three were observed to have an obvious impact plt on their
surface. One pit on an Apollo 11 glass spherule was a small highly
fractured area with a large spalled zone on one side. A second
Pat on an Apollo 12 spherule is a small glass-lined pit with a
slightly raised rim, fThe third impact pit 1s snown in Figure 2D.
This pit has a ceniral melted depression surrounded by an outer
fractured zone with radial fracture pattern.

C. ZPetrography
1. Refractive Index. The refractive indices of Fighty-

seven glass particles from 12057 range from 1.555 up to 1.690.
However, most of the refractive indices fall between 1.580 and
1.670. A histogram of refractive indaex versus frequency shows a
bimodal distributron with one mode at about 1.595 and the second
at about 1.650,

In general, the refractive index of the glass is related to
its color, and both the refractive index and color are good indi-
catlions of the composaition. The relationship between refractive
index, color and 510, content is shown in Figure 6. Two main

groups or trends are evadent. One group of mostly pale green to
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greenish-yellow glasses has a wide range in S:LO2 content (38~-47%),
but almost constant refractive index (~1.595). These glasses are
“anorth081tlcqin composition with low Fe and Ti and high Ca and Al
contents., The second group is made up of glasses with an average
refractlive andex of 1.650. They range in color froz yellow to green
to brown to red. These glasses -how a strong ianverse correlation
hetween refractive index and 5105 content {1n general, the darker
colored glasses [brown to red] have high refractive 1naices and
low silica contents). These glasses are "basaltic" in compositicn
and generally have hiaigher Ti and FPe and lower Al contents than

the lighter colored, "anorthositic" glasses. A similar relation
between color and chemical composition was observed for Apollo i1
glasses (see for example Chao et al.,, 1970b; von Engelhardt et al.,
1970, Quaide et al,, 1970).

2. Veslcles. Generalized descriptions of five Apollo 11
and 157 Apollo 12 gless particles, mounted for electron microprobe
analysis are gaven in Table 5, It can be seea that out of 162
glass particles approximately one~fourth contain vesicles. This
percentage 15 true for poth fragments and spherules. Apjoroximately
72% of the opague glass particles (seventeen total) contain vesicles
whereas only about 21% of the non-opaque glass particles (145
total) contain vesicles.

From the above discussion rt appears that the opague glass
particles were not heated as thoroughly as the non-opague (especial-
ly the transparent) glass particles and had not finished outgassing

before they solidified., Thus the opague glass particles generally
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contain vesicles, whereas the non-opague glass particlss gemnerally
do aot. This suggestion is supported by data cn crysialline in-
clusions in the glass variicles.

3. Inclusions.,

a. Relict Silicate and Oxide Inclusions., DMNineral grains

which appear to be inclusions of pre-existing minerals (Fig. TA)
oceur in approximately 38% of tne glass particles i1avestigated
(see Table 5). X-ray diffraction analysis and electron microprobe
analysis of inclusions in twenty glass particles iadicate that
the most abundant maneral inclusions are pyroxXene and feldspar with
some olivine and ilmenite.

As with the vesicles, relict migeral inclusions are more
abundant in the opaque particles. They were observed ia fifteen
of the seventeen opajue particles whereas tney were only observed
in ayproximately one~third of the non-opaque particles.

b, S10- Glass. One transparent yellow-green glass spher-

ule (140f4m dia,) was founa to contain a large (~30Mmm dia.)

rounded centrally located triangular shaped inclusion of lechateli-
erite (Fag. 7C). The inclusion is isotrooic and electron micro-
probe analysis indicates that 1t 1s composed of nearly pure 3102.
Frondel et al. (1970) reported rare grains of silieca glass with

N4 = 1.462 1n Apollo 11 samples wnich they thought were derived from
melting or shock vitrification of traidymite oxr crastobalite.

¢. Ni-Fe and Sulfide Spherules., Ni-Fe and/or sulfide

spherules (Fig. 7D) were ovserved in nearly half of the glass par-

ticles. They range in size from <1 rm up To approximately Bqum
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1n diameter. In some particles numerous submiceron spheruvles de-
lineate flow lines. In many of the glass spherules the metallic
spherules are located near the outside of the spherule.

Most of the metallic spherules in both the Apollo 11 and Apollo
12 glasses are composed predominantly of iron with a few percent
nickel., However, others are rich in Ni or S {Table 6).

The comoositions of the metallic spherules are suggestive of
meteoritre contamination; and, in fact, many authors have inter-
preted the presence of these spherules as indicating that the lunar
glasses were produced by metecrite impact. However, Ni-Fe blebs
have been founa in Apollo 12 erystalline rocks. Reid et al. (1970)
report that the Ni-Fe blebs 1n the Apollo 12 crystalline rocks
have higher cobalt {up to 8%) than meteoritic Hi-Fe. Spectral
scans of the Ni-Fe spherules in the Apollo 12 glasses indicate that
they have low Co contents (<£1%). Thus those metallic spherules
that were investigated arée believed to be meteoritic in origin,

In general, those glassy particles containing reliet silicate
or oxide inclusions also contain Ni-Fe and/or sulfide inclusions
and the glass particles without other mineral inclusions do not
contain metallic and/or sulfide spherules either. Metallic and/or
sulfide spherules were observed in nearly all the opague glasses
and approximately one-tnard of the zon-opaque glasses.,

d. Ni-Fe Octahedral Crystals. Black opague Xi-Fe octa-

hedral crystals (2 to 5‘Hm.d1a.) have been found in one Apollo 11
(Fig. 8) and two Apollo 12 glass particles. FElectron maicroprobe
analysis 1ndicates that the crysials have tne following approxi-

mate compositron: 94% iron, 6% nicxel and =2 ‘trace of cobalt, The



glass particles containing the Ni-Fe crystals are homogeneous and
are free of ¥i-~PFe spherules and other crysialline inclusions.

Black, opaque, cubic crystals (generally 4-5}Am dia.} have
been described by other investigators in Apollo i1 glasses (von
Engelhardt et al., 1970; Frondel et al., 1970, Chao et al., 1970a}.
Chao (personal comnunication) has observed chromite as well as Ni-
Fe cubie crystals an both Apollo 11 and Apollo 12 glasses.

Von Engelhardt et al, (1970) suggested that the glass con-
taining the metallic crystals must have cooled 1n such a2 manner
that the temperature remained close to the crystallization tempers-
ture of the metal long enough to allow the growth of a single
crystal out of each liguid droplet. Walter (personal communication)
states that reduction probebly toecx place since the sclubility of
iron metal in salicate glass is low., In zay event, tne conditlons
under wnich the crystals are formed must be rsither unique, since
the Ni-Fe 1n most of the glass particles is in tne form of spher-
ules rather than cr - stals.

4, Devitrification. Apoyroximatley seven perceat of the glass

yarticles investigated were partially or complately devitrified,

Most of the devitrified particles are weakly birefringent colorless
to grey translucent spherules with rough surfaces, These soher-

ules are anorthositic an composition (see nos. 344, 345, 347, 348

and 350-353, Table 8). Several glass fragments have plagioclase
crystals that appear to have been formed by devitrification (Pig. 7B).

5. ZTransparent Pale Green Glass Fragments. Transoarent

vale green glass fragments nave been found in Apollo 11 and 12

fines, Although they make uv less than one perceant of the fines
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they are conspicuous because of their transparency and bottle-
green color, Of the twelve pale green glass fragments iavesti-
gated 2ll were homogenecus and none were found to consain vesicles
or crystalline inclusions {including metallic spherules) excedt
for devitrified plagioclase., These glass particles are anorthosit-
1c in composition (e.g. see samples 154-159, Table 8) aad theirr
refractive index 1s generally 1.59%95 + 0.002.

6. Dascussion, All of the opague fragments and spherules

contain vesicles and/or crystalline inclusions; whereas only 56%

of the non-opague Ifragments and 44% of tne noan-opaque spherules
contain vesicles and/or crystall:ne inclusions. The glass in those
particles containing vesicles and crystalline inclusions are gener-
ally heterogeneous, On ithe other hand, the glass particles without
vesicles and crystalline inclusions are gererally honogeneous,

Of the seventeen fragments that do not contaln vesicles or
crystalline inclusions, twelve are the pale green fragments dis-
cussed earlier., Thne rermainder of the fragments do not appear to
have any other characteristics in common.

D. Chemical Copposition

The chemical compositions of fifteen Apollo 11 and 161 Apollo
12 glass particles are given in Tables 7 and 8, resvectively. The
glasses have a wide range in composition. However, in contrast
to other workers (e.g. von Zngelhardt et al., 1970; Chao et al.,
1970 a & b) no glasses of monmominerzllic compositions have been
found. The glass analyses, histograrns of oxide abundances aad vari-
ous oxiae plots have been utilized to divide the analyses 1nio

groups. Chao et al. (1970s) have divided both the homogeneous
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Apollo 11 and 12 glasses into eight groups. When possaible the
groups established in this study have been correlated with those
established by Chao et al. (1970a). 1In order to facilitate dis-
cussion the Apollo 11 and Apollo 12 glasses will be discussed
separately.

1« Apollo 11 Glasses. The compositions of four fragments

and eleven glass spherules from sample 10084 are given in Table 7.
Tae Apollo 11 glasses fall anto two main groups: "anorthositic!
(group 1); and "basaltze" (groups 2-3 and miscellaneous analyses).

Group 1. The glasses in tnis group are distinguaished by
their high 41,03 (>25%) z2aa 0a0 (>15%) and low Ti0, (£0.5%), PeO
(X6%) and Mgl® (<6%) contents (Table 7). This group 1s similar
to group 2 of tne homogeneous Apollo 11 glasses of Chao et al.
(1970a). Two glass particles fall in this sroup. One {sample 11)
18 a transparent pale green glass fragment devoeid of vesicles or
crystalline incluslons. The second i1s a 200 Mm dismeter clear %o
cloudy grey spherule with a rough surface.

Group 2. These glasses are distisguished from the
group 1 glasses oy their lower Al,0s (~11-16%) 2nd Ca0 (~1-15%)
and higher T20, (~6-8%), Fel (~14~17%) and Mgl (~7-9%) contents
{Table 7). Tane glasses in this group appear to be most similar to
those in Apollo 11 group # of Chao et al. (1970a). However, the
average PeQ content avpears to be a little higher aad the average
A1203 convent a little lower, Approximately half of the glasses
f211 into this group. Three of the glasses are large (}58Q}4m)
yellow-brown to brown glass fragments thet contain numexrous relict

crystalline inclusions. Only one of the taree was observed to
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contain metallic spherules, The remainder of the glasses in this
group are small (<20Q}1m dia.) reddish=-brown to deep wine red
glass 'spherules.

Group 3. Only one particle (no. 122) was assigned
to thlis group. It is placed in a2 group because 11 is similar to
the glasses in Apollo 11 group 6 of Chao et al, (1970a)., It has
the highest FeO (23.7%) and Ti0p (8.4%) and lowest Al,03 content
(5.3%) of any of tne Apollo 11 glasses in Table 7. It 1s also
distinguished by its low 3102 and high Mg0 content.

Group 4. Again only one pariticle is assigned to this
group (Table 7). It 1s sim:.lar to the two glasses in Apollo 11
group 8 of Chao et al. (1970a). Like the glass partrcle in group
3 1% has a high Fe0 and ¥MgO and low Al203 content., However, 1%
is distinguished from the group 3 glass by its low T10, content
{0.48%).

Miscellaneous Analyses. The resmainder of the glasses

cannot readily be assigned to one of the above groups for one
reason or another and apparently do not fall into any of the groups
defined by Chao et al, (1970a). Samples 125 and 132 are similar
t0 the group 2 glasses except for their lower 710, contents (Table 7).
Sample 8 1s similar %o sample 10 i1n Table 2 of Chao et al. (1970a).
Sample 10 has to the best of the author's knowledge the highest
silica econtent of any Apollo 11 glass particle analyzed. This
spherule is also unique in tanat 1t 15 one of three glass particles
to contain Hi-Fe octitahedral crystals,

2. Apollo 12 Glasses. The chemacal compositions of 118

glass particles (fifty-five fragments and sixty-three spherules)
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from sample 12057 and forty-three glass particles (eight fragments
and thirty-five soherules) from sample 12070 are given in Table 8,
A generalized description of each glass particle is given in Table 5.
Seven groups have been distinguished. The range and average COmposi-
tlon of each group 1is given in Table 9, Table 10 gives a summary
of tne distanguishing chemicsl characteristics of each group and a
generalized description of the glasses in each group. Like tTne
Apolloc 11 glasses the Apollo 12 glasses can be davided into two
main groups--those with "anorthositic" comvositions (groups 1 aad
2 in Table 8) and those with "basaltic" compositrons (groups 3-7
and miscellaneous analyses in Table 8). Tne relationsnip between
the groups, refractive inaex and 5102 content is indicated in Fig. 9.
Group 1. These glasses are distinguished by their
high A1203 and Ca0 and low T10,, FeO and MgO contents (Tables 8,
9 & 10). They are similar tdithe group 2 glasses, but are distinguished
from them by their lower Fe0 and Mg0d content (<5%). The glasses
in this group are similar to those in Apollo 12 group 1 of Chao
et al, (1970a) bdut have lower PFe0 and ilg0 contents. Only two
particles are in this group {both from sample 12057). Both are
small (<74 um dia.) pale yellowish green spherules,
Group 2. The glasses in this group are similar 1o
the group 1 glasses in that they have high Al,0- (720%) and Cal (713%)
and low Ti0, (£1%), g0 and FeO contents (Tables 8, 9 & 10). 3But
they are dastinguashed from the group 1 glasses by their Fel
and MgO contents wnich even though they are low, are greater than
7%, These glesses are similar to those in group 1 of the Apollo
11 glasses. Tharty-four (~21%) of the analyzed glasses were

assigned to this group. 4&pproximately one~third of them are the
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transparent pale green glass fragmeants, without vesicles or crystal-
line inclusions, that were discussed earlier. The remainder are
generally colorless to yellow-green transpareat or grey frosted
spherules without vesicles and with or without crysizlline incluslions.
Pive of the spherules (nos. 2, 227, 233, 244 and 298) have hagher
Si02, Ti05, Hago and KoQ contents than the other glasses in thas
group {see Pable 8)., The glasses in group 2 are similar to those

in Apollo 12 groups 1 and 2 of Chao et al. (1970a}.

The remaining glasses (groups 3-7 and miscellaneous analyses)
are "bagsaitic" in composition and are aistinguished from group 1
and 2 glasses by thelr lower Al,0z and higher TiOj, Fe0 and Mgl
contents (Tables 8, 9 and 10),

Group 3. The distinction betuween group 3 and group 4
glasses 1s rather arbirtrary as there is a continuous range 1n
compositions between group 3 and 4 glasses., Howsver, a plot of
K90 content versus Na,0 content for Apollo 12 glasses other than
those in groups 1 and 2 shows a clustering of values below 0.2%
Na,0 and 0,1% X20 (Pig. 10). Thus the group 3 glasses are &1s=-
tinguished from groups 4-7 by their low alkall conteat (Na20-<0.2%
and K20410.1%). In addxrtrion to their low alkali c¢ontents, the
glasses assigned to group 3 nave lover 9205 and lower average SiO2

and Gr203 and higher average TiGE, A120 Mg0 and Ca0 contents than

3’
the glasses in groups 4=-7 (Tables 8, 9 and 10). The glasses in
group 3 are nearly all small (<150/um dia.) yellow-brown spherules

without vesicles or ocrystalline inclusions. Iwenty-four (~15%)
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of the analyzed glasses were assigned to this group. The glasses
in this groug are similar to analyses in several of the Apollo
12 groups of Chao et al. {1970z).

Group 4. Group 4 glasses are distiaguished from the
group 5 glasses primarily by thelr alkali content. Group 4 glasses
have alkali contents intermediate between group 3 and group 5
glasses (see Tables 9 & 10). The glasses 1n thas group exhibit a
wide rznge in compositlion which does qot show any opvious cluster-
i1ng into groups, These glasses are similar to two glasses 1a
Apollo 12 group 4 of Chao et 2l. (19702). Tne glasses in this
group are fragments and spherules with a wide range 1o color and
apacity. lfost contain erystalline ainclusions including Ni-Fe spher-
ules, Those with the nighest Fe0 coateat are generally brown to
red-brown fragments wirthout vesicles. Sixty-six (~41%) of the
analyzed glasses were assigned Lo this group.

Group 5. Twenty (~12%) of the analyzed glass particles
fall ainto this group. The glasses in this group are distinguished
from the other "basaltic" glasses by their high alkali content
(0.6%< K20<0.85%; 0.9%< Na20<1.2%) (Fig, 10). Ine glasses
in this group form a distinct grouping with a rather narrow range
in composition (see Tables 8 & 93 Fig. 11). Besides their high
alkali contents, the glasses 1n group 5 are generally richer in
8102, A1203 and Po0g and lower in T10,, Fe® and MgO than the otaer
"pasaltic" glasses (see Tables 8 & 9).

The group 5 glasses are generally transparent %o translucent
yellow-brown fragments without bubble cavities, but with numerous

crystalline inclusions, They are similar to the transparent brown
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potassic glass from Apollo 12 regolith described by Meyer and
Hubbard (1970). They are also similar to some heterogeneous
Apollo 12 glasses reported by Chao et al. (1970a).

Group 6. The five glasses in group 6 are distinguished
from the other Apollo 12 glasses by their high TlOe contents (>5%).
These glasses also have low 8102 and alkall contents. One of these
glasses {(no. 216, Table 8) has the highest refractive index measured
in this investigation. The glass particles in this group are red
10 reddish brown fragments or spherules without vesicles. Chao
et al. (1970a) report only one Apollo 12 glass particle with a
Ti0, content greater than 5% aad it 1s dastingulshed from the group
6 glasses by 1ts higher §10, content {45.7%) and lower Fe0 content
(15.5%) .

Group T. Only one glass particle is assigned to this
group. It 1s a reddish-brown spherule from sample 12070, It has
the lowest Alo05 content (4.12%) among the glasses analyzed in
thig study. It 1s also digtinguished by a low 3102 {38.8%) and
Ca0 (6.4%) and high FeO (29.8%) comtent, It 1s placed in a group
rather than under miscellaneous analyses because 1t a1s similar to
Apollo 11 red to black spnerules analyzed by Keil et al. (1970)
and %o red-brown glass from a breccia analyzed by Ware and Lovering
(1970). It is also samilar to the Apollo 11 grous 6 glasses of
Chao et al, (1970a) which are aark wine red spherules and to an
Apollo 11 spherule (no. 122) aiscussed in this resort (Table 7).

Miscellaneous Analyses. Nine of the glass particles

from sample 12057 cannot be assigned to any of the above groups.
All have falrly high ¥a,0 and/or K50 contents. Two of them (nos.

226 and 234) have unusually high alkali contents compared to other



Apollo 11 and 12 glasses (Table 8, Fig. 10). They alsc have high
510, contents and low TiO, contents. Three others (nos., 174, 175
& 276) have high K;0 contents (~0.9%) but intermediate Na,0 con-
tents. Two of these samples (174 and 276) are guite similar to
each other compositionally and all tnree are opaque. Samples 166,
205 and 219 have higher Na20 contents than the group 4 or 5 glasses
but lower Na,0 and total alkall contents than the group 6 glasses
and are intermediste 1n composition between the group 4 and group
6 glasses. All three are non-opzque fragments from the 147-580 pm
size fractlon and samples 166 and 219 are both reddish brown and
contain ecrystalline inclusions, Sample no. 230 1s & yellow-green
spherule with high §a,0 content (1.22%) but intermediate K,0 con-
tent (0.32%).

5.  DISCUSSION

A, Comparison between Apollo i1 and Ajollo 12 Glasses. The

glasses from both the Apollo 11 and 12 sites can be divaded into
two main groups: 1} "aaorthositie" and 2) "basaltic". The anor-
thositic glasses (Apollo 11 group 1 and apollo 12 groups 1 and 2)
from the two sites are guite similar to each other. However, the
basaltic glasses (Apollo 11 groups 2-4 aad Apollo 12 groups 3-T)
from the two sites are for tae most part distinet. In general,
the 4pollo 12 basaltic glasses have higher S10, contents and lower
T10, contents tham the Apollo 11 basaltlc glasses (see Fig. 12).
However, the five Apollo 12 glass particles in group 6 (Table 8)

are similar to many of the Apollo 11 glasses. Likevwiise, some of
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the Apollo 11 basaltic glasses with low Tio2 contents (e.g. sample
8 1n Table T) are similar to Apollo 12 basaliic glasses.

Glasses with low Al,0s contents (<6%) are fairly common in
Apollo 11 samples (von Engelhardt et al., 1970; Chao et al., 1970a
& by Kell et al., 1970; also see sambvle no, 122, Table 2 of this
paper). Only the one Apollo %2 glass particle in group 7 (Tanle 8)
has been found with similar composition. Lakewise, basaltic glasses
with high alxali content like the Apollo 12 glasses 1in group b are
extremely rare an Apollo 11 samples.

Alzhough distinet from ezch other in many respects, on sone
veriation diagrams (of percent oxides versus each other) the
Apollo 12 glasses fall on the same trends as the Apollo 11 glasses
(e.g. see PFig. 13).

B. Comparison between Glasses and the Rocks and Soils at the

Apolio 11 and 12 Srtes. The majority of the Apollo 11 and 12 glasses

are similar in composition to the rocks and fines at the respect-
ive sites. The seven Apollo 11 glasses assigned to group 2 (Table
7) are similar i1n composition to published analyses (LSP3T, 1969)
of avollo 11 crsstzlline rocks, brecciras and fines. The compari-
son between these glasses and the average compositron of the
Apollo 11 fines 1is particularly striking. Except for the somewhat
lower MnQO and Nap0 contents of the glasses all of the oxades are
generally within the range given for Apello 11 rocks and fines,
Most of the Apollo 12 glasses assigned to group 4 (Table 8)
have compositions within the range given (LSPET, 1970) for the

Apollo 12 rocks anc fines. However, they seem to have slightly
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higher average 3102 and slightly lower average T102 and Fel con-
tents than the Apollo 12 rocks and fines., In general, they are
more similar %o the average composition of the finesy however,
about one-fifth are more similar to the crystalline rocks because
of thexr high FeO (>17%) and TiO, (>3%) and low A.1203 (<12%)
contents.

The Apollo 12 group 3 glasses are more samilar to the Apollo
12 rocgs and fines tnan tne group 4 glasses in some respecis and
less similar in others. They are more similar because of their
slightly lower 5102 and higher TiO2 contents., However, their ex-
trerely low NasQ contents distainguishes them from the Apollo 12
rocks and fines. This suggests that these glasses were derived
from another parent material or that their comosositions have been

modified by some process such as vapor fractionation,

C. Modirfication of Glass Comuvosition by Vapor Fractionation.

The Apolle 12 group 3 glasses differ from group 4 glasses by
naving higher average Tioe, 31203, Mg0 and Cal contents and lower
average 3102, FeQ, Mno, Nazo, K50 and P205 contents. The observed
differences in composition between the group 3 and group 4 glasses
are the ones that would be expected if the group 3 glasses were
produced from group 4 glasses by vapor fracsiomation in a reducing
enVironment (see Walter, 1967; Chapman and Scheiber, 1969).

Purther support for vapor fractionaticon is seen in a variation
diagram of A1203 versus Mgl for Apollo 12 glasses. TWalter (per-
sonal communication)} points out that AlEO3 varies inversely with

Mg0 in igneous differentiation trends, but that Al,0, varies directly

3
with MgO in vapor fractionation trends. A plot of all analyses of
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Apollo 12 glasses shows that the msin overall trend is for A1203
%o vary inversely with MgO. However, within the maln trend A1203
varies directly with Mg0 in going from the group 4 to the group 3
glasses as would be expected 1f the group 3 glasses were produced
from group 4 glasses by vapor fractlounatlion.

Also in support of vapor fractlionation is the fact that nearly
all the group 3 glasses are small (<150!4m dia,.) spherules without
bubble cavities or crystalline inclusions, The group 4 glasses,
on the other hand, generally ceontain erystalline inclusions. This
suggests that the group 3 glasses were heated more intensely than
the group 4 glasses,

Since the lunar glasses show distinet clustering according to
composition and since the bulk of the glasses from the Apollo 11
and 12 sites are similar in composaition to the rocks and fines from
the respective sites, it is unlikely that tne major element con-
tents of most of the glasses have been changed appreciadbly by vapor
fractionation. Chao et al. (1970a) also conclude that the major
element contents of the lunar glasses that they studied nave not
been appreciably affected by volatilization, and that their present
compositions probadly closely reflect the compositions of the parent
materials.

D. Exotic Glasses. Several groups of glasses from the Apolleo
11 and 12 sites do not have compositions similar to the analyzed
rocks or soil from the Apvello 11 or 12 site, respectively. These
glasses may have been produced by shock melting of materials from

other areas of the moon and/or from local rocks that are not

abundant,
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1. Anorthositic (Apollo 11 Group 1 and Apollo 12 Groups

1 and 2) Glass. The Apollo 11 group 1 glasses (Table 7) and

Apollo 12 groups 1 and 2 glasses (Table 8) have compositions similar
to the "anorthosite" fragments found in Apolle 11 and 12 samples
by Wood et al. (1970) and Wood et al. (1971), Other investigators
have also found glasses with similar compositions 1n Apollo 11
(Smith et al., 1970; King et al.,, 1970, von Engelhardt et al.,
1970; Wood et al., 1970; Short, 1970; Chao et al., 1970a) and
Apollo 12 (Chac et al., 19702) samples. As poinited out by Wood

et al., (1970) and other authors, the anorthosite fragments and
anorthositic glasses show rather close agreement with Surveyor VII
analysis of ejecta from the highland crater, Tycho {see Table 11).
Preliminary work shows that glasses with this composition are
abundant in Apollo 14 fines. Thus anorthositic glasses appear to
be the only type that are common at the first three Apollo landing
sites (Apollo 11, 12 and 14},

2, KREEP (Apollo 12 Group 5) Glass. The glasses of group

5 are similar in compositlon to some feldspathic orthopyroxene-
rich rock fragments from Apollo 12 samples that are designated
KREEP by Hubbard et 21, (1971) because of their high potassium,
rare-earth elements and phosphorous contents (Table 12). Glass
of KREEP composition has also been deseribed by Meyer and Hubdbard
(1970) and Meyer et al, (1971) (Table 12).

The type B norite anorthosite fragments described by Wood et
al. (1971) and the "gray mottled" fragments described by Anderson
et al. (1971) from the Apollo 12 soil and the dark portion of

rock 12013 are also similar in composition to KREEP material (Table 12).
Based on mineral assemblage Meyer et al. (1971) suggested that

Luny Rock 1, described from Apollo samples by Albee and Chodos
(1970), is alsc similar to KREEP material.
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Material of KREEP composition appears to be the cryptic com-
ponent that several authors {(e.g. Wakita and Schmitt, 1970;
Schnetzler et al., 1970, Hubbard and Gast, 1970) have suggested
is needed 12n the soil %o explain the difference in composition
between the Apollo 12 fines and the Apolio 12 crystalline rocxgs.
Hubbard et al. (1971) vroposed that the Apollo 12 soil samples are
esseatially a two-component mixture of average crystalline rocks
from the Apollo 12 site and KREZP material,

It has been suggested that KREEP material 1s from the Fra
Mauro Formation via a ray from Copernicus (Meyer et al., 1971).
Preliminary work has shown that glass of KREEP composition similar
to the Apollo 12 group 5 glasses 1s the most abundant type of glass
in the Apollo 14 fines which were returned from the Fra lMauro
Formation,

3. Other Possiole Exotic Glasses. The Apolle 11 glasses

in groups 3 and 4, the Apollo 12 glasses 1n grouns 6 and 7 and the
miscellaneous Apollo 11 and 12 glasses may represent glasses
produced from parent materials other than tnose mentioned above
or they may simply represent partial melting of the above possible
parent materials.

As mentioned earlier glasses similar in composition to those
1; Apollo 11 group 3 and Apollo 12 group 7 have bheen reported
by several investigaiors in the Apolle 11 samples. Thus it seems
likely that these glasses were produced from a parent material
of similar composition rather than being the result of partial
melting of analyzed local material from the Apollo 11 or 12 sites.
The low 510, and A1203 content and high Pel and MgO contenis of

these glasses suggests that tne parent material i1s ultrabasic,
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The five Apollo 12 glasses in group 6 are similar in composi-
tion to the Apollo 11 rocks and fines except for therr somewhat
lower TiO2 content, Therefore these glasses may be derived from a
parent material similar to tne Apollo 11 rocks or soil. Likewise,
Apollo t1 sample no. & 1s similar i1n composition to the Apollo
12 rocks and may nave been derived from a similar parent material.

As mentioned previously, many of the miscellaneous Apollo 12
glasses (Table 8) seem %o have compositions similar to glasses

in Apollo 14 faines. Thus these glasses may have been produced from

a high alkali basaltic rock from the Frz Mauro Formation.

6. CONCLUSIONS

The majority of the glass particles in the fines (<1 mm dia.)
from the Apolle 11 and Apollo 12 sites are believed to have been
produced by impact melting of the local rocks or soll. Because
the chemical analyses cluster inito several major groups it i1s be~
lieved that the compositions of tne glasses are similar to the bulk
composrtion of the parent material, Glasses oroduced by par-
t1al melting seem to poe rare. Although there 1s evidence that
vgPor fractiouation has wodified the comoositions of some of the
Apollo 12 glasses 1t seems thet the major element coatents of nmost
of the glasses have 10t been appreciably affected by volatiliza-
tion.

Anelyses of Apollo 11 and 12 glasses provide evidence for at
least five major rock types on the lunar surface. Glasses »ro-
duced by impact melting of these rocks and the rock types from which

they were probadbly derived are as follows:



i« High Ti "basaltic" glasses (Apollo 11 group 2 in
in Table 8
Table 7 and Apollo 12 group QQderived from rocks and/or fines
similar to those returned from the Apollo 11 site,

2. "Basaltic" glasses {Apollo 12 group 4 in Table 8 and
sample 8 in Table T7) derived from rocks or soil similar to that
at the Apollo 12 site:

3. "Anorthositic" glasses (Apollo 11 group 1 in Table 7
and Apollo 12 groups 1 and 2 in Table 8) derived from hizhiand (?)
"anorthosites";

4, High alkali and phosphorous glasses (KREEP) (Apollo
12 group 5 in Table 8) derived from an orthopyroxene-rich igneous
rock (similar to the KREEP material of Hubbard et al. (1971}, rorite
fragments of Wood et al. (1971), the dark portion of lunar rock
12013 and luny rock 1) which may be from the Fra Mauro Formation
(Hubbard et al., 1971). Material with this comnrosition 1s probably
the cryptic component needed in the soil in order o explzin the
difference 1n composition between the Apollo 12 fines and the Apollo
12 crystalline rocks;

5. '"Ultrabasie" (?) glasses (Apollo 11 group 3 in Table
7 and Apollo 12 group 7 in Table 8) with low Alp0z (<6%) and high
FeQ (220%) contents. The parent material for this glass 1s un-
known,

Other glasses discussed 1in this report may be representa-
tive of other rock types on the lunar surface. However, more
data must be obtained in order to determine 1f these glasses really
represent aaditional rock types or whether they simply represent

mixtures or partial melting of the known rock types.
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Glasses are a major component of the lunar fines. A single

one gram sample of fines contains thousands of glass particles
'>59Aim diameter. Most of the glasses were produced by impact
nelting of the local regolith. Other glass particles are apparent-
ly exotic and may have been deraved from a source ares as faxr

away as 1000 xm or farther. Thus cecause of their abundance

and mode of formatlion and distribution lunar glasses provide

much useful 1aformation concerning the composition and heterogeneity

of the lunar surface,
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TABLE 2

SIZE DISTRIBUTION OF GIASS SPHERES‘>88}1M DIAMETER RECOVERED
FROM APOLLO 11 SAMPLE 10084 AND APOLLO 12 SAMELES 12057
AND 12070

Sample 10084  Sample 12057 Sample 12070

Class Limits 94m) Spggies Spggées % Spggfes %
88~ 124 (8) 110 62,9 139  58.5
125= 176 (11} 46 26,2 50  21.0
177- 249 31 13 T4 32 13.4
250~ 353 6 5 2.9 9 3.7
354~ 500 6 1 0.6 7 3.0
500-1000 2 o ___ 1 0.4
> 1000 1 o ___ o
TOTAL 65 175 100.0 238 100,0

() Indicates incomplete recovery. This is because the glass
spheres from 10084 were separated from the >149)Am size
fraction. The smaller spheres must have been adhering to

larger grains,



TABLE 1

DISTRIBUTION OF GLASSY PARTICLES IN APOLLO 12 SAMPLES 12057 AND 12070

SAMPLE 12057 SAMPLE 12070
SIZE % Glassy % Spherules % Glassy % Spherules
FRACTION (pMm) Wt. (mg) Particles Spherules /gm Wt.(mg) Particles Spherules / gm
>580 9 L zh 0 0 28.1 9 0 0
147 - 580 100 1 30 0.6 190 82.9 3t 0 4 3L
4 - 147 98,1 29 0.8 2141 108.0 22 055 2633
G4 - 74 1i1.3 n.d. 1.0 n.d, 37 9 n.d, 0.6 n d
£ 4L 115 6 n d 1.1 n.d. 128.5 n d n,d n d.

n.d. = not determined



TABLE &4

DISTRIBUTION OF SHAPES AMONG APOLLO 11 AND APOLLO 12 GLASS
SPHERULES 74}JM DIAMETER

Percent Abundance

Apollo 11 Apollo 12
SHAPE 10084 12057 12070
Spherical or elliptical 94 90 93
Dumbbell 0 2 0
Teardr?p 1 1 2

Other 5 7 5



TABLE 3

DISTRIBUTION OF COLOR AMONG GLASS SPHERULES:>74}4M DIAMETER

FROM APOLLC 11 SAMPLE 10084 AND APOLLO 12 SAMPLES 12057 AND 12070

Colorless to pale green
Yellow to yellow-green
Greenlish brown

Orange to yellow-brown
to brown

Reddish brown
Deep red
Other
TOTAL

g
No. %
1 1
7 11
15 23
5 8
36 54
2 2
66 100

Apollo 12
12057 12070
No. % No. %
5 4 6 4
28 21 30 17
8 6 1 1
49 38 93 54
30 23 21 i2
4 3 3
£ _3 8% 9
131 100 172 100



IABLE 5

DESCRIPTION OF GLASS PARTICLES MOUNTED FOR ELECTRON MICROPROBE ANALYSIS.
SEE TABLES 7 AWND 8 FOR GHEMICAL COMPOSITION

' Sllicate
Sample Type Size Crystalline Metallic
No. Particle® Fractiongam) Vesicular Color* Inclusions  Spherules
Avollo 11 Sample 10084
3 r 580 Yes YBr Partially o
b 580 No IBr g:gitrified No
5 F 580 No B Yes Yes
11 F 580 Yo BGz No No
8 5] Yes BrG No Yes
10 S YGr Ni-Fe Octahedral Crystals
122 S 180 o
123 S 200 deepR
124 S 195 Yes deepR
125 5 80 YBr
128 S 80x100 IGr
129 S 200 GrG
131 5 100
132 S 100
133 S 100
Apollo 12 Sample 12057
154 P 147-580 No BGr No No
155 P 147-580 No BGr No No

156 F 147~580 No BGr o No



Sample

No.

157
158

59
160
161
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179

Type

Particle® Fra.c‘bion(},tm) Vesicular Oolor

LT - T - T - I L~ - R R - W = N~ - D T B - I - B - - B

4

TABLE 5 (CONTD.)

Size

Apollo 12 Sample 120

147-580
147-580
147-580
147=580
147-580
147~-580
147-580
147-580
147-580
147-580
147-580
147-580
147-580
147-58C
147-580
147-580
147-580
147-580
147-580
147-580
147-580
147-580

No
No
Yo
No
Yes
Tes
No
No
No
Yes
Ho
No
Ies
No
Yes
Yes
Yes
No
No
Tes
No

Yes

BGr
BGr
Y
Br
Gra

Gr
Gr
REr

Br

GT&
Br

GrY
GrG

C O O Q© O O

Silicate

Crystalline Metalllce

Inclusions Spherules
No No
No No
No No
Ies Yes
No Ies
o Yes
No Yes
Yo Yes
Yes Yes
Yes Yes
No Tes
No No
Yes Yes

Ni-Fe Octahedral Crystals
Yo Yes
Yes Yes
Yes Yes
Yes No
Devitrified No
Yes Ies
Yes Yes
Yes Yes



Sample
No.

180
182
183
184
185
186
187
188
189
191
192
194
195
196
197
198
199
200
201
202
203

Type

Slze

TABLE 5 (CONTD.)

Particle# Fractlongum) Vesicular

Apollo 12 Sample 12057

T I - - - - B B I S /- T /> O < T <> N ¢/ T ¢/ S 7> T < S |

147580
147-580
147580
147580
147-580
147-580
147-580
147-580
147-580
147-580
147580
147-580
147-580
147-580
147-580
147-580
147-580
147-580
147-580
147-580
147-580

Yes
No
¥o
Yo
1Ies
Yes
Ko
Yes
Tes
Yes
o
No
No
No
Yes
No
No
No
Yes
No
XNo

Color

0
pii
Gr
Br
RBr
¥
REr

BGr
Ber
IGr
Br
Br
Br

Br

GrY

Silicate
Crystalliine
Inclusions

Yes
Yes
Ne
No
Yes
Yes
No
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
Yo
Yes
Yes
Yes

Ies

Metallic
Spherules

No
Yes
No
No
Yes
Yes
Yes
Yes
Tes
Yes
Yes
No
Xo
Tes

Tes

No

ies
Yes
Yes

Yes



TABLE 5 (CONTD.)

Silicate
Sample Type Size Crystalline Metallie
No. Particle® FractionQAm) Vesicular Colort Inclusions Spherules
Apollo 12 Sample 12057

204 P 147-580 No Gry Yes Yes
205 R 147-580 No IGr No Yes
206 ¥ 147-580 Yes GrY Yes Yes
207 F 147-580 ¥o GrY Yes Yes
208 F 147=-580 No GryY No Yes
209 F 147580 No YGr Yes Yes
210 B 147-580 No YGr Yes Yes
211 F 147-580 Yo Br Yes Yes
212 F 147-580 Yes Br Yes Yes
213 F 147=580 No ¥Br Yes Yes
214 F 147-580 No YGr Yes Yes
215 R 147-580 Tes Yes Yes
216 F 147-580 No Br Partially Yes
217 F 147-580 No Gr gggitrified Ies
218 F 147=580 No Br Yes Yes
219 B 147-580 No HBr Yes Yo
223 F 147-580 No R No Yes
224 S T4-147 No Gry Yes Yes
225 8 T4=147 No Y Yes Yes
226 8 T4=147 No Y Yes No
227 S T4-147 No Gr No No
229 8 T4-147 No Y. No No



TABLE 5 (CONTD,)

Sillicate

Sample Type Size Crystalline Metallic
¥o. Particle® FractionQAm) Vesicular Color® Inclusions Spherules

Apollo 12 Sample 12057
250 S T4=14T7 No IGr Devitrified No
231 S T4-147 Yo GrY No Yes
232 S Th-147 No YGr No No
233 S Th=14T No YGr No No
234 S T4-147 No Yer Yo No
235 S T4-147 No Br Yes No
236 S T4=-147 No YBr No No
237 S T4-147 No Br No No
238 3 Th=147 No Br No Yes
239 S T4-147 No Br No No
240 S Th-147 No Gr Yo No
241 S T4-14T No IBr Yo No
242 S T4-147 Yes Yer Yes Yes
243 S T4~147 No ¥Br No No
244 S Th-147 Yes for Yes Yes
245 S Ta4=-147 No YBr No No
246 3 T4-147 No Br Yes No
247 S T4=147 No Br bife Yes
248 S Th-147 No IBr No No
250 S T4-147 No Br No No
251 8 Th-147 Yes Yes Yes
252 S Th=147 No YBr No No
254 ) Th-147 No YGr Yes No



TABIE 5 (CONTD.)

Silicate
Sample Type Slize + Crystalline Metallic
No. Particle® FractionQAm) Vesicular Color' Inclusions  Spherules

Apollo {2 Sample 12057

255 S Th=14T No IGr No No
257 S Th=147 No YBr No No
258 5 Th=14T7 No RBY Yes Yes
259 S T4=-14T7 No IBr No No
260 S T4=-147 Yo IBr No No
261 S T4-147 No Br Yo No
262 S T4a147 Yo Y3z No No
263 S Th=147 No YBr No No
265 S Th-147 No Br Yo No
266 S T4-147 Yes 0 Yo Yes
267 ] Th-147 Yes 0 Yes Yes
271 S Th-147 Yes v Yes Yes
275 3 Th4=147 No Y Devitrified No
276 S 4iu Th Yes 0 Yes Yes
278 S 44- T4 No Br No No
280 S 44. TH Yes Br Ko No
283 S 4he Th No BrY Fo No
286 S 44~ 74 No ¥Gr o No
287 S 44- T4 No Br No No
289 S Gbe Th Yes Br Yes Yes
290 S dhw Th No Yar Yes No
291 s 44 No o Yes Yes



Sample
No.

296
298
299
300

328
329
330
351
332
333
334
335
336
337
338
339
340
341
342
343

Type

Particle# FractionQAm)

i wm va w

v W ©va W a v = N = | o = I k) b Ry

TABLE 5 (CONT'D)

Size

Vesicular Golor+

Apollo 12 Sample 12057

44 Yes Br
44 Xo YBr
44 Yes Y
44 No Br
Apollo 12 Sample 12070
147-580 No BGr
147-580 No BGr
147-580 No BGr
147-580 No BGr
147-580 No ¥Br
147-580 No YEBr
147-580 No RBr
147-580 R
147-580 G
147-580 RBr
147-580 Yes RBr
147-580 No GrG&
147-580 No C
147-580 No Y
147-580 No R
147-580 No R

Sillicate

Crystalline Metallic

Inclusions

Yes
Yes
No

Yes

No
No
No
Yo
No
Yo
Yo

o
No
Yo
No
No
No

Spherules

No
Yes
Yes

Yes

o
Yo
No
No
Yes
No

Yes

No
Yes
o
No
Yes

Na



TABLE 5 (CONTD,)

Sllicate
Sample Tvpe Size + Crystalline ¥etallie
Xo. Particle# Fractiongum) Vesicular Color Inclusions  Spherules
Apollo 12 Sample 12070
344 S T4=-147 No G Devitrified Yes
345 S Th=147 Yes G Partially  No
Devitrified
346 S Th4=147 No C No Ko
347 S T4-147 No ¢ Partially No
Devitrified
348 S T4-147 No G Devitrified NWo
350 8 Ta-147 No G Devitrified Yes
351 s T4=-147 Yo G Devitrified Yes
352 S T4-147 No c Partially Yes
Devitrified
354 S T4-147 Yes Y No No
355 S Th=14T7 No YGr No No
356 5 Tha147 No YGr No Yes
358 S Th4-147 No YGr No No
359 S Tha=147 No ¥Br No No
360 S Th-147 No Y No No
361 S Th=147 o No Y No No
362 S T4-147 Yes IBr No No
363 S Th-147 Yes By No No
365 S T4-147 No Br No Yes
366 s T4~14T Yes Br No No
367 8 T4-147 Yo Br No Wo
368 S T4=-147 No RBr Yes No
369 S T4=147 Yo RBr No No



TABLE 5 (CONTD. )}

Silicate
Sample Type Size Crystalline Metalllc
No. Particle# Fractiongzm) Vesicular Colort Inclusions  Spherules
Apollo 12 Sample 12070

370 8 T4=14T No RBr No No

371 S T4-147 Yes Br No No

372 S T4-147 Yes 0 Yes Yes
373 S T4-147 Yes 0 Yes Yes
375 s Th4-14T Yes 0 Yes No

¥FP=f{ragment, S=spherule
*0olor code: O=opaque, BGr=boitle-green, Y=yellow, Br=brown, Gr=green,

R=red, G=grey, C=colorless



TABLE 6

COMPOSITION OF METALLIC AND SULFIDE SPHERULES LN GLASS
FRAGMENTS FROM APQOLLO 12 SAMPLE NC. 12057

WEIGHT PER CENT

Sﬁg?le Ii%E§§g§n églectron %icroprobg Analysig) fotal®  NL/Fe
201 8 x 10 87 1.5 1.6 0.2 90,3 0,017
212 § 9 81 3 2.4 0.2 86,6 0,035
212 1 10 x 24 90 2.5 0.3 0.1 92.9 0,028
207 i2 51 11.5 Qel 25 87.6 0.25

217 32 89 6e5 1.6 0.0 971 0.073
200 10 x 32 55 3 0.0 30 88,0 0.055
165 8 x 10 79 6.5 2.1 O« 88,0 0,082
160 € x 10 12 3240 Q.15 2.4 46,6 2.67

164 8x 9 80 8 2.6 0.0 90.6 0.10

#The low Totals are due to the fact that the electron beam over-

lapped onto the surrounding silicate glass.



SAMPLE
ND,
(AL NN
OXIDES
s102
TID2
AlL203
Cr203
FED
HND
HG0
CAD
NAZD
K20
P205

TOTAL
Rels

SAMPLE
ND,
[E R NNEN ]
OXIDES
5102
TioZ
AL203
CR203
FEO
MNO
MGD
GAD
NA20D
K20
P205

B R RN RN}

TOTAL

TABLE 7

OHEMICAL COMPOSITION OF APOLLO 11 GLASSES FROM SAMPLE 10084

GROUP 1 GROUP 2 GROUP 3 GROUP 4 ANE%%%ES
11 129 5 4 3 133 124 131 123 122 128 10
tesurar IR X NN X [ EREERE N reFer e [IEFE RN A ER RN [ EEE R NY] R RN ER] Premtan sruse e [ XX EENN] reReves
48,0 57,7 43,0 43,0 43,0 41,9 40,6 36,3 3942 37,0 43,0 53,0
0.35 0.5 7.0 7,0 7.0 6,3 745 6,6 6.8 Bel 0.48 0.5
32,0 24,7 14,0 12,0 11,0 13.3 11,4 15,7 13,% 543 B4 11,4
0,3
3.5 545 14,0 16,0 1740 16,3 16,1 14,1 15.3 23.7 2049 P43
0,05 0,06 016 0.14 0415 0,20 0416 0416 0.17 0,24 021 0.12
45 Bel T.0 9.0 8,0 9.0 7a1 8,2 Bed 1445 14,8 14,0
1840 15.9 11,0 12,0 12.0 13.4 13,2 14,6 1347 Bal 9,8 8,8
De2 0.75 047 0.4 0.4 0.18 0,27 0,07 Cell 0453 0.26 0,4
0.06 0.10 D42 0.2 0.l 0e10 0416 0,05 o006 0,17 Oe06 0,07
0,903
feenray L ENE NN} st (KN ENEN ) Tranany IR ERE RN ] (RN ENNK] IR ERE RN} (XX NEN] (AN ENE N tereden I EE ER NN
106466 100+31 97406 9974 98465 96,66 96,49 95,78 FTe6d 97494 97T+91 97,92
1,58 1466 14662

MISCELLANEQUS ANALYSES

8

AN E NN

4640
245
13,0

1540
015

11,0

12.0
0,3
0,1

[ KR NEN ]

100,05

132

carete

4246
be?
13.3

14,3
0ai7
Bel

14,43
G421
0.08

[ AN NR N

97,76

12%

[EENNE N

[
- » »
W

[
~

I
e
COWDPON WP o

- e » e e e
[=- T 3 s N
o N

97455



SAMPLF
ND,
[N NRE RN
OXIDES
sI02
TID?2
aL2n3
¢R203
FED
MNO
MGOD
CAD
NAZD
K2n
P20%

[N NN

TOTAL

Raele

SAHPLF
ND.
(A A RNEN]
OXINES
5102
T102
AL203
CR203
FEO
MND
&0
CAD
NAZ0
Kan
P205

tEpr ey

TOTAL

Rels

TABLE B

CHEMICAL COMPOSITION OF APOLLO 12 GLASS FARTICLES FROM SAMPUES {12057 AWD 12070

GROUR 1 GROUE 2
299 290 , 225 a4 56 2 233 2nh 339 798 2?75 195
IR NI ] ree e I E NN RN [(EERNEN] (RN R RN N [(EX R R RN IR NN NN [ A RN NN sersqten XX R RN R ] IEXN X RN I EREREREN ]
86,67 46,31 51.54 49,15 48,75 47 .38 47,06 44,93 46416 46.14 45,68 45,41
0.18 0.1% D21 1.15 0.35 0.96 1.10 f,80 0e47 0.9% 0419 0,35
29.56 34,29 21.23 20,48 27,49 27.04 71.53 P0,38 25,33 26.10 PR2. 48 25,47
3.9 .35 6elb 6a58 3.21 dab4 8,28 B,04 3.91 5469 7.86 6.91
0.073 0,02 0,08 0.08 0.05 0.06 0,09 0,08 0406 TR 0.07 0,08
1.00 1,19 10.73 9,06 5.69 6455 8,54 4,92 B.57 3,40 10,77 9439
18,20 20,43 13.12 1341 15.25 16,58 18,13 14,30 14,58 18,57 14,23 16,73
0.78 0.83 0,30 0.77 0,59 0.80 0.55 0.65 1402 0,60 0,65 0,09
0.27 0.08 0,08 0.3% 0.12 0.10 0.17 0,31 011 N.18 6.15 0.02
IENE X NN LN RR N IEX RN NN R RN ENE] PEAEIEDN IERNEREN ] (KR RN N X [EE R X NN ] eravera LR R NRE N teseR LR AR RN
100,57 in3,63 107,81 100,99 101,50 103,91 101,45 G6,74 100,16 101,74 102,03 104,45
1.588 1,588 1,588 1.597 1,596
GROUT 2
330 178 Kl | 328 1948 340 154 {55 157 158 33t 156
e by LN N IR RE NN [ E R NNN ] [ RN RN N [N NN NN (KRR N NN LN N LA ER N RN (AR R NEN] [R AR ERN] trred ey
45,17 45,13 45,09 45,03 48496 44.94 44,9 44,89 44463 44,48 Hy .29 48,2
0.“? 0.?9 0.31 0!“1 0-3? 0.36 0.2? 0!32 0!29 0.36 0.35 0.31
?5.03 23,55 77,21 25,32 25,40 27.46 23.1 2h, 27 74,57 25,74 25,07 24,4
0,25 0,3 0,2 0,25 0,2 0,25
6.00 5,78 ha21 5.75 6.12 3.30 4,9 5,85 5,83 4,73 5.56 5.7
0,08 0,08 0.09 0.08 0406 0.05 0.06 0,09 0,07 0,28 0,06 0,07
ERY ] 10,75 9.u1 9,20 B.99 8§.12 11.1 8,69 Bua24 8.08 8,93 7.5
14,80 15,98 15.2% 14.90 16,06 15,90 14,9 16,39 16426 17,406 14,85 17.0
.17 0,78 0470 0.1 010 0457 0s1% 015 0uld e} | D.13 0.23
0.08 0,03 011 0,07 0.073 0 14 0,04 0,03 0.03 0, 0% 012 0.0
0.01 0,04 n.01 007 0.02 0,03
[N R NN LR KRN Ass e R [ AR ERRN] L RN NN sar s [ ENEERN] [EE NN NN LR NN IR NN N [ NN RN [ EE RN NN ]
10n.92 101.63 1n2,40 160.A7 102,44 100 B4 99,71 100,89 100.37 10t.27 99,36 99,73
1.594 1.59% 1,598 1.595 1,595 1.59%



PABLE & (OO0NT.)

GROUP 2

SAMPLE
NO, 129 159 346 224 350 344 182 a7 148 345 229 153

LN NN N ) LRI I A LR NN NN ] a8 kA [ERREN NN [ NN NN NN] LA NN NN N [ E N NN NN [EE N ERN] [ F R ENEN] [E N R ENN] [ E RN NN N ] '.'.".l‘

OXIDFS . , )
S102 H4.18 an,14 n5,03 43,46 43,19 42,34 42,01 81,66 81480 40,67 38,77 ar,10
TI02 Qat1 0,21 0,38 0,30 Y 0,44 0y 48 0,35 082 0,32 0438 0,43
AL2D3 24499 28,94 29,34 31,96 29,39 30,88 29,08 29,81 31494 31439 38,62 35,99
tR203 0,1 , 0,1 , . ,
FEQ 5,84 3,49 0,67 1,69 2.24 1,91 0,81 2,55 2,91 1.75% 1,68 1,15
KND 0.07 0,05 0.02 0,03 006 0.04 0,03 0,08 0404 0,03 0,02 0,01
HGO 8+99 3,67 Ba26 6410 7.49 4,93 6,73 7,18 6431 3,75 640% 5,70
cAQ 14,79 18,47 17.8% 20,45 16,96 17,91 19,99 17468 18408 18,61 22,01 20,61
NAPD De1t 0,27 0.04 0,27 0425 0,18 0,10 0,17 0418 0p15 0.10 0424
K20 0e12 0,05 0,08 0,03 010 0409 0,03 0.07 0409 0.08 0,08 0,11
P205 0,01 0,01

AR RENEN] L LA RN NN ] LR IER N RN NI [EERNEN] [ EENRNN ] [ ERREN NI (AR RNNN] [ R RN N ) (AN R NN N ] LA ERE R ettty
TOTAL 99.5% 99,35 100,60 104,24 101,12 98170 99,30 99,47 101,37 98,475 103,60 101,34
Rela 1.595 1,588 1,987 1,99%

GROUP 3

SAMPLF :
ND. 240 232 236 245 250 244 184 286 261 168 255 259

al;tlil [EN NN NN (A RN NNN] [(FYERENE] [ RN NN ] [ EN R ENEN] s [ EENENN] [F AR ENN] [E NN NN ] [ANENEN] [ ERNERE] [FANERN]
XIDES . , .
sing &7 497 45,90 85,65 an,74 848,64 43,86 43,65 43,36 42,98 82,80 42,79 82,66
TIO? 1489 1,75 2437 1,98 2,85 3.77 2,08 2523 2461 2533 2,89 3,49
ALZn3 1727 18,58 1191 11,67 15,73 11.681 15,01 17,33 1182 14448 19,61 12,22
tRPN3 0,4 ) 0p5 X
FER 11,74 Fe07 16407 18,56 14,69 16.28 13,59 13,86 18409 15475 15433 18,63
HND Nal? 0.09 0.17 0,20 0.1% 0.18 0416 0416 0e18 0417 0416 0,19
MGD 11.13 10,31 12,77 8.82 10,18 9,60 9,47 12,66 11476 9492 10494 12,84
CAD 12,21 12,98 10,481 12,27 12,58 11.23 12,20 12,73 11,70 12,00 £2,47 11,08
N&?D Delb v 0,13 0406 0.11 0418 0.13 0,16 0,07 0405 016 0408 0,10
K20 Nelt 0.10 0,06 0.07 0.07 0,09 0.08 0,05 0405 0,08 0.08 0,08
F2ns 0,00 0,03

[ ENEENN] [ EENENY] [ENERENY] T ERERENEE] I EE NN XN] [ ENNEREN] [ BN ENNEN] [ FENN NN [ BN ENE Y] [E R NN X (RN NN ] I A EE RN N ] [E R AR NN ]
TOTAL 102,55 99,31 99,37 99.67 101,02 9895 97,22 107,45 99,48 98,46 100.55 101,29

R.ls 1.624 1.608 1.6401 1.653 1.650 1:65% 1.636 1,660 1.643 1,654



TABLE 8 (QONT.)

GROUR 3

SAMPLF
NO L, P65 237 ?7a P38 247 252 230 PhR 262 260 262 257

[ ERERNR] ' amen I ERNEN A ] (XN E NN reRera ttatmr (R R R RN ] AR N IEE N ERR} travi e rebpeny tere b LA EE AN ]

OXIDES . .

8102 42,50 42,26 824,29 41,69 81,42 41,481 41,11 40,71 40,02 kKLY g 39,11 38,09
TI0? 2,83 2.98 2468 3,00 3.65 3,05 2,55 3,79 2,98 2,96 3,82 3,45
AL?N3 17.94 16.32 14458 15,73 13,95 15.12 15,62 14,75 15,09 15.11 13.71 16,20
CR?03

FFO 17,07 13,45 16443 16,09 16,38 15.52 16,00 16,74 15,62 163?5 17.96 16,86
MND Ne1A 0,15 Net? 0,18 0.17 0.10 0,16 0,19 0.7 0,18 0.18 0,19
MG0 t2.10 10,53 10495 11.05 11.13 10.53 11,65 10,30 10.33 10,86 12,07 12,39
tan 11,84 13,20 1291 13,91 12,79 13.40 13.9¢ 13,93 13,99 13.6%9 12,75 15,0%
NAZD 0,08 0.09 D06 0.00 0,09 0.10 6.05 0,06 0,08 0.07 0.08 0,086
K2n 0,08 n.n7 DaD& D,0s 0,06 0,0 0,08 0.,0% 0.08 0,06 0,05
p205

RN NN LN ] LN NN ] LRI e te vy [ N R RN ] [ E RN NN N] [E N RN NN [EENREN] [ AR NEEN] rhdpan LR N NN AN [ A A NN SN
TOTAL 99.5% 99,05 100,07 101,80 99,64 99 23 101,00 100,%1 98,26 99:n3 99,76 102:3h
Rele 1 A4R 1,642 1.657 1+650 1657 1660 1,649 1,655 1,664 {e663

GROUP 4

SAMPLF
NO, 341 337 254 167 167 171 160 192 ZR2 242 362 333

arer e tra v [(E X RN NN ] RN s s [ R NN RN LN N NN LN N NN [N NN NN [ ERRE SN ] L RN N ) [N RN N N IR R RN ]

OXINFS .
SI0? 51.94 49,90 965 n8.76 48,12 47.88 47,64 47,60 4T 54 ﬂ?:ﬂ? 47,46 Q?,da
Tine ?.21 Z.68 YA 1.98 2.13 3.00 1.9%5 2.84 2481 1.62 3,03 2.81
AL2n3 13,89 10,77 15459 14,60 14,71 12,03 14,35 10,09 14,66 13,18 13,95 11,73
CR?N3 0.5 0,45 0.6 0.5 0,9 .

FEN 11.31 12,14 11.70 12,96 12,23 16.08 13.2% 20,28 14.64 14,13 13.78 15,38
HNA L B} Q.14 017 O.18 Geit D.18 .18 0,22 0,158 D.15 0.148 0,19
HGD 7.33 T.77 9.79 9.764 Gl 8.83 2.5n0 9,76 9,32 10476 8,47 9.76
cAn 9,33 10,02 t1.36 11,08 11,28 10.57 11.17 11,40 11,587 11.09 10,39 9,66
NAZN 0.7% Q.72 0.67 0,52 0.67 0.560 0,47 0,43 0,29 0.68 0.268 0.60
K2n .64 0.60 Dk 0,139 0.42 0.348 0.3? n,24 0.16 0«52 0.26 0.54
P205 0,25 0.3% 0.1 0,20 0.2

arer ey 2 e tteraes TR Pbbroa e tdabo b X RN NN (RN R XY XY LR NN RE rERAR S Tras N e b LA LA RN
TOTAL 97.58 98,94 101,05 100,9¢ 9%.91 100,21 99449 103,92 101.10 99,80 9T7.72 98,12

Rels 1.613 1.608 14620 1.616 1,626



SAHPLE
NpL
*r ey
OXIDES
s102
Ting
AL203
CR203
FED
MND
MGO
CAaD
NAZD
K20
P205

TotTaL
R.T,

SAMP|E
N,
IR NN NN N ]
OXIDES
S102
102
AL203
CR203
FFO
MND
MaD
CAD
NAZR
K20
P205

TOTAL
Rals

"TABLE 8 (ooNT,)

GROUP 4
354 208 vz 173 2?1 338 361 218 at7 oRa 1A% 234
[ E N ENEN ] LB NN NN N ] [EREENEN ] (AR N ENRN] [ E NN N EN] IR NN NN LB NN NNN] I ERENNN] [ E R N ENN] [EN NN E] [ R NN NN [ENENEN)
47433 47,27 47412 47412 47,08 47.08 47,06 86,98 46,87 46371 86,69 86,58
2:14 2.32 1.87 204 1.50 3.46 2439 2,83 3.27 2.80 £p97 3,86
15.20 t4.99 16.97 1297 18.12 12.01 16,31 13.7¢9 11,36 16.65 15.95 9.61
De6 0.8
13,55 12425 15468 15,58 10469 17.52 13,09 13,88 17,20 13,79 12,37 19,20
0g18 Dald Datd 0.15 0412 0.18 0,15 Oy 14 0,17 0p14 0,15 0,22
9203 9,49 Ba79 B.06 11r52 8,66 8.44 9.43 11.35 8,238 9,87 8,39
11.16 1.8 1186 11,38 12.54 10.27 1t.71¢ 11,56 10,69 12,79 12,07 10,25
028 0.73 D51 0.75 0837 0.27 0.19 0,56 040 0,64 0y 31 0,3&
0.27 0,59 0e33 081 0.12 0.22 0.21 0,29 024 0,33 0,18 0,26
0.55 0,02
sesvtan [(FEEENE] [(EEX RN} [EE R NN I EEYER Y] (RN ENN N [(ERE NN N} IR RN RN ] [(EX RN KR IR RN NN IR X RN [(EERERR]
99411 99.22 103,97 100,01 102.06 99,67 99,55 99,46 101.5% 102,23 99,94 98,71
1,643 1.628 1.613 1,627 1.643 1.621
GROUP 4
199 247 184 300 201 170 186 212 241 77 19% 373
Tsanr e et ane teaadea (RN R 'Ill...: I EE R NN N AR AR RN LE RN NN IEE X R NN} terra Prranse IEE N NN
46457 655 86452 46,48 46,36 46.24 46,17 h6,10 46,09 QG:OG 45,85 45,78
Pe24 7435 2.87 1.9% 2475 2.45 ?2.08 ?.48 2.61 2,23 2.84 3.40
9.348 13,52 12466 10,61 12,99 13.88 13.5% 12.83 13.18 11,99 13.4 9.27
0479 0,65 0,6 0,8 0.7
71,28 14,56 17.78 20,18 154413 14.17 15.50 13,63 15,88 15,06 15.91 20,10
.16 Do16 Ns18 0.23 0415 0,16 0,19 0,15 0,19 0416 0,19 0,21
12.00 9.72 B+03 8.67 B.62 ?.08 10.41 8,71 10,28 10,11 10,31 13,05
10.00 11,30 12428 12.31 11.38 11.37 11.06 11,54 11,58 10.94 11,30 6.45
037 N33 N.81 0.28 0451 0.65 C.46 0,76 0,28 0,548 0456 0,36
0s14 D.18 Datd N.16 026 0.35 0420 0.26 0412 0,28 0.27 0,35
0.1 0.25 n 2 0,25 0 25
LI N (RN NN ] IR XN N tednt ey LR NN N shbandi LR RN NN ] (R R NENN] LR NN RN (] LN ] [ N LR RN NN
in?,13 9657 10177 100.87 98443 99,25 101,37 96,07 100.21 98440 101,58 100.97
1.6548 1,673 1.631 1.625 12633 1.627
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SAMPLE
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LN KN NN
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AL203
CR203
FED
MNO
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CAD
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K20
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[N RN NN

TOTAL
Raly

SAMPLF
ND .,
[AERNEN]
OXIDES
5102
TI02
AL203
tR203
FEO
MND
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tA0
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K20
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(AR L NN D]

TOTAL
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TABLE 8 (GONT,.)

GROUP 4
214 280 210 267 161 169 189 179 a7y 186 350 266
[ EE NN NN ] [E R NN ] [ E R NN NN ] a8 reay [E R NN] [ ENNENN] IR NN NN] &t faren PEERRES [ E NN NNN]| (AN ENNN) [E N NN NN
45,74 45,71 45,57 45,54 45,49 45,32 25,29 45,24 45,19 45,13 45,13 45,12
3.0%8 3,83 2460 3,16 2,40 4,58 2,38 2445 2,92 2410 2997 3,43
10458 12,56 13,36 14,05 14,02 11.01 11,96 10,68 11,79 12,59 13,06 13,21
0,6 044 0,65 047 0,7
18,38 16,74 15,28 15,65 14489 19497 17021 17 38 16,85 15 08 16,52 16,55
0,21 0,17 0.18 0,14 015 0,20 0,18 019 0,19 o 18 0.18 0i17
9.54 10,06 957 8,89 9.02 6469 10,17 10,68 8,71 10 06 9,96 9,74
11,39 11,29 14,74 11,43 12,27 11,89 11,03 12 06 12,17 12 20 :1,02 11, faa
0.47 0.22 052 0,54 0,50 0.62 0,58 o,az 0,37 o,ns 0,13 o,aa
0.17 0,11 0,24 0,24 0,24 0,20 0,29 0,20 0,19 0,17 0,28 0,16
0,25 0,03 0,25 042 0,1
[ RN R NN ] rroesed IE R E R RN [ ER N NENEN] [ENERENN] I AN NNRN] [ R NN NN ] [E N ENNN] [ E RN N R N] Apgre R Y [ A ERNNEN] [N RN NN ]
99,42 100,66 99,02 99,64 99,83 100491 99,99 100,20 98,38 9976 99.21 100,10
f.646 1,618 1,629 1,662
GROUP &4
363 355 375 359 158 37! 291 337 251 366 365 357
IENERE NN [EENNENN] [N N RN NN} [EEEENYN] AN BN NN ] I EE N ENN] [EE NN NN [ EE N RENN] I BN R NN NI (A NN NN N] [EREEREE] I AR NN DR NI
45,10 45,09 88,97 44,9% 84,77 44,34 64,08 4a,or 43,55 43,20 42,69 42,83
2 9 1,61 2,80 3,71 3,38 3.39 3 57 3,59 3,00 3,03 2,97 4,22
19766 12,61 18,07 12,10 10,01 12.34 11051 9,93 13,87 16,96 14,31 7,68
14,97 15,30 13,84 17,52 17,90 17,04 17,19 18,92 16430 15,97 15‘ao 23,04
0416 0,18 0.18 0,190 0,19 o 19 0,17 0420 0516 0, T (18 0,21
9 91 12,65 8.04 10,22 9,74 10 02 10 57 a,ro 10,114 10, ‘o7 10 74 13 41
11,31 10,46 12,30 10.74 9,49 10461 1n,5a 9,76 12,26 11,57 11534 r 28
0,17 0,20 0.55 0,24 0.32 019 0,44 0,56 o ar 0,14 0,12 o,aq
028 0,17 0.26 023 0.25 0.21 0.20 000,31 017 0.20 0120 0,22
tRadhe [ EN N NN ] [FEERERN] [ E RN ENN] [ EEENNN] [ ENNEENRE] [ EE RN NN] [ EENENN] [ E NN NN N] (AR NERN] [ENEREN] A EEERK]
9944 98,27 10098 99,89 96,45 98433 98,27 96,04 99,79 10021 98,10 99:14
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TABLE 8 (CONT,.)

GROUF 4 GROUE 5
197 367 370 296 187 369 165 164 172 235 203 216
RN RN XN IEE NN NN . sesn Ter o sraan s [ EEERE RN} [ NE XN (R EFENN) [ EEEERY (EXEENN] [ EEERN [EREE RN ]
42,61 42,44 41,69 n1.49 40410 38.18 51499 51,26 49,64 49,21 49709 49,02
2.45 2,65 4,09 3,02 4425 3.18 1,42 1,41 1551 2,04 1,74 1,95
9,67 14,02 17.21 g.18 11,28 15,31 16,12 15,8% 17,53 15.83 16471 15,72
0.7 0,3 0,3 0,4 .
?0.39 15,76 18,10 20,77 23.16 15.42 10.458 10!21 10,89 11.19 10,08 11,50
0.17 .16 ta19 0,23 0.20 0.18 0.17 0,11 0,11 0,13 0,11 0,14
13.41 11,24 11.11 14,91 9.34 11,78 5.68 Se06 6419 B.07 8,10 6,06
a,54 10,91 10.64 9.62 1t,41 12.30 11.67 11,84 12,445 11.67 11,62 11,12
N, 34 0,12 Na1%3 0.23 0.248 ¢.07 0,99 0.94 1,17 1.03 0494 0,99
021 0.70 0.18 0.15 0.07 0,858 0.88 0,84 0465 076 0.82 O.81
0,05 0,43 0.8 0,46
Tensmac [ EEENEN] [ XERREEN] [ EER N RN [EENE NN (A E RN NN [(FEREE RN (AR RNNE ] [N X RN NN] [F AR NN N ] [E RN NER R [ A XN NN]
97.79 97450 96,34 99.51 100,60 86.60 100,07 99,02 101,14 99:93 99,17 99,31
1,589 1,588 1,603 1.616 1.604 1,609
GROUP 5
13 204 176 2on 202 209 336 196 33 207 198 2p6
[EN N ] (A X ENNEN] EEERERN] (EENE RN IE XX NN N EN NN [(EENRENY] (A XNENE ] [N R RN ] XX R NEN] reanp e (A YRR RN
48497 46491 16489 48,78 48469 48,66 48462 48,50 48,445 a8y 44 48440 48,37
2.24 1,68 1.9? 7436 2.14 2,24 2.27 1,50 1,90 2451 2,04 2909
16.98 16,41 YR 97 14,57 14,73 16,04 15.64 16,90 17406 14,67 16419 15416
0,35 , .
10459 10,78 11426 11,24 12404 11,11 11,71 9510 10,25 12,27 10,77 12,498
0413 0411 0417 0.14 0413 0,11 0,18 0,11 012 0,14 0p12 0y13
T80 TeT3 Te67? 8.12 8.35 6.11 8,41 11,00 Ty69 8,76 8,39 Tab6
11,77 11,71 11491 11,14 11,37 11.62 10,36 11,20 11,62 10,81 11,67 11,51
1.09 0.97 1,07 1,08 0450 1.16 0496 0,990 1405 1,00 04953 1,07
0.77 0.081 0.69 0,85 075 0.75 0.81 0,77 0.73 0480 072 0e80
0.7

Bes st s aan IR N RN RN LA ERE NN} e HéEI [ ERNEN] (B ERN NN ] (R A NN NN ] (A NN NN] [ AR NN ] [ RN NN E] AR N NN
100.29 9%.11 101.485 98.24 99.05 99.80 98,98 99,98 98,99 929440 99,25 99:33
1.603 1,599 1,605 1.612 1.608 1,593 1,403 1.612 t.604 1,608
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TABLE 8 (OONWT,)

GROUP 5 GROUP 6 GROUZ T MISCELLANEQOUS ANALYSES
215 168 33% #23 342 2a7 258 368 226 234 174 2095
s wbarw [(EERENN . sevan IE RN N RN} teesene [(EX R REX: trer v shbaant [ E R RN (RN RN N IEE NN RN} L EEER NN}
4B, 26 48,76 43,73 41,91 21.76 41,40 39,59 38,82 57.08 51,75 48,54 88,03
?.17 2451 5.29 8,60 5,18 5,62 5,20 3,49 0,39 1,453 2,27 2,44
13.44 14.99 5.14 10.69 10.25 13.39 10,07 2,12 18,76 17.59 15,512 15,10
0.4 0,35 X
11.8% 12,00 20,44 17,06 19,82 17,62 ?1.5¢ 279,78 76 8,59 11,60 12,24
0.1? .14 B.22 0.20 0.20 0.19 0.23 .23 0,09 0,09 0,13 0,14
Buin 8.04 8,489 10,08 8,37 9,76 11,98 12.79 .42 B,a6 7.59 9,84
10.56 10,487 10,20 11.79 2.84 12,53 10,96 6.36 10,29 11,18 11.55 11,01
T 1,02 Y 0,24 0461 0,05 0.0% 0,22 1,84 1,53 0,60 0,85
0.83 0.67 0,24 0,05 0.3 0,04 N.0% 0,28 1.27 0,90 1.13 0.53
0.9 0.8
e se e IER NN NN} IEX RN (X NN NN (EXENNNS [(EXENER [ E XN NN IER NN RS taadtaa LR XN N [(EXNRE NN [N XN NN
96.2% 99,87 9B.19 100.59 96,34 100,60 99,64 96,0% 29.50 101.62 100,09 100.12
1 605 1,611 1,690 1.555 1.592 1,612
MISCGELLANEOUS ANALYSES
166 276 ?19 17% 230
[ EI RN [ EENE NN [IEX NN NN IR XN R NN] [(EXRNEN]
47.82 47461 A6,70 4%,88 45,76
7.37 3,15 b,15 4,16 1.18
15.46 16.92 11,00 10,85 18,81
Nab 0.6
13,19 11,50 18,00 20,M B.15
N,14 015 0,19 0,20 0,06
A.47 9.50 6.+55 6,29 12,32
11.64 12.42 11.70 10,85 12,03
D84 0.65 6,87 0.67 1,27
0,49 1.08 0,45 0,87 0.3?
0.3 0,45
LN N ) LE R RN R LAC I N Ttesap e LI N B
1n{.27 162,99 99,61 102,88 99,85
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TABLE 8

RANGE AND AVERAGE COMPOSITION OF VARIOUS GROUPS OF GLASSES GIVEN IN TABLE 8

Group 1 (2)
Range Ave,
46.831 - 4B B2 b6 46
0.15 - 0 18 0.16
29,56 - 34,29 31 92
0 35 - 3.93 2 14
d 0z - 003 0.02
100 - 1,19 1 10
18.20 - 20 43 19 32
0.83 - 0 78 0.80
0 06 - 0 27 0 16
102 08
Group 4 (66)

Range Ave.
38.18 - b1l 96 W5 77
1 50 - 4.58 2.81
7 64 - 18 12 13 00
0.4 - 09 0 6
10.69 - 23.16 16 07
0 12 - 0.23 0 17
6,69 - 14 91 g.84
7 28 - 12 79 10 90
6 07 - 0.73 ¢.h42
0.07 - 0.68 0 26
0.02 - O 55 0 20
160 Ok

Group 2 (19)
Range
38.77 - 51 84

0 19 - 1 15
20 34 - 34 62
0,1 - 0 3
g 8L - 8 4l
0.02 - 0 24
3 40 - 11.1
13,11 - 22 01
0 09 - 0.8
0.02 - 0.35
0 01 - ©0.04%

Group 5
Range
48,26 - 51,95
.41 - 2.51
13.44 - 17 53
03 -~ 04
g 10 - 12.58
0 11 - 0,14
5 688 - 11,00
i0 56 - 12.45
0.90 - 1 17
0 65 - 0.85
04 - 09

Ave
U 33

0 48
25 28
0 2
5.32
0 08
7 83
16 62
0.3k

0 09
0,01

101 58

(20)
Ave.

4g,0u
1 97
15 89
0.35
11.06
0,12
7.86
11,48
1 01
0 77

0.6

100.15

1

11.

0
9

0
8
10
0

0

0.

39

5.

9

17,

0

8.

9

0.

Group 3
Range
38 09 - 47,97
75 - 3.82
62 - 18.58
4 —- 0 5
47 - 18,63
09 - 0.20
82 - 12.84
41 - 15.05
06 - 0,18
o4 - 0.11
03 - 0.04%
Group 6
Range
59 - 43 73
18 - 8.80
14 - 13 39
06 - 21,51
19 - 0 23
37 - 11.98
84 ~ 12,53
05 - 0 61
ok - 0.31

0

(24)
Ave,
b2 56

2.92
1k.69
0.45
15,79
0.16
11 01
12.72
g.09

0.07
0 04
100.43

(5)

Ave.
41.68
5.98
10.71

19 28
0 21
9.73

11.06
0.28
0.14

99.08



NUMBER

OF

GROUFP ANALYSES
1 2
2 3L
3 24
4 1]
5 20
6 5
7 1
Mise g

Total 161

TABLE 10
SUMMARY OF APOLLO 12 GLASSES

GENERALIZED DESCRIPTION

Small (< 7% pm dia.) transparent pale yellow-green
spherules Both from sample 12057.

Generally colorless to yellow-green transparvent
spherules without vesicles, or transparent pale-
green glass fragments without vesicles or crystal-
line ainclusions.

Mostly small ( 4 150 m dia.) yellow-brown spherules
without vesicles or crystalline inclusions. All
from sample 12057,

Fragments and spherules with a wide range 1n color

and opacity. Most contain crystalline inclusions
ineluding Ni-Fe spherules. All from sample 12057.

Generally translucent to transparent yellow-brown

fragments with numerous crystalline inclusions but
without wvesicles. All but one from sample 12057.

Generally red to red-brown fragments or spherules.
Red-brown spherule from sample 12070

All from sample 12057 No common characteristics.

DISTINGUISHING CHEMICAL
CHARACTERISTICS

Al,0, > 29%, Fe0+Mgl< 5%

278

Al,0, > 20%, Fe0+Mg0< 7%

11% < Al,0,< 20%, T10,< 5%,

273

Na20 < 0.2%

2

10% <A12034 20%, T10,4 5%,

0.2%<Na20< 0.8%

13% < A1,0, <18%, Ta0, < 5%,

Na20 £0.9%

2

9%<A120 < 1u4%, Ta0, > 5%

3 2

o
A1203 £ 5%



TABLE 11

COMPARISON OF PALE GREEN (BOTTLE GREEN) GLASS FROM APOLLO 12 FINES WITH
APOLLO 11 ANORTHOSITE AND ANORTHOSITIC GLASS (WOOD ET AL., 1970) AND
SURVEYOR VII ANALYSIS OF HIGHLANDS MATERIAL (PATTERSON ET AL., 1969)

Apolio 12 Apollo 11 Apollo 11

Pale Green Anorthositic Anorthosites Surveyor VII

Glasses (8) Glasses (10) (6)
0 6046 61.0 61.2 58 + 5
Na 0.2 Out 0.3 3
Mg 4.7 3.9 2.1 4 + 3
Al 10.4 10,6 12.9 + 3
si 16.0 16.6 16.0 18 + 4
"og'= 6.2 5.5 6.3 6+ 2
tpets 1.9 2.1 1.2 2 + 1

#'0a" denotes all elements in the range mass nos. 30-47, including
P, S, K and Ca. "Fe'" denotes all elements in the range mass nos.

47-65, including Ti, Cr, Mn, Fe and Wi,



TABLE 12

COMPARISON BETWEEN MAJOR ELEMENT COMPOSITION OF APOLLC 12 GROUP 5 GLASSES
(THIS REPORT), KREEP GLASS (MEYER ET AL., 1971), NORITE FRAGMENTS
(WOOD BT AL., 1971) AND THE DARK PORTION OF SAMPLE 12013 (MEYER ET AL., 1971)

Glggggg %19) GlaggE%§1) Fﬁigiiﬁts Daﬁ? ?ggféon
$10, 49.0 48.2 49.217 54
710, 1.97 1.9 1.75 3.2
41505 15.9 15.6 18,07 15
Cry04 0.35 013
FeO 11.1 10.7 9430 11
¥no 0.12 0.1
Mgl T.86 7.8 763 9
Cal 11.5 10,9 10413 9
Na,0 1.01 0.5 0.98 1.3
K50 0.77 1.2 1.07 0.6
P20g 0.6 0.6 .52

TOTAL 100.18 97 4 99.95 103



FIGURE CAPTIONS

Fig. 1. Scanning electron microscone photographs of various
types of glass from Apolleo 12 sample 12057. A. Shiny black opagque
glass crust on a rock fragment'VS65}im across. B. Glassy agglutinate
composed of rock and mineral grains cemented together with glass,
~%1 mm long, C. Shiny dark grey opaque to translucent vesicular
glass fragment, ~630 ym long. D. Dense black opague glass frag-
ment with conchoidal fracture,nv865)4m long. ©For chemical composi-
tion see Tadble 10 sample 192. E. Irregular black opaque glassy
bleb or spherule with rock and/or mineral grains attached to sure
face, 300 um diameter. ¥. Shiny dark brown transparent glass
spherule without bubble cavities or crystalline inclusions. R.I. =
1.636, ~250 um diameter.

Fig. 2. BScanning electiron microscope protogravhs showing surface
features found on glass spherules from Apollo 12 sample 12057,

A. Black opague spherule with exposed vesicleg and metallic beads
on surface, diameter ~170 Mm. B, Opaque spherule with silicate
glass "splashed" onto 1ts surface, diameter ~135 um. C. HMetallic
beads (up t0fv3.5‘um dia.) on surface of glass spherule., D. Glass
spherule‘(aﬂ45}4m dia.) with large GVSQ}4m dia.) impact ("zap") pit
on surface., The 1mpact pit 1s characterized by a central depression
with a radial fracture pattern surrounding it,

Fig. 3. Scanning electron microscove photograph of 490}4m diameter
opaque glass spherule from Apollo 11 sample 10084, The top part
has a melied appearance with a radial structure around the margin.

It appears that molten silicate material was splashed on the surface



and ran down the side of the spherule, Circular opvenings in the
melted surface are probably due to surface tenslion. Tne remainder
of the spaerule is covered with small OQS}Am dia.) metalllc beads
(see Fig. 3).

FPig. 4. High magnification scanning electron microscope photo-
graohs of spherule shown in TFug. 3. A. "Melted” surface. Note
exposed vesicles and snrinkage (?) cracks., 3B. Original ("unmelted")
surface. Thas surface 1s covered with numerous small metallic beads
in a geometric pattern., The larger beads (up to 2.8/4m.dia,) are
surrounded by & surface free of beads out to a distance from the
bead that i1s approximately equal to the diameter of the bead., AL
this distance there 1s a circle of smaller beads that surrounds the
larger central bead. Several of the larger central beads have fallen
out leaving depressions.

Fig. 5. Scanning eleciron microscope photogranh of 32qP¢m dia-
meter opaque glass spherule from Apollo 11 sample 10084 with metallic
beads on lits surface, The larger veads have coalesced to form an
irregular mass, Blectron microprobe analysis shows that these beads
are composed predominantly of iron with a minor amount of nickel
and a trace of cobalt and sulphur., Other beads are surrounded by 2
chain of smaller beads with the surface in between devoid of beads.
In several cases %the central bead has fallen out leaving a shallow
depression. Note the angular depression on left side of spherule
that was left when a mineral or rock fragment was dislodged during

cleaning with a sonic vibrator.



Flg, 6. Refractive index versus percent 5105 for glass particles
from Apollo 12 sample 12057. Note the correlation between color
(indicated by symbols), refractive index and 510, content,

Fig. 7. Photomicrographs of pollshed sections of glass particles
from Apollo 12 sample 12057. A. Opaque spherule (~570}4m across)
with numerous relict (?) crystalline inclusions and several bubble
¢cavities., Plagloclase, pyroxene, olivine and 1ilmenite were identi-
fied by electron microprobe analysis. The rounded grey areas are
exposed bubble cavities. B. Glass fragment GvSOO}Am agross) con-
taining plagioclase laths. For the chemical composition of the
fragment see Table 10 sample no. 176. C. Approximately 14O)Am
diameter transparent yellow-green glass spherule with large (25 x 32}4m)
rounded centrally located lechatelierite patticle (dark grey) in
reflected light. (See Table 10 sample no. 225 for chemical: composSi-
tion.) D. DIarge (~400 um across) glass fragment contairing numer-
ous ¢rystalline inclusions including metallic spherules (light
circular areas). The largest metallic bead is ~32 Mm in diameter
(see Table 9 sample no., 217 for chemical composition). See Table 9
sample no. 217 for chemical composition of the glass,

Plg. 8. A. Photomicrograph of an airregular itransparent pale
green glass spherule (~230um dia.) from Apollo t1 sample 10084
containing ~25 small 6“4}1m dia.)} black, opague octzahedral crystals
distributed in a plane through the spherule. B. High magnification
photomicrograph of one of the octahedral crystals (shown 1n Fig. 44)
showing one of the octahedral faces in reflected light. Electron
microprobe analysis indicates that the crystals are composed of

approximately 94% iron and 6% nickel.



Fig. 9. Refractive index versus S5i0, content for Apollo 12
glasses. 0 = group 2 glasses, X = group 3, °® = group 4, + =
groupr 5, A= group 7.

Fig. 10. Percent K20 versus percent ¥as0 for Apolio 12 glasses
(groups 3, 4, 5 and miscellaneous analyses [labeled] in Table 8).
Glasses from sample 12057 represented by dots and glasses from
sample 12070 represented by an X.

Flg. 11. Ternary diagram (NeoC + K,0 ~- Cal + AlyCy ~= Fel +
Mg0 + TiOe) showing relationship between various groups of Apollo
12 glasses in Tables 8, 9 and 10.

Plg, 12, Percent Tio2 versus percent 8102 for Apeollo 11 and 12
glasses,

Fig. 13. Percent Fe0 versus percent Al;0; for Apollo 11 and 12

glasses,
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