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PREFACE

The original objective of this research was to character-
ize glass particles in the lunar soil and to compare them
to fterrestrial analogues. These objectives have been met.
In addition the study provided useful information concerning
the nature of lunar surface processes (e.,g. volcanism and
impact), maturity of soils and chemistry and heterogeneity of
lunar surface material., I feel, however, that the most im-
portant result of this study (which is supported by the work
of A.M, Reid, E.C.T Chao, K, Keil and others) is that it
demonstrates that the investigation of glass particles from
the regolith of planetary bodies with little or no atmospheres
can be a powerful method for learning about surface processes
and chemistry of planetary surfaces. Thus I urge NASA %o move
ahead with any plans for the return of samples from other
planetary bodies (especially the terrestrial planets and
asteroids) using unmanned spacecraft.
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Iintroduction

In my original proposal, I pointed out that it was likely
that the lunar soil would contain significant amounts of micro-
scopic glassy particles of impact and/or volecanic origin.

The objective was to study the glass particles, to establish
their origin and to compare them with'terreétrial igheous
glasses and tektites. After investigation of Apollo 11 samples
it became apparent that glass particles recovered from the
lunar soil could tell us much about lunar surface processes
(é.g. meteorite impact,'volcanism and radiation history)} and
chemistry and heterogeneity of the lunar surface. Thus the
study of the chemistry of the lunar surface (based on major
element analysis of glass particles) was the major objective
of all of my subsequent research, In order to accomplish
these objectives twenty 0.25 to 4.88 gm samples of less than
one millimeter luhar goils were studied {Pable 1). QGlass par-
ticles from Iuna 16 and Luna 20 wers also studied., A list

of publicationg (and papers in press or preparaﬁionj re~-
sulting Trom I1IASA grant HOR-08-001-029-040 is given in

Appendix A.

Method of Analysis

Bach sample was sieved into three to six size fractions '

using nylon sieves. The modal composition of most size



Ffractions was then determined using a binocular microscope
with up to 50X magnification, In.this way the relationship
betweeh glass content and other soil components was'
determined., Glass parficles, particularly spherules, were
removed using‘a wooden pick; described as to size, shape,
color, transparency and surface features; and then placed
intp glass cavity slides.

For most of the samples, all of the glass particles
(particularly the homogeneous-appearing fragments aﬁd spher-
ules) from the coarser size fractions (>149 um) were mounted
for electron microprobe analysis. Random glass particles
were picked from the finer (<149 ym) size fractions and also
mounted for electron microprobe analysis. Each particle
was individuvally described and mounted in a 1/4 inch metal
cylinder with epoxy,.ground.down terxpose a Ilat surface
and polished using 6 micron diamond paste and then 0.05 micron
alumina oxide'powder. Prior to mounting them for electron
microprobe analysis, the refractive indices of some (~400)
particles were determiﬁed by the o0il immersion method, usuallyr
to within + 0.002, 7

Apollo 12-17 samples were analyzed using the electron:
microprobe -facilities of the Planetology Branch at Goddard
Space Flight Center. The Apollo 12, il and part of the
~ Apollo 15 samples were analyzed with an ARL microprobe anal—'

yzer with three spectrometers, thus requiring three runs to



analyze for nine elements. Part of the Apolls 15 and all
of the Apollo 16 and 17 samples were analyzed using three
spectrometers in combination with an energy dispersive sys-
tem. This improved the analyses in some.respects, since
nine or more elements could be analyzed for simultaneously,
but the accuracy for many of the elements was not as good
as when the analyseé were determined entirely'by the wave-
length dispersive system., Potassium and titanium values
seemed to be the worst and offen gave negative values. This
was probably due'to the problem of correcting for back-
ground when_using the energy dispersive system. The Apollo
11 glasses (sample 10084,138) were analyzed using the micro-
probe facilities of the Division of Meteoritics at the
Smithsonian institution in Washington, D.C. Part of the
analyses were done on a three spectrometer electran micro~
probe and part on a nine spectrometer electron microprobe.
- All of the samples were analyzed fof Si, Ti, Al, Fe, Mg,
Ga, Nz, K and Mn. In addition, some were analyzed for P
and some for Cr. Quarts (8102), synthetic corundum (Alzoé)
and glasses made up by Corhing Glass Company and analyzed
by the U.S.G.S. were used as standards for electron micro-
_prdbe-analyses.

After electron microprobé analysis the pblished gections
were studied using a petrographic microscipe anthhe presence
: or-abseﬁce of vesicles, relict crystalline inclusions, de-

vitrification and metallic particles was noted for each sample |



analyzed,

A particle track sfudy was made of itwelve Apollo 14
glasses from sample 14163 by G, A. Wagner and D, Storzer,
The particle study was done in order to determine the uran-
ium content and railimtion history of glass particles whose
major element composition had previously been determined
. by electron microprobe analysis as discussed above. For a

digcussion of method of analysis see Glass et al. (1972).
Ma jor Results

GRAIN SIZE.,

The most coarse4grained samples are two of the highland
samples: 63501 and 68501 (Table 2). The third highland sam-~
ple (64501) is also coarse-grained, but not as coarse as
two Apollo 14 samples (14230,82 and 14149) and one Apollo 17
sample (74241)., The most fine-grained sample investigated
is the orange soil from Apollo 17 (74220)., Apolle 15 soil
samplé, 15301, contains a lérge percentagé of gréen glass
spherules and is also fairly fine-grained. The Apollo 11
sample (10084) and Apollo 12 sample 12001 aré intermediate
in grain size.

MDDAL CONMPGSITION, _

Sample 15301 has a. hlgh content (~20%) of homogeneous,ﬂ
transparent, emerald green glass spherules and fragments.

. The Apollo 17 orange soil (74220) comtains ~90% deep red to



black opaque glass spherules and fragments. Sample 74241
also has a high percentage (~20%) of deep red to black
opaque glass spherules and fragments. These samples, there-
fore, have anomalously high glass contents (37-93%) as com-
pared with the remainder of the samples which only contain
from 7 to 26% discrete glass particles (Table 3).
| The highland samples (63501, 64501 and 68501) can be
distinguished from most of the mare samples by thelr higher
crystalline (lithic plus mineral fragments) content and
lower glass content (Table 3). The highland samples are
also unigue,in that they contain high percentages of feldspar
fragments (up to 20%) us compared with the mare samples
which generally contain a greater percent of pyroxene frag-
ments. Apollo 17 sample 78421 is in some respects more
similar to highland samples than to mare samples., It has
a high feldspar content and low glass content (Table 3).
Three Apollo 14 samples (14149; 14230,75; and 14230,82),
like the Apollo 16 highland samples, have high crysialline
contents and also low agglutinate contents (Table 3), All
three of these samples are subsurface samples: 14149 is from
the bottom of a trench; and 14230,75 and 14230,82 are core
gamples. Samples 10084, 15041 and 78421 have the highest
agglutinate (glazed aggregate) contents of all the samples
studied,

Most samples show a systematic variation in composition



with grain size. 1In genekral, the lithic content decreases
and the mineral grain and glass contént ilcrease with de~
creasing grain size (Table'B). In addition, the percert
abundance of spherules generally shows an increase with
decreasing grain size (Table 3). There dces not, however,
appear to be any systematic variation in agglutinate con-
tent with decreasing grain size.

As would be expected, the number of spheruvles per gram
of sample also increases with decreasing grain size (Table 4),
Regardless of the spherule content of a given sample the
increase in number of spherules with decreasing grain size
is approximately +the same. On the average the 275-500 um
size fraction has ﬁine times as many spherules as the 505~
1000 ym size fraction, However, this trend is not obvious
in any given sample because of the rarity of spherules in
these size fractions, The £49-295 um size fraction contains
a little less than eight times as many spherules as the 295~
505 pm size fraction and likewise the 74-149 ym size fraction
‘contains approximately eight times as many as the 149~295 pm
gize fraction., ''he average increase in spherules with de-
creasing grain size, as shown in Table 4, is dominated by
a few.samples with high spherule content; 15101, 15301, 74220
and 74241, DNo spherules were recovered from the 505-1000 um
size Traction of these samples and the increase in spheruleé

wiih decreasing_sizé fraction is generally lower than for



the remainder of the samples. "The spherules in these sam~
ples (15101, 15301, 74220 and 74241) are probably of vol-
canic origin (see discussion section), whereas the spherules
in the remainder of the samples are probably mostly of
impact origin. (Bvidence for an impact origin will be
discussed in a later section.)

DESCRIPTION OF SPHERULES,

Saape. Over 3000 glass spherules have been described,
Excluding fragments and irregular forms, spherical to oval-
shaped forms represent approximately 97% of the spherules
recovered (Table 5), Teardrop and dumbbell-shaped spherules
make up less than 4%, with teardrops about 2.5 times as
‘abundant as dumbbell forms.
| Size., 'The size distribution of glass spherules (over -
2000) is similar for all the samples (Table 6). The number
of spherules increases with decreasing size. Less than
one half of a percent occurred in the-largest size fraction,
while nearly 60% oécurred in the smallest size fraction (88-
124 ym) for which records were kept.

Color. The glags sphervles (and fragments) studied
range from opaque to transparent and occur in a wide range
of colors from colorless, %o green, yellow, brown, red and
black and all shades in between. Glass spheruleé from the
mare sites are predpminantly:yellow, brown or red.in'color.

Colorless to pale green-spherules are ubiguitous in mare



gamp? =<, but rare (Table 7). Spherules from the highland
samples, on the other hand, are mostly colorless To green
or yellowvr,

Two samples are unusual in that they contain a high
concentration of spherules with homogeneous appearance (and
compesitions). Sample 15301 contains mostly transparent
emerald green spherules, whefeas 74220 contains mostly deep
red‘to opaque black spherules., Sample 15101 also contains
a large percentage of emerald green spherules like those
found in 15301. Likewise, sample 74241 contains a large
number of spherules like the deep red to opague black spher-
ules found in sample 74220. '

Surface features. The general aprearance and surface

texture of glass spherules from each sample were described
with the aid of a binocular microscope with up to 50X mag-
nification. A more detailed study, using a scanning electron
microscope (SEM), was made of approximately eighty glass
particles (mostly spherules) from Apollo 11, 12, 14 and 17
and one from Iuna 16, The following features were found
t0 be common on glass particles from every collec%ionAsites
aﬁtached rock and mineral grains and rock flour, exposed
vesicles, splashed silicate glass, metallic beads and mounds,
impact pits and spallation zones,. -
Nany of the opaque apherules have mlnute mlneral gramns

or rock fragments embedded in or coating thelr surface (Flg. ia)'



The attached grains are often only on one side of the spher-
ule, suggesting that they were embedded int6 the surface

of the spherule as it landed on the regolith while still

in a partially molten state,

Ropy to platy-shaped glassy fragments have been found
that have a coating of very fine-grained light-colored _
dust (rock flour) (Fig. 1b). According to Meyer et al. (19?1).
the dust coating on the Apollo 12 ropy Fragments is feldspar~-
rich. Nost of these rock flour-coated, ropy to platy
fragments have a KREEP ~omposition (see section on chemistry).
Similar fragments have been found in varying abundances
at all of the collection sites but appear to be most abun-
dant in the Apollo 12 and 14 soil samples,

Many of the opague spherules have exposed vesicles
which were apparently formed by outgassing (Fig. 1e). None
have been observed on transparent glass spherules.

Blebs and/or coatings of silicate glass (F'ig. 1d) have
been observed on approximately a third of the glass par-
ticles studied. 1In some cases the splashed silicate glass
has a composition indistinguishable Trom the glass spherule
on which it occurs; in other cases the compositions appear
to be slightly different, |

Metallic beads or mound-Like structufés are visible
on many of the glass particles. They range Ln‘diameter from

less than 1 ym up to at least 25 ym. In general, the beads
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or mounds are randomly scattered over fhe gsurface of the
gpherules (Fig. 2a). In some cases they have coalesced to
form irregular masses (Fig. 2b). However, on several of
the spherules the mefallic beads occur in a geométric pat-
tern (Figs. 2¢ & d). The geometric pattern consists of
large beads surrounded by a circle of smaller beads., The
circle of smaller beads occurs out from the central bead a’
digtance that is approximately equal to the diameter of the
large central bead. In some cases the central bead has fal-
len out leaving a depression that is surrounded by a ring
of small beads. (The geometric pattern is probably pro-
duced immediately after formation of a spherule when it is
coated with a thin layer of Hi~Fe as it passes through a
cloud of vaporized metal from the meteorite whose impact
produced the glass, The metallic coating then draws up
into beads due to surface tension and the larger beads sink
into the still hot and partially molten surface of the glass
spherule. On cooling the metal shrinks and in several cases
falls out, leaving a shallow depreésion;) Electron micro-
probe analysis shows that the beads are predominantly Ni-Fe,
but sulfur- and phosphorus-rich beads or mounds are also
common (Canter and MacGregor, 1970).

Impact pite have been observed on a large number of
glass particles (fig;_ja);_ Several:different types of mor-

phologies have been observed: simple glass-lined pits with
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a raised rim, glass-lined pits with spallation zones sur-
rounding them and glass—linéd- pits with radial fracture
zZones surroundiﬁg them, |

A Iuna 16 glass bead was studied that has a rather
large (~200 ym dia,) microcrater on the surface with a
centrally-located glass-lined pit slightly elevated above
the surrounding area (Fig. 3). Surrounding the pit is a
radial fracture zone, half of which has spalled off. The
spall zone is more than half again as large as the radial
fracture zone, It appears that if the -impact had been less
energetic, spallation would not have'occurred and the cen~
tral pit would have been entirely surroun&ed by a radial
fracture zone. However, if the impact event had been more
energetic, then the spallation would have probably com-
pletely removed the radial fracture zone producinglan impact
crater with a larger diameter (Glass, 1972).

Many glass spherules are broken or have large coh-.
choidal fracture marks on their surfaces that are probably

the repsult of low velocity impact (Fig. 3).

PETROGRAPHY .

Refractive index. The refractive indices of over 400

glass particles were determined, The glasses have a wide
range in refractive index, Trom 1.485 to 1.71, and show
a polymodal distribution (Fig. 4). The red glasses from

‘the Apollo 1? orange soil have the highest refractive
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index (R,I.) measured and the high 8i0, "granitic" glasses
“have the lowes%.,

Refractive index correlates well with glass color, and
both R.I. and color are related to the composifion (Figs., 5 &
6).

A plot of R.I. versus $i0, content shows two trends.

One group consisting mostly of pale green to greenish yel-
low glasses hag a wide range in 5102 content, but shows a
rather small range in R,I. (mostly 1.595). These glasses
have high AlEG3 and Cal0 contents and low Fel and T102 con=
tents. The second group of glasses have a much /ider range
in composition and R.I. These glasses show a strong in-
verse correlation between R.I. and SiO2 content. —In'general,
the dark brown to red glasses have high FeO and low S:‘LO2
contents and high refractive indices; whereas, the light~
colored (colorless, yellow %o yellow-brown) glasses have

low FeO (and TiOZ) gnd high SiO2 contents and low refractiﬁe
indices.

| Vesicles, Only about 16% of the glass particles that
were mounted for electron microprobe analysis (excluding

the opaque spherules found in the Apollo 17 ofange soil)

were opaque. Of +these, hearly 60% were observed to con-
tain vesicles. On the obher hand, less than 20% of the non-
_Qpaque.sphepuleg_contain vesigles.

Inclusions., Debye-Scherrer x-ray diffraction patterns
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obtained for approximately twenfy Apollo 11 and 12 glass
particles indicate that the most common crystalline phase
present is pyroxene and feldspar with some olivine, ilmenite
and metallic iron,

| Petrographic studies were made of most of the polished
sections prepared for electron microprobe analysis, and
occasionally an inclusion was analyzed during eléétron micro-
probe analysis in order to help in identification., Plagio-
clase was the most often encountered phase. Pyroxene was
also common and olivine and ilmenite were identified oc~
cagionally.: Metallic particles were comuon. Based on form
and composition, the crystalline inclusions can be separated
into severai different types: relict minerals, metallic
spherules and crystals, and crystals produced by devitrifica-
: 'ti-on . |

Relict crystal inclusions, Rounded mineral grains that

appear to Be inclusions of pre-existing minerals were ob—.
served in approximately 40% of the opaque glasses (ex-
cluding the opague spherules from the Apollo 17 orange 5011)
(Fig, 7a), whereas only 10% or less of the non-opague glasses
contained reliet inclusions, As mentioned above, the most
common phases were pyroxene and plagioclase (anorthite)

with some olivine and ilmenite. |
Metallic spherules. - Metallic spherules were observed

in approximately 10% of the glasses. (Approximately 20%
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of the opague spherules contain them.) Nearly haif.of the
-Apollo 12 glasses were observed to contain metaliic sphei-
ules, but less than 2% of the Apollo 11, 14, 15, 16 and 17
glasges were observed to contain them. Meballic splerules
-range in size from< 1l pym to at least 30 ym in diameter (Fig.
7b). In some particles numerous submlcron-sized metallic
gspherules delineate flow lines, In many of the glass
spheruleg the metallic spherules are located near the sur-
face. |

Most of the metallic spherules are composed or iron
'with a few Percent nickel., However, othérs are riéh in
Ni, § or P (for example sce Table 8).

Black, opague, octahedral crystals (2 to 5 ym dia.}
(Fig. 7c) have been observed in several glass particles.
Electron microprobe analysis indicates that they are com-
posed of ~94% Fe and 6% Hi with a trace of Co. The glass
particles containing the Wi-Fe crystals are homogeneous
and are freé of Ni-Fe spherules or other crystalline materials.
In a few cases the Mi-Fe crystals oceur in a curved plane
through the glass partlcle with other crystals scattered’
through the glass

~ Devitrification, Ewcludlng the glasses from the Apollo
17 orange 5011, approxlmately 3% of the glaSSea stadled
were pgrt;ally or completely devitrified, The devitrifica-

tion produdt is most often plagioclaseh(Fig, 7&). |



CHEMISTRY . |

The major element compositions of over 1000 glass
particles have been determined (94 Apollo 11, i61 Apollo 12,
315 Apollo 14, 207 Apollc 15, 190 Apollo 16, 213 Apollo 17,

1 Imna 16 and 20 Luna 20 glasses) (Table 9), These glasses
show.a wide range in composition, but most of the glasses

from a given site have compositions similar to the rocks

found at that site (Glass, 1971a; Glass, 1971b; Glass et gl., 
1972; Glass, 1973). The average composition of the glasses
from a given soil sample is similar to the bulk comprition

of the soil (Table 10).

Histograms, variation diagrams, and cluster anzlysis
show that the glass analyses tend to fall into clusters or
groups (Glass, 19?1a; Glass, 1971b; Glass et al., 1972; Glass,
1972; Glass, 1973; Reid et al., 1972b).. A discussion of
these groups is given in the discussion section,

UNIQUE GLASSES.

~ 4pollo 15 Green Glasses. Transparent, emerald green
glags spherules that are éxtremely homogeneous ih composition
are very abundant in some Apollo_iS samples, These glasses
have low Ti0, (~0.5%), A1203 (~7%) and high Fel 0926%).and
Mg0 Cle%) cqntents.‘-The“TiOB_content_is especially low
for\glasses-with an FeQ content that high.

-_Althoughlmostly]sphericai_in ghape,;many dumbbell,

‘teardrop and disc shapes were also observed, Many of the
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spherules are chipped or broken and fragments are common,
These glasses do not contain vesicles, No relict crystai—
line inclusions have been observed, but several spherules
have partly or completely devitrified to olivine F°?6~85,
giving them an opague cream yellow color. Un spherule con-
tains a rather large (~50 ym dia.) Ni-Fe spherule.

The green glasses are most abundant in the sbils from
‘the Apennine Front, especially in soil from Spur Crater
(Apollo 15 Preliminary Examination Team, 1972)., The »149 um
size fractions of samples 15301,117; 15101,1z% and 15041,83,
contain appFOXimately 184, 2% and 0,3% transparent green
glasses, respectively.. Glasées with this composition have
not been reported from the Apollb 12 gite ané none have
been found during this investigation in any Apollo 17 sam-
ple, However, glasses similar in appearance and éompositibn
to the Apollo 15 green glasses have been fbuhd in Apollo 14
samples and rarely in Apollo 11 and 16 samples. Since
the Apollo 14 site is located in the Fra Mauro Formation
which is believed to be ejecta from the Imbrian Basin,
the green glasses found in the Apollo 14 samples may have

also originated in the Imbrian area.

Apollo 17 Orange Soil Glasses. One of the highlights
of the Apollo 17 mission was the discovery of orange soil
found on the rim of Shorty Crater. This.soil.is compdsed
__almost_entirelyfof opaque black to transparent deep.red glass

- spherules similar in size and shape %o the Apollo 15 green
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glasses, And, like the Apollo 15 green glasses, the trans-
parent deep red spherules are homogeneous in composition,
not'only within a given particle, but also from particle

to particle, These glasses are characterized by their high
Ti0, (~9%), Te0d (~23%) and NgO (~15%) and low SiO0, (~39%) ,
A1203 (~6%) and 0ad (~6.5%) contentu (Glass, 1973). They
have a refractive index somewhat greater than 1.71,

Again, a large proportion were chipped or broken and
fragments were common, Micrometeorite impact craters were
not observed, indicating short surface ex@osure time. They
do not contain vesicles, relict cfystal inclusions or metal-
lic spherules. Many of the.black opaque spherules have |
partly devitrified. The devitrification product is lath-
shaped olivine crystallites (Fo?o) bordered by smail'crystals
of ilmenite.

The opague glasses haﬁe a wide range in cpmposition,
but their modal compoéition is the same as the avcrage com-
position of the red spherules. Variation diagrams show
that the analyses of these glasses establish linear trends,
that all have as one end meunber the composi%ion of the olivine.
crystais in the opaque glasses and that pass through a point |
representing the average composition of the red glasses
(Glass, 1973). This demonstrates that the variation in -ob-
served composition was produced by crystallization of the

olivine crysials.
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Glass particles similar in appearance and composition
to the deep red glass spherules in the Apollo 17 orange
goil have been fTound at other sites (e.g. Apollo 11),

Pransparent Pale-Green Hish A1203 Glasses. Another
greup of glasses that deserves special mention is comprised
of transparent‘palé-gfeen glass fragments with high Alzosﬂe
contents (Ave.~25%) that are rare, but ubiquitous. These
glass fragments (often rounded) have a distinct pale-
| green color and often have a dark-colored rock flour coatF
ing one or more surfaces. They do not contain vesicles or
relict mineral inclusions and only occasionally contain
metallic spherules. Some have partly.devitrified‘to plagio-
clase, Most have a refractive index offV1.595, but a smaller
group tha™ ig similar in appearance and cemposition has an
average R.I. of ~1,588. They are homogeneous within a
single Tragment and from particle to particle and from one
site to the next (Table 11). They are compositionally similarp
to a large group of glasses with an average A1203 content
" of ~25% commonly found in highland soils. However, the.pale-
éremmglasefragmeﬁts are more common in ﬁare-soils than in

the highland samples investigated.
Discussion

GLASS COIITEHT AS A MEASURE 01 S01IL MATURIT

Durlng the passane of time the 1unar 5011 becomes flner
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as a fesult of repeated bombardments by meteorites. Meteor-

ite bombardment also produces glass and welds together

soil fragmenfs to produce breccia. Thus the maturity of

age of a lunar soil should be reflected in its grain size

and composition, That is to say, the average grain size

decreases and the glass and breccia content increase with

increasing maturity or age (for a more complete discussion

see Lindsay, 1972). Using the glass content as a measure

of age or maturity, however, should be done with caution

as glass can be produced by volcanic as well as impact events.

'Tor example, the Apollo 15 green glass and Apollo 1?'orange

soil glass may have been Formed by volcanic processes (this

is discussed further in a later section). McKay et al. (1972)

suggest that the content of glazed aggregates (or glassy

agglutinates) may be a better measure of soil age or maturity

than the total glass content, since such particles are

probably produced only by meteorite bombardment., Variation |

diagrams of percent glassy agglutinates versus the percent

of the soil in the Finer size fractions shows that in géner~

al the glaosy awglutlnate content of the soil 1ncreases

with decreasing average grain size of a soil (Fig. 8).

-ORIGIN OF LUMAR GLASSES. | |
There is a great deal of evidencs indicating that much

of the glasg found in the lunar soil was produced by metgqrf_;_.

ite impact. First of all, many of the lunar rocks and Ffragments
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recovefed from the soil show evidence of shock metamorphism
(Sclar, 1970; Short, 1970). In addition, many of thz glass
particles themselves show evidence of having an impact
origin, BSuch evidence includes: 13 chemical heterogzeneity,
2) inclusion of Ni-Fe spherules, and 3) inclusions of highly
shocked relict crystals. As discussed in an earlier section,
all of the above features are pariticularly characteristic
of opague glass particles; but are extremely rare in ftrans-
parent glasses, In addition to the above evidence, glasses
of monomineraliic compositions aré often found (e.g., masky-
linite). (For a more complete discussion of the evidence
for an impact origin of lunar glasses see Chao gt al., 1970.)
There is also evidence that at least some of the lunar
glasses were produced by volcanism. The opague black te
deep red glass particles that make up the Apollo 17 orange
soll were apparently produced by volecanism. In addition
to the negativé evidence Tor impact (i.e. homogeneity, ab-
sence of Hi-Fe spherules and shocked relict crystalline in-
clusions) some of the glasses were found to contain euhedral
olivine crystals that appear to be phenocrysts (McKéy &
Heiken, 1973). lany authors have suggested, therefore,
that the Apollo 17 orange soil glasses have a volcanlc |
origin (Reid et al., 1973 MeKay & Heiken, 1973; Glass, 1993)7'
It has Iurther been suggested that these glasses were pro—

duced by lava fountaining and that by analogy the Apollo 15
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green glasses were produced in a similar.manner‘(Reid
et al., 1973; lNcKay & Heilken, 1973).

Thus there is evidence that many of the glasses, par-
ticularly the opaque'heterogeneous ones, are produced by
impact; while others, for example the Apollo 17 ofange soil
glasses and possibly the Apollo 15 green glasses, are pro-
duced by volcanism. It ié not possible to tell the origin
of many of the traﬁsparent glass particles due %o the ab-

" gsence of the criveria discussed above that would indicate
either an impact or volecanic origin. At least some of these
trunsparent glasses may have been formed by impact since

one was found to contain a lechatelierite particle (Glaés,
1971), Gthers, however, could have been formed by volcanism.
Thus the relative abundance of impact-generated versus
volcanically-produced glasses in the lunar soil is not known,
VAPOR FRACTICNATION,

Based on major element analyses, 125 Apollo 12 glass
particles frbm sample 12057 were divided into six groups
(Giass, 1971) . Kost of the glasses were similar in composi-
tion to the Apollo 12 crystalline rocks; especially one
group referred to as normal basaltic glassés. The glasses
in a second group, referred fo as low-allkali basaltic
glasses, are simiiar to.the normal bassltic glasses, but
have slightly“higher average Ti0,, A1203, Mgl and Cal and

- lower Nazo, K20,7P205 and 8102 contents. ‘'this difference
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in composition is what would be expected as a result of
vapor fractionation,

Also in support of vapor fractionation is the fact
‘that nearly all the low-alkali basaltic glasses are small
(150 pym dia.) spherules without bubble cavities or crystal-
line inclusions. The normal basaltic glasses, on the other
hand, generally contain crystalline inclusions. This sug-
gests that the low-alkali basaltic glasses were heated more
intensely than were the normal basaltic glasses.

Since the lunar glasses show distinet clustering ac-
cording to composition and since the bulk of the glasses
from each céllection-site are similar in composition to the
rocks and fines from the same site, 1t 1s unlikely that the
major element contents of most of the glasses have been
changed appreciably by'vapor fractionation, Chao gt al.
(1970) also conclude that the major element contents of
the lunar glasses they studied have not been appreciably
affected by volatilization, and that the present compositions
of these glasses probably closely reflect the compositions
of ‘the parent materials, ,

TUNAR SURTACE CHREIISTRY AS DEDUCED TROM PRE™ ERRED GIASS
COMPOS TRIOHS . '

Many of the glass particles Tound in the lunar fines

represent homqgenized portions of lunar surface matefial

whether formed by impact or voleanism. A grom sample
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of <1 mm Tines will contain hundreds or thousands of such
particles »50 uym in diameter. According to Shoemaker et al.
(1970) ~50% of the regolith at the Apollo 11 site (and pre-
sumably other sites) is expedted to have come from a dis-
‘tance lesé than 3.1 km, about 5% from distances greater
than 1.0 km and as much as 0.5% or more from distances greater
than 1000 km. Thus the investigation of lunar glass par-
ticles from a single sample of <1 mm fines can indicate a-
great deal about the composition and heterogeneity of the
lunar surface within a radius of several hundred kilometers
of the collection site.

Histograms of A1203 content of the glasses from each
site show a polymodal distribution (Fig. 9). The glasses
fyom each site can be divided into two main groups: 1) high
aluminum glasses with Al 03 contents »~22%, and 2) Low
aluminum glasses with Alzo3 contents £{~22%. The high aluminum
glasses themselves can be divided into several groups bases
on A1203 contents. The majority of the high aluminum
glagses have an 1.1.1203 content between ~22% and 29% with a
mode of ~25%. These glasses have compositions équivalent
to anorthositic gabbro. Glasses with this composition are
referred to as highland basalts by Reid et al. (197°)

A second group of hlgh 31203 glasses has a mode at
~39% Al?o3 and 19 anorth051tlc or gabbro anorthositic in

composltlon,> A third group has a mode of ~36% A1203. The
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glasses in this last group have essentially anorthite com-
positions and many are probably maskylinite (diaplectic
plagioclase glass).

The high aluminum glasses have compositions similar
to the soil, brecclas, and crystalline rocks found at the
two highland sites, Apollo 16 and Luna 20. In addition,
orbital x-ray fluorescence data obtained during Apollo 15
and 16 show that the hgihlands have maximum AL/Si ratios
that lie between anorthositic gabbro and gabbroic anorthosite
(Adler et al., 1973). Thus the high a.uminum glasses were
probably deFived from the lunar highlands., This is con-
sistent with the abundance of these glasses in the lunar
samples. High aluminum glasses have been‘found invvarying
degrees in soil samples from all of the lunar sites (Reid
et al., 1972a; Reld et al., 1972b; Glass, 1973}, but are
most abundant in samples from the highland sites where.
they make up ~73% of the glasses analyzed (Table 12).

The most useful subdivision of the low aluminum glasses
appears to be based on FeO content. Those with FeQ contents
> 14% have compositions similar to mare basalts while those
with FeO contents < 14% have KREEP-like compositions. The
glasses with FeO contents > 14% have a wide range in com- -
position but all are generally similaf in composition to
mare basalts. Such glasses are abundant in mare soil sam-

ples but make up <10% of the highland Apollo 16 glasses.
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The composition and abundance distribution is thus consis-
tent with a mare origin for these glasses, |

The low Fel (<14%) glasses have lower FeQ contents
than mare basalts. They can be divided into two groups
based on their K,0 contents. Those with K,0>0.5% re-
semble KREEP material as defined by leyer et al. (1971).
Glasses with KREEP-like compositions, but lower KBO con-
tents (£0.5%) are also present at most sites, MNaterial
with KREEP composition has been Tound at all Apollo and Luna
_sites_and has been variously called norite, gray mottled
fragments, non-mare basalts and Ffa Mauro ﬁésélt or high
alumina basalt (Reid et al., 1972a; Reid, 1974)., Reid et al.
(19734} point out that low K, KREEP-like glasses are common
in highland soils. Thus, these glasses are probably also
derived from the highlands. KREEP material, on the other
hand, has been shown by orbital gamma-ray experiments o
be concentrated in the region of Mare Imbrium and Oceanus
Procellarum (Trombka et al., 1973). "This is puzzling be-
cause the similarity in composition between the low-I v
and high-K (KREEP) non-mare basaltic glasses suggests that
they are closely related.

A fourth major group of glésses can be distinguished

based on Si0, content. Glasses with Si0, contents »60%

2 2
.are rare, bulb ubiguitous.  ‘‘hey have been found in small

quantities at nearly all of the sampling sites, Most of
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these high silica glasses have SiOz.conﬁents of qlose to
6% and are very similar compositionally to the glassy
mesostasis found in many of the mare basalts (Table 13),
COMPARISO! BETWEEN SOIL COMPOSITION AMD AVERAGE GLASS COM-
POSTTION,

"he average composition of the glasses from each
station is similar to the bulk compesition of the soil at
that station (Tgble 10)., . However, some systematic vari-
.ations between average glass compositidn and bulk soil com-
position do occur. The glasses from mare soils generally -

have higherlAlzo3 and Cal and lower Tioz and FeO contents
than the soils from‘which they were separated. Likewise,
the glasses from highland samples generally have lower
A1203 andlCaO and higher TiO2 and Fel contents than the
agssoclated soils. The difference in composition suggests
that the glass componens in the mare soils is enriched in
highland material in comparison to the bulk soil and that
the glass component in the highland soils is enriched in
mare material in comparison to the bulk soil.,
COMPARISCiT BETWEEI! LUFAR GLASS SPHERULES AlD NIGRCOEKTITES.
Microtektites are microscopic (41 mm dia.) glass spher-
ules {found in deep-sea sediments) that have been related
by geographical occurrence, age, petrography and chemistry

$o three of the Tour known fektite strewnfields (Glass, 1969;

Glass, 1972c; Glass et al., 1973). Although the origin of
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tektites (and therefofe microtektites) is not agreed upon
by all invéstigators, mogst believe that théy are the result
of_meteorité impact on the earth,

The largest microtektite found to date has a diameter
of ~1 mm, Similarly.lunar glass spherules larger than 1 mm
in diameter are rare. The size distribution of lunar glass
spherules between 125-1000 ym is similar to that of the micro-
tektites; however, the lunar glass spherules appear Lo in-
crease in number with decreasing size at a greater ratz than
do the microtektites (Pable 1L},

The shape distribution of the lunar glass spherules
is similar to that of the microtektites (Table 15).
Both consist of 80-95% spheroidal forms with a minor amount
of lens, oval, cylinder, dumbbell and teardrop forms.
However, surface features on the lunar glass spherules are
guite distinéﬁ Trom those observed on microtektites. This
difference is probably due to the difference in environment
of occurrence of the two glasses,

| Although only a few lunar glags spherules have been

directly dated most were probably Tormed over 3 b.y. ago,
The known microkektites, on the other hand, were all fdrmed
less than 36 m.v. age.

Lunar glasslspherules with silica contents greafer than

60% are extremely rare. Iicrotektites (and tektites), on
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the other hand, have 810, contents »60%. An exception %o
this is the bottle-~green microtekitites found in association
with the normal microtektites in all three strewniields.
The bottle-green microtektites have 8102 contents ranging
down to ~46% and MgO contents as high as 27%. The lunar
spherules that have Si02 contents within the range of the
bottle-green microtektites have much lower g0 contents and/or
too high Ye0 and too low A1203 contents to be similar to
the botile-green microtektites. | |

0F the 450 lunar glass spherules analyzed, only one had
a SiO2 contgnt >60%. It ﬁas a transpafent yellow-~-brown glass
spherule with a diameter of ~100 am. It contained no vesicles
or inclusions and would be difficult, except for the sur-
face sculpturing, to distinguish from a microtektite. The
major element composition is, likewise, similar +o micro-
tektites except for a somewhat lower Hgl content (Table 16).

Although few, if any, studies have been directed toward
determining the FeO/Fe203 ratio and water‘cbnﬁent of the
glass spherules themselves, much hag been done on lunar
material in generél and it is reasonable to expect that the
| lunar zlasses probably have high FeO/Fé2Q3 ratios and low
water contents. This is true also for tektites (and micro-
tektites) and serves to distinguish tektites from terresirial
igneous glasses. Gtherwise, however, most of the lunar

glasses (particularly the spherules) are chemically distinct



from known tektites and microtektites.
The similarity in appearance between the lunar glass
spherules and microtektites is probably a result of both

having been produced by the same process (i.e, impact).

Conclusions
Most of the conélusions reached in this study are
supported by data presented by other inveétigators and
many of ‘the conclusions are similar to ones pfoposed by
other investigators. Thé major conclusions are as follows:

1) The average graiﬁ size of a soil decreases and the
glass (particularly agglutinate) content increases with
age or maturity of the soil,

2) Glass particles found in the lunar fines have multiple
origins, Many (particularlj the black opaque ones) were
Tormed by meﬁeoriﬁe impact; others, like the Apollo 17 orange
glasses (and.the Apollo 15 green glasses), are probably of
voleanic origin. However, the origin of many of the trans-
parent glass spherules without crystalline inclusions is
not pogsible to determine, and therefore the relative abun-
dance of impact-generated versus volcanically-produced glasses
is not known,

3) Kost of the surface Ffeatures {pits, metallic beads,
splashed silicate glass, etc.) on the glass spherules are

the result of meteorite impact.
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L) Impact pits with radisl fracture zones are the re-
sult of relatively low-energy impacts, whereas those with
spallation zones are the result of relatively high-energy
impacts.

5) The majority of the glass particles in a given soil
sam@le have compositions similar to the rocks and soils
collected at that site (exceptions are samples 15301 and
74220 that contain a high percentage of volcanically-
produced glasses).
| 6) The average composition of the glasses from a given
‘soil sampleris similar to the dbulk composition of the soil,
but differs in such a manner as to indicate that most of
the highland-derived material in a mare soil are glass and
vice versa for a highland séil.

7) There is some evidence for a minor amount of vapor
fractionation. \

8) Lunar glass compssitions tend to fall into clusters
or groups ‘that represent various "rock types" found on the
lunar surface. The following are the major compositional
.groups and their eéﬁivalent "rock types":

a) A1203:>2 % (Anorthosite and gabbroic anorthosite)

b) 22% Al_zo3 428% (Anorthositic gabbro)

c) A1203<225:-5, Fe0 <144, 1{2(':‘>0.57E (KREEP)

a) A1,0, <225, FeG< 145, K,0<0.5% (low-K, KREEP-like
‘basalt)



e) 11% <A1203 < 22%, FeO »il7% (Mare basalt)

£) AL,0q <11%, Fe0 >18% (e.g. Apollo 15 green glasses
~ and Apollo 17 orange soil glasses ) (Ultrabasic)

g) Si02:>60% ("Granitic®).

~ %he high (>22%4) 41,05 glasses are more abundant in
highland samples and probably represent highland meterial,
The high (>144%) Fel glasses with A1203 contents between 11
and 22% generaily have compositions similar to mare basal{s
and are derived from a mare source area. iost of the high-
silica glasses (particularly those with 5i0, contents close
to 76%) are similar petrographically and compositionally
to the glassy mesostasis in mare basalts and may thereflfore
also have a'mare origin. ‘The source of the low A1203 (<22%)
and low FeO (414%) KREEP (K0 >0.5%) and KREEP-like (K,0< 0. 5%)
glasses is more difficult to determine. Abundance of
KREEP glasses in g0ll samples and orbital gamma-ray ex-
.pepiments indicate that XKREEP material is concentrated
around Kare Imbrium and Oceanus Procellarum. However, low-K,
KREEP~like.maﬁerial'appears to be more common in highland

areas,
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TABLE 1
Samples Investigated

Sample No. Description Weight (gm) Location
10084,138 1 mm fines 0.492 Next to lunar module
12001,59 " 0.539 Northwest of lunar module
12057,54 = 0.513 Mixture of fines from several
locations of Apollc 12 site
12070,129 : " 0.424 10 m southwest of lunar mcodule
14148, 44 " 0.508 Station G, surface of trench
14149,55 i 0.277 Station G, bottom of trenci:
14156,41 L . 0.495 Station G, middle of trench
14163,49 e 0.487 Bulk sample from EVA-1l, ii2ar LM
14230,75 = 0.105 Sta G, second single core tube
14230,82 " 0.111 Sta G, second single core tube
14259,20 ) 4.875 Comprehensive sample
15041,85 £ 0.251 ' Sta 8, top of Soil Mechanics
Trench
15101,128 " 0.248 Station 2, Apennine Front
15301,117 " 0.246 Station 7, Spur Crater
63501,23 w* 0.252 Sta 13, 0.5 km southeast of rim
crest of North Ray Crater
64501, 3 " 0.254 Sta 4, highest on Stone Mountain
68501, 29 , " 0.248 Sta 8, ray of South Ray Crater
74220,89 " 0.261 Sta 4, South rim of Shorty Crater
74241,47 - 0.260 Sta 4, South rim of Shorty Crater
78421, 25 i 0.229 Sta 8, base of Sculptured Hills
Luna 16-A40 glass bead 0.002 Mare Fecunditatis
Luna 20 SA0 518, polished Highlands just north of

520,522,529&530 sections ‘Mare Fecunditatis



- TABLE 2

Size Analyses (Welght ?ercent)

Size Size
Fraction Fraction _
(um) 12057 12070 ' { pm ) .}QQ34 12QOL
580 2.2 6.5 505~1000 4,12 4.0
147-580 23.0 19.2 .295--505 5,32 4,7
74147 22.6 25.2 . 149-2985 10.62 11.3
44-74 25.6 8.8 74~149  15.13 14,5
£44 26.6  40.3 44-74 . 20,7
| <44 (64.80 4418
Size )
Fraction 14230, 14230
(mm) ° 14148 14149 14156 14163 75 . _ 82

505-1000 2.8 6.8 5.3 5.3 (
295-505 4.2 6.7 5.2 4.6 (+03 (16.8
149-295 ~-11.1%¥ 11.9 10.7 9.4 8.8 10,5
44-74  29.8 19.8 20.2 24.1 (3.0 (30.4
<44  38.5 43.1 44.7 45.0 47.7 42.3

Size '
Fraction _
( pam ) 15041 15101 15301 63501 §45Q1 .63591

505-1000 - 2.5 2.9 2.6 7.9 6.7 8.1
295-505 3.2 3.3 4.2 7.6 B.7 8.2
149-295 10.0 10.1 11.2 13.9 12.0 13.1

74-149 13.4 14 .4 14.7 14.5 13,2 14.7

4474 22.8 24,2 23.0 19.6 (62 4 19.5
< 44 48.0 45.0 44,4 36.5‘ (" 37.1
Size

Fraction

 pm ) 74220 74241 78421
505~1000 2.6 6.8 2.8

© 295-505 1.2 6.0 3.6

149-295 7.9 11.8  10.0
74-149  13.1 1l4.1  14.6

44""74 ( ( ( 1
< 44 (75.3 (61.3 (69.q

* Part of this size fraction lost duyring sievigg,:



TABLE 3

Modal Analyses

10084,133 |  12001,59

Size Fraction 505-1000 295-505 149-295  74-149 505~1000 295-505 149-295  T74-149
S . o (56) . {317) (1471) (1L202) - (56) - {2686) (1000) (1005)
‘Lithic. Grains S _ :
White + : 1.8 0.6 1.0 0.4 0.0 1.5 1.9 2.3
Coarse I N ( ‘ ( ( 14.3 16.2 14.2 (
Fine | (26.8 (28.7 (27.0 (38.9 8.9 4.1 8.5 {16.7
Minerxal Grains .
- Peldspar 0.0 0.3 0.8 (8 1 0.0 2.2 3.1 3.3
- Pyroxene 8.0 0.3 1.3 (" 1.8 3.0 15.0 20.2
. Olivine 0.0 0.0 (o g {56 0.0 0.0 . 0.7 (5.3
- Othet 0.0 0.0 - (“* 0.0 0.0 0.8 Q-
. Glassy Agglutinates  35.7 26.8 46.4 32.2 °  28.5 - 27.1 26.7 ° 30.2
- @lass Particles
. Eragments . _ ' . o :
Opague - . o . 23.2 13.2 - 6.5 10.4 21.4 0.1 20.0 21.0
‘Transparent ' ( ( ' '( - ' o '
Bottle—green _ {4 R G i 3.6 0.4 0.8 - 0.2
Other ~ B L T B (07 0.0 0.0 0.8 8.7
. Ropy Forms # - . 1.8 0.6 - 0.4 - 3.6 1.9 0.2 0.0
’Spherules - : 0.0 : 0.6 ( _ : : C
Opagque 0.0 . " 0.7 0.6 7 . (CTRT : a
Transparent 0.0 6.3 .2 0.3 IR (0% (°-8

,,lother] B ) 0.0 .0.0 0.0 0.0 0.0 0.0 0.0



Size Fraction

Lithic Grains
White +
Coarse

" Fine
Microbreccia

Mineral Grains
" Feldspar
- Pyroxene
Olivine
Other

Glassy Agglutinates

Glass Particles
Fragments
Opaque .
T_.ansparent
Bottle-green
Other
Ropy Forms #

- Spherules’

Opaque -

Transparent

Othexr

505-1000
. (48)

0.0

8.4~
1c.3

8.4

) =
oo kol O
L] - L] L] L] L[]
00 MNORM N

b
..
H

Modal Analysis {cont.)

TABLE 3

14148,44
295-505  149-295
(264) (1004}
2.6 2.6

{ (20
(29.2 (32,7
6.1 0.6
2.6 1.6
0.0 0.8
0.0 0.3
0.0 0.9
37.5 34.4
18.9 20.9
0.4 0.2
1.1 2.1
0.8 1.2
n.8 (
0.0 (17
0.0 0.2

74-149
(1009)

2.8

(
6.0

HoOoMW;
. s o o
Ul ~Jom

31.0

(31.7°

505-1000
(53)

0.0
49.1
7.5

24.5

0.0

(
(1.9
0.0

11.3

1414955

295-505 149-295
(194)  (1007)
1.5 4.7
33q5 2608
18.6 18.1
9.3 2.7
1.0 4.0
(.. (

(L.S (4.6
0.0 0.0
21.1 22.2
8.8 15.6
0.0 0.0
1.5 0.6
2.1 0.3
1.0 {

010 (05
0.0 0.0

(
(

74-149
(1004)

4-0
34.0
3.6



TABLE 3

:Modal Analysis (cont.)

14156,41 - | | 14163,49
Size:Fraction 505-1000 295-505 149-295  74-149 505-1000 295-505 149-295 74-149
B B {65) {293) (1o00) (1L000) {54) (242) {(1L000) (L087)
Lithic Grains '
. White + , 3.1 2.0 2.6 2,2 ( ( « 3.4
Coarse - A (365 ( ( : 42.6 . 40.5 (45, ¢
+ . o = L] 300 I2 : a
Fine (43-1 3 (30.8 30 ( ( { (290
Microbreccia 9.2 7.5 2.7 0.0 : 1.8 2.5 0.0
Minéral‘GrainS : : ‘
“Feldspar ( 0.7 2.7 3.9 ( 1.6 3.4 9.8
Pyroxene (0.0 0.7 3.0 3.4 (1.8 0.8 2.1 3.7
Olivine (" 1.0 0.9 0.7 (" 0.0 0.4 1.6
Other ( 0.0 0.6 0.5 { 0.0 ‘1.3 2.6
Glassy Agglutinates 29.2 37.2 38.9 34.6 13.0 32,2 25,8 12.9
Glass Particles
Fragments
Opaque 13.9 9.6 14.8 21.6 33.3 9.9 12.7  24.5
Transparent
Bottle-green 0.0 0.7 0.0 0.1 - 3.7 0.8 0.3 c.0
-Other 0.0 0.7 1.8 1.2 0.0 . 6.6 6.6 10.6
‘Ropy Forms # 0.0 1.7 0.4 0.2 0.0 4.1 0.7 0.2
Spherules s rl . ( ( 3.7 0.8 ( k
Opaque . . 1.2 . . . .
Transparent - 0.0 0.0 (G 8 ( 0.0 0.0 (l 0 (; 1
Other - ' 0.0 0.0 .0 0.0 0.0 0.0 0.0 0.4



TABLE 3

Modal Analyses (cont.) .

14230,75 - 14230,82 - 15041,85

Size Fraction 295-1000 149-295 295-1000 149-295 505~1000 295-505 14%8-~-295
_ o (84)- - (lola) (82) (1000) (21) (96) . {843)
Lithic Grains . _ ‘ ‘
White + : 0.0 1.4 4,9 4.3 0.0 1.0 . 1.1
Coarse : A ( ( { ' {
Fine | (29.8 (31.6 (45.1 (33-9 (9.5 (5.2 (8.9
Microbreccia - 32.1 15.1 15.9 13.1 57.1 27.1 12.8
.Mineral Grains ,
Feldspax- 0.0 5.2 0.0 5.2 0.0 3.1 3.3
Pyroxene 0.0 (2 2 0.0 (3 3 0.0 ( (
Olivine n.0 * 0.0 (7*° 0.0 (3.1 (10.1
. Other 0.0 0.2 0.0 i.0 0.0
Glassy Agglutinates 26.2 19.3 24 .4 20.5 19.0 39.6 49,7
Glass Particles
Fragments .
- Opague 8.3 17.6 8.5 14.3 9.5 19.8 10.8
Transparent
Bottle-green 1.2 0.2 0.0 0.7 0.0 0.0 0.0
. Other 0.0 2.9 0.0 3.2 0.0 1.0 1.8
Ropy Forms # g.0 1.9 1.2 0.0 0.0 0.0 0.0
Spherules
Opague - - 1.2 (l 4 0.0 (o 5 4.8 0.0 0.6
Transparent 1.2 (—- 0.0 * 0.0 0.0 0.9
Other 0.0 g.0 0.0 0.0 0.0 0.0



Size Fraction

 hithic Grains
White +
Coarse .

- Fine. .
Microbrececia -

“ Mineral Gr;ins
Feldspar
Pyroxena
Olivine
Other

Glassy Agglutinates.

Glass Particles
Fragments
Opagque
Transparent
Bottle-green
Other

Ropy Foxms #

Sphezrules
Opaque
Transparent

Other

505-1000
(48)

0.0
8.
10.
8.

L)

Modal Analysis (cont.)

TABLE 3

14148 ,44
295-505 149-295
(264) (1004)

2.6 2.6
‘Ezg.z E32.7
6.1 0.6
2.6 1.6
0.0 0.8
0.0 0.1
0.0 0.9
37.5 34.4
18.9 20.9
0.4 0.2
1.1 2.1
0.8 1.2
0.8 (
0.0 (1.7
0.0 0.2

74-149
(1009)

2.8
531.7
0.0

505-1000
(53)

0.0

49,1
7.5

24,5

0.0
{
(llg

0.0

11.3

14149, 55
295-505  149-295
(194)  (1007)
1.5 4.7
33.5 26.8
18.6 18.1
9.3 2.7
1.0 4.0
(.5 (4.6

( (
0.0 0.0
21.1 22.2
9.8 15.6
0.0 0.0
105 0-6
2.1 0.3
1.0 (
- fo.5
0.0 0.0



TABLE'3

Modal Analyses (cont.)

63501,23 " 64501,3 68501,29
Size Fraction 505-1000 295-505 149-295 505-1000 295-505 505-1000 2955-~505 149-285

_ - N ' (56) (224) (1132) (40) - {177) (58} (228) (818)

‘Lithic Grains o _ ' ’

- White + 7.1 7.6 7.8 5.0 11.3 5.2 5.3 3.9
Coarse 41,1 ( ( : ( { ( { ( :
Fine | 17.8" (38.§ (47,8 (25.0 (23.2 (53.4 (49.6 (40.1

Minerai Grains ‘ .

Feldspar 7.1 6.7 14.3 - 20.0 24.8 3.4 4.4 8.9

- Pyroxene 0.0 ( ( 0.0 { 0.0 0.0 (
Olivine 0.0 (0.4 (1.3 0.0 (1.7 0.0 0.0 {0.4
Other 0.0 0.0 ( 0.0 0.0 (

Glassy Agglutinates 12.5 ~ 18.8 13.3 12.5 13.0 24,1 21.5 33.1
- .Glass Particles |
Fragments
Opaque 5.4 8.0 10.6 7.5 10.2 8.6 10.1 5.5
Transparent
Bottle—~green 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Othex 1.8 0.4 1.1 5.0 1.1 0.0 0.9 1.2
- Ropy Forms 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
- Spherules
Opaque 1.8 0.0 0.1 2.5 0.0 0.0 0.0 0.5
Transparent 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.2
Othexr ' 0.0 : 0.0 0.1 0.0 0.0 0.0 0.0 0.0



- 8ize Fraction

Lithic Grains
White +
Coarse .
Fine ,
Microbreccia

Mineral Grains
Feldspar
Pyroxene
Olivine
Other

Glassy Agglutinates

Glass Particles
Fragments
Opague
Transparent
Bottle-green
Other

. Ropy Forms /#
Spherules

- Opaque
Transparent

Other

505~1000
(48)

c.0
8.
10.
8.

™ L i

(

{
{4.2

(
(

. 14148,24
295-505  149-295
(264)  (1004)
2.6 2.6
29.2 E32.7
6.1 0.6
2.6 1.6
0.0 0.8
0.0 0.1
0.0 0.9
37.5 34.4
18.9 20.9
1.1 2.1
0.8 1.2

0.8 (
0.0 (1-7
0.0 0.2

Modal Analysis (cont.)

TABLE 3

74-149

(1009)
2.8
§31.7
0.0

505-1000
(53}

0.0
49.1
7.5
24.5

14149,55
. 295~505 149~295
(194) (1007)
1.5 4.7
33.5 . 26,8
18.6 18.1
9.3 2.7
1.0 4.0
(.5 (1.6
{ (
0.0 0.0
21.1 22.2
9.8  15.6
0.0 0.0
1.5 0.6
2.1 0.3
1.0 ¢
0.0 (03
0.0 0.0



TABLE 3

Modal Analyses (cont.)

. 78421,25
Size Fraction 505-1000 295-505 149-295
{(21) (106) (960}
Lithic Grains ,
White + 14.3 9.4 4.5
Coarse : (4 g 3.8 3.7
Fine (** 10.4 8.4
Microbreccia : 23.8 16.0 12.2
Mineral Grains
Feldspar 4.8 5.7 7.2
Pyroxene ¢.0 0.8 l.6
Olivine 0.0 0.0 0.5
Other 0.0 1.9 0.8
Glassy Agglutinates 47.6 42.5 51.6
Glass Particles
Fragments
Opague 4.8 8.5 8.8
Transparent
Bottle~green 0.0 0.0 0.0
Other 0.0 0.9 0.5
" Ropy Forms # 0.0 0.0 0.0
Spherules
Opague 0.0 0.0 0.9
Transparent 0.0 0.0 0.3
0.0 0.0

Gther 0.0

+ Opague white highly fractured grains.

: f‘ Ropy to platy or rounded glass particles coated with rock flour.
" ()} NumbBer of grains ’



TABLE 4

Glass Spherule Abundance in Various Size Fractions

Sample No,

10084,138
12001, 59
14148, 44
4149,55
14156,41
14163,49
14230,75
14230, 82
15041, 85
15101,128
15301, 117
-62501,23
64501, 3
68501,29
74220, 89
oholiy 47
78421, 25

Spherules per gm of sample

505-1000% 295-505%
-0 38
L6 119

0 ok
0 108
38 192
77 . 89
182
2 :
i 0
0 1188
0 2020
50 0
5% 0
0 0
0 567
0 256
0 0
27 248

#Size fraction (microns)

149-205%
325
196
o8
365 -
379
1%V
6Ls
bow
Log
1355
7420
199
262
525
1876
393

1874

7h-149%

3265
1710
iy 5l
=
3
4296



Sample No, Sphere
10084,138 62
12001, 59 54
12057, 54 227
- 12070,129 306
14448,44 87
14149, 55 89
14156,41 85
 14163,49 172
14230,75 6
i4230,82 5
14259,20
15G41,85. 112
15101,128 100
15301,117 324
63501,23 71
6k501,3 9
68501, 29 82
7220, 89 329
7h2b1, 47 57
78421,25 6
TPotal 2182

% 70.9

Oval

TABLE 5
Shape Distribution of Glass Spherules (Percent Abundance)

Teardrop

oW WwE N

-0 OOV

Dumbbell

-

P A 0 R

=

SRR

22
0.7

Fragments
13-

Other

I

7
11

O\~3 ONVO

14

159

5.2

Total

90
81
365
125
23
145
278
11
10

137
119
bk

94

11
éi@
0

8
—32
3076
100,0



 PABIE 6

Size Distribution of Spherical-Shaped Glass Spherules (Percent Abundance)

~ Sample No,’

Class limits
(pm}

500~-1000
35k4-159
250-333
177249
125-176
88-124

500-1000
354-499
250-353
- 177249

125-176
88-124

() Total number

12057
(175)

NI OO

 d
SRFowo
O DS

DB L0 Oh

12070
(238)

14163
(199)

(0, CCs Wee g o g 2
WO oW

N

63501
(

-3
\n
L

-1
RO OO

14148
{117)

14156
(97)

QOND =T D b
WooEapmD

QA

~3
=
o
)
(]

{418)

A0

P OOMI OO
- L] -» - - -
O~IWOoWo

14149
{(101)

Fro

oo O
- & -
30 OO

Ui

ohaly
(69)

RO oo
W oom.

v

12001
(62)

15301
(368)



TABLE 7

Percent Abundance of Glass Spherules according to Color

Sample No, Colorless Green Yellow Brown Red
10084, 138 , 7.9 : 10.5 34,2 g, b
12001, 59 12.2 82.9 4,9
12070, 129 3.9 9.7 9.7 73.5 3.2
14148, 44 3.1 22.7 2h.,7 Lo.5
14149,55 1.2 12.3 27.2 55.6 3.7
14156,41 1.9 16.8 30.8 L, 9 5.6
14163,49 2.8 , 14,7 28,8 L9 .7 3.9
14230,75 37.5 62.3
14230,82 25.0 25.0 - 50.0
15041,85 0.9 19,1 30.0 . 4, 5 5.5
- 15101,128 3.7 58,3+ 11.1 23.1 3.7
15301,117 90,64 2.5 3.9 2.9
64501,3 22.2 Ly b 33.3
68501, 29 7.5 26.9 0.9 : 21,5 3.2
74220, 89 0 0 0.3 0 99.7
C7hol by 3.7 11.1 1.9 3.7 79.6
78421,25 0 0 20,0 60.0 20.0
Ave, 2.1 29.9 ik.8 30.7 22,1

+Mostly deep emerald green



TABLE 8
Composition of Metallic and Sulfide Spherules in Glass Fragments from Apollo 12

Sample No. 12057

WEIGHT PER CENT

Sample Iiéiisggn " (Electron Microprobe Analysis)
“No. (pm) : Fe Ni P s Total* Ni/Fe
201 8 x 10 87 1.5 . 1.6 0.2 90.3 0.017
212 8 9 ' 81 3 2.4 0.2 86.6 0.035
- pl2 T 10 x 24 90 2.5 0.3 0.1 92,9 0.028
207 12 51 11.5 0,1 25 87.6 0.25
217 32 89 6.5 1.6 0.0 97.1 0.073
200 10 x 32 55 3 0.0 30 88.0 0.055
165 8 x 10 79 6.5 2.1 0.4 88.0 0,082
160 - 6 x 10 12 32.0 0.15 2.4 6.6 2.67
164 8x9 80 8 2.6 0.0 90.6 0.10

*The low totals are due ko the fact that the electron beam overlapped onto the sur-
rounding silicate glass, '



TABLE 9
Majur Element Compositlion, Refractive Index and Description of Glass Particles

"SAMPLF COLOR
NO, SIN2 7102 41203 FFN MND MGOD  CAD  NAZN K20 CR203 TOTAL R,I, TYPE
APOLLO 114
22 37,0 B,4 5,3 23,7 0,26 14,5 8,1 0,53 0,17 97,94 0 S
123 39,2 6,8 13,9 15,3 0,17 8,4 13,7 0,11 0,04 97,64 DRD S8
124 40,6 7,5 11,8 16,1 0,16 7,1 . 13,2 0,27 0,16 96,49 PRD S
125 40,3 4,4 13,4 17,1 0,17 8,9 13,1 0,12 0,06 97,55 YRR §
128 43,0 0,48 8,4 20,9 0,21 14,8 9,8 0,26 0,06 97,91 YGR 8
129 47,7 0,5 24,7 s.q 0,06 5,1 15,9 0,75 0,10 100,31 GRGY §
472 43,7 6,95 13,34 15,75 ,19 8,99 11,08 502 ,206 100,661 0 F
473 44,5 SH,42 9,12 20,69 ,25 7,30 9,92 275 ,310 97,753 0 F
474 u2,2 6,50 12,81 1a.1a A5 9,71 12,3 W45 .Pb 98,57 0 F
475 42,3 6,11 11,55 15,03 ,20 B,96 11,09 ,S502 ,161 95,866 0 F
476 42,1 6,74 13,85 14,58 18 8,04 11,61 ,284 ,120 97,495 0 F
477 41,8 6,97 11,97 15,18 ,21 7,94 11,27 ,u480 ,188 95,978 0 F
478 42,3 10,23 10,30 19,02 24 7,19 10,74 ,L4k2 ,515 101,023 pDGY F
479 44,3 4,47 18,03 14,71 14 9,45 11,70 L4322 ,12A 103,358 DGY F
480 50,2 oN7 34,48 23 ,0u ,14 16,68 2,036 ,087 103,975 GRGY F
48) S1,8 2,19 15,64 11,37 14 7,72 10,25 347 317 99,752 Y8R F
482 42,0 6,82 15,36 13,71 ,18 7,76 12,u 126 D63 9R, 369 0 S
483 w0,9 7,78 12,64 ib.?b LB B,BO 11,71 094 120 98,935 0 8
484 39,0 9,72 5,61 23,40 ,22 13,83 7,46 310 .1o= 99 k26 0 S
485 41,9 5,96 10,66 20,%1 ,21 9,5 10.99 ,003 ,079 99,201 0 S
486 Ub,0 3,57 14,34 11,70 L17 13,49 9,97 L334 osa 99,640 ‘ ORBR §
487 37,8 7,54 16,82 13,83 18 B ,B2 13,9% ,000 ,nee 99,002 RD S
488 42,7 S,30 14,34 13,72 ,14 9,03 12,03 ,306 ,162 97,38 0 S
489 uz,2 8,14 10,85 17,29 ,21 8,03 11,02 - d40 255 98 ,URYU ROBR S
"0 43,7 4,52 18,345 11,74 14 B34 13,18 | DPHA 08k 100,369 RR S

1 48,1 W36 25,56 S,87 ,08 7,42 14,31 .50 ,024 101,884 PGR 8
492 4u B8 3,53 14,41 14,55 L1909 9,94 10,95 ,299 120 GR,70R RL S
493 aa, 4 3 S8 14,69 12,70 17 13,31 10,69 292 ,054 99,867 YRR §
494 w2,6 4,04 20,485 10,35 11 T, 47 14,14 L9105 089 99,332 RNRR 8
495 42,1 4,83 14,75 16,11 ,16 8,52 12,25 ,037 ,nAB 98,818 DRD §
496 35,9 8,41 16,36 15,10 ,22 9,61 14,17 ,019 068 99,798 0 8
497 41,2 5,73 13,05 14,58 47 8,71 12,15 ,400 188 96,176 0 s
498 39,9 7,98 13,24 16,29 .20 8,88 12,33 ,096 ,074 9R , 9672 0 8
499 46,7 .4u 19,90 9,13 944 fa,07 31,27 ,329 ,078 101,965 YGR 8
500 35,9 8,71 15,91 16,25 ,21 9,18 13,91 ,178 ,b109 100,337 DRD S
501 46,1 .30 31,45 i,06 ,04 4,03 16,74 ,108 ,094 101,900 PRR F
502 S0,0 1,8% 16,85 10,15 ,11 7,57 10,79 ,B43 759 98,891 YBR F
503 45,2 02 36,23 A8 01 W16 19,67 ,4kR2 055 101,925 c F
504 42,3 7, QS 12,27 15,77 19 7,48 11,94 452 334 98,903 RDBR F
508 42,3 6,75 13,32 14,05 ,17 B,87 10,82 ,S50c0 144 96,971 RDBR F
506 4é,1 1.27 17,12 11,73 12 9,42 11,9t ,126 ,03% 97,834 GR F
507 4k,S ,05 35 22 JA1 M .10 1B,RA GBI 092 101,472 PBR F
508 uk,3 .85 25,07 AH,41 ,00 7,00 14,95 ,3R1 ,085 100,794 GRGY F
509 42,0 7,91 10,23 (7,29 ,22 8,14 10,86 371 ,163 97 171 0 F
510 42,7 7,73 10,31 18,62 ,25 9,65 10,55 501 ,148 100,419 0 F
514 46,7 J38 27,60 4,19 04 4,44 15,72 ,b6K3 ,07S 99,808 PGRY F
545 46,8 L15 30,40 2,63 .04 4,09 16,56 ,573 ,050 101,293 o F
516 48,9 L01 34, 42 J2 .00 L07 16,92 1,949 ,050 102,459 o F
517 47,0 .03 34,35 JT6 03 .50 1B, RG 518 029 102,107 c F
518 46,1 .44 25,38 5,82 ,07 8,02 14,81 ,L18R ,039 100,8A7 PGR F

0 45,8 ,37 25,03 S§,77 ,0% 7,37 14,40 ,212 ,06S 98,797 GRY F
sl Ub,h W52 27,17 5,34 ,07 S,16 15,20 500 ,103 100,703 1,595 PGR F
522 46,7 LJ45 25,29 5,92 ,06 8,01 14,35 210 ,057 101,047 1,596 PGR F
523 47,2 LU0 24,23 5,52 L,08 B,60 14,16 ,250 .03} 100,471 1,595 PGR F



562

S24
‘525

536
539

543
544
545
566
547
548
549
350
551
352
555
556
957
558
559
560

563
S64
365
566
567
569
370
371
372

154
135
156
157
158
159
160

170

16,7

46,5

4,4
4%,9
86,9
46,5
a4 ,9
46,9
41,0
39,4
37,6
37,3
45,5
4,2
ﬂa,ﬂ
16,4
40,8
45,5
47,1
38,6
42,8
42,0
41,0
37,6
17,2
37,8
59,8
38,2
82,1
38,2
3830
38,0
37,3
43,4
a0, 6
46,8
392
Us, b
37,3
39.5

BT 1
44,9
44,9
na 2
84,6
T
ua
41,6
45,5
48,8
51,3
52,0
7,8
58,1
48,3
45,%

46,2 .

7.57
10,08
8,98
3, 66
n,84
6,27
3,83
1,16
3,51

9 a3
5,&9
T o 39
5,44
9,85
9,61
5.10

g Qﬂ
5.75
9,86
9,85
6,91
8,02 1
4,68
5,92
3,05
9,78

.82
9,63
10,54

0,96
.22 ¢

0.52

0,31

6,29

0,36
0,21

2,40

1,02

23,43
24,50
25,47
20,94
25,32
25,23

25,55'

29,30
11,15
14,68

5.83

5,41
1R.01
10,52
16,09
18,64
25,63
14,14
24,95

5,46
15,00
13,22
18,70

16, 35,

b, U6
6,05
5,76
5,30
5,75
5,85
5,72
1,97
16,88
15,39
22,87
22,06
9,70
20,83
12,99
14,00
5,66

11,86

5,41
23,41
13,55
15,13
12,16
23,40
22,65
14,60
5480
23,11
13,63
23,52
2%, 44
13,35
44,49
14,04
» 14,92
11,23
23,59
14,49
23,61
14,71

4, h0
4,90
5,85
5.70
5, 6%
4,73
3,49

13,3

14,9

13,0

10,2

10,5

13,2

12,2

12,0

20,0

14,2

0,07
0,24

0,15
0,41
0,14
0,14

0,20
N,16

8,99
8,02
7.50
7,21
7,30
8,00
7,68
4,23
8,50
13,61
13,01
8,22
6,65
8,40
9,95
7,86
12,96
B,05
13,52
7.78
a.74
8,30
13,57
9,12
7,22
14,18
B,B3
14,31
9,00
9,45
10,07
8,15
13,17
14,08
11,58
14,18

11,49

CAPOLLD 12
0,80

&,55
11,1

8,69
7,50
8,20
R, 08
3,67
9,50
9,02
9,76
5,86
5,68
8,47
9,41
8,04
b9
9,08

13,64
TNy
14,70
14,29
14,56
14,72
14,81
16,37
11,02
12,95
7,72
7,33
12,52
10,54
12,89
12,16
14,84
10,2%
14,04
7,78
12,57
11,4
13,58
7,89
7;61
13,98
12,69
7,58
12,87
7,86
7,62
14,77
14,22
11,01
12,51
11,49
7,70
10,68
7,54
12,26

16,6
14,9
16,8
17,0
16,3

Yt A ol R Jadk Gt e i
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0,18 B, 83

171 47,9 3,00 12,0 16,1 10,6 0,60 0,38 0,6 100,15 1,620 BR
172 49,6 1,51 17,5 10,9 0,11 6,19 12,5 1,17 0,65 0,46 100,53 1,605 GRY
173 87,1 2,44 13,0 15,6 0,15 8,06 11,4 0,75 0,41 0,6 99,51 1,628 GRGY
T8 08,5 2,27 15,5 11,6 0,13 7,59 11,6 0,60 1,13 0,35 99,27 g
w15 as.? A,16 10,9 20,0 o,an 8,24 10,9 0,67 0,97 0,6 102,54 0
176 48,0 1,92 17,0 11,3 0,12 7,68 11,9 1,02 0,69 0,35 100,82 n
177 46,1 2,23 12,0 15,1 0,16 10,1 10,9 0,54 0,24 0,8 9B,17 0
178 45,1 0,29 23,6 5,78 0,08 10,3 16,0 0,28 0,03 0,25 101,71 9]
179 45,2 2,45 10,7 17,6 0,19 10,7 12,1 0,42 0,20 0,7 100,06 D
180 45,1 2,10 12,6 16,1 0,18 10,1 12,7 0,45 0,17 0,7 99,70 0
182 42,0 0,44 29,1 0,81 0,03 6,73 20,0 0,10 0,03 0,1 99,34 1 55? Y
183 46,7 1,97 16,0 12,4 0,15 9,87 12,1 0,31 0,14 0,4 100,04 1, 621 GR
184 43,7 2,46 15,0 13,6 0,16 9,47 12,2 0,16 0,08 0,4 97,23 §,636 BR
185 42,86 2,353 (4,5 15,8 0,17 9,92 12,0 0,16 0,08 0,5 98,46 RDBR
186 46,5 2,87 12,7 17,8 0,18 8,03 12,3 0,41 0,14 0,75 501,68 y
187 80,1 .25 1.3 23,2 0,20 9,34 11,4 0,24 o,n? 0,7 100,80 ~ RDBR
186 46,2 2,98 13,6 15,5 0,19 10,4 11,1 0,46 0,20 0,6 101,23 Gy
189 45,3 2,38 (2,0 17,2 0,18 {0,2 11,0 0,58 0,29 0,65 99,78 GY
191 45,9 2,84 13,4 15,9 0,19 10,3 11,32 0,56 0,27 0,7 101,36 D
192 47,6 2,84 10,1 20,2 0,22 9,76 11,4 0,43 0,24 0,9 103,69 , 0
194 as,o 0,32 25,4  b,12 0,06 8,99 16,5 0,10 0,03 102,52 1,594 RER
195 45,4 0,35 25,5 6,91 0,08 9,39 16,7 0,09 0,08 104,484 1,596 BGR
196 48,5 1,50 16,9 9,10 0,11 11,0 11,2 0,90 0,77 99 qﬁ 1,595 YGR
197 42,6 R 45 9,67 20,4 0,17 13,4 8,54 0,34 0,21 97+ 178 ] BR
198 48,4 2,04 1h.a 10,86 0,12 8,39 {y,7 0,95 0,72 . 99,32 1,604 BR
199 46,6 2,24 9,38 21,3 0,19 12,0 10,0 0,33 0,14 102,18 1,654 AR
200 48,8 E,Sb 1a,a 11,2 0,12 8,12 11,1 1,04 0,85 98,21 1,605 Y
201 46,4 2,75 13,0 15,4 0,15 8,62 11,4 0,51 0,26 98,49 {,63f ¥
202 48,7 2,14 14,7 12,0 0,13 835 11,2 0,90 0,75 98,97 1,612 BR
L3 U9, 1,7ﬂ 16,7 10,1 0,i% 8,10 11,6 0,94 p,B2 99,21 1,604 GRY
204 48,9 1,68 16,4 10,8 0,4t 7,73 11,7 0,97 0,81 99,10 1,599 GRY
205 48,0 2,41 15,1 12,2 0,14 9,84 11,0 0,85 0,53 to0,07 1,612 YGR
206 4B, 4 2,05 15,2 12,6 0,13 7,66 11,% 1,07 0,80 99,41 1,604 GRY
207 48,4 ?,51 14,7 12,3 0,14 8,76 10,8 1,00 0,80 99,41 1,612 GRY
208 47,3 2,32 15,0 12,3 0,14 9,49 (1,4 0,73 0,59 99 a? i,613 GRY
209 48,7 a,aa 16,0 11,1 011 8,14 11,6 1,16 0,75 99 77 1,608 YGR
210 45,6 2,60 ;s,u 15,2 0,18 9,57 14,7 0,52 0,24 99, "1 f,618 YGR
211 48,5 1,98 17,1 10,3 0,12 7,69 11,6 1,08 0.73 : 99,07 1,603 8R
212 46,1 2,48 12,8 (3,6 0,15 8,21 11,6 0,76 0,28 95,98 1,633 BR
213 49,0 2,24 17,0 10,6 0,13 7, “80 11,7 1,09 0,77 100,33 {,60% YBR
2i4 45,7 3,08 10,5 18,3 0,21 9,54 11,4 0,47 0,17 99,34 1,686 YGR
215 48,3 2,17 13,4 11,8 0,12 8,10 10,6 0,96 0,83 4, V28 1,605
216 49,0 - 1,95 15,7, 11,4 0 14 8,06 11,1 0,99 0,8% 99,25 1,609 BR
17 46,9 327 11,8 17,2 0,17 11.“ 10,7 0,40 o pd 101, 63 1,643 GR
eiB 47,0 2,83 13,84 13,9 0,14 F,4% 11,6 0,% 0,29 99,55 1,627 BR
219 46,7 445 11,0 18,0 0,19 6,55 11,7 0,87 0,45 QQ.bi RNDBR
223 41,9 8,60 10,7 17,1 0,20 t0,1 11,8 0,24 0,05 100,69 RO
224 a3,5 0,30 32,0 1,69 0,03 6,10 20,5 0,22 o,ns 104,37 1,588 BRY
225 51,9 0,21 21,2 &,1& 0,08 10,7 13,¢ 0,30 0,04 103,69 1,588 Y
22h 57.i 0,39 15,8 7,36 0,09 5,42 10,3 1,84 1,27 99,57 {,555 Y
2287 49,2 1,15 20,5 Ha84 0,08 9,06 13,1 0,77 0,35 101,05 1,588 GR
229 38,8 0,35 34,6 1,65 0,02 6,05 22,0 0,10 0,03 103,60 1,595 Y
230 45,8 1,18 18,8 8,15 0,06 12,3 12,0 1,22 0,32 99,83 . YGR
231 47,1 1 S50 18,1 10,7 0,12 41,5 12,5 0,37 0,12 - 102,01 {,61% GRY
© 32 46,0 W15 1B, 6 G487 0,09 10,3 13,0 0,13 0,1¢ 99,45 1,608 YGR
=33 47,1 1.10 21,5 8,28 0,09 8,54 14,1 0,55 0,17 101,8% 1,597 YGR
234 51.8 1,53 17,6 8,89 0,09 8,46 11,2 1,53 n,ﬂn 101,70 1,592 YGR
235 49,2 2,08 15,8 41,2 0,13% 8,07 11,7 1,0% 0,76 99,93 1,616 BR
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79 45,8 0,00 35,8 0,38 0,02 0,06 18,7 1,12 0,21 - io2,09 ¢ F
80 44,8 0,14 an,u 4,96 0,78 5,21 15,4 0,79 0,18 100,18 GY F
81 49,7 0,85 19,1  S,63 0,21 11,3 12,0 0,58 0,00 99,27 1,592 YGR F

; BE ﬂ‘;,? 0;5; 28,?. a.?E r’p”? ﬂ’qb iS.,B 1;0‘? 0@16 101925 ' LGRY F
B3 48,0 0,32 28,3 4,68 0,10 5,30 15,8 0,47 0,04 Q9,47 1,589 YGR F
Bl 42,7 0,84 26,8 5,95 0,11 7,30 14,7 0,32 0,04 87,96 1,597 YGR F
B5 40,4 0,25 26,8 5,58 0,14 7,06 14,8 5,30 0,04 99,94 1,590 DYGR F
86 51,5 &,18 13,3 13,4 0,17 5,24 B,96 1,408 0,43 98,58 1,594 YBR F
87 45,9 1,10 10,1 17,7 0,20 15,3 9,86 0,08 0,00 00,24 {1,640 DGYY F
88 #6.4 0,62 25,9 5,74 0,08 A,01 15,2 0,79 0,21 101,95 1,590 LGR F
B9 45,1 0,4 27,5  A,46 0,07 5,68 15.3 0,63 0,08 101,16 1,590 YGR F
90 43,2 0,50 25,8 5,BR 0,12 7,49 14,8 0,75 3,04 98,38 1,589 YGR F
94 45,3 0,10 34,5 0,48 0,08 0,05 18,5 1,23 0,00 100,20 {1,579 ¢ F
92 49,7 0.00 31,u o,SR 6,04 0,06 14,7 4,13 0,348 foo,02 1,588 LLBR F
8% 86,7 0,15 27,9 5,29 0,09 6,45 15, 0,41 0,20 102,99 1,589 LYGR F
94 44,7 0,28 27,6 4,27 0,08 6,21 15,0 0,87 0,17 99,14 1,588 CGY F
95 44,9 0,10 28,3 4,50 0,08 5,44 1%.9 0,80 0,14 100,18 1,586 YBR F
96 43,8 3,82 14,6 15,0 0,17 10,5 10,3 0,83 0,0% 92,07 1,641 DBR F
97 86,3 0,06 26,4 5,08 0,08 6,76 15,4 0,19 0,11 100,34 1,588 LGR F
98 45,1 0,09 25,8 5,82 0,10 B,61 18,5 0,12 0,12 . 10n,26 1,595 LGR F
99 45,8 0,31 24,2 6,45 0,10 8,89 13,6 0,00 0,21 99,96 1,594 LGR F

100 51,3 2,39 14,0 (51,7 0,13 6,84 10,0 1,a3 n,96 100,75 1,600 RDBR F

101 45,3 3,008 s, 8 12,5 0,17 9.6% 11,0 0,92 0,11 99,09 {1,629 YBR F

102 46,0 0,086 27,8 8,27 0.08 6,76 15.2 0,35 0,21 100,31 1,588 LBR F

103 49,7 3,31 13,9 1,7 (),,ll1 9.592 11,0 1,19 0,71} 101,17 1,611 DBR F

106 52,4 3.69 17.8 + 13,3 0,15 5,13 8,88 1,38 0,66 98! .19 1,605 DBR F

11y 45,8 0,00 35,8 0,77 0,0% 0,08 {8,F §,09 0,27 102 14 1,584 ¢ F

t12 44,2 0,08 26,0 4,44 0,11 6,93 14,5 0,28 0,14 96,68 1,582 ¢ F

L ti6 48,4 0,1 3%,6 1,76 0,08 0,09 18,6 0,58 0,0 102,15 1,873 ¢ F
L7 87,3 0,6 18,8 Be3 0,07 10,4 $i,.1 0,83 0.2 98,73 1,b0B YGR F

118 45,4 0,1 34,4 1,41 0,05 0,12 17,1 2,06 0,0 100,64 1,573 ¢ F

119 39,6 11,2 9,97 17,6 0,18 10,8 10,1 0,22 0,0 99,47 1,6%6 DRD F

120 45,7 0,3 24,7 b,86 0,07 11,0 13,0 n,72 0,02 101,97 1,584 GR  F

121 46,3 0,1 36,4 1,57 0,02 0,14 18,7 0,60 0,03 103,86 1,588 ¢ F

122 44,4 0,3 26,2 6,83 0,09 B,05 14,2 0,47 0,07 100,16 1,588 GR F

237 45,5 0,1 35,9 2,30 0,11 0,13 17,1 6,69 0,0 101,83 C F

239 81,0 0,2 20,3 12,4 0,10 11,2 9,50 1,95 0,02 96,68 GR F

2640 46,5 0,2 28,0 6,33 0,12 8,76 13,8 n,12 0,08 103,91 PGR F

24y 46,6 1,17 17,6 9,98 0,0% 11,1 9,38 0,97 0,1 96,99 YGR F

202 50,2 3,93 16,5 9. un 0,14 11,0 8,53 1,65 0,54 98,89 ¥ F

243 49,9 2,47 16,6 g B85 0,10 7,87 9,26 2,10 0,0 98,1 YRR F

257 %.7 0,8 19,0 12.1 0,17 8,83 11,4 0,61 0,03 99,64 GRY §

259 43,8 0,3 28,9 7,36 0,14 7,99 12,8 0,41 0,0 9R 7 PGRY §

260 d46,2 0,3 25,4 6,77 0,09 8,29 11,5 0,41 0,11 97,01 GR 8

261 48,5 0,2 ea,e 6,12 0,13 7,15 13,4 0,48 0,02 102,46 YGY 5

262 46,8 0,04 18,8 11,9 19 11,0 tn,9 0,85 0,0 100,64 PBR 8

263 52,0 0,3 @,vo 14,4 n L14 19,2 6,0% n 24 0,0 102921 PY 8

264 46,7 0,4 26,8 7,29 o,1a 8,76 12,7 1,09 0,11 103,92 GRGY §

265 #1,6 0,3 24,8  B,09 0,18 A,59 93,4 0,09 0,0 99,01 aL s

2bé 44,8 0,1 35,8 a,sa 0,10 0,21 17,0 0,49 0,0l 100,87 € F

267 46,5 0,1 35,2 2,28 0,14 0,04 15,8 1,79 0,12 101,97 C F

268 47,5 0,2 26,1 7,00 0,15 5,92 13,1 0,38 0,0 100,35 PGR F

269 50,4 0,5 18,1 9,08 0,13 10,2 12,1 A,14 0,01 102,66 PGR F

270 49,7 0,3 21,1 8,74 0,13 9,29 10,6 1,27 0,12 101,25 GR F
71 45,3 0,2 25,8 6,79 0,14 9,32 13,0 0,10 0,0 100,65 GR F

272 #4B,2 0,2 35,5 2,52 0,13 0,12 18,1 0,95 0,1 105,82 c F

P74 46,5 0,2 25,3 7,96 0,08 7,91 12,8 0,41 0,0 101,16 GR F

275 6,3 0,4 27,8 6,06 0,40 5,90 13,7 1,18 0,01 101,45 GRGY F
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b,06 15,0 0,54

5,46 17,1 0,22

A1 16,2 0,34
5,84 17,2 0,14
10,4 2,0 0,61
7.26 4,6 0,52
APOLLO 17

15,5 6,22 (,59
15,2 65,53 0,58
15,9 6,37 0,57
14,8 b,U5 0,67
13,5 6,59 0,53
7,48 9,42 0,60
15,8 b 0 0,71
15,4 6,47 0,65
16,5 6,82 0,37
11,5 7,41 0,71
16,5  §5,80 0,54
29,0 1,09 0,24
34,0 2,31 0,87
13,2 .5,99 0,91
9,95 8,12.0,5%
5,29 9,95 1,03
9,44 8,50 0,49
Q.33 7,72 0,80
8,70 8,52 0,76
5,08 10,6 0,80
2,3 T.21 0,54
13,9 6,72 0,01
10,8 11,2 0,61
9,77 12,6 0,37
15,3 b 49 n,61
15,0 18 0,62
14,9 6.55 0,57
15,5 6,56 0,66
15,4 h,76 0,52
15,8 6,40 O,Su
15,5 b,R0 0,55
5.5  b,AB 0,65
15,4 6,27 0,63
16,1 6,50 0,65
15,5 bhoUg 0, 62
15,5 6,30 0,64
14,9 b6 0,68
15,8 ﬁ,ua 0,63
4.6 6,44 0,52
16,1 5.23 0,66
15,7 6,37 0,59
10,8 B,84 0,27
11,9 14,7 0,31

0,16
0,22
0,64
0,23
1,02
0,08
0,27
0,28
0,16
0,13
0,17
0,09
0,21
0,18

0,08
0,02

0,00

0,07
0,09
0,04
0y 05
0,04
0,02
0,08
0,09
0,08

0,00

0,08
0,07
0,05
0,04
0,02
0,03
G,10
0,09
N.26
0,21
0,08
0,05
p, 06
0,12
n,07
0,08
0,06
n,o%
0,05

(,08 -

0,04
0,05
n,00
0,03
B,.04
0,02
0,08
0,01
0,12

100,00
98,56
98,36
99, BY
97,64

100,00
99,09

100,53

101,38

101,50

100,91

100,58

100,34

100,25

97,65
i01,04
99 15
98,88
98,045
103,08
100,07
98,14
102,79
9711
101,39
98,13
101,00
100,61
99,79
103,04
101,%8
98,50
99,73
104,21
98,25
Q8,57
99 44
99,95
102,20
101,77
100,91
102,72
103,02
99,17
itn2,22
99,82
98,14
100,07
101,71
97,60
99,26
98,17
98,17
99,21
99,51
95,81
100,78

YGR
RO
YBR
GRGY
YBR
LYGR

RDOR

PGR
PGR

GRY

GRGY
GR

ODRD

OBRD
ODRD
ODRD
0DRD
ODRD
ODRD
QDRD
ODRD
QDRD
{DRD
ODRD
ODRD
ODRD
ODRD
QDRD

- QURD
ODRD .

OLRD
oDRD

LGR

aprD
OORD
ODRD
GDRO
ODRD
DDRO
DRD

DRD

OORD .

QDRD
DDRD
YDRD
ORD
DRD
YGR
GREY
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181
‘182
183
-1

S v

187
168
189
190
191
192
193

l9g4 ]

196
199
200
201
202
203
204
205
206
207
208
209
210
214
212

213

815
216
217
218
219
220
204
245
PU6
au7
e5h
251
252
25%
251
312
313
314
315
316
317
iR
319
320

-
wed 2
323
124

38,5
39,3
38.2
39,7
39,7
394
40,0

39,0
38,9

78,8

ne,s
86,6
46,2
45,0
45,6
ba,2
na 9
44,7
06,0
45,1
47,3
49,9
46,6
ao,7
ua.,9
45,9
45,2
45,2
49,3
86,2
480
45,9
40,1
061
46
“au,7

uo.a

e 4
4s . u
46,1
4.4
46, 2
ﬂﬂ,P
46,5
46,0

9,01
9,16
R, 99
9,20
.42
9,53
9,45
9,74
9,61
9,30
2,28
9,48
9,25
8,19
9,68
2,32
0,10
0,63
9,44
8,37
9,36
9,48
9,22
0,60

ocobocoonRJIo D 5D
m

” W ®oon » - B " A n = B

WP NN O~ =gl
L

Lot

ha23
b, N3
5,89
6,00
be7l
5,95
b.PS
2014
h 21
b.ib
6,18
6,06
b,OS
5,56
6,10
1,49
21,6
13,2
6,03
5,70
5,78
H, 08
5, A8
23,2
17,1

25,5

23,8
26,1
28.9
25,9
26,3
26,0
24,5
21,0
17,0
24,8
9,13

5 24,5

25,5
34,9
24,6
12,7

26,0

12,3
26,9
1.7
26.3
24,6
12,4
9,96
131
22,9
23,3
24,5
25.0
6,87
gh 0
21,2

22,4
23,2
2,0
22,8
24,0
23,0
23,3
22,5
22,5
P2,9
22,8
2246
22,5
23,9
22,9
21,8
6,30
16,1
22,9
22,8
22,4
23,4
33.0
7,32
9,86
a.b&
H,74
5,05
3 01
5,09
%,19
5,08
6,08

8.13

9.8§
6,20
19,1
5,92
6,06
i,87
6,58
17,4
b, 48
17,0
5,55
11,4
7,64
5,72
19.3
4,
17, p
7.57
7,90
bTu
6,56
10,2
316
9,88

f 29
0 E1°)
0,351
0,25
0,34
0,29
0.35
0,29
0.23
0,43
0,42
0,31
0,36

,aﬁ
0,30
0,19
0,17
0,42
0,23
0.%0
0,25
0,35
0,43
0,11
0,18
0,16
6,21
0,16
n,11
0.13

h,1lé
0,16
0,20
0.18
0,23
0,08
0,15
0,08
.11
0,03
0,08
0,19

0,09

0,19
12
0,17
Nyt
0,05
0,24
0,12
0,19
D10
0,27
0,07
0,08
0,15
0,1

0,11

15,1
15,1
16,2
15,9
18,1
15,5

15,2

15,4

15,2

8,8%
T
10,5
10,0
9,17
6,13
10,6
8,24
9,05
807
9,02
7057
6,24
7160
8,38
14,4

10,7

8, %4
8.83
7,81
12,0

8,31
8,61

fr
b,

b.
127
by
E"
LB
b
A3
by

b

é
b
b

)
b
&
4
&

1

9

15,

12,

13,

60
0
10

07
o1

e

.20
, 20
e 29
.80
N
)33

q

g
b

12,5

Q

10,9
12
12,

8

9,8
12,9
14,4
17,5
14,0
11,7

14

14

]
ii.
14,
12,

i
)

e

.2
13,

8

i1,0

B,7
10,0
12,9

13,
iz,
14

i
5}

,2

i8,0

i5

.0
13,

4

47

0,7h
0,72
0.79
0,73
0,86
n.81
0,70
0,67
0,70
0,73
0,67
0. 66

0,78 0

0,62
0,19

N,38

0,83
1,02

0,71
0,67

0,71
D, 38
0,61
n,H1
0,56
0,78
0,75
0,43
N,ea
0,68
0,25
0,48
0,56
0,40
0,60
0,17
0,08
0,18

6,03
0,05%

0,06

i 0,32

0,20
0,08

0,19

2 0,31

0,35

0,01

0,01
0,02

99,36
100,42
98,5%
100,89
102,13
100,59
101,49
99,97
100,35
100,96
100,03
100,14
99,72
99,70
101,49
101,52
98,74
97,68
100,38
98,92
100,01
102,63
100,22

100,00

87,75
104,91
97,24
99,32
98,20
98,54
99,08
100,34
98,77
98,72
98 b6
100,52
lto4,48
99,26
102,10
101,43
102,18
100,57
102,95
98,50
102,85
Q4,71
102,37
97,07
Gh, b5
948,19

100,31

98,77
100,84
97,94
100,83
96,34
59,75
99 , T4

1,599
1,615
1,743
1, 713
1,713
1;713
1,713

1,705
1,586
1,588
1,589
1,588
1,593
1,586
1,592
1,586

DRD

ORRD.

0oR
NDRD

NRD
DRD
DRD
DRD
DRD
DRD
DRO
DRD -

DRD

LGR
YGR
DRD
RD

DRD
DRD
DRO
LGR
LGR

LGR
PRGY

GRGY
DGY
DGY
GY

GY

PIGY
PIGY
DBR
PGR
YGR
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525
‘326
327

. 98

339
331
332
333
3in
335
334
337
339
340
341
342
343
44
145
JIs
147
348
349
359
5%

358

553
354

356
357
358
359

360

361
LYY
463
64
365
566
367
368
369
370
371
572

373,

374
875
376
377
378
379

%BP
383

39,0 11,7 8,35
45,4 0,10 25,0
45,2 0,15 25,3
45,5 0,12 P5,2
45,8 0,16 26,1
46,8 5,1 12,5
44,5 4,4 9,88
50,4 3,8 13,8
36,5 0,08 38,0
49,9 #,8 15,2
40,7 8,8 13,3
9,1 1,1 3,62
46,4 0,6 16,5
38,7 13,2 8,15
44,7 0,13 28,3
45,5 0,45 28,0
65,2 0,3 24,1
Heé,9 0,3 28,2
45,8 0,4 23,8
37,0 12,8 8,32
45,3 0,6 22,0
45,7 0,3 26,7
45,6 0,5 22,7
38,2 8,9 5,68
45,7 0,3 23,5
44,9 0,4 23,1
46,0 0,05 31,7
46,9 0,2 24,5
41,3 0,05 32,3
JA%, L 0,2 26,3
an,7 0,3 24,2
4B.5 0.6 13,3
47,2 0,7 18,6
39,3 0,2 28,6
45,9 0,5 23,6
38.7 8.9 5.96
38,0 8,9 5,78
38,4 9,0 6,25
38,6 10,1 - A 48
48,1 0,8 11,9
46,1 0,2 25,6
05,3 0,2 2% 4
45,8 0,0 34,8
46,7 0,2 24,6
45,5 0,4 24,3
87,1 0,5 21,8
85,7 0,5 21,8
ﬂS,B 0,2 25,3
86,2 0,3 24,2
49,6 1.3 3,45
B&,7 06,5 24,1
46,9 10,7 15,4
8,2 9,4 5,81
39,7 11,6 9,48
40,8 11,2 7,22
06,9 0,4 23,6
463 0,4 22,3
85,8 0,3 Uy

22,3
5,90
5,90
5,9
5,74

15,7

14,1

13,4

7.99
6,68
7.06
22,5
7,00
7,58
1,89
5,85

1a 70'

5,90
h,9%6
16,7

8'71
3,52
6,96
22,5
22,3
22,0
21,5

18,5

5,83
A, od
1,55
5,96
6.53
B,0b

' B,HP

5,84
7:.22
1d.b
7.10
15.7
22,6
i7.,2
21,9
7,12
7,97

0,51
0,05
0,07
0,09
0,07
0,20
0,24
0,15
0,0%
0,18
0,20
0,22

hy06

0,25
0,09
0,08
0,12
0,09
0,09
0,23
0,00
0,07
0,08
0,27
0,10
0,09
0,03
0,1

0,03
0,09
0,07
0,21
0,15
0,06
0,07
0,26
0,27
0,27
0,27
0,23

0,07

n,07
n,0b
0,09
0,07
n.10
G.11
0,09
0.09
0,19
D410
0.8

0,27
OkFE
e 20
010
.12
0,11

8,38
B,53
8,01
8,06
9,25
3,28
8,03
4,27

3,70

7,42

10,6

.47

10,9

6,98

Q ne
16 2

7,90
9,25

9,48

Q.6
14,2
18,0
14,5
14,8
14,A
19|0
13,6
21,4
15.8

Q.4
16 5
12,0
10,8
15,2
16,0
13,3
15,0
14,0
o,
i3,n
13,8
13,2

13 b
12,9

0,78
0,51
0,48
0,55
0,40
n,B0
0,31
0,93
0,03
0,87
0,72
0,13
0,31
0,60
0,77
0,46
0,33
0,88
0,73
0,69
0,53
0,54
0,51
0,70
0,47
0,49
0,03

0,54

0,08
0,18
0,37

0,18

01,45
0,05
0,54
0,65
0,64
0,70
0,78
0,34
0,60
n,bg
1.51
0,h0
0,32
0,48
0,71
N,50
p b
015
1.11
1,43
0,70
065
0,60
0,33

LT

1,23

0,0

0,08
n,01
0,03
0,07
0,09
0,01
n,01

-
=

e

na

i

- 3 - " =» - =w W = & - & ' 8 W W A

- D D D D Do DS D0 DT

U LA o= M

109,62
99,7
99,11

100,00

102,33
99,14

100,64

100,52

100,5

102,582

102,37

99,07
101,84

99,46
102,60
101,42
101,53
103,09

99,92

97,73

99,22
101,%6

99,22

92,14
100,22
100,36
101,42
101,58
102,61
100,56
100,06
100,5hA
100,31
jol,23
100,85
100,17

98,81 .

96,97
97 .69
99,60
tog, 16
101,44
101,65
103,24
100,47
101,15
100,39
101,23
101,93
99,81
100,81
103,5%2
99,5
100,47
100,15
101,59
104,29
101,99

RDBL
PGR
PGR
PGR
PYGR

aL
BL
RDBL
BLGR
Ri.
DBY

PBR
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384 45,89 0,26 24,4 6,96 0,13 9,83 14,0 0,30 0,04 104,70 GR
JBB A6,% 0,26 23,7 T.36 0,11 9,78 13,8 o.aa 0,03 101,62 GR
3186 46,4 0,3 PR,9  T,47 0,10 9,69 13,3 0,34 0,01 100951 GRY
CXET 46,7 0,47 23,.%  H5,B0 0,06 10,9 13,1 0,41 0,0 gR, 44 W
B9 39,1 A&,9 7,43 20,8 0,25 4,0 B,2 0,60 0,13 99,45 GY
390 46,4 0,4 23,8 B,34 0,12 8,03 13,9 n.ﬂ7 0,1 101,56 C
392 37,7 B,B 5,96 21,7 0,25 15 8 7,2 0, L5 0,02 97 197 DRD
94 39,8 11,0 s,ub 19,8 0,26 7,20 9.9 0.79 0,13 97,34 DRD
396 37,7 8,9 5,74 22,0 0,26 15,5 7,2 0,50 0,1 97,9 DRD
397 35,8 14,4 7,63 22,9 0,26 11,8 7,9 0,91 0,17 101,77 BL
3198 46,1 0,35 21,64 7,79 0,12 12,6 12,7 0,37 0,0 iog,63 Bl
409 aa,u 5,64 $5,5 13,5 0,23 0,6 11,7 0,39 0,1 100,06 BR
410 #a4,1 0,0 33,6 0,57 0,17 0,10 18,2 0,93 0,01 97,568 8L
431 42,9 4,8 17.5 11,4 0,12 11,5 12,3 0,35 0,06 100,96 NEY
412 41,9 4,2 17,1 11,8 0,36 11,6 12,2 0,27 0,04 99,47 - bey
41% 44,6 0,0 33,7 1,32 n.13 1,41 18,8 0,37 0,03 100,36 c
444 H2.,2 2,3 20,6 9,81 0,29 10,5 13,2 0,05 0,0 38,95 YBR
415 39,1 3,25 19,9 9,%0 0,19 12,8 13,0 0,03 0,0 98,17 DBR
416 48,7 0,95 19,9 6,90 0.12 10,1 12,5 1,08 0,09 t00,34 DY
417 38,1 8,75 5,74 pg,i 0,28 16,48 7,4 0,40 (6,08 99 ,2% DRD
418 80,9 8,9 12,1 1&,4 0,26 B,71 1t.2 0,15 0,07 98,69 AR
419 40,0 7,7 5,81 24,1 0,28 15,9 8,6 0,24 0,08 102,68 RL
420 48,0 0,0 32,6 0,76 0,06 0,37 17,0 ,a_Ps 0,04 101,06 DRR
421 43,4 4,3 16.& 12,2 0,24 11,4 14,8 6,28 0,07 100,29 DBR
422 45,8 0,35 31,8 2,31 0,08 . 2,73 17,3 1,13 0,07 104,57 YGR
423 45,0 0,25 25,4 5,31 0,15 8,84 14,8 0,08 0,01 59,84 GRY
G284 46,6 0,3 25,2 5,51 0,06 9,67 14,2 0,15 0,01 101,70 GRY
H25 45,1 0,6 23,2 6,65 0,16 11,1 14,2 0,13 n,na 101,16 YGR
{ 26 80,5 7,3 11,6 15,6 0,29 13,1 12,8 0,19 0,07 101,45 GRGY
427 38,7 1,4 24,1 7,71 0,07 11,5 14,7 0,03 0,04 98,22 DGY
428 43,9 5,1 15,6 12,2 0,28 9,95 31,6 0,28 0,06 98,97 DBR
429 48,0 5,0 12,9 16,8 0,17 9,78 11,7 0,38 0,4 100,13 DBR
430 39,1 9,2 5,92 23,4 0,26 15,7 7.7 6,44 0,08 101,80 DRD
434 33,8 3,9 21,4 11,7 0,20 13,8 14,8 0,02 0,05 99,67 DBR
432 39,9 2,08 20,9 9,44 0,16 12,5 13,4 0,02 0,0 - 98,37 YBR
433 41,0 8,75 7,50 21, "8 0,30 12,0 9,8 0,77 0,14 101,76 PY
434 41,0 3,0 19,5 10,6 0,28 11,6 12,6 0,05 0,0 98,63 - DBR
436 40,0 {,0 20,3 12.7 0,34 10,4 14,7 n.ua 0,06 99,22 GR
437 38,3 8,9 5,75 22,4 0,30 16,3 7,7 0,38 0,09 100,12 DRD
438 39,1 9,0 5,69 22,0 0,36 15,0 7,5 0,50 o,oq : 99,20 Bl
439 38,8 ¢,7% 24,5 6,84 0,27 11,5 14,7 0,01 0,0 97,37 GR
440 #4,6 0,0 JL,2  G,48 0,n6 0,24 18,0 1.26 0,05 98,89 rY
H41 42,7 1,26 20,7  T,6% 0,17 16,3 12,1 0,084 0,0 100,90 ny
4y 3“.3 By9 5,79 P2, 0,33 15,0 7,5 0,33 0,06 99,61 DRO
443 39,8 9,2 6,70 23,9 n, 0% 45,4 7,7 0,96 0,64 102,69 81,
dud 46,1 31,4 1e,2 11,9 0,27 B,BB 1,4 0,10 0,0 96,25 DY
aas a3.5 4,85 11,3 20,1 0,29 9,02 11,3 0,40 0,08 100,84 DRD
446 #6,5 0,2 26,0 6,12 0,18 7,09 15,0 0,27 0,03 104,39 PGR
447 48,% 0,95 11,7 18,0 0,25 10,4 11,1 0,19 0,07 . 101,16 YGR
d4p 41,5 3,6 18,9 11,5 0,34 11,3 13,1 0,04 0,048 100,32 BR
a49 39,4 3,B 13,3 b, 0,14 14,2 1,1 0,04 0,03 98,11 8R
LUNA {6 . _
585 41,8 2,9 15,7 16,1 0,19 9,5 12,4 0,21 0,22 0,27 99,29 1,640 YBR
F LUNA 20
el U428 0,67 24,0 8,37 0,41 10,4 14,8 0,0h 0,14 101,35 1,606 LYRR
107 47,2 0,37 24,0 5,82 0, L 08 8,22 14,1 0,42 0,12 100,4% 1,582 (GR
109 45,4 0,40 24,7  b,66 0,08 8,53 14,8 0,21 06,12 - 100,94 1,594 GR
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i

110

43,7
By,
05,6
45,7
46,2
u?,b
45,9

ab'b

4l .6
46,4
06 .4
45,6
45,8
45,5
45,2
45,6
g, 3

0,32
0,55
0,42
0,66
0,09
1,99
0,50
0,63
0,19
0,28

0,60

0,48
0,72
0,57
0,00
1,15
1,89

26,7
23,2
au 2
23,3
35,0
11,8
24,3
23,4
27,0
28,8
21,8
19,7
22,0

23,2

26,7
12,6
0,1

b, bk
5,45
f,08

7,80

3,90
B,53
10,2
9,62
6,87
6,14
19,0
20,0

p, 10
0,11
0,08

0,12
0,09
0,07
0,22
0,32

7.78
7,98
8,87

0,09

8,47

8,90
11,3
4,90

R.I. = Refractive index.

COLOR CODE:

TYPE:

0 = opaque, RD
GR = green, GY

14,9
14,3
18,3
15,0
19,9
11,3
14,8
14,7
15,2
17,5
13,7
12,0
14,0
18,1
14,3
11,0
11.7

0,08
0,30
0,26
0,35
0,85
0,58
0,59
0,55
0,08
0,54
0,56
0,74
0,21
0,42
0,01
0,07
0,29

0,00
n,18
0.15
0,18
013
3,30
0,20
0,21
0,08
0.12
0,21
0,23
0,515
0,14
N,14
0,19
0,26

99,76
96,57
99,90

103,41

102,32

101,97

102,68

102,36

101,16

100,83

101,32

100,45
99,82
99 54

100,32

101,53
100,16

= red, ¥ = yellow, BR = brown,

1,572 PGR
AR
C
¢
c
YRR
YBR
PBR
C
C
DBR
GY
C
c
c
LEBR
GRGY

grey, BL = black, BGR = bottle

v green, WH = white, C = colorless, P = pale, L =
light, D = dark (for Apollo 15 PGR = pistachio or
emerald green),

F = fragment, S

= gpherule, B = bleb,.

MMM HTATM MMM TR N A Y R G0



TABLE 10

Average Glass Compositions Compared to Bulk Soil Composition

Sample No. 10084 12057 12070
Soil Ave. Glass Ave. Glass Soil Ave, Glass

[1] (oh) (118) [2] (Lo)
sio, 43,78 43.0 45.8 45,91 4h, 5
Ti0, 7,41 I,69 2.29 2,81 2.20
A1203 13 .47 16.9 16.2 12.50 18.2
Fe0 15.65  12.8 13.0 16.40 12,1
Mno 0.22 0.15 0.14 0.22 0.13
Mg0 8.07. 8.80 9.19 10.00 9.03
Cal 12.13 12.4 12.7 10.43 12.5
Na,0 0.37 0.38 0.50 0.41 0.33
K,0 ..0'15 0.13 0.31 0.25 0.23

Sample No., 14148 14149 14156 ‘ 14163
T Ave. Glass Ave. Glass Ave. Glass Soil Ave, Glass
(38) (44) (33) [21 (64)

810, 46.3 46,0 b6.7 .17 b7.8
Tio2 1.54 1.90 1.77 1.79 1.73
AL,04 17,6 15.6 18.5 17.22 18.4
Fel 11.3 12.4 10.6 10.35 10.2
Mno 0.12 0.15 0.12 0.22  0.12
NMg0 10.1 9.91 9.33 9.37 8.59
Cal 11.7 10.8 ii.9 10.95 11.7
Na,0 0.58 0.57 - 0.77 0.66 0.87
K0 0.45 0.43 0.4z 0.58 . 0.59

2



TABIE 10 (conttd)

Sample No,14230,82 15001 1510
Ave, Glass Ave. Glass S0il Ave
(45) (89) £21
sioz 46.2 6,6 45,95
Ti0, - 1.38 S 1.67 1.27
A1203 18.7 15.5 17.38
FeO 10.4 13.4 11.65
Mno 0.13 0.16 0.16
Mg0 9.09 11,3 10,36
Gal 11,9 10.6 11.52
Na,0 0.55 - 0,60 0.39
K,0 0.35 0.26 0.17
Sample No. 15301 63501
| Soil Ave, Glass Soil Ave. Glass
[2] (61) [3] {62)
sio, Ls,91 '45.8 5,02 L, 8
Tio, 1.17 1,74 0.53 1.09
A1,0, 1%.53 12.9 27.72 2l b
Fel 1%.05 15.8 b,72 7.23
Mn0 0.19 0.17 '0.07 0.10
Mg0 12.12 12.9 5.25 7,23
Cal 10.70 9.80 15.87 14.6
Na,0 0.35 0.53 0.47 0.52
K0 0.16 0.35 0.05 0.19

1
. Glass

(57)

45,0

1,47
13.1
16.2

0.18
13.2
10.1

0,4k

0.25

64501
Ave, Glass

(58)
k6,2
1,06
25.0
7.38
0,12
6.52
13.0
- 0.95
0.26



659.

PABLE 10 (cont'd)

742kl
S0il Ave. Glass
Lay  (92)
Li.55 Ly, 2
7 .44 2.82
13.35 19.2
14.89 10.9
0.22 0.14
9.19 9.61
11.54 13.0
. 0.48 0.56
o,z 0.08

Sample No. 68501 74220
S0il Ave, Glass BSoil Ave, Glass
[3] (70) £1] (79}
Si02 ) 5,18 bl .8 38.57 bi.1
TiO2 0.58 1.09 8.81  7.10
Alzo3 26.65 2,5 6.32 9.81
Fel 5.48 7,15 22,6l 19.1
MnO 0.07 0.12 c.30 0.26
Mg 6.28. 7.01 1 44 13.9
Gal 15.35 14,0 7.68 7.83
Na,0 0,47 0.74 0.36 0.64
K,0 {0.11. 0.25 0.09 0.09
Sample No, 78421 Luna 20
Ave, Glass Soil Ave, Glass

, (40) [5] {20)
sio,, ho,2 Lly 1o hs.7
TiO2 h,22 0.56 0.65
A1203 17.9 22,90 - 22.7
Feld i2.3 7.03 8.58
MnO - 0.22 0.12
Mg0 10.6 9,70  8.18
Ca0 12.5 15.2 ik,3
Na,0 0.38 0.55 0.38
K20 0.08 0.10 0.17
[11 Apollo 17 Preliminary Examination Team (1973) Science 182,

if
1

[2] ISPET (1972) Science 175,

363.

3] Hubbard et al., (1973) Geochim, Cosmochim. Acta, Suppl. L, 1297,

[4]1 BRhodes gt al. (19?4)'Lunar Science V (Lunar Sci. Inst.,

Houston) p. 630.

[5] Vinogradov (1972) Am. Geophys. Un., Trans. 53, 820.

b e i
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TABLE 11

Average Composition of High Alzo3 Bottle~Green Glasses and
Apollo 16 Soils for Comparison

5102
Tioz
Alzo3
Fel
¥no

Mg0

- a0

Na20

KEO

Apollo 11
(10)
he.2 +1.0
0.4 +0,07
25.1 +1.0

5.7740.34

0,07+0.01

7.65+1.,04

14,5 +0.4
0.20+0,11
0,06+0,02

Apollo 16
(6)
k5.8 +0.5
0,25+0.23
26,2 +1.1
5.44+0.75
0.09+0.10
7.38+1, 14
14,8 +0.7
0,40+0, 24
0.17+0.05

Apolio 12
(11)

bly,7 +0.4

0.34+0,06
2,8 +0.7

5.74+0.58
0.09+0,05
8.94+0.92

15.8 +1.0

0.15+0.06
0.06+0,04

Apollo 17
(1%)

5.6 +0.7
0.2240.15

5.58+1.06
0.13+0.04
8.99+1,15
13.5 %0.3

0.70+0,13
0.15+0.03

ISPET (1973) Science 179, 23.

() Number of analyses.

+ One standard deviation

hpollo 14
(15)
45,1 +0.5
0.36+0.04
25.2 +0.8
5.804+0,43
0.07£0.01
8.40+0,95
4.8 +0.4
0.22+0.07
0.104+0.04

Luna 20
(1)

5.5 .
0.44
P
6.66
0.08
8.53
ik.8
0.2%1
0.12

Apollo 15
(2)
L5.9 +0.6
0.48+0,02
2.8 0.9
6.32+0,18
0.08+0.01
8.50+0.40
ik.2 +0,1
0.12+0,04
0.18+0,05

Apollo 16 Soilst

(11)
by, 1
0.56
27.25
5.25
0.07
5.66
15.7
0.42
0.10



TABLE 12

Percent Abundance of Major Glass Types in Each Sample

Sample No. 10084 12057 12070 14148 14149  1h156 14163 14320' 15041
(9k) (118) (43) (38) (4l) (34} (64) {&5) (89)

Group¥*

1 30.6 bbb 34.9 28.9 11.4 26.5 25.0  31.1 11.2

2 iz.9 31.6 . 7.0 .39.5 56.8 50.0  57.8  L4,5 33,7

3 536.5 54,7 58.1 31.6 31.8 20.6 17.2 24 L 55.1

L 0.0 0.0 0.0 0.0 0.0 2.9 0.0 0.0 0.0

S I T T R R R Y
Group#

1 | 8.8 4.9 77.9 - 68.5 75.4 i5.2 62.1 27.5 75

2 _ 2,6 36.1 11.4 2k.6 17.4 6.3 5.7 37.5 10

3 66.6 59.0 9,8 5.2 7.2 78.5 32.2 35.0 15

& 0.0 0.0 0.0 i.7 0.0 0.0 0.0 0.0 0

¥Group 1 (A1203‘.> 22%) = Maskylinite,‘ anorthosite, gabbroic anorthosite and anorthositic
gabbro. .

Group 2 (A1203<: 22%, Fel <13%) = KREEP and low-K, KREEP-like basaltic glasses.

Group 3 (A1203<22%-, Te0 >13%) = Mare basaltic glasses,

. Group 4 (Si02> 60%) = granitic glasses.

() Number of glass particles analyzed,



TABLE 13

" Major Element Compositions of High Silica Glass Particles
from Sample 14259 Compared to High Silica Glasses in
Crystalline Rocks and Breccias

14259 [1] 1b259 [2] Apollo 11 Apollo 12 [4] 14305 {3
(17)[ 1 Apo (gs) {37 Apollo L (4)[ 1

(29)
510, 76.5 77 75.8 76.3 75.8
Ti0, 0.2 0.5 0.53 0.68 1.3
A1,0, 11 12 11.4 11.5 13.8
Fed 2.6 0.5 . 2.5 3.0 0.85
Mg0 0.1 0.1 0.25 0.07 0.10
Cal 1.2 0.5 1.8 1.6 ° 0.89
Na,0 1.8 1 0.35 0.14 0.70
K,0 5.5 8 6.4 6.7 7.9

(11 High-Fe, low-K group. MNote similarity to high Sio2 inter-
stitial or immiscible glasses in Apollo 11 and 12 rocks.

{21 Low-Fe, high-K group. Note similarity to high-8i, K
mesostasis in clasts in breccia 14305,77.

{31 Apollo 1l high silica immiscible glasses from Roedder and
Weiblen (1971) Geochim. Cosmochim. Acta, Suppl. 2, 522.

[47 Average high silica interstitial glass in Apollo 12 basalis.
Lovering et al. {1972) Geochim. Cosmochim, Acta, Suppl. 3, 281.

[51 High-Si, K glass in mesostasis ¢f clasts in breccia 14305,77,
Lovering et al. (1972).




TABLE 14

Size Distribution of Tunar Glass Spherules and Microtekiites

Tunar Glass Béadg Microtektites

A-12 A-14 Australasian Ivory Coast
Dia. (pm)  (205) (175) (264) (621)
125 - 175 59 70 47 hi
176 - 245 27 21 30 30
246 = 350 8 6 14 19
351 - k95 5 1 6 9
496 - 707 1 2 2 1
708 ~1000 0 0 0.5 0.5

() Number



TABIE 15

Percent Abundance of Shapes of Lunar
Glass Spherules and Microtektites

Lunar (3lass Beads Microtektites
A-12 A-1L A~15 . Australasian Ivory Coast
Ave., (%) Ave. (%) Ave. (%) Ave. (%) Ave. (%)
(559) (515) (197) (854) (984)
Sphere 62 W7 35 65 .61
Oblate Sphere 25 31 - 51 27 25
-Lens <1 <1 6 3 3
Oval 8 14 5 3 2
Cylinder 1 2 1 <1 <1
Dumbbell 1 1 1 <1 1
Teardrop 2 L 1 2 L
Flat Forms 0 0 0 2 5

() Number



TABLE 16 : .
Ma jor Eliement Composition of High Si02 Apollo 14 Glass Spherule and Microtektites

2.73

Apollo 1k North American _

Glass Sphare Microtektites Australasian Microtektites

810, 74,6 74,7 75,7 .2 7h.5 748 74,6
Tio, 0.56 0.88 0.62 0.74 041 0.5 0.51

A1203 12.4 15,4 13.1 12.8 12,8 11.2' 11.7
- Fed I, 87 4,45 3.83 o6 4,10 4,18 5,40
Mg0 0,30 1.34 0.82 2,65 1.33 2,04 4,28
Ca0 2,64 ©0.92 1,01 1.98 2.96 2.31 2.73
Na,0 0.58 1,02 0.77 1.24  1.21 0.53 0.51
K,0 3.35 2,80 3.01 3.9 2,10 1.27



Figure 1. SEM photomicrographs of lunar glass particles.
A) Opague black spherule (~240 um dia.) from sample 12057.
Note rock fragments embedded in surface, exposed vesicles
(indicated by white halos caused by charging) and metallic
beads (light colored} scattered over the surface. B) Ropy
fragment (~580 pm long) with rock flour on surface from sample
14163. C€) High magnification photomicrograph oflropy frag-
ment with rock flour on surface from sample 14163. Note ab-
sence of rock flour on what appears to be a broken surface.
Field of view ~80 x 100 ym. D) Splashed silicate material on
end of ~410 um long dumbbell from sample 14163,

Figure 2. SEM photomicrographs of metallic beads on lunar
glass spherales. A) Group of randomly distributed metallie
beads on surface of a black opague spherulsz from 12057. The
metallic beads range in size from 40,2 um to~3 um diameter.
B) Opaque glass spherule (~320 um dia.) from 10084 with metal-
lic beads on its surface, The larger beads have coalesced to
form an irregular mass. Electron microprobe analysis shows
that they are composed predominantly of iron with a minor
amount of nickel and a trace of ¢obalt and sulfur, Note the
angular depression gt the top of the spheruie that was left
when a mineral or rock fragment was dislodged during agitation
with ultrasonic cleaner. C€) High magnification photomicro-
graph of irregular metallic beads shown in B, Magnification
~1350X, D) High maghification photomicrograph of opaque glass
spherule (~490 um dia,) from sample 10084, The surface is
covered with numerous small metallic beads in a geometric pat-~
tern, The larger heads (up to ~2.,8 um dia.) are surrounded by
an area free of beads out to a distance from the central
bead equal to about the diameter of the bead. At this dis-
tance there is a ring of smaller beads, Several of the larger
beads have fallen out leaving depressions encircled by a ring
of smaller beads.



- Figure 3. Photomicrogréphs of impact pits and conchoidal
fracture on lunar glass spherules. A) Simple glass-lined
microcrater pit (~6 um dia,) with slightly raised rim on sur-

‘face of yellow-green translucent spherule from sample 12057.

B) Glass spherule (~145 um dia.) with large (~50 um dia,)
impact pit on surface. The impact pit is characterized by a
central depression with a radial fracture pattern surrounding
it., ©€) Iuna 16 oblate glass spherule (~580 um maximum dia.)
with large micro-impact crater. The crater has a central
melted area with a diameter of approximately 65 um. Adjacent
to the central melted pit is a radial fraciure zone half of

- which has spalled off. D) Conchoidal fracture on surface of

deep~red glass spherule from the Apollo 17 orange soil sample
74220,89. Magnification ~500X,

Figure 4. Histogram of refractive indices for 491 lunar
glasses: 404 from this study and 87 from Chao et al. (1970).

Figure 5. Refractive index versus Sioz content for 538
lunar glasses, Symbols used ‘to denote color of the glass:
(= colorless, G)= pale green, @= yellow and greenish yellow,
@ = yellowish brown, reddish brown or brown, (J = deep emerald

. green, @ = deep red,

Figure 6., Refractive index versus Fel content for ~580
lunar glasses.

Figure 7. Photomicrographs of polished surfaces of lunar
glass spherules. A) Irregular opaque grey spherule (~240 um
dia.). Note numerous relict crystals, wesicles and small metal-
lic beads (light-colored dots). See analysis number 188 Table
9 for composition, B) Irregular transparent pale green glass



spherule (~230 um dia.) from sample 10084 containing ~25 small
(~4 ym dia,) Dblack, opague octbahedral crystals distributed in

a plane through the spherule, taken in transmitted light.

Insert is a high magnification photomicrograph of one of the
crystais showing one of the octahedral faces in reflected light.
Electron microprobe analysis indicates that the crystals are
composed of ~94% iron and 6% nickel. €} Plagioclase laths .
(dark) in a glass fragment (~800 um across) from sample 12057.
For composition of glass see Table Q, analysis number 176,

D) DevitrifTied light grey, translucent spherule (~180 um dia.)
from 12057. E) SEM photomicrograph of polished surface of
glass bead from the Apollo 17 orange soil (sample 74220)

showing olivine laths bordered by ilmenite (light-colored areas).
F) Transparent yellow-green glass spherule (~140 um dia.) with
large (24 x 32 um) rounded, centrally-located lechatelierite
particle (dark grey) from sample 12057. Photographed in re-
flected light.,

Figure 8. Percent glassy agglutinates in the 149-295 um
size fraction versus percent of sample (<1 mm fines) less than
149 um.

Figufe 9. Histograms of Alzo3 and Fe0 contents of glasses
for each mission,
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APPENDIX A

List of publications {(and papers in press or nreparation)

resulting from NASA grant HGR-08-001-029-040

"Investigation of Glass Recovered from Apollo Sample No.

12057", J.G.R. 72, 5649-5657 (1971).

“Investigations of Glass Particles Recovered from Apollo
11 and 12 Fines: Implications Concerning the Composition
of the Iunar Surface", MNASA Goddard Space Flicht Cente
Doc, X-644-7i-414 (1971), '

"Apollo 14 Glasses", Revised Abstracts of the Third Lunar
Science Ccnference, Lunar Science Institute Contribution
No. 88, 'Houston, Texas, pp. 312-314 (1971) (abstract).

"Comparison between Lunar Glass Spherules and Microtekitites®,
Transactions American Geophysical Union 53, 428 (1972)
(abstract).

"lMicrometeorite Craters on Lunar Glass Particles£ The
Relationship between Radial I'racture Zones and Spall
Zones", Meteoritiecs 7, 47-29 (1972).

"Chemistry and Fission-Track Studies of Apollo i4 Glasses",
with D. Storzer and G,A., Wagner, in Froc. Third Tunar Sci.
Conf., Geochim. Cosmochim. Acta Suppl. 2, vol, 1, 927-

937, MIT Fress (1972).

"Major Element Composition of Apollo 15 Glasses", in The
Apollo 15 Tunar Sampleg, ed. J.W. Chamberlain and C. Watkins

(Houston: Iunar Science Institute) pp. 73-77 (1972) (ex-

panded abstract).

"Ma jor Element Compogitions of Luna 20 Glass Particles",
Geochimica et Cosmochimica Acta 37, 841-846 (1973).
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APPENDIX A (cont'd)

"Major Element Analysis of Glass Particles from the Apollo
17 Orange Soil (Sample 74220,89)", Yransactions American
ggqphysical Union 5k, 590-591 (1973). '

"Investigation of a'Luna 16 Glass Bead" in Vinogradov, A.P.
(Ed) Lunar Soil from Sea of Fertility. Nauka Publishing
House, Moscow, (1974) pp. 236-238.

"Major Element Composition of (lasses from Apollo 11, 16

and 17 Soil Samples" (submitted to J.G.R.).

*High Silica TLunar Glasses"'(in preparation),



