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The attached-five reprints (1-5)}, four‘papers_in press (6-9) and two
abstracécts (10-11) cover the areas of research completed and some.of those
that are in progress. Completed projects using scanning electron microscope,
electron microprébe and energy dispersive x-ray techniques include a study
that involved the chemistry and surface morphology of six glass spheres and five
glaSS~bondéd agglutinates frqm Luna.ZO LRL sample 22003 (1). The presence of
fragments ofvplagioclase in the‘centers of some of the impact features and
the non~random distribution and natureiof the craters suggest that most of

the glass spheres were probably derived locally by meteoritic impact processes

and that most craters on their surfaces may have occurred from impacts of
relatively high velocity particles in the impact debris cloud while the glass
sphere was gt eievated temperatures. Fragments of.CaCO3 were found on the
surfaces of two spheres, and masses of chlorides rich in Ca, Al, Fe and K
(first time reported on the moon) were observed on two other spheres. The
CaCO3 and complex chlorides may be the result of lunar volcanism or fusion

of components of carbonacebus chondrites.

A second completed prOject involved the discovery of proposed VLS
(Vapor~-Liquid-Solid)-type whisker growth of metailic iron needles on the surface
of breccia 15015,36 (5, 6, 9, 11) which is the first-documentation of this
process occurring in nature, and provides a growth mechanism which could have
been significa;t in the early éccretionary history of the Earth. Since the
metallic iron needles are either signle domain or pseudo-single domain due to
shape anisotropy, they may affeét strongly the ragnetic properties of rock
15015, and contribute to its hard magnetic component. Soil breccias containing

these needles could have a large magnetically herd component.
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A study of Apollo 16 samples from the less than 1 mm fines 68841;11
(light-colored ray ejecta) and 69941,13 (dark—colored ejecta) from South Ray
Crater focussed on some unusual types of metallié particles and silicate
spheres with textured surfaées. The metallic’particles consist of two types:
rounded forms with euhedral crystals of scﬁréibersite inﬁergrown with metailic
iron FeS and chemically defined bornite-(first time reported-occurring.on the
mgon),.and.irregulaply—shaped forms with low contents of schreibersite inter-—
grown with plagioclase laths and olivine, and also coataining well-developed

crystals of hydrated iron oxide, possibly lepidocrocite, on their surfaces.

It was s&ggested that this materiai forﬁed in a hot impact ejecta blanket or
in an igneous environment and later exposed by meteoritic impact. .The silicate
spheres with textured surfacés consist of interlocking plagioclase laths, that
formed during quenching of melts of essentially highland basaltvcomposition,
‘and ‘have attached spherules and hemispheres of -the ‘same composition as the
host sphere on their surfaces._ The original melt could be either impact-
produced or volcanic in origin. The volcanic hypothesis is favored because

of homogeneity in composition between spheres, general lack of surface debris
and shocked debris, and the lack of metallic'iron of meteoritic composition.

A study of the morphology and chemistry of particles from Apollo 17 less
than' 1 mm fines 74220, 74241 and 75081 (&) sugéested that particles from.these
fines.formed in a cloud of éiliceous vapors. A voleanic o;igin similar to a
volcanic fire fountain on earth is favéred because of the lack of shocked
material and complex flow strugtures; the.low content of metaliic iron of
mé;eoritic composition, the complex chemical zoning on.é micron scale in the
minerals and the composite silicate glass forms with.low velocity—type impact

features and less than 0.1 micron in diameter spherules on their surfaces.
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The lack of hypérvelocity-type iﬁpacts and the old age of the orange fines
(74220) suggest that it was laid down, rapidiy covered, and more recently
exposed. Material from the dark mantle fines (75081), in contfast, has
‘numerous impact~produced craters primarily 1e§s than 1 micron in diameter on
their surfaces which suggests that samplé 75081 was exposed for a longer period
to micrometeoritic bémbardment or that it has been in the high velocity
portion of an impact-produced debris cloud. The présence of highly vesicular
particles generaliy‘less than 150 microns in diameter suggest that one component
of the dark mantle could be pyroclastic ih nature. ' A particle consiéting of a
ﬁcorefcontainingfonly'Caﬁand:S’sﬁrrounded”by”a'zbne:ton§i§tingﬁbf‘6ﬁly“K and"S
(first time reported on the moon), as sHown by energy dispersiQe techniques,
is present on one of the composite glass spheres. The origin of this material
is unknown.

A study of silicate mineral chemistry of the less than 1 mm size fraction
of Apollo fines 15501, 15411, 66081 and 69941 was completed (3,8). The fine
fraction of sample 15411 consists primarily of-gabbroic—anorthosite éomponents,
whereas the fine fraction of.sample 15501 consists primarily of mare-type
basaltic components. From these data it was sgggested that downslope transport
under the influence of gravity.or electrostatic effects may be more important
at least lécally than transport of fine particles of meteoritic imp;ct phenomena.
The Apollo 16 fine frac;ion of sample 66081 shows only.ANT components whereas
the fine fraction of sample 69941 from South Ray Crater has a major ANT component
together with a possible minor KREEP and ultraméfic component.

Scanning electron microscope and elecﬁron microprobe studies involving
the use of montages of glass sphere fragment 65016.6, which contains large

metallic iron mounds with laths.of schreibersite, reveals a lack of impact



features and the presence of silicate mounds adrixed with the metallic mounds.
This is siﬁilar to metallic mounds formed by reduction with hydrogen. Also
present in the metallic mounds are patches consisting primarily of aluminum

.as sho&n by energy dispersive techniques. This type of relationship has not

been reported previously on lunar materials. If these patches are metallic
aluminum, it is significant in that it means a nuch loweér oxygen fugacity fér

the formation of these metallic mounds than for mounds consiéting only of
‘metaldiec iréom. The -exact nature of -these mounds is being studied. Morphological

and .chemical studies of selected particles of other Apollo 17 less than 1 mm

fines are in progress using the approach of first rapidly scanning large numbers

of fragments for purposes of cataloguing, then selecting those which merit
further detailed scanning, energy dispersive x-~ray and electron microprobe
analyses. A three dimensional structural analysis of b:eccia 14318 is in
progress with 27X optical montages completed for 6 of the 8 thin sections.
Surface reduction experiments on glass spheres of simulated lunar composition
and impact studies on targets of simulated lunar composition at various tempera-

tures and with various projectile velocities are also in progress.
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ABSTRACT

Six siliceous glass spheres, five siliceous glass-bonded agglutinates
and one breccia fragment from Luna 20 LRL sampleAnumber 22003 were analyzed
by optical microscope, scanning electron microscope, scanning clectfon micro-

- probe and cnergy—dispersive techniques. The data suggest that most of the glass
spheres were probably derived locally by meteorltlc impact processes and that
most craters on their surfaces may have occurred from impacts of relatively
high velocity particles in the impact-produced debrls cloud while the glass
sphere was at elevated temperatures. This is suggested by the nature of the
craters, the partially buried fragments of'plagioclése surrounded by radiating
-fractures and by thé apparent absence of craters on the glass surfaces of the

glass-bonded agglutinates. One glass sphere has a surface suggestive of a

complex multlple 1mpact orlgln involv1ng llqu1d siliceous material and numerous -

vaporization and condensation processes p0831bly in a relatively large scale
meteoritic impact event. ' |

The surfaces of the siliceous glass spheres have several diffcrent types
of materials. Concentration of metallic iron spherules on the surfaces of the
glass spheres is generally lower than for similar Apollo 11 and 12 glass spheres.
This is consistent with reduction processes being of primary importance in the
formation of this metallic iron. Surface material composed onlybof Ca, C and

02, possibly CaC0 is probably derived from carbonaceous chondrites. Splashes

>
of material rich in Ca, Al, Fe, K and Cl occur. Thc origin of the relatively
low temperature chlorine-bearing melt is unknown but it may be related to vapor-
ization and condensation processes, possibly volcanic in nature, or possibly to

. partial fusion of components of carbonaceous chondrites. Siliceous.surface
material rich in potassium may represent either fused splash material of granitic

composition or material enriched by vaporization and condensation processes.



. INTRODUCTION

v Six siliceous glass spheres, five siliceous glass-bonded agglutinates -and
one breccia fragment from Luna 20 soil sample LRL number 22003 were ultrasonically
cleaned and analyzéd by optical.microscope, scanning electron microscope,
scanning electron microprobe and energy-dispersive techniques. ~Photomosaics
were made of the entire surface of each particle at 900X and 3,000X to study -
the morphology, chemistry and relationships of the surface material in detail.
The results of the studies of each particle will be .discussed separately.

Siliceous Glass Spheres

Figs. 1 to 17 are scanning electron microscope photographs of :the glass
.spheres and their selected surface features. The shape of the glass spheres shows

that they have been at temperatures high enough to allow surface tensional forces

to contract the material into a spherical shape while in free flight. The gléss
::zf""'~fSPhéI€S”iﬂ?FigSaZ%T*4 and—7- show-the least—amount—of surface debris—and-those - —

in Figs. 1 and 4 are similar to the Type-II Apollo 11 glass spheres (Carter and
MacGregor, 1970), whereas those in Figs. 9, 12 and 14 show the most surface

" debris and are similar to the Type-I Apollo 11 glass spheres (Carter and Mac-
Gregor, 1970). 1In comparison to the Apollo 11 and 12 glass spheres, the glass
spheres shown in Figs. 9, 12 and 14 have less crystalline surface material.
Carter and MacGregor (1970), McKay et al. (1970) and Carter (1971) described
Type-I glaés spheres as those whose surfaces show a constructional history that
is characterized by firmly attéched crystalline and glass debris of variable
grain size, numerous siliceous splaéhes and FeS mounds, whereas Type-1I glass
spheres generally have a smooth surface that shows a destructional history as
a result of bombardment by relatively high velocity projectiles,and FeNi mounds .
The Type-I1 glass spheres are generally opaque to translucent and brown to black

~ in color, whereas the Type-II glass spheres are traﬁsparent to translucent and
colorless to brown in color. ' '

Sphere number 22003,C-3 (Fig.'l) is 235 pm in diameter, transparent,

and light brown in color. Itihas the least amount of éurfaée debris of the
glass spheres studied. It has more impact craters over 1 ym in diameter than
the other five glass spheres (Table 1), but it apparently has no craters less
thaﬁ 1 ym in diameter on its surface. The largest crater on its surface is
approximately 7 pm in diameter. Table 1 lists all craters (number versus pit

diameter in um) present on the surface of the glass spheres studied at 3,000X
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with a spatial resolution of 0.3 ym. Fig. 2, which is an enlarged view of ﬁhe
central upper right area of Fig. 1, shows a feature that is rich in K, Ca and
Cl and it has minor Mg but no other elements as shown by energy-dispersive
techniques. There are other masses 6f material similar in composition on this
"surface. Potassium chloride has been found on an Apollo 15 glass sphere (Carusi
et al., 1972) and siliceous material rich in potassium has been found on numerous
Apollo samples (e.g., Carter and MacGregor, 1970; McKay et al., 1970; McKay et al.,
1972), but chlorides of the other elements have not been reported previously.
Fig. 3 is an enlarged view of the feature segn-in the central area of
"Fig. 1. Energy-dispersive and scanning electron micrbprobeztechniques show
that this feature is composed of Ca, C and 02, whicp suggests that it is

probably CaCO If it is CaC0,, its presence raises the question of its origin.

3’ 3?
77 77 CaC0, on Earth is usually formed by precipitation processes from water or by

orgaiisms. It is produced to a very minor extent by igneous processes. This
feature is prébably not an Earth contaminant because a) the samples were
cleaned ultrasonically three times before coating to remove all particles not
stuck to the surface, b) there are hemispherical concentration of iron on
its surface and ¢) its edges are rounded. Most likely it is a fragmenﬁ of a
carbonaceous chondrite. This is consistent with the findings bf pure carbon
material and carbon-bearing siliceous splashes on Apollo 11 materials (Carter
and MacGregor, 1970). . '

Sphere number 22003,C-2 (Fig. 4) is 215 m in diameter, translucent to
_transparent, and brown in color. Its surface is covered with metallic iron
spherules that average 0.5 ym in diameter. Its surface has the highest con-
centration of metallic iron of .any of the glass spheres studied. Fig. 5, which
is .an enlarged view of the central portion of Fig. 4, shows blebs of siliceous
material with protrusions at their contact with the surface of the glass sphere.
These protrusions may have resulted from vapor deposition and growth by surface -
tension. Asunmaa et al. (1970) describe a similar widespread bridging structure
for the attachment of particles to the surface of Apollo 11 rock 10017,20.
They suggested that this widespread'bridging structure phenomena may be the
result of preferred silicate vapor growth below particle edges. Fig. 6, an
enlargement of the central bottom of Fig. 4, shows an area that has an unique

feature that consists of a thin coating of material that is surrounded by what
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appears to be én etched surface. The chemical nature of this coating material
is unknown and the origin of the feature can not be ascertained because the
glass sphere dislodged while in the scanning electron microprobe.

Sphere number 22003,C-1 (Fig. 7) is 280 um in diameter, transparent, and
green in color. The surface of the glass sphere is coated with dark brown
siliceous material. Its surface (Figs. 7 and 8) has features suggestive of
a multiple impact constructional history. The surface may have been impacted
by angular debris which was then bartiaily melted (Fig. 8), possibly by passage

through a high temperature porfion of an impact-produced debris cloud, and

-impacted with relatively large masses of molten vesiculating siliceous material

‘nature of the surface of this gfasS“gﬁhere;*”Thi§fis indicated by the rounded

(Fig. 7) and very fluid siliceous material (Fig. 8). Vapor deposition of sili-

ceous materials may have contributed also to the constructional and welded

nature of the surface blebs, the lack of splashed rays, the welded nature of
the blebs, the relatively large vesicular areas of siliceous surface material,
the numerous 0.1 ym to 1 um in diameter siliceous spherules and the glazed appéar—

ance of the surface of the glass sphere. Alternatively, the surface of the glass

- sphere was struck by hot, partially molten, siliceocus material at velocities

low enough not to produce splashed rays, then impacted by relatively large masses
of molten vesiculating siliceous material (Fig. 7), very fluid siliceous material
(Fig. 8) and numerous 0.1 jm to 1 ym in diameter siliceous spherules .(Fig. 8).
Energy-dispersive techniques show that many of the surface blebs are
similar in composition to the glass sphere. However, some of the siliceous

blebs are rich in potassium while others contain titanium and are lower in

- calcium and aluminum and higher in magnesium and iron than the glass sphere.

This is similar to the surfaces of 'some Apollo 11 glass spheres (Carter and
MacGregor, 1970). The surface also -has a few metallic iron spherules (2 wt. %

to 3 wt. % Ni) that are partially buried and range in diameter from 0.1 ym

" to l‘pm'with an average diameter of 0.6 um (Fig. 8).

Fig. 9 is a scanning electron microscope photogréph of a 185 um diameter
glass sphere (number 22003,C-5) that has a brown transparent core surrounded
by colorless transparent glass. Its surface has been impacted repeatedly with
masses of crystalline material, mostly plagioclase (Figs. 9, 10 and 11). The

surface of the glass sphere was essentially solidified, whereas its interior

“'was capable of plastic deformation when impacted because the fragments of
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plagioclase are partially buried in the glass sphere with radiating fractures
extending outward from the point of impact (Figs. 10 and 11). Similar features
have been described.by Carter and MacGregor (1970) and Tolansky (1971) for some
Apollo 11 glass spheres. The surface of the glass sphere also has metallic
iron spherules (2 wt. % to 3 wt. % Ni) that range in diameter from 0.15 ym to
1.5 ym with an average. diameter of 0.7 um. - .

Sphere number 22003,C-7 is 140 ym in diameter, translucent, and dark brown
in color with a surface of‘numeroﬁs siliceous splashes and out-gassing pores

(Fig. 12). This glass sphere has the largest number of impact-produced craters

- less than'ljmn in'diameterbof any of the glass spheres studied (Table 1; Fig. 13).

The left side of the glass sphere has been caved-in (Fig. 12) either because of

impact in free flight or from impacting the lunar surface. Similar features on

Apollo-1l. glass- spheres, which probably resulted-when—a glass sphere-impacted -— ——— =

the lunar surface while the glass sphere was still capable of deforming plastically,
have been described by Carter and MacGregor (1970). However, splashes of silic-

eous material across the boundary of the caved-in area favors a debris cloud

_ impact origin. If the caved-in .area resulted from impact into the lunar soil,

the craters probably originated by micrometeoritic bombardment because the craters
occur primarily on the right side of ‘this glass sphere, which would be the side

that was exposed to micrometeoritic bombardment, if the glass sphere remained in
its impact position on the lunar surface.

Sphere number.22003,C76 (Fig. 14) is 160 ym in diameter, opaque, dark
brown in color and heterc-eneous in composition. Its surface has the most
debris of the six glass spheres studied. The surface of this glass sphere
shows a complex history of impact by angular siliceous debris and fluid silic-
eous material. The composition of the splashed material on the central bottom
of the glass sphere is similar to the low iron basaltic portion of the glass
sphere. The large mass of debris on the top left side of the glaés sphere
(Fig. 14) may have impacted the glass sphere when it was partially solidified,
broken through the crust and allowed the still fluid interior to spew out onto
the surface as splashed rays of iron-rich basaltic composition between the
mass of angular solid particles and the glass sphere (Figs. 14 and 15).
Alternatively, it impacted as a mixture of solid particles and liquid, or

the splash occurred before the impact of debris. This later view is incon-



..mixtures -of nickel-rich metallic iron—-and iron-sulfide. “The metallic ironm”
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sistent with Fig. 15 which shows a continuity of some splashed rays that extend
from the debris mass. Since the debris material is primarily a mixture of
plagioclase fragments and siliceous glass that is rich in aluminum and calcium,

impacting into a glass sphere with a solidified crust but an interior that is

" still fluid is favored. This is also consistent with the nature of the holes

in the glass sphere as shown by Fig. 14 (lower left and top), especially the hole
in the lower left in which the lip is turned inward.
A calcium-rich particle was found also in this debris mass (Fig. 16, center

right). This particle is very similar morphologically to the one shown in Fig.

-3, whieh it-was suggested is a fragment of carbonaceous chondrite.

Three types of metallic mounds are present in small numbers on the surface

of.glass sphere number 22003,C-6. They are: metallic iron, iron sulfide and

spherules are 1 jm or less in diameter. The iron sulfide spherules occur up to
0.6.pﬁ in diamefer. The mixtures of metallic iron, which contain 5 wt. % nickel,
and iron sulfide occur as irregular blebs from 1 ym to 3 ﬁm in diameter. These
irregular blebs probably repreéent remelted compohents»of meteorites (Goldstein
et al., 1972).

‘An unusual -and previously -unreported ‘type ‘of splash iS'sgen on the surface
of this glass sphere (Fig. 17). Other smaller splashes of matérial of similar
composition occur on the surface of this glass sphere. Thin rays that extend
outwards and upwards from a heterogeneous mass of material that is rich in Ca,
Al, K, Fe and Cl as shown by energy-dispersive techniques suggest that the
material was very fluid when it struck the surface of the glass sphere. The
main mass of material is composed of Ca, Al, Fe and Cl, whereas the smaller
mass on the left side of the main mass is composed of Ca, Al, K, Fe and Cl with
minor Si. The Si is possibly due to a X-ray signal'from the substrate. As
discussed above, KCl has been found on an Apollo 15 sphere (Carusi et al.,

1972) and siliceous material rich in potassium has been found on numerous

Apollo samples (e.g., Carter and MacGregor, 1970; McKay et al., 1970; McKay

et al., 1972), but chlorides of the other elements have not been reported
previously. The nature of the chlorine-bearing relatively low temperature

melt is unknown, but it may be related to vaporization and condensation processes,
possibly volcanic iﬁ nature. Alternatively, it may be partially fused components

of carbonaceous chondrites.



Siliceous Glass-bonded Agglutinates

Five glass~-bonded agglutinates were photographed with the scanning
electron microscope (Figs. 18 to 21). No hypervelocity-type craters were
noted on their surfaces at a 0.3 ym spatial resdiutidn. This is consistent
with the observations of Carter (1971) and Carter and McKay (1971) that hyper-
velocity-type craters occur.primarily on the smooth surfaced Type-II Apollo
siliceous glass spheres. ‘This is further sdpport for the hypothesis of Carter
and MacGregor (1970), McKay et al. (1970) and Frondel et'al. (1970) that the
impact-produced debris cloud pléys an important role in the formation of
-craters on glass spheres and that the substrate temperature is an important
parameter in crater formation‘(Carter and MacGregor, 1970) as confirmed by

the laboratory experiments of Carter and McKay (1971) on heated glass targets.

—-— -The-glass-bonded agglutinates—have very few metallic—iron-or iron sulfide

mounds on their surfaces. This is consistent with the findings of lower
'metallic iron concentrations on fhe Luna 20 siliceous glass spheres than for
Apollo 11 and 12 materials (Carter and MacGregor, 1970; Carter, 1971). This
is also consistent with the absence of hypervelocity-type craters suggesting
that these materials have never beén in the high velocity portion of an impact-
produced debris cloud. Fig. 19, an enlarged view of the upper central portion
of Fig. 18 (sample number 22003,C-10, brown translucent siliceous glass),
shows the largest (13 jum in diémeter) iron sulfide mound found on the five
‘glass-bonded agglutinates examined and shows the stringer nature of the metallic
iron mounds which is typical of this type of occurrence (Carter and MacGregor,
1970; Carter and McKay, 1972). No single mound of metallic iron larger than
1 pm in diameter was noted. '

The extreme debris-welded nature of sample number 22003,C-11, grayish
translucent siliceous glass, is shown by Fig. 20. Fig. 21, an enlarged view
of the central right portion of Fié; 20, shows stringers of siliceous material
that appear to be part of the framework that holds the material together.

Breccia Fragment

Samj:le number 22003,C-12 is a fragment of plagioclase-rich breccia (Fig.
22). As shown by Fig. 23, which is an enlarged view of the right center of
Fig. 22, the fragment is very vesicular or frothy, apparently because of partial

fusion. The surface of the particle has been heated to the point where sharp
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'edges such as the edges of cleavage surfaces have beenvrounded (Fig. 24). The

debris on its surface is metallic iron and siliceous materials. Some of the
metallic iron spherules contain up to 5 wt. % nickel as shown by energy-dispersive
techniques. The surface has no hypefvelécity—type craters on it.
' ‘ DISCUSSION AND CONCLUSIONS ,
The presence of siliceous splashes rich in Ca and Al (essentially anortho-
sitic in composition) and the high percentage of plagioclase fragments that
penetrate the surfaces of some of.the glass spheres (Figs. 9 to 12, 14 and 15)

suggest that the glass spheres examined were derived locally from relatively

-small scale metecoritic events, with the possible exception of glass sphere

number 22003,C-1 (Figs. 7 and 8), and not, for example, from an adjacent maria

and later splashed with anorthositic material. Reia et al. (1973) and Glass

(1948}:suggestﬁfrom:chemfcaiﬁanéiyses<ofﬁgTaSSés:thEt:théré:f§;é:ﬁiﬁ6r:‘bﬁtr12*
bution of mare rocks to the Luna 20 soil., The surface of the glass sphere
numbef 22003,C-1 (Frig. 8), as diécussed above, suggest a complex multiple
impact origin involving liquid siliceous material. The numerous siliceous
spherules that are C.I.pm to 1 ym in diameter, the glazed appearance of the
surface and the lack of angular crystalline debris suggest that vaporization
and condensation processes may have been involved in the formation of this
complex surface. The particle possibly formed in a relatively large scale
meteoritic impact event and not from a relatively small scale local micro-
meteoritic impact event. |

The nature of the metallic iron (2 wt. % to 3 wt. % Ni) mounds and their
low concentrations with respect to Apollo 11 and 12 siliceous glass spheres
(e.g., Carter and MacGregor, 1970; Cafter,'l97l) suggest that reduction pro-
cesses played an important role in the formation of these mounds (Carter, 1971;
Carter and McKay, 1972; Carter, 1972a,b). The minor'irregularly—shaped
metallic iron blebs with 5 wt, % nickel content and with minor sulfur may be.
remelted fragments of meteoritic origin (Goldstein et al., 1972). These in-
terpretations are consistent with the Luna 20 soil having a much lower total
iron content than the Apollo 11 or 12 soils (Vinogradov, 1972; LSPET, 1969,
1970). '

The surface materials rich in Ca, C and 0, may be fragments of carbonaceous

. 2
chondrites. This interpretation is consistent with the findings of carbon-




~'surface.  This interprétation is consistent with the following data:
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bearing compounds in,Apoilo 11 material (Carter and MacGregor, 1970). The
origin of the splashes and debris that are rich in Ca, Al, Fe, K and Cl is
unknown. It may be related to vaporization and condensation processes, possibly
volcanic in nature. Alternatively, they may be partially fused components of
carbonaceous chondrites. Their relative abundance argues against a meteoritic
origin., The siliceous material rich in potassiuﬁ may represent either splash
- material of granitic composition or enrichment by vaporization and condensation
processes. _ ) ‘ "
The nature and distributioﬁ of craters on the glass spheres (Table 1) and
.their apparent absence from the glass-bonded agglutinates suggest that the
cratering events occurred méiﬁly in an‘impact—producéd debris cloud and not by

random micrometeoritic bombardment while the particle was at rest on the lunar

1) Reid et al. (1973, Table 1) give agglutinates as the most abundant

particle type in the less than 125 pm size fraction, whereas Glass (1973,

Table 1) gives agglutinates in the 125 pm to 250 ym size fraction as about
1/5 the abundance shown by Reid et al. (1973). McKay et al. (1971) and Clanton
et al. (1972) showed that the percentage of glass-bonded agglutinates in a lunar
soil provides a relative index of maturity or residence time on the lunar sur-
face. Therefore, if the cratering events occurred from random micrometeoritic
bombardment while the particle.rested on the lunar surface, the surfaces of the
abundant glass-bonded agglutinates should record these impacts.

2) . The surface of glass sphere 22003,C-3 (Figs. 1 to 3) apparently has
no impact craters smaller than 1 pm in diameter even though its surface has
the largest number of craters larger than 1 um in diameter of any of the
glass spheres studied (Table 1). This does not appear to be consistent with
a micrometeroritic origin for these craters because of the large number of
submicron size craters that should.be present (HBrz.et al., 1971) but are
not. | '

3) The large number of less than 1 um in'diameter craters on- the surface
of the glass sphere 22003,C-7 (Figs. 12 and 13) and of the glass sphere
22003,C-6 (Fig. 14) is consistent with the findings of Carter and MacGregor
(1970) and Carter (1971) for Type-I Apollo silicate glass spheres. They found

few craters larger than 1 jm in diameter and no craters larger than 10 ym in
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" diameter. They interpreted the less than 1 pm in diameter craters on the
Type-1 glass sﬁheres to have occurred in an impact-produced debris cloud as a
response to target viscosity. ,

4) The interpretation of the glass spheres being impacted while in an
impact~produced debris cloud is consistent also with the impact by fragments
of plagioclase and other angular debris of glass spheres whose surfaces were .
solidified whereas their interiors were capable of plastic deformation.(Figs.

9 to 11 and 13; Carter and'MacGregor,'1970; Tolansky, 1971).
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
“Fig. 7.
Fig. 8.
Fig. 9.
Fig. 10.
Fig. 11.
Fig. 12.
Fig. 13.
Fig. 14.
Fig. 15.

“Glass sphere 22003,C-2., 7 T ¢ T oo e
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FIGURE CAPTTONS
Glass sphere 22003,C-3 showing impact craters and impacts of siliceous
material.
Enlarged view of feature on upper right>sidé of Fig. 1 that contains
K, Ca, Cl and minor Mg.
Enlarged view of central feature in.Fig. 1 that contains Ca, C and 02,
possibly CaCO3. : , |
Glass sphere 22003,C-2 showing surface of metallic iron spherules.
Enlarged view of center of Fig. 4 showing surface debris with protrusions
that were possibly formed by vapor deposition of siliceous material.

Enlarged view of bottom center of Fig. & showing thin surface film

that is surrounded by an etched-like surface.

Enlarged view of center of Fig. 7 showing surface of fused siliceous
particles, siliceous spherules from 0.1 ym to 1 ym in diameter and
partially buried metéllic iron spherules (arrows). o
Glass sphere 22003,C-5 showing numerous impacts of siliceous debris.
Enlarged view of left side of Fig. 9 showing-impacts of angular
plagioclase debris surrounded by radiating fractures revealing that
the interior of the glass sphere was capable of plastic defdrmatibn,
whereas the exterior was solid when impacted.
Enlarged view of the top of Fig. 9 revealing a surface with metallic
iron spherules from 0.15 ym to 1.5 um in diameter and impact craters
showing plastic deformation produced by angular fragments of plagioclase.
Glass sphere 22003,C-7 showing numerous siliceous splashes and out-
gassing pores.
Enlarged view of right side of Fig. 12 (rotated 90° counter clockwise)
showing numerous impact—ﬁroduced craters ffom 0.3 um to 1.5 ym in
diameter. The center of the larger craters contains an apparent
_projectile.
Glass sphere 22003,C-6 showing numerous splashes and impacts of
siliceous materials.
Enlarged view of left center of Fig. 14 showing contact of debris

with surface of glass sphere. Note splashed rays extending from debris.



Fig. 16.

' Fig. 17.

Fig. 18.
Fig. 19.

Fig. 20.
_Fig._ 21. _

Fig. 22.
Fig. 23.

Fig. 24.
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Enlarged view of debris in left center of Fig. 14. Large particle in
right center of photograph , which is similar morphologically to the
one shown in Fig. 3, contains only calcium by energv—dlsper51ve
techniques, probably it is also CaCO3 _
Enlarged view of upper right part of Fig. 14 showing peculiar splash
feature tﬁat contains Ca, Al, K, Fe and Cl as shown_by energy-dispersive

techniques.

‘Glass-bonded agglutinate 22003,C-10.

Enlarged view of upper center of Fig. 18 showing mound of FeS and

stringers of ‘metallic diron. WNote the we11~developed cooling crack

around the base of the FeS mound.

Glass-bonded agglutinate 22003,C-11.

Enlarged_view of centérwof»Fig.wzo showing- a filament of-siliceous -— — —

glass bridging two silicate particles.

Breécia sample 22003,C-12 showing porous surface.

Enlarged view of center right -of Fig. 22 showing vesicular or porous
surface.

Enlarged view of the far central right portion of Fig. 22 showing

~rounded edges, which suggests that the-surface was at elevated

temperatures.
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GENETIC IMPLICATIONS OF APOLLO 16 SOIL PARTICLES. James L. Carter
and Elaine Padovani, The University .of Texas at Dallas, The Institute for
Geological Sciences, P. 0. Box 30365, Dallas, Texas 75230. Contribution no.
230. ’

Forty-eight particles from four soil localities (twelve from each (62241,
14, 66081,5, 68841,11, and 69941,13) were examined using optical microscope,
scanning electron microscope, scanning electron microprobe, and energy-disper-
sive techniques to compare and contrast their surface morphology and chemical
characteristics. The samples are composed of transparent and opaque silicate
spheres, rods, and fragments, broken and impacted feldspar and pyroxene cry-
stals, variably colored silicate glass splashes, breccias, and several unusual
types of reddish metallic spheres and porous crystalline silicate spheres not
previously noted from our studies of other Apollo soil samples, Hypervelocity-
type impact pits occur mainly on glass splashed surfaces, transparent to
translucent spheres, and fragments. They were observed occasionally on metal-
lic and opaque silicate spheres. The detailed morphology and chemistry of
each particle will be given in the expanded version of this paper.

The soil from South Ray crater, especially sample 69941,13, contained
two types of particles different than those from the other soil samples. One
type is rounded metallic objects, mainly spheres, that have a surface of inter-
locking metallic iren crystals, patches of iron sulfide, and patches of inter-
grown silicate minerals, mainly feldspar. Five metallic objects larger than
150 microns in diameter were found in the 0.5 gram sample of 69941,13. The
nickel content of the metallic iron crystals in wt. % varies from about 2 to
4. All of the metallic spheres have reddish patches on their surfaces, many
of which are in the contact zone with feldspar. An enlarged view of a portion
of one such patch is shown in Fig. 1, which shows that the reddish material is
morphologically characterized by cracks and areas of crystals. In transmitted
light they are reddish in color and in reflected light give the appearance of
goethite. Goethite-like material has been described by Agrell et al. (1) and
the PET (2). Examination with the microprobe showed iron to be the most abun-
dant element with minor sulfur-and chlorine and lesser amounts of nickel, cal-
cium, and silicon. The material under the electron beam acted as if water or
other volatile species were present. The color, reflective properties, mor-
phological features, and chemistry suggests that the material is goethite.

The abundance of this material and the lack of similar material on lunar mater-
ial exposed to the Earth's atmosphere suggest that it formed on the lunar sur-
face, possibly during an impact event or in a hot ejecta blanket (3).

The second type of particle is silicate spheres whose surfaces are porous
and composed of a network of feldspar crystals (Figs. 2-5). The surfaces of
most of the spheres are free of debris but contain hemispheres (Fig. 2) or
spherules (Fig. 3) of silicate material attached to their surfaces. More
rarely some of the spheres have debris firmly attached to their surfaces (Fig.
4). The textured surface of this sphere is composed of a network of small
feldspar crystals as shown by Fig. 5. A thin-section of the sphere in Fig. 2
shows that there is no break in structure between the larger sphere and the
silicate hemisphere and that both the hemispheres and spheres have textures

that are reminiscent of quench textures (Fig..6). A similar but not identical
texture can be formed by crystallization of glass just above its solidus
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temperature (Presnall, 1973, personal communication). The penetrating surface
material, the attached silicate spherules, and the larger iron mounds that are
partially buried in the spheres show that the spheres were once molten.

The determination of the nature of this texture is germane to the origin
of these particles. There are two principal possibilities; either it resulted
from devitrification of glass, or it resulted from quenching of a melt. If it
resulted from devitrification of glass, these particles may be chondrules,
probably of lunar origin because of their high feldspar content (Kuwat et al.,
4; King et al., 5). A chondrule with a similar but not identical surface tex-
ture is shown by Cavarretta et al. (6). If it is a quench texture, the melt
could be either impact-produced or volcanic in origin. As a working hypothe-
sis, the quench hypothesis is favored, the texture probably resulted from the
rapid cooling of melts of volcanic origin. This hypothesis is favored because
of the apparent homogeneity of the original silicate melt, the similar composi-
tion of the spheres and the attached silicate spherules, and the general lack
of surface debris.

REFERENCES
(1) Agrell S.0., J.H. Scoon, J.V.P. Long, and J.N. Coles (1972), In Lunar
Science-III (ed. C. Watkins), 7-9, Lunar Sci. Inst. Contr. No. 88.
(2) Apollo 16 Preliminary Examination Team, Science 179, 23-34, 1973.
(3) Carter J.L. and D.S. McKay (1972), Proc. 3rd. Lunar Sci.Conf., Geochimica
et Cosmochimica Acta, Suppl. 1, Vol. 1, 953-970, The M.I.T. Press.
(4) Kurat G., K. Keil, M. Prinz, and C.E. Nehru (1972), Proc. 3rd. Lunar Sci.

Conf., Geochimica et Cosmochimica Acta, Suppl. 3, Vol. 1, 707-721.

(5) King E.A.,Jr., J.C. Butler, and M.F. Carman (1972), Proc. 3rd. Lunar Sci.

Conf., Geochimica et Cosmochimica Acta, Suppl. 3, Vol. 1, 673-686.

(6) Cavarretta G., A. Coradini, R. Funiciello, M. Fulchignoni, A. Taddeucci,

and R. Trigila (1972). Proc. 3rd. Lunar Sci. Conf., Geochimica et Cosmo-
chimica Acta, Suppl. 3, Vol. 1, 1085-1094, The M.I.T. Press.

We acknowledge NASA Grant NGL-44-004-001 and NGR-44-004-116. Suppl. # 1.

1& 2 ym

Fig. 1. Enlarged view of part of a Fig. 2. Porous, crystallized, sili-
reddish patch on a metallic particle. cate sphere with attached hemispheres.
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Fig. 3. Spherule of silicate material Fig. 4. Debris-coated crystallized
attached to surface of silicate sphere silicate sphere from 69941,13 (B-4)
from 66941,13 (B-1). Note continuity whose surface is a network of feld-
of crystals between the spherule and spar crystals.

the sphere.

Fig. 5. Enlargement of surface of Fig. 4. Fig.-6. Optical photograph of

Feldspar crystals average 2.5 microns by thin-section of sphere in Fig. 2

0.5 microns in length. taken through the largest hemi-
sphere showing continuity of
structure between host sphere and

attached hemisphere.




SILICATE MINERAL CHEMISTRY OF APOLLO SOIL 66081,5. H.C. Jim Taylor
and James L. Carter, The University of Texas at Dallas, The Institute for
Geological Sciences, Box 30365, Dallas, Texas 75230. Contribution no. 229.

Feldspars, pyroxenes, and olivines from Apollo 16 comprehensive sample
66081,5, collected at STA. 6 near the base of Stone Mountain (1), were ana-
lyzed in order to characterize these constituent phases chemically, with the
ultimate aim of determining which local rock types may have contributed to the
makeup of this soil. Major element concentrations in these principal soil
minerals were determined by electron microprobe analysis of fragments in the
35 to 75 micron fraction of this sample.

Plagioclase fragments are the most abundant mineral phase in soil 66081,
constituting about 97 of the particles in the 62.5 to 125 micron fraction,
with agglutinates and glass particles making up about 70% (1). Microprobe
analyses show these plagioclase fragments to be characterized by a high An
content and a low total iron content expressed as FeO. Most plagioclase frag-
ments range in composition from Angj to Angy and are distinctly low in ironm,
with FeO less than 0.3 wt. %Z. Such low iron contents are distinctive, rela-
tive to normally greater iron contents of feldspar from typical mare basalts
(2). Whereas feldspars from KREEP commonly are low in iron, similar to those
of 66081,5 feldspars, the KREEP feldspars contain a wide range of An values
with many values lower than Angp. Thus, the feldspars from 66081,5 are un-
like most mare and KREEP feldspars.

Pyroxenes constitute only about 37 of the particles present in the 62.5
to 125 micron fraction (1). Orthopyroxene fragments are approximately four
times as abundant as clinopyroxene. The chemically defined orthopyroxenes
range in composition from EngjWo3Fsjg to EnypWo4Fspg, whereas the clino-
pyroxenes range in composition from EngsWo,Fsj; to En3gWo,4Fspg. The
chemical analyses allow them to be termed bronzites and diopsidic augites,
respectively. Plots of Ti vs. Al (atoms per formula unit) show two distinct
groupings with the more Mg-rich orthopyroxenes plotting near Ti/Al = 1/4 and
the more Fe-rich orthopyroxenes and the clinopyroxenes plotting near Ti/Al =
1/2. The lack of pyroxenes with intermediate Ti vs. Al ratios seems to infer
a break in genetic relations between these two mineral groups and offers
evidence for the origin of this soil as a mixture of two distinct rock types.
A sparcity of intermediate metastable pyroxenes, the lack of progressive iron
enrichment of pyroxenes toward pyroxferroite compositions, and the high
percentage of Mg-rich pyroxenes are all prominent features of soil 66031,5
and enable one to distinguish these pyroxenes from mare-type pyroxenes.

These criteria establish the lack of mare basalt component in this Apollo 16
soil sample. )

Olivine fragments in the 35 to 75 micron fraction of soil 66081,5 consti-
tute about 37 of the particles present in this soil and therefore exist in
approximately equal quantities to pyroxene fragments, in comparison to the
apparent lack of olivine reported in the 62.5 to 125 micron fraction of soil
66081 by the PET (1). Olivine fragments range in composition from Fog; to
Fogy. The more Mg-rich members are thus distinct from Fe-rich olivines of
mare basalts. The 66081,5 olivines contain less than 0.1 wt. Z TiOp and less
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than 0.2 wt. % Ca0, whereas Reid et al. (2) shows that Cal exceeds 0.2 wt. %
in many mare, KREEP, and highland basalt olivines. The 66081,5 olivines, like
the pyroxenes, are thus consistent with a non-mare origin and also offer
evidence against a KREEP origin.

The chemical characteristics of this suite of minerals thus allow the
66081 soil to be distinguished from both mare and KREEP basalt soil components
and present some evidence that two distinct, although possibly related, rock
types have contributed to the soil mineralogy. These data also support the
hypothesis that at least one of the parent rocks was olivine normative and

“therefore relatively undersaturated in silica. The lack of iron enrichment

in the pyroxenes, the lack of pyroxenes demonstrating intermediate calcium
values, the relative abundance of orthopyroxenes compared to clinopyroxenes,
the Mg-rich character of the pyroxenes and some olivines, and the high An
content of the plagioclase fragments are all features characteristic of
crystallization in a plutonic enviromment of high-alumina, low-iron bulk
chemistry.

The bulk chemistry of soil 66081,5 (1, Table 2), falls within the compo-
sitional range of the ANT (anorthositic-noritic-troctolitic) group of lithic
fragments, glasses, and chondrules (3, Table 1). In keeping with the evi-
dence that this soil may consist of at least two distinct rock types, a mix-
ture of mineral fragments from two rocks of the ANT group, such as an anortho-
sitic component plus a mafic or ultramafic component could be combined in the
form of a breccia which might then have the bulk chemistry of an anorthositic
gabbro.

Soil sample 66081 is described as an indurated clod of white impact
ejecta; possibly from South Ray crater, but in a location generally shadowed
from South Ray ejecta (4). The origin of this white impact ejecta is thus
unknown. The possibility exists that downslope mass wasting of material
from Stone Mountain could have transported the material to its sampling site
where comminution occurred. The relationship of 66081 to other samples
collected in the Descartes area is yet to be determined.
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MURPHOLOGCY AND CHEMISTRY OF PARTICLES FROM APOLLO 17 SOILS
b 74220, 74241 AND 75081
James L. Carter: Univereity of Texas at Dallas, P.O. Box
30365, Dallas, Texas 75230
K.C. Jim Taylor and Elaine Padovani ,

Particles from these soils formed in a cloud of
siliceous vapors. The melt was produced by large energetic
impacts or by volcanism. The volcanic origin is favored
because of the lack of shocked material and complex flow
structures, the low content of metallic iron and the complex
chemical zoning on & pm scale in the minerals. The lack
of hypervelocity-type impact-produced craters and the uld
age of the orange sofl (74220) sugpests that it was laid
down, rapidly covered and more recently exposed. The dark
mantle material (75081) on the other hand has numerous
impact-produced craters primarily 1éss than 1 un in dia-
meter which suggests that it has been exposed for a longer
perfod to micrometeoritic bombardment or that it has been
in the high velocity portion of an impact-produced debris
cloud [1, 2]).

- Selected fragments from soils 74220,87, 74241,46 and
75081,52 were exanined by scanning electron microscope and
scanning electron microprobe techniques. Orange soil
74220 consists primarily of dark orange brown non-vesicular
glass, which occurs as transparent homogeneous (variation
‘between and within particles is similar) rounded forms such
as beads, wafers and tear drops, and two types of opaque
particles, one having dust-welded surfaces (Fig. ]) and the
other being layered with alternating layers of glass and
quench-like olivine (Fogy.g7). This later type of particle

- has an average composition similar to the transparent homo-

geneous orange brown glass forms (Table 1). A feathery
quench-1ike Ti-rich oxide phase (possibly ilmenite) and a
Cr-ulvospinel approximately 1 ym in diameter occur between
the olivine and glass. Cr-ulvospinel occurs more rarely as
individual hollow crystals up to 5 km in diameter (Table 1)
in the glass. As shown by Table 1 the interstitial glass in
these layered particles isspreferentially depleted in these
phases particularly in the olivine conponent. Other opaque
particlés in the soil are ilmenite, Cr-ulvospinel and metal-.
lic iron (5 wt. 2 Ni) with ilmenite the most abundant.
These particle types along with basaltic and breccia rock
fragments and other mineral fragments occur in soils 74241
and 75081. Agglutinated glass particles are rare in soils
74220 and 74241 but are common in soil 75081.

The opaque, dust-welded, particles consist of a trans-
parent colorless glass core of highland basalt composition
(Table 1) surrounded by welded particles of f{lmenite, Cr-

Orange “"Barred'" Particle
Wt.2 GClass |Glass Olivine Ulvospinel | Dust Céated
10, 38.0 39.6 35.8 0.7 45.2
4 T10 8.87 ]11.8 1.4 29.4 0.49
AJ;S: 5.51 7.58 0.3 33 23.4
Cry03 0.70 0.55 0.6 10.6 0.17
Fel 22.4 21.4 2t.1 47.8 6.77
Mg0 14.5 6.73 34.6 3.8 9.25
Ca0 6.99 |11.1 0.5 0.5 14.0
Nay0 0.39 0.48 0.0 0.1 0.30
K20 0.06 0.06 0.0 0.0 0.06
Total 97.42 | 99.27 100.3 96.2 99.71

Table 1. Chemical analysis of particles from 74220. Orange
glass average of sixteen analyses.

vlvospinel, orange glass, plagicclase and olivine. The
particles of welded dust and the quench-like feathery Ti-
rich oxide phase and other opaque phases contribute to the |
opaque nature of these particles. This type of particle is

especially abundant in soil 74241 and contributes ta its
grey color. ’

All glass surfaces have a siliceous coating up to 0.2
ym in thickness that is composed of spherules up to 0.1 pm
in diamcter in a film-like matrix which is enriched in sili-
con and depleted in iron relative to the substrate. Very
few metallic iron mounds were found but numerous large
mounds and knobs of silicate material similar in conmposition
to ‘the host are present primarily on the opaque layered
forms (Fip. 2). The contact between mounds and host sub-
strates may be continuous or discontinuous (Fig. 2) sugrest-
ing a range in temperatures between host substrates and im-
pacting silicate material. Ouench-like olivine and ilmenite
appear as surface expressions. One vnusual surface particle
consists of a core of CaS surrounded by material containing
only K and S§ as shown by energy dispersive techniques. This
t§pe of material has not been recorded in lunar matevial.

No hypervelocity type impact-produced features occur
on the surfaces of the particles from sofl 74220 and cra-
ters less than 0.5 pm in diameter are rare. The transpar-

ent glass forms commonly have one smooth and shiny side,
with or without micro-chips, while the opposite side has a
frosted appearance optically duc to the presence of
scratches and low velocity impact-produced craters reminis-
cent of features produced in the heated target experiments
Just above the softening point of the glass [2]. The cen-
tral pit contains a complex web-like flow structure of com-
position sinmilar to the host (Fig. 3). 1In contrast to the
particles from soil 74220 the surfaces of particles from
the dark mantle sofl 75081 have numerous impact-produced
craters primarily less than 1 pm in diaceter. The larger
craters have a snooth surfaced central pit.

It is suggested from these data that the opaque orange
particles formed in the upper portion of a cloud of sili-
ceous vapors and liquid droplets. The mounds and knobs of
material with a conposition similar to the hcmogeneous host
formed as the particles fell back through the cloud, possi-
bly similar to a volcanic fire fountain on Carth. The
transparent smooth surfaced rounded forms did not fall
through the cloud and quenched in the cold environment of
the moon. The particles were not tumbling In the cloud
because low velocity impact-produced features occur mainly
on one side. The cloud may have resulted from an energetic
large impact event or volcanism. The lack.of shocked mater-
{al and complex flow structures in the glass, and the low
content of surface metallic iron favors a volcanic origin.
Since lunar soil contains hydrogen and carbon from solar
wind bombardment, metallic iron would be produced by reduc-
tion processes during meterotic impact melting of iron rich
silicates and oxides [3]. This type of melting results in
porous glasses of variable composition [4]. It follows
then that if the orange soil (74220) is impact produced, a
large volume of material must have been melted, degassed
and homogenized. This would not be obtained by bombardment
of lunar soil with micrometeroids but may be in very large
energetic impacts.

The chemistry of the minerals from soil 74220 add addi-
tional evidence with regard to the origin of this material
and is consistent with a volcanic origin. The pyroxenes are
dominantly clinopyroxenes with only one orthopyroxene and
twenty nine clinopyroxenes. The clinopyroxenes are Mg-
pigeonites, augites, salites, ferroaugites and subcalcic
ferroaugites. These features are reminiscent of low pres-
sure rapid crystallization environments on Earth. This ob-
servation is consistent also with the small grain size (on
a ym scale) and sharp chemical zoning of these clinopyro-
xenes on a km scale.

The olivincs offer further evidence of a low pressure
rapid crystallization environment. Most of the olivines are
associated with orange glass, either as devtrification or
quench products within orange glass or as particles with
fragments of orange glass adhering to their surfaces. The
unusually high Cry04 content of these olivines (0.35 wt. %
to 0.80 wt. Z) and the high Cald content (0.3 wt. % to 0.6
wt. 2) of these clivines is consistent also with a low pres-
sure rapld crystallization environment. However, these
features may reflect the Cry04 and Ca0 contents of the
probably genetically related orange glass,

The plagioclases range in composition from Angs g to
Anj3 g with a mole percent Or component less than 1.1. They
have a wide range of FeO contents ranging from 0.06 wt. % to
0.98 wt. Z. The wide range in both An and FeO contents is
consistent also with a low pressure rapid crystallization
environment. Admixtures of plagficclase from mare basalts
(Fe0 greater than 0.3 wt. %) as well as highland basalt and
possibly KREEP (FeO usually less than 0.3 wt. Z) may also
contribute to this wide spread of values.

The presence of dark brown, highly vesicular, particles
in soil 75081 (Fig. 4) is consistent also with a volcanic
origin. This type of particle has angular unshocked frag-
ments of plagiocalse and clinopyroxene with exsolution la-
mellae in a matrix of clinopyroxene crystals that range in
diameter from 2 ym to 5 ym and plagioclase laths that are
0.5 yn wide and 2 ym long. No rock fragments were seen in
these particles. :
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VAPOR-LIQUID-SOLID WHISKER GROWTH ON LUNAR BRECCIA 15015

James L. Carter and D. L. Crosthwait, Jr. 1) ~

The University of Texas at Dallas, P.0. Box 30365, Dallas, Texas 75230.
1) Texas Instruments, Inc., P.0. Box 5012, Dallas, Texas 75222.

Possible VLS (Vapor-Liquid-Solid) whisker growth has been discovered for the
first time in nature on the surface of lunar breccia 15015. Rock 15015 was
collected on the Apollo 15 flight and is blocky, angular, largely glass—cov-—
ered, almost 30 cm long and weighs 4.5 kg [1]. A 62 mm? glass-covered sur-
face of a fragment of 15015 (15015,36) was coated with 150 X of Au and select-
ed areas studied in detail with a JEOLCO JSM-1 scanning electron microscope
(SEM) [2], an ARL scanning electron microprobe (EMX SM) with a QANTA/METRIX
energy dispersive spectrophotometer [2] and a Cambridge MK IIA SEM at Texas
Instruments, Inc. of Dallas. The study of the surface of breccia 15015 [2]
showed that 1) the siliceous coating was outgassing while solidifying, 2) it
has numerous mounds of metallic iron and complex miktures of metallic iron
and sulfur, 3) there were at least four nucleation events resulting in mounds
with average diameters in ym of 45, 19, 10 and 0.2, 4) the sulfur was suppli-
ed from an external source such as a meteoritic impact-generated cloud, 5)
the iron was supplied both from an impact-generated cloud and by in situ re-
duction of the liquid siliceous surface and 6) it has patches that range from
0.4 ym to 400 ym in longest dimension consisting of rods and spherules that
distort the EMX SM secondary electron image.

Investigation of the nature of these patches by means of montages and stereo-
scopic SEM photographs reveals that they occur 1) on "high" areas on the
glass siliceous surface (Fig. 1), 2) on the surface of minerals that protrude
through the glass surface (Fig. 2) and 3) on the surface of irregularly
shaped metallic iron mounds that surround the silicate mineral "islands"
(Fig. 3), but they do not occur on the surface of the intervening siliceous
glass [2]. More detailed characterization of the surface morphology of a
patch at Texas Instruments, Inc. revealed dendritic structures (rods) with
bulbous heads similar in appearance to VLS growth [3] (Fig. 4). The bulbs
are a maximum of 0.2 ym in diameter and the rods are a maximum of 0.15 ym in
diameter. Rod length varies from 2 to 10 times bulb diameter. Elemental
analysis from EMS SM and energy dispersive X-ray techniques indicates the
presence of iron and sulfur in the bulbs but no sulfur in the rods which
confirm the possibility of VLS. Wagner and Ellis [3] proposed a growth
mechanism envolving vapor, liquid and solid phases to explain many laboratory
observations of the effect of impurities in crystal growth. The proposed VLS
growth on the surface of lunar rock 15015 is the first recognized in nature.
Since this proposed VLS growth probably occurred in a meteoritic impact situ-
ation on the lunar surface, it may have been an important growth mechanism in
the early accretionary history of the Earth and in other planetary situations
where an appreciable oxidizing atmosphere is absent. Finally, since the
metallit iron rods are either single domain or pseudo-single domain due to
shape anisotropy, they may affect strongly the magnetic properties of rock
15015 and contribute to its hard magnetic component [4].
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ABSTRACT

Probable VLS (Vapor-Liquid-Solid)-type growth has been discovered for
the first time in nature on the surface of lunar rock 15015. It occurs as
probable metallic iron stalks from <0.015-0.15 pum in diameter with bulbous

tips from <0.03-0.2 ym in diameter consisting of a mixture of iron and,sulfur.

Stalk length varies from 2 to 10 times bulb diameter.
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INTRODUCTION

Astronauté David Scott and James Irwin on the Apollo 15 mission collected
a blocky, angular, largely glass—covered breccia (15015) almost 30 cm long and
weighing 4.5 kg [1]. The éample is the third largest one returned and no other
rock of comparable size was in the collection area [1]. It was collec?ed
approximately 20 m west of the IM + Z footpad [1].

A 62 ﬁmz glass-covered surface of a fragment of breccia 15015 (15015,36)
was coated with approximately 150 R of gold and selected areas studied by
Ascanning electron microscope (SEM), scanning electron microprobe (SEMP) and
energy dispersive X—réy (EPX) techniques [2]. The chemical and morphological
nature of the surface features in the selected areas including numerous mounds
of both metallic iron and complex mixtures of metallic iron and iron sulfide
have been described in detail by Carter [2]. e also noted peculiar patches
that ranged from 0.4 um to 400 ﬁm in longest dimension consisting of stalks
with bulbous tips that distortéd the scanning electron microprobe secondary
electron image. This paper examines the nathe of these patches and suggests
that they are the result of VLS (Vapor-Liauid-Solid)-type growth [2,3,5].
VLS-TYPE GROWTH

Investigation of the siliceous glass surfacé of rock 15015 by means of
montages and stereoscopic SEMkphotographs reveals that the patches occur on
1) "high" areas on the glass éiliceous surface [2] (Fiés. 1 and 2), 2) surface
of minerals that protrude through the glass surface [2] (Fig. 1) 'and 3) surface
of irregularly-shaped metallic iron mounds that surround the silicate mineral
“islands" [2]. Patches do not occur on the surface of the intervening siliceous

glass. The "high'" areas are surface expressions of high points on the rock
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substrate that were covered by a thin layer of siliceous melt which quenched
faster ;han thglthicker areas of melt. Examination of a patch at high magnifi-
cation reveals that they are composed of a series of stalks with bulbs on

their tips [2,5] (Figs. 3 and 4). The bulbs vary from less than 0.03 um to.
0.2 ym in diameter (Figs. 3 and 4), and the stalks vary from less than 0.015 ym
to 0.15 ﬁm in di;meter (Figs..3;and~4). Stalk length varies from 2 to 10

times bulb diameter.

DISCUSSION AND CONCLUSIOMS

From SEMP and EDX data, the bulbs are probably a mixture of iron and sulfur,
whereas the stalks are metallic iron [2]. However, because of the extremely
small size of these structures it is not possible to ascertain preéisely their
chemistry. However, the chemical data and the morphological relationships are
consistent with the stalks and bulbs being the result of a VLS-type growth
mechanism operating in the lunar environment during a meteoritic impact event.
This type of growth mechanism involving vapor, liquid and solid phaseé was
proposed by Wagner and Ellis [3] to explain many ob;ervations of fhe effect of
impurities in crystal growth from a vapor in laboratory experiments. Crystals
formed in this way are usually of very pure composition and structure.

This proposed VLS-type growth on the surface of lunar rock fragment
15015,36 is the first recogniéed in nature. Since the metallic iron stalks are
either single domain or pseudé—single domain due to shape anisotropy, they may
affect strongly the magnetic properties of this rock and contribute to its
hard magnetic component [4]. Low-grade metamorphic breccia produced from soil
containing these VLS-type metallic iron needles would then contain metallic

iron needles of single or pseudo-single domain type [4].
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Since VLS-type growth has probably occurred in many impact situations
on the lunar surface, it may have been an important growth mechénism in the
early accretionary history of the Earth especially before it acquired an
appreciable oxidizing atmosphere, and in other planetary situations.
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FIGURE CAPTIONS

Fig. 1. SEM photogrpah showing nature of probable VLS-type growth on "high"
area and on silicate mineral "island".

Fig. 2. SEM photograph showing relationship of probable VLS-type growth on
"high" area to metallic iron mounds.

Fig. 3. Enlarged view of ccntef of Fig. 2 showing probable VLS-type growth
of stalks with bulbous tips.

Fig. 4. Fnlarged view of center of photograph on cover showéng details of
probable VLS-type growth. Stalks are probably metallic iron and
bulbous tips are probably mixtures of iron and sulfur.

COVER CAPTION
Scanning electron microscope photographs of selected area of surface of

lunar’rock fragment 15015,36 showing the first discevery of probable VLS

(Vapor-Liquid-Solid)-type growth in nature. 22,000X. Photograph courtesy.of

D. S. McKay, Lyndon Baines Johnson Space Cehter, Houston, Texas.
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- ABSTRACT
The less than 1 mm fines 68841,11 (light-colored ray ejecta) and 69941,13

(dark- colored ray eJecta) from South Ray Crater contain unusual types of
metallic particles and silicate spheres with textured surfaces.’ The metailic
particles consist of two types: roundéd forms and irregularly—shaged forms.
The rounded forms have euhedral crystals of schreibersite (18.6 wt. % Ni)
iﬁtergrown with metallic iron (4.l'§t. % Ni, 0.8 wt. % Co), FeS and éhemically
-defined bornlte (Cu FeSQ) ‘The irregularly-shaped forms have low contents

of schreibersite, are intergrown with!blagioclase laths and olivine and have

wellgdeveloped crystals of hydrated iron ox1de probably 1ep1docroc1te on thelr

surfaces. It is suggested that this maﬁerial formed in a hot impact ejecta

blanket or in an igneous enviromment and later was exposed by meteoritic impact.

..

The silicatg spheres have a porous surface consisting of a network of
plagioclase laths that/formed during quenching of melts of essentially highland
basalt composition. Most sphere surfaces are free of angulé# debris but have
attached spherules and hemispheres of the same composition and texture as tﬁe
host sphere. The original melt could be eighef.impact—prodﬁéed'or volcanic
in origin.l The volcanic ﬁypothesis is favored because of 1) the apparent
relative homogeneity of the original silicate melt, 2) the similar composition
of the spheres and the attached spherules and hemispheres, 3) thé general
lack of surface debris, 4) the apparent lack of shocked debris and 5) the

apparent lack of metallic iron of meteoritic composition within the spheres.



INTRODUCTION
A principgl objectivé of the qullo.lé mission was_to study the lateral

variation and petrology of the Cayley Formation between North and South‘Ray

Craters (Apollb 16 Preliminary Science Report, 1972). Evidence forviayering

in the Ca&ley Formation is seen in the stratigraphic sections exposed at North

and South Ray Craters suggestingka light colored and a dark.coiored Iayer,

which may be two major sourcé; of debrié on the Cayley Plains. The light and
A dayk material from the rays at South Ray Crateré maynrepresent material from

these two layefs in the Cayley Formation. This ray material provides the only

: igneouéwfgcks collected byithé Apollo ié éfew aﬁd may £é§resent large clasts

- from the deepest breccias sampled at this locality (Apollo 16 Preliminary

-

Sciénce Report, 1972).

Selected particles from the léss than 1 mn fines gSS&l;il.(lightecolored
‘ray ejecta) and 69941,13 (dark;colored*ray~ejecta)’from South Ray Crater
were examined by optical, scanniﬁg electron microscope (SEM); scanning electrbn
microprobe and energy dispersive X-ray techniques to characterize them. These
samples contain particles compafable to those reported by the Apollo 16
Preliminary Science Report (1972). In addition, they contain fragments and
beads of green glass and several types of unusual particles (Carter aﬁd
Padovani, 1973). The unusual particles_consist‘of complex, metallic objects_
of vérious shapes with 6r without hYdrated'iron oxides, and sufface textured
alumina-rich silicate spheres with attached spherules of similar composition
having quench-like textures. | |
METALLIC PARTICLES

The metallic particles consist of two types: rpunded forms (Fig. 1) and

irregularlywshabéd forms (Fig. 5). The particles from fines 68841 shown‘by




Fig. 1 is composed of we11~developed interlocking euhedral crystals of

schreibersite (Fig. 2) intergrown with large crvstals of metallic iron with

_ patches of plaéibclase on their surfaces (Fig. 1; Table 1). FeS (Fig. 3; Table 1)

and chemicaliy defined bornite_(CuSFeSA) (Fig. A;ITable 1) occur in minor
amounts. Bornite has not been reported previousiy from Junar materials..-
In‘this particle, it is found in contact with.metaliic iron and possibly
“ixon.sulfide,,an“occurrence_that implies a moderate temperaﬁure environment
during its formation (Yund and Kullerud, 1966). From Table 1 it appears

that the chemically defined bornite has excess Fe and S. This could result

from 1) admixed FeS, 2) X-ray signal from substrate FeS or 3) solid solution
of § Qith an k~ray signal from substrate Fe. Tﬁe latter implies a moderately
low temperétdre of formation (Kullerud, 1963). FeS occurs as irrégulariy~
shaped, plate-like patches (Fig. 3), but not as distinct crystals. However,
it occurs with euhedral outlines ip the interior of the sphere where it is
enclosed in schreibersite. Metallic iron and schreiberéite (Figs. 1 and 2)
show well-developed crystal habit with the latter superimposéd on thé growth
steps of the former (Fig. 2) in some occurrences. The ;chreibersite.contains
approiimately 18.6 wt. Z nickel and the metallic irqn 4.1 wt. Z nickel
(Table 1), which suggests als§ a relatively low témperature of formation
(Doan and Goldstein, 1970). | |

The second type of metallic particle occurs in fines 69941 and is
irregular in shape with metallic iron as its chief constituent with minor
FeS (Fig. 5). vIntergrown plagiocl$se laths occur on the surface (Fig. 6) along
with patches of.deep.ruby—red to orange red material that have a crackled

appearance similar to that of a dessicated gel (Figs. 7 and 8). This material

occurs also as well-developed hollow box-like twinnéd crystals (Fig. 8). It




occurs commonly in the contact between the silicate minerals, especially
olivine, and metallic iron (see also El Goresy et al., 1973). Microprobe
and energy dispersive data show it to be composed of approximately 81 wt. %

iron expressed as F§203, 2-6 wt. % Nib,vl—Z wt. % Cl, less than 1~wt. % SO3,
and minor amounts of Ca; K and -5i. >The hydrated material deteriorates.unaer
the electron beam bombardment.A Téylor (1973, peréonél commuﬁication)'observed
_-a -rate -of 5%,incréase in iren per minute with -0.2 .pamps .of beam current for

similar material. This suggests the presence of volatiles, probably HZO'

We suggest that this crystallized material is lepidocrocite formed

through the hydration of lawrencite. This hydrated material appears to have
~ formed later than the debris-coated surfaces of the iron partihles beca9§e
- impact pits are present in small numﬂers on the surfaces of some ofithe métallic
grains but are not observed on the hydrated material; The apparent absence
of impact pits on the hydrated material does not rule out the possibility
thét the hydration products were initiated on the lunar surface and formed
over a long time span, of that it formed afﬁer the metallic iron was exposed
to bombardment. A possible source of water on the moon is the reduction of
iron-bearing materials to metallic iron b& rerobilized meteoritic carbon
and trapped solar wind components in theblunar soil (Carter and McKay,‘l972).
SURFACED TEXTURED SILICATE SPHERES

A sccond type of unﬁsual particle which is characteristic of the less
than 1 om fines 69941 consists of silicate spheres of essentially highland
baéait composition with textured surfaces (Figs. 9 to 18). The surfaces of
these spheres are porous and are made up of a network of plagioclase crystals
(An§5496) in devitrified (?7) glass. Most sphere surfaces are freevof angulaf

“debris but have attached spherules and hemispheres of the same composition




.and texturé as the host sphefe (Figs. 9, 10 and 13 to 18; sée also Carter and
Padovani, 1973). Enlaréed viéws qf‘the plagiocla%e network areAsﬁown in Figs.
10 and 15. The porogity‘is a reéult of the reduction of volume as liquid
pulled awvay from thé blagioclase‘néfwork during quenching.A The lﬁrée iﬁéact
_feature segﬁ on the hemisphere in Fig. 9 appears to have forned ;fter the
crystals, because the surfaces of adjacent plagioclasévlaths have been wetted
-and -partially covered by splashed.glass flowage from the pit rim.

| - The origin of the attached hemispheres and ;pberules is somewhat of an

enigma. If these features formed by extrusion of material during the volume

reduction which.ac;ompanies crystallization, one would e%pect some kind of
deformation of the host.sphere which is not seen (Figs. 9, 1% and 13). Agrell
et al, (1973) have showﬁ several stages of hemispherically—shaped glass
accumulations on greeﬁ glass particles from Apollo 15 fineé. Glassy particles'

from the Apollo 17 orange fines 74220, which have quench-like olivine crystals,

also have rounded attachments of various shapes (Carter et al., 1973; McKay
and Heiken, 1973). The host particles of the Apcllo 17 materials havé a wide
range in shapes. The attached rounded siliceous materials show more extensive
wetting of the host and are more Variahle in shape than those‘described on
the Apollo 16 lsilicate spheres.(Carter and Padovani, 1973) and generally are
more variable than those described on Apollo 15 green glass spheres (Agrell

et al., 1973; McKay et ai., 1973a,b).

Doubly-polished tﬁin—éections of several(characteristic sphere types
were made for furthef'detailed studiés. A transzitted light optical micro-~
scope photograph of‘the thin-section of the particle shovm in Fig. 2 is seen
in Fig. 11. This section shovs a texture of sub-parallel and interlocking

laths of plagioclase (Figs. 11 and 12). These textures show remarkable




similarity to ﬁhose:formed by queﬁching mixtures of olivine and plagioclase
from high pressure experimental studies (Presnéll, 1973, personal communi-
cation)! The spherical opaque phases whicﬁ occur interstitially between the
plagioclase laths as shown by the reflected light photograph in Fig. 12 éonsist
of round grains of iron sulfide (FeS) withvminor amounts of euhedral iron
cfystals éontaiﬁing 0.5 wt. Z_Ni;

JIn contrast to the particle-seen in Figs.'9 to 12, the.silicatg sphere
" seen in Fig. 13 has complex iron mounds on its surface. The mounds are

characterized by a waist of FeS and a center composed of a mixture of metallic

_dron (with 5 wt. % Ni) and_schreibersite (up to. 30%) (Figs. 15 to-18). The - -

mounds occur in meandering trains across .the smoother portions of the silicate
host (Fig. 16) and aloﬂg the edges of the plagioclése crystals (fig. 155.
This suggests that the high temperature solidification of irqn caused the
siliceous melt in these areas to quench laét andvthat the crystallization of
plagioclase occurred subsequently. Also present on this surface are amoéboid-
like mounds of metallic irbn kFig. 18). Similar éypes of mounds were produced
in the hydrogen reduction experiments of Carter and McKay (1972). No shocked
mineral fragmgnts were observed in these siliéate spheres.
DISCUSSION AND CONCLUSIONS |

The presence of ZnS and_PbS in metallic particles or in the hydrated
iron-okides (E1 Gorsey et al., 1973, oral presentéfion, 4th. Lunar Sci. Conf.)
andvthe presence of chemically defined bornite (CUSFES4) suggests that the
oxidation may haye been initiated on the lunar surface (Taylor et al., 1973).
The presence of silicate minerals intergrown with metallic iron (see also
Brett et al., 1973) suggest that the material ray have formed in.a hot impact

ejeéta blanket or in an igneous environment and later exposed by a meteoritic



impact. This would be qonsistent_with the fihdings of Williams and Gibson
(l97é) on the stability>of hydrated iron oxide under lunar conditions. The
absence of microcraters on the hydrated iron oxide but-their'presence in
very small numbers on iron crystals suggests that the hydrated iron oxide
formed later_than the metallic iron and after'it was exposed to bombardment.
The presence of microcraters on. the surface of the hydrated irodvoxide would
be unequivocal evidence for. the fOrmation of that material on the moon.

The origin of the surface texture on the silicate spheres is germane to

the origin of these spheres. There are two principal possibilites; either

it resulted from devitrification of glass, or it

resulted from quenching of
a melt (Carter and Padovani, 1973). If it resulted from devitrification of

»

. 8lass, these particleé'may be chondrules, probably of lunar origin because
of their high feldspar copteﬁt (King et al., 1972; Kurat et al., 1972).4 An
apparent lunar chondrule-with -a -similar butunotﬂidentical.surface~texture ié
shown by Cavarretta et él.'(1972).' The ﬁox—like network én&lthe metallic
mounds on their sides and'in meandering trains deﬁonstratés‘that'the texture
resulted from quenching of a melt and the hollow network resulted from pulling
away of the melt into the interior as a resulf of volume reduction on crysﬁal—
lization. Therefore this texture is a quench texture.’

The original melt could be either impact-produced or volcanic in origin.

As a working Hypothesis, the volcanic hypothesis is favored because of 1) the

apparent relative homogeneity of the original silicate melt, 2) fhe similar
composition of the spheres and the attached silicate spherules and hemi-
spheres, 3) the general lack of surface debris, 4) the apparent lack of shocked
debris (Stﬁhlé, 1972) and 5) the apparent absence within the spheres of

metallic iron with meteoritic nicliel-cobalt ratics. The similarity of features



between the Apoilo 15 green glass spheres,.the Apollo 17 orange glass spheres
and these Apol]o 16 surface textured spheres suggests a similar mode of
Orlgin - The Apollo 17 orange glass spheres have been interpreted by Carter
et al. (1973) and by McKay and Heiken (1973) as pos31blv resulting from a

fire fountain type of eruptlon. Thls origin.is also favored by McKay et al.

(1973b) for ‘the Apollo 15 composite green glass.spheres. Mn the other hand

-Roedder and Weiblein (1973) SUQgests a meteoritic impact into a liquid lava

" lake for the formation of the orange glass spheres. This would require

unique timing for the formation of lavas of different ages with their sub-

localities.

-

An impact into a lava lake with a hardened crust would eject fragments

~of the hardened crust and mix them with the molten ejecta. Such fragmental

debrls has not been observed adnlxeo with the green glass spheres (Agrell

et al., 1973; Carusi et al. 1972 McKay et al. 1973b) or reported from |

-the Apollo 17 materials. Furthermore, later meteoritic impacts into a solidified

iava lake would resulrnin rock fragments of composition similar to the molten
lava. Only two possible rock equivalents of the Apollo 15 green.glass have
been reported (frinz et al., 1973), and no rock fragments equivalent to the
Apollo 17 orange glass have been reported. However, Roedder and Weiblen (1973)
believe that the relatively minor differences -in epmposition between the orange
glass and the various available high-titanium mare basalt samples are readily
erplicable and hence not of serious import. Because the volcanic wquiné
hypothesis is based on few data, it should not be considered as compelling
without the confirmation of additional studies of large numbers of particles

from different localities.



ACKNOWLEDGEMENTS '

Supported by NASA Grant NGR-44-004-001. We thank J. B. Toney for
technical assistance. We thank D. S. McKay for-taking the SEM photograph
shovn in Fig. 8. We thank J..L. Lindéy, E. King, Jr.and H. C. Jf Taylor

for critically reviewing the manuscript.

'REFERENCES

-Apollo 16 Preliminar Science Report (1972) National.Aeronautics and Space

Administration, NASA-SP~31S, pp. 6-1,81.

Agrell, S. 0., Agrell, J. E. and Arnold, A. R. (1973) Observations on glass

from 15425, 15426, 15427. In "Lunar Science IV" (editors J. W. Chamberlain

and C. Watkins) pp. 12~l4; Lunar Science Institute, Fouston.

-

_Carter, J. L. and McKay, D. S. (1972) Metallic mounds produced by reduction

 of material of simulated lunar composition and implications on the origin
of metallic mounds on lunar glasses. "Préc. Third Lunar_Sci. Conf.,
Geochim. Cosmochim. Acta" Suppl. 3, Vol. 1, pp. 953—970.-MIT Press.
Carter, J. L. and Padovani, E. (1973) Genetic implications 6f Apollo 16 soil
particles. In "Lunar Science IV" (editors J. W. Chamberlain and C.

Watkins) pp. 121-123, Lunar Science Institute, Houston.

Carter, J. L., Taylor, H. C. J. and Padovani, E. (1973) Morbhology and

chemistry §f particles from Aﬁollo 17 soils 74220, 74241 and 75081.
Trans.. Am. Geop. Union, Vol. 54, No. 6, pp. 582-584.

Cavarretta, G., Coradini, A., Funiciello, R., Fulchignoni, M., Taddeucci, A.
© and Trigila, R. (1972) Glassy particles in Apollo.lé soil 14163,88:
Peculiarities and genetic considerﬁtions. "Proc. Third Lunar Sci.
Conf., Geochim. Cosmochim. Acta' Suppl. 3, Vol. 1, pp. 1085-1094. -

- MIT Press.




-Q-

Doan, A. S., Jf. and Goldstein, J..I. k1970) The tgrnary phase diagram,
Fe~Ni-P. Met. Trans. Vql._l; pp. 1759-1767.

El Goresy, A.,.Ramdohr, P. and Médenback, 0. (1973) Lunar samplés from the
Descartes site: Mineralogy and'geochemistry‘of the opaques. In "Lunar
Scieﬁce IV"-(editors J. W. Chamberlain an& c. Wa;kins)'pp. 222-224,

Lunar Science Institute,. Houston. .

'King, E. A., Jr., Butler, J.'C. and Carman, M. F. (1972) Chondrules in Apollo

14 samples and size analyses of Apollo 14 and 15 fines. "Proc. Third

Lunar Sci. Conf., Geochin. Cosmochim. Acta" Suppl. 3, Vol. 1, pp.

-Kullerud, G. (1963) The Cu-Fe-S system. Ann. Rpt. Geop. Lab. Carnegie Inst.

P

of Washington Year Book 63. pp. 200-202.

Kurat,.G., Keil, K., Prinz, M. and Nehru, C. E; C1§72) Chondrules of lunar
origin. "Proc. Third Lunar Sci; Conf.; Geochim. Cosmoéhim. Acta'" Suppl.
3, Vol. 1, pp. 707-721. MIT Press. | |

McKay, D. S. and Leiken, G. H; (1973) Petrography and scanning electron

| microscope study of Apollo 17 ofange and black glass. Trans. Am. Geop.

Union, Vol. 54, No; 6, pp. 599-600. |

McKay, D. S., Clanton, U. S. and Ladle, G. H.7(1973a) Surface morphology of
Apollo 15 green glass spheres. In “"Lunar Science IV'" (editors J. W.
"Chamberlain and C..Watkins) ﬁp. 484486, Lunar Science Institute, Houstoﬁ.

McKay, D. S., Clanton, U. S. and Ladle, G. H. (1973b) Scanning electron
microscope study of Apollo 15 green glaés (ed. see this iséue),

Prinz, M., Dowty, E. and Keil, K. (1973) A model for the origin of orange

and green glasses and the filling of mare hasins. Trans Am. Geop. Union,

Vol. 54, No. 6, pp. 605-606.

6736867 MIT Presss —  — " T e e e



-10-

Roedder, E. and Weiblen, P. W. (1973) Origin of orange glass spherules in
- Apollo 17 sample 74220..Trans; Am. Geop. Union, Vol. 54, No. 6, pp.
612-613. | |
Stﬁhle,'Y._(1972).Impact glasses from'thé suevite of the Nordinger Ries.
. Earth and Planetary Sci. Lett., Vol. 17, ﬁo. 1, pp.:275~-293. °
~ " Taylor, L;»A., Mao, H. K. and Bell, P. M. (1973) Apolio 16 ";usty" rock
66095. In “Lunar Science IV" (editors J. W. Chamberlain and C. Watkins)

pp. 715-716, Lunar Science Institute, Houston.

Williams, R. J. and Gibson, E. K. (1972) The origin and stability of lunar

‘goethite, hematite and magnetité. Earth and Planetary Sci. Lett.,

Vol. 17, No. 1, pp. 84-88.

-

' Yund, R. A. and Kullerd, G. (1966) Thermal stability of assemblages in the

Cu-Fe-$S éystem. Jour. of Petrology, Vol. 7, Pt. 3, pp. 454488,




-11-

FIGURE CAPTIONS

 Fig.

Fig.

Fig.

Fig.

with minor amcunts of FeS and bornite (Cu

1. SEM view of metallic spherules from less than 1 mm fines 68841

.consisting of inertlocking crystals of schreibersite and metallic iron

5FeS[‘).

2. Enlarged SEM view of bottom of Fig. 1 showing schreibersite crysfal

on metallic iron growth steps.
3. Enlarged SEM view of upper right of Fig. 1 showing structure of FeS.
4, Fnlarged SEM view of 1dwer\right of Fig. 1 showihg nature of bornite

on metalliec iron substrate.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

. 5. SEM v1&6‘Ef"iffégﬁié§i§iéﬁégé&*metaiiié”iEzﬁfEaEtiEiZ“??S& less than

1 mm fines 69941.

6. Enlarged SEM view of tOp—right ?f Fig. 5 showing nature of plaéioclase
laths intefgrown with metaliic iron.

7. Enlarged SEM view.ochentgr.leftAof,Figw 5 showing .nature of hydrated
iron oxide. Note dessicgted éppearance of surface and a?eas of crystal-
lization. _ |
8. Enlarged SEM view of ldwer left of Fig. 5 showing details of holloﬁ
box-like twinned crystals of lepidocrocite.(?)i |

9. SEM view of surface textured silicate spﬂere from less than 1 mm finés

69941 showing attached hemispheres of silicate material of similar compo-

sition and texture as sphere.

10. Enlarged SIM view of top of Fig. 9 showing details of the porous
surface of plagioclaée laths produced during quenching of melt of
essentiaiiy highland ‘basaltic composition.

11. Transmitted light optipal photograph of thin sectioﬁ of sphere

shown in Fig. 9.
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Fig. 12. Enlarged Reflected_light optical view of center of Fig. 11. Dark
- gray laths are plagioclase. Light gray is devitrified (7) glass.

Vefy light gray ciréularAareas are FeS.

'Fig;ll3. SEM view of surface textrued silicate sphere from less than 1 mm

~

fines 69941 with attached spherules of silicate material of similar
composition and texture as- the sphere. lNote-also large mounds of metallic

iron (center and lower right).

Fig. 14. Enlarged SEM viéw of lower left of Fig. 13 showing nature of

attached silicate hemisphere.

Fig. 15. Enlarged SEM view of center-left of Fig. 14 showing details of pgféﬁ;

- surface of plagioclase laths on attached silicate spherule. Metallic iron

mounds with a waist of FeS occur on the edges of the plagioclase laths.

Fig. 16. Enlarged SEM view of bottom of Fig. 13 showing details of metallic

iron mound development on surface of sphére. Mounds occur in trains on
relatively smooth areas and not on the textﬁ?ed areas. |

Fig. 17; Enlarged SEM view of metallic iron mound on bottom of sphere in
Fig. 13 showing details of waist of iron sulfide. Textured surface of
metallic iron mound results from intergrown schreibersite.

Fig. 18. Enlarged SFM view of unusual amoeboid-like metallic iron mound on

surface of sphere in Fig. 13 (central area).

TABLE CAPTION
Table 1. Wt. Z of elements in coexistiﬁg phases in metallic sphere from

~less than 1 mm fines 68841. Values in parenthesis are for stoichiometric

bornite.




Fe
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Co

~ Cu ,

Fe(Ni, Co)

94.6° .

4.1

0.8

V(Fe,Ni)3P

64:6

o 18.6.

0.35

0.0

0.08

. 99.23

15.6 -
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FeS

63.1

0.08

0.09
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- 35.8

99.21
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Cu.
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0.2
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ABSTRACT

The'utilization of small amounts of material in the mineralogical and
chemical characterization of lunar soil samples appears to be very successful
in formulating major geolgical deductions. Such knowledge should be valuéble
in the planning of future ex;faterrestrial scientific missions. Mine}al
analyses -of pyroienes from the ieSS»than 1 rm size fraction of Ap0116 15 soil
saﬁples 15411,46 and 15501,53 and plagioclase feldspars, pyroxenes and olivines
from the less’than 1 om size fraction of Apollo 16 soil samples 66081,5 and
~69941,13 can be used to distinguish mare, KREEP and ANT (anorthosite-norite-

troctolite) or highland "basalt" components in these soils.

Comparison of mineral chemistry in soils 15411 and 15501 from the

Apenniné Front/lladley Rille area éllow characterization of the 15411 soil,
collected at Spur Crater on the ladley Delta front, as consisting.primarily of
gabbroic—ahorthosite components, whereas the 15501 soil collected near Hadley
Rille consists primarily of mare-type bésaltic components. Contamination of
the 15501 mare-type basalt soil with minor amounts of the gabbroic-anorthosite
components may indicate the effect of downslcpe méss:wasting of materials from
the Apennine Front onto the mare surface. |

“Apollo 16 soil 66081 frém the-Descartes area shows only ANT components,
whereas soil 69941 from South Ray Crater has a major\ANT component together

with a possible mirnor KREEP and ultramafic comoenent. The possible ultramafic

component consists of olivine as forsteritic as FooA

5 and by Mg--orthopvroxene

with enstatite values as high as En87 3




INTRODUCTION

Future'plénetary missioné may often be un:énned and rclatively small
quantities of saméles may be refurned for analfsis.‘ “herefore it ié important
‘to gain experience in the analysis and correlation of small amounts of soil
particles from the lunar regolith with . lunar rock type§ and observed geoiogic :
features of the lunar surfacé, Previo?s studies of this type includé, along
with others, the work of Duke et al.,_1970;,Frpndel et al., 1970; Albee, 1971;_
King et.al., 1971; Marvin et al., 1é7l; McKay et al., 19713 1972; Ouaide -
‘et al., 1971; Smith, 1971; Bence et al., 1972; jakeg et al., 1972;_Ké11 et al.,
1972; Heiken et al., 1973; Reid et al., 1973 and Ridley et al., 1973.

If the local lunar fegolifh fine material (soil) fepresentS.a wvell-mixed
impact-produced assemblage, it should be more variable, mineralogically and
chemically, than the larger lithic fragmeﬁts collected froﬁ the lunar surface
"in the immediate area as ralke samples ﬁr individually chosen hand specimens.
Although most of the crystalline fragments in the lunar soils may be derived
from the breakdown of larger consolidated specimens within the immediate
locality, some mineral fragments found in the scils may be distinctly different
from mineral fragments in associated rock samples, and.thus may bermit
identification of rocl types not returned as hand specimens (e.g., Mason and
Melson,.l970; Vood, 1970 and Steele and Smith, 1972).

{ajor and minor element concentrations in'lunar‘crystalline rocks are
commonly used as a key to their genetic relations. Similar techniques ﬁay
be used to establish criteria defining the différent sources of mineral
fragments within lunar soil samples. Studies such as Jake§ et al. (1972)
of the Mare Fecunditatis rcgolith stress the importance of theAstudy of the

crystalline components of the lunar soils, as well as the glasses in the soils,



in order to characterize the provenance of the various components in relation
to other sampling localities. Such studies aré important for the following
reasons: 1) correlation of soil coﬁstiﬁuénts bgtween samﬁling sites within‘a
.lunar landing area, 2) correlation of soil.gonstituents between different lunar

landing sites and 3) information on the émount-of nixing of different soil types.
Plagioclase feldspars, pyroxenes and olivines.are the most abundant
mineral phases occﬁrring in the lunar soils. The widespread occurrence and
chemical characteristics of these major mineral components in nearly all lunar
rock types makes them extremely useful in the coméafison and correlation of
different rock and soil types occurring on the lunar surface. Major and minor
elemént analysis of these soil'components allows them to be characterizéd
chemically, enabling the identification of rock types which have contributed
to the maleun of the soil samples.
.ANALYTICAL METHODS
Analyses were made of mineral fragmgnts within the 35-75 um fraction
(unless otherwise specified) of the less than 1 mm size fraction soil samples
after examination of the individual particles using transmitted gnd reflected
light microscopy. The bulk sample was seperated by wet siéving in nanograde
alcohol. The minerals occut,és.single fragments and as fragments.within aggluti-
nates, microbreccias and crystalline rocks. All fragments of each mineral studied
wvithin a randomly chosen area of the polished section vere analyzed with an
ARI, FMX-SM electron microprobe. Mineralistandards vere used and corrections
for background, dead time, drift, fluorescence, absorptioﬁ and atomic number
effects were applied.using the computer program FMPADR VII of Rucklidge and
Gasparrini (1969) . Microprobe operating conditions of 15 KV and 0.02 microampéres

_sample current were usced for all analyses. The electron beam was approximately




1 ym in diameter. Analytical precision variec Zrom approximately + 20% of
the amount present for thé smallest quantity c? a minor element to + 0.3%
of the amount present for the largest ﬁuantity of a major element.

SOIL 15411,46 .

Sample 15411 from Station 7 is the soil collected with samples 15417 to
15419, which are breccia samples collected frem the summit‘of the subdued
rim crest of Spur Crater. Spur Crater is a lCO'métef in diareter crater on
the lower slope of Hadley Delta, approximatelv &0 meters above the level of
the lunar module and approximately 4 kilometers south-southeast of it. The
regional slope is approximately 10°MN toward the mare surface. The flanks
of Spur Crater are pocked by many small craters; the genesis of which has
reworked the Spur Crater ejecta. Rock fragments from centimeter. size to 1.5
meters in longest dimension are abundant on tﬁe upper flarls of Spur Crater,
‘but the sample areca .is characterized by an atuncance of fragments less than
1 centimeter in longest dimension. Of the semzles collected oﬁ the rim of
Spur Crater, 70 are breccias and 15 are‘érystélli‘e rocks. These ;hmpies
are reported to represent tﬁe major components of the Spur Crater ejecta from
a maximum depth of approximately 20 meters heloir the surface of ﬁadley Delta

7

(Apollo Lunar Geolgoy Investigation Team, 1071)

7.
A total of 42 pyroxenes from sample 15411 vere analyzed for Si, Fe, Mg,
Ca, Ti,'Al, Mn, Cf and Ma. Selected analvses are presented in. Table l.and the
observed range of element concentrations are gresented in Table 2. Pyroxcneé
classified chemically as bronzites, Hg—pigeonites, subcalcic augites, augites,
ferroaugites and subcalcic ferroaugites were present Jn an abundance ratio of
approximately 3:3:1:1:1:1, respectively (Fig. 21). The pyroxenes from this soil

show a distinctive abundance of Mg-rich pvroxenes and a lack of pyroxene compo-
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sitions indicative of contiﬁuous and-extreme iron enrichmei:t (Taylor and
ACarter, 1972b). Fér tﬂe Spur Crater pyroxenes of'fig. 1, the centrél area
éf thé pyroxene quadrilatcfal is notably devoid of pyroxenes, suggestive.of
-a'severe paucity of typical mare—éypé basalts.
SOIL 15501,53

- Sampie 15501, from Staﬁidn 9; is a s0il collected with breccia sample
“15565. ‘Station 9 is located on ‘the mare -surface -approximately 1400 meters
west of the lunar module and 300 metérs ¢ast of lladley Rille justvoutside the
mapped limits of a diffuse ray or ridge that trends N30°W through the landing
site. The arca is flat and smboth, but hummocky in detail. The station is
located at a 15 meter in diameter crater of very fresh'appearance. The crater
does not penetrate thréugh the regolith, which appears locally to be greater
than 3 meters fhiek. The sample was collected from the ejecta blanket-approx—
imately 15 metefs from the crater rim. The ejecta blanket of this crater
probably represents the freshest surface of any significant exten£ that has
been sampled by the Apolio ll,'lZ; 14 or 15 missions (Apollb Lunar Geology
Investigation Team, 1971). |

In sample 15501, pyroxene ftagments are more abundant than plagioclaée

feldspar fragments by a ratio‘ofvnpproximately 4 to 1. Analyses for Si, Fe,
Mg, Ca, Ti, Al, Mﬁ and Na were made on 57 pyroxene fragments within the 75-150
Hm fractipn; Sclected analyses are presented in Table 1 and the  observed
range éf element concentrations are presented in Table 2. Wo preferred compo-
sitions were obscrved in the single crystal occurrences versus the other pyrox-

ene occurrences as components of larger fragments.



The pyroxene fragﬁents analyzed cover a large area of the pyroxene
quadrilateral (Fig. 1) ranging from augites, sgbcalcic augites, bronzites
and Mg-pipeonites to ferroaugites, éubcalcic ferroaugites, intermediate
.pigeonites and pyroxferroites, in aﬁ ébunddﬁce ratio of approximately
2:3:1:3:1:4:2:1. These 15501 pyroxenes appear to represent a continuous
basaltic fractionation trend demonstrating extreme iron enrichment as
,characterized by the pyroxferroites, and are more representative of typical
mare~type basaltic pyroxenes than are those from 15411 (Taylor and Carter,
1972a,b). 1In éontrast, sample 15411 shows an ahsénce of a smooth continuous
trend of'pyroxene compositions demonstrating continuous aﬁd-extreme iroﬁ |
enriéhment. It is more diversé in thg Fe-rich half of the pyroxene quadri-
laterél, Qitﬁ an ove?all pyroxene distribution similar to those from tvpical
Apollo 15 breccias (Steele et al., 1972).

“The 'high-Ca pyroxenes, in conjunction with the high-Mg and low-Ca pyrox-
enes shown in the 15411 plot, are more indicative of non-mare-type pyroxenes
“and correlate well with pyroxenes occurring as mineral grains in gaﬂbroic—
anorthosite clasts from Apollo 15 rake samples (Steele et al., 1972). The
15501 plot showus relatively sma;l abundances of pyroienes characteristic
of Apollo 15 breccias, althouéh a few Mg-rich orthopyroxenes‘of 15501 ‘are
nore characteristic of Mg-orthopyr. xenes of gabhroic-anorthosites than of
typical mare basalts. - Such a fecature may represent a minor amount.of Apollo
15 breccia fragments in the primarily mare-type hasaltic soil. This is
supgestive of downslope transport of soil of thé type fouhd at Station 7
(Spuf Crater) to the vicinity of Station 9. lHowever, an upslope transport
of soil componcnté from the vicinity of lladley Rille to Spur Crater on the

. Apennine TFront by a meteoritic impact mechanisn is not readily apparent from

the pyroxcne data of this study.



Silver (1973), through the study of U-Th-Pb isotopcs in Apollo 15
samples, fouqd~evidcnce that visited surfaces of thg mare and the front at
the Apollo 15 site are veneercd by at least several meters with a recently
'acquired uranium~ and thorium—rich_glassy debris layer from an undefined
source. He suggests from his data that a singlé'radiogenic isotopic system,
that is not contained in the local basalts, dominates all ofher contribufions
to theiU—Th—Pb characteristies of the Apollo 15 regolith. Ke suggests furtﬁér
th;t the vitric breccias appear to be the largest fragmént'of debris contajning
the dominant isotopic system. Siﬁce the pyroxenes of the presentlstudy seem
to charaéterize two distinctly different suites of source rocks one of which
is breccias,_fhe U-Th-Pb isotopic-data of Silver (19735 appears not tb contra-
dict the the conclusions reached in the present study.

Although the transport of séil by meteoritic impact phenomena is certainly
established on fhe lunar surface by the large rnumber of mapable rays extending
from multitudes of craters and by nunerous petregraphic and soil survey glass
studies, the comparison of pyroxenes from these two Apollo 15 soil samples
allows the suggestion that downslope transport of regolith material by mass .
wasting from the slopes of thg Apennine Front was perhaps the more efficient -
transpoft mechanism at the liadley Rille/Apennine Front landing site.

. Dovnslope movenment of.loose'fegolith material, even in the comparatively
weak lunar gravitational fieid, may thus be an.imporfant transport process
for areas of cven moderate relief on the lunar surface. VWhether driven mainly
by lunar gravitational energy, by electrostatic effects (Gold, i97l) or by
other processes, geographical regions demonstrating thensivc relief within
the lunar highlands and bordering highland arcas would become prime targets

in which to expect large scale transport of looscly consolidated regolith.



SOIL 66081,5

Apollo 16 sample 66081 was collected at Station G near the base of Stone
Mountain in the Descartes region of the'lunar highlands. The sample is
described as an indurated clod of wﬁite_impact eiecta; possibly from South>
Ray Crater, but in a ldcation‘generally shadowed from South Ray ejecta
(Apollo Lunar Geology Investigation Team, 1972). The origin of this white
impact ejecta is unknown. The possibility exists_ﬁhat.downslope novement of

material from Stone Mountain could have transported the material to its

.

sampling location where comminution of the once coherent clod occurred.

Mineral fragments, primarily plagioclase feldspars, pyroxenes and olivines,

of soil 66081 were analyzéd for major and minor elements (Taylor and Carter,
1873). Selected analyses.of these minerals from 66081 are presented in Table 1
and £he observed ragge of clement concentrations of the analyzed minerals are
presented in Table 2.

Plagioclase feldspars are the most abundant mineral phase in this soil
sample. Plagioclase fragments constitue about 97 of the parficles in the
62.5-125 ﬂm fraction of this semple, with agglﬁtimates and glass particles
making up about 70% of the sample (LSPET, 1973). A total of 43 plagioclase
vfeldspars were analyzed for Si, K, Al, Ca, Fé'and Na. No K-feldspar was
found in this sample. The plagioclase feldspars are characterized by a high

anorthite (An) content, with an observed range of and a mode

Ange 7_07.3>

occurring within the An96~98 group (Fig. 2). The most Ha-rich plagioclase
feldspar examined (An88 7) contained the greatest amount of potassium of any

plagioclase feldspar analyzed. The'KZO content ¢f this fragment was only

74

0.16 wt. %, producing an Or component of 0.9 mole (. The mininum KZO content

cr

- observed in plagioclase feldspar was 0.01 wt. 7.

pey



The plagioclase feldspars also have é low iron content (Fig. 3). Total
iron expressed as wt. 7% feo never.exdegds 0.22 énd values range as low as
0.04, with a precision of + 20% of fhe émqunt present for the lowest values.
Iron éoncentrationé in plagioclasé feldsparé are distinctive in distinguishing

. between major basalt types octurring on the lunar surface (Steele and Smith,-

1973). Mare basalts characteristically have Fe-rich plagioclase feldspars
that normally contain Fe0O contents greater than 0.4 wt. Z. Plagioclase
feldgpars from mare basalté also display a wide range of An valyes, but usually
théy are much less calcic than' those foﬁnd in this sample. Plagioclase.
feldspars from KREEP basalt; have léw iréﬁ conteﬁts, similar to those in this
sample, but ﬁREEP—type basaltic plagioclase feldspars show a mﬁch'wider range
of An &alues, extending from high calcium values, simiiar to thosé in this
sample; to less calcié values, well below the minimum An valué found in this
Apollo 16 samplé. These plagioclase feldspars from 66081 are thus’distinctivé
from both mare- and KREEP-type basaltic plagioclase feldspars.

Pyroxene fragments are only about l/3 aé abundant as plagioclase féldspér
| fragments in this sample. A total of 62 pyréxenes were analyzed for Si, Fé,
Mg; Ca, Ti; Al, Mn; Cr ;nd Nat Pyroxenes in sqil 66081 are primarily bronzites
and diopsidic augites withzlesser abundances ‘of Mg—pigeonifes, subcalcic
augites, hjpersthenes and ferrifgrous pigeonites. A single fragment of
ferrifefous pigeonite éuggests possible high iron enrichment, but the overall
-picture is one of an extreme lack of fractionation—rela;edtirpn enrichment
(Fig. 4). Approxima;ely'&OZ of the analyéed:pyroxéncé are chemically defined
o;thopyroxenes (Fig. 4).

A plot of Ti versus Al (atoms per formula unit) -of these pyroxenes

show the more Mg-rich orthopyroxenes piotting near a Ti/Al ratio of 1/4,



whereas the more.Fe~ricH'orthopyroxenes and the clinOPYroxenes plot near

a Ti/Al ratio of 1/2 (Fig;IS). These features are cénsiétent with the
findings of Bence et al. (i970, 1972) in which the eariy crystallization of
byroxenes, in the absence of'plagioclase crystallization, become enriched

~

‘in alumina. This process changes during later stages of the crystallization
sequeﬁce with the onset of plagioclase crvstallization, at which time plagioclase
competes with pyroxene for the alumina component in the melt and allows only

enough alumina to be admitted to the pyroxene structure to compensate the

clinopyroxene titania compomnent. The generél lack of iron enrichﬁent in the
clinopyro#enes, the abundance of Mg-rich pyroxeneé éemonstraring an Mg/ (Mg+Fe)
atomic ratio greater than 0.7, tﬁe abundance of high—Cé and high-ﬁg clino-
pyrdxenes and the relativély low population of intermediate clinopyroxénes
(low-Ca augites) are all prominent features of scil 66081 which enable the
distin¢tion of fhese pyfoxenes from mare-type basaltic pyroxenes., These.
criteria establish the almost ;otal absence of a mare-type baééltic component
in_this ApOliOAlGHSOil sample. 'The single énalysis of an Fe-rich ferriferous
pigeénite probably represeqts anothgf rock type which is clearly not genetically
related to the other pyroxenes in this sample. The ‘sample is otherwise
.extremely "clean" for a soil sample since.all the'otger pyroxenes appear to
demonstrate é genetic relationship on the basis of the pyroxene quadrilaterial
tfends_and the Ti/Al trends. | | |

- Olivine frégments are aﬁproﬁimately 1/2 aé abundant as pyroxene fragments
in this sample. A tot;1 of 30 olivine frégments were aﬁalyzed for Si, Fe, Mg,
Ca, Ti, Al, Mn;.Cr and Ma. A histogram of the 6livine population observed
relative to the forstefitié (Fo) component is plottgd in Fig. 6. fﬁis plot

4

shows a bimodal distribution occurring within the range of Fo with modes

710-78
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at»Fp70_72 and at F°76—78'i Thé olivines have a,total‘compositional range. of

-F°58 6-91.2 and are typically more forsteritic than maréftype basaltic -

- o0livines, which seldom have olivines more forsteritic. than Fo70(
" The CaO-contenp of these olivines rarely exceeds 0.3 wt. % -and averages

‘about 0.2 wt. %. Reid et al. (1973) found that Ca0 content commonly exceeds

0.3 wt. % in ﬁbth mare~ and KREEP-type basaltic .olivines. The Cr203‘content

of these‘olivines'is low and exceeds O.lbwtf % in oﬁl§ oné.case..:Thé 66081
olivines therefore are characteristic of ﬁeither_mareQ'of KREEP-type baséltic
‘0livines, but are characteristic of the ANT'(anorthosi#efnbrité—froétolite)

- group, of lunar rock types (Keil et al., i972).

A few other mineral fragments were-noted and analyzed in this sample.

.

Included were 4 fragments of a crystalline SiO2 phase, oné fragment (possibly

contains

3

approximately 56 wt. % Ca0) and one fragment of reddish iron oxide, which

a carbonate) giving a Ca0 analysis of approximately 57 wt. % (CaCO
resembles a geothite-like phase (The material deteriorated unéer the eléctron
beam, but gave an analysis of 57.7 wt. % Fe).

SOIL 69941,13

‘Apollo 16 sample 69941 was collected at Station 9 near Sou&h Ray Crater.
This sample is believed to‘represent the dark-colored breccias whiéh form a
stratigraphic unit approximately 30 meters thick above a bench ip:SOUCh Ray
Crater (Apollo Field Géology Inveétigatioh Tean, 1973).v~

Plégioclase féidspafs,-pyroxgngs and oiiviﬁeé of soil 6994i were analyzed
for major and minor elements and selectgd énalyses'ﬁre presented in Table. 1.
The observed range of element concentrations of the analyzed minerals are

presénted in Table 2. s .
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Like 5011 66081, plagloclase feldspar is the most abundant mineral phase

comprising appr021matel} 7% of the particles in the 62.5- 125 pm fractlon of

soil 69941 (LSPET, 1973). Analvses of 42 plagloc1ase feldspar fragments gave -

a range of An 8’ with a mode occu;rlng in- the range of, An (F1g 2)

79.3-9 _ 94-96
The KZO contents ranged fror 0 Ol 0.23: wt e g1v1ng an Or component range of
0.1-1.4 mole / Fel contents ranged fron 0. 09 0.55 Vt.'n;_w1th the majorlty
of fragments averaging &bout 0.2 wt. % FeOf(Fig. 3).AfSince-the majonity of

. Plagioclase feldspar fragments‘have FeC contents'less than C 3 Wt % and

_hlgh Ca0 contents, as showvn by An valueq greater than 90, theee fragments fall

within the range of chemistry characterlstlcs of plagioclase feldspars from

the ANT group of hlghland rocks (Steele ard Smith, 1973). Three plagioclase
feldspar fragments, however, fall within the compositional nangeiof KREEP—
type basaltic plagioclase feldspars as &efined by Steele'and'Smith (1972) as
having low-Fe (Fe0 less%than 0.6 wt. %), high-K (KZO of 0.1-0.5 wt. %) and
Ca values producing a range ot An yalues‘from 75 to 90.

Pyroxene fragments are only about 1/3 as abundant as plagioclase feldspar
fragments. Fifty-four nyroxenes of soil 69941 were-analyzed for Si, Fe, Mg,
Ca; Ti, Al; ﬁn, Cr and Na. Bronzites are the predominant pyroxene type, ﬁith'
leeser amounts of diopsidic augites ann Mg—pigeonites (Fig. 4).' Minor amounts
of hyperstens, snbcalcic augite and ferfoaugitevare.also represented. A plot

of the Ti/Al tatios_(atons per formula unit) shows .the more Mg~rich ortho-

A

pyroxenes to have a Ti/Al = 1/4 or less, while the more Fe-rich orthopvroxenes o

and clinopyroxenes have a Ti/Al = 1/2 (Fig. 5),'sinilar to that oBserved in
.the'66081 pyroxenes. . Greatet variations of Ti content of.69941'pyroxenes
compared to the Ti content.of_66081 pyroxenes, as observed on the Ti/Al plot

(Fig. 5), may be due to 1) a more complex crystallization history caused by
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discontinuities in the erystellize;ion sequence, 2) magma pixing or contami-
nation of the magme during implaceéent or 3) a greater variety of rock types
contributing to the makeup of soii 69941. These 69 41 pyroxenes have compo-
sitions similar to those descrlbed prev1ously from sanple 66081 and the same
.crlterla may be aleled to this sample in permlttln" the suggestlon thet a
mare-type basaltlc component is v1rtuallv absent from 60941 .Lhe narrow :
comp051t10na1 range of ‘the pyfoyenes represented'on ‘the - pyroxene quadrllateral
is again characteristic of the ANT group of.lunar roclk types.

Olivine fragments are approximately 1/3 as abuﬂdant as pyroxepe fragments :
;in this sample. -Twenty—four oliviﬁe_fragments were analyzed for Si, Fe, Mg,
Ca, Ti, Al, Mn, Cr and Na and a histogram of. the olivine abundances with respect
to the forstefitic component is plotted in Fig. 6. Olivines show a compositional
range of F°49.8—94.5’ with a mode occurring'in Fhe range of7F074_76. The .
olivine chemistry, similar to that of sample 66081, again demonstrates a mode
more Mg-rich than olivines from typical mare basalts. An ultramafie component

in the soil may be represented by Mg-rich olivines as forsteritic as Fo

-

94.5

and by Mg-rich orthopyroxenes as high as En Steele and Smith (1972)

. 87.3° .
reported olivine as forsteyitic as Foé9 and orthopyrexene as enstatite-rich
as-En88 in the Apollo 14 samples. They con51dered olivines and pyro'enes

: with.an-ng/(Mg+Fe)'atomic ratio greater than 0.8 as dharactepistic of rock

. types wi;h.ultrabasic affinities; fhe mose Ménrieh’oiiviﬁes.and"pyroxenesg
aneiyzed in'the‘é9941 soil (Figs. 4 end 6) cersainlx meet the requifements
of Steele and Smith‘(1972) as .ultrabasic components. .
The Ca0 content ofvolivines from 69941 ekcéeds 0.3 wt. Z in only one

case, the typical olivine averaging about 0.2 wt. Z Ca0. These olivines thus

do not demonstrate an apparent mare- or KREEP-type basaltic affinity.
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In additién to the blagioclase feidspar, pyroxené and élivine énalyses
compieted in soil 69§41, oﬁe fragmént of.a.crystalline SiO2 phasg Vaé analyzed
- and a fragment of a goethite-like phase -similar to the one-descfibed previously
in-sample‘66081»yaé anaiy;ed;." | |

-Frpm the cﬁemicél data ﬁreséntéd-on-tﬁe Apoilo-lG mihéral f?agﬁenfs ‘
;(Tablés.i'and 2), the chemibal-charactéfistics df'ﬁhg'suifgjafvminefalé froﬁ »
soils 66@81 and 69941 suggést a.distinctive-highla&d ciassifiéation fof‘these
‘_soils, vhich is distinguisﬁable’érom bothnmage— aqd KREEE4tfpe basaltic
soils. In general the chemical variations within‘a miﬁeral fragment is less for
these Apollo 16 soil fragments than for mare-type soil fragmeﬁts suggesting a
slowﬁr cooling rate for the Apollo 16 rocks. The relativelf largé amount of
olivine in these Apollo 16 soils.suggests an olivine normativg classification
for one of the-contributing rock types. The presence of the crystalline Si02~
phase may be due to é second contributing rock ﬁype or to the crystaliization
of the minor compcnents of.an original‘twb—liquia system (John C. Butler, 1973,
personal communication). Two or more rock.types thus may have contriﬁuted to
the makeup of these soils. ﬁidley et al, (1923) found evidence for at lgast
five rock types in the two Apollo 16 soils which they studied.

Rock types of the ANT group (Keil et al., 1972) are likely contributors.
The ﬁigh~Ca and loQ—Fe‘plagiociases, the high-Mg orthopyroxenes and clino-
pyroxenes, the ¥ack of abundént glinopyrbkeﬁgs with inter@ediate Ca vélﬁeg
anq tﬁe abﬁqdance of ﬁg—rich olivines in thefsoil are all features similar
to those observed in-the Luna 20 soil by Reid et al. (1973). This present
study offers evidence of some similarities between soils 66081 and 69941 of
the Apollo 16 highland_site at.Descartgs and the Ldﬁa 20 highland région

north of Mare Fecunditatis. Similarities in the chemical composition of
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diffefent areas of she central lunar highlands of the Mobﬁ's near side are

indeed suggested from the ratio of Al to Si.as determined by Adler et al.

(1972) from ofbiting X~ray fluorescence spectrometry; The Apollo 16 soil
ﬁyrsxenes, however,:do not approach the degree of iron enricﬁment of the -
Luna 20 soil pyroxenes, possibly'indica;ing.a deeper leyel of crystallization
for the Apolls 16 pyrsxenes. .
“CONCLUSTONS

.1) The pyroxene‘chemistfy of Apollo 15 soil fractions allows the suggestions
that soil 15501 from the mare surface msy be contaminated with ma?erial hsving
a mineralrconstituéncy similar to soil 15411 from Spur Crater, but thaﬁ soil
15411.does not seem to be contaﬁinafed by the.mare_surfébe rocks.:

25 The downslope transport of soil from Hadley Delta on ;he Apennine'
Front to a lower elevation near Hadley-Rille by mass wasting of highland
material seems ts be a more efficient soil transport mechanism than is the
upslope trénsport sf soil within the same area as -ejecta of meteorite impacts
on the mare surface.

35 The plagioclase, pyro#ene and oliviné_chemistry of Apollo 16 soils
66081 and 69941 allows the suggestions that a) a mare-type basaltic component .
. is virtually absent from both soils,‘b) asKREEPLtype basaltic component is
absent from soil 66081, but it possibly appears as a minor component of soil
69941, c¢) a possible ultramaflc component appears in soil 69941 as olivine
éé forsterstlc as’ F094 5 and by Mg'orthopyroxenc with enstatlte-values.as 
vhigh as En87.3, d) the abundance'of olivine_in both soils necessitates an
olivine normative classification for at least one of the major contributing
rock types, e) the présénce of crystailine SiO2 in bsth soils nay neséssifate

more than one contributing rock type; howver, it may be the result of crystal-
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lization of the minor components of an original two-liquid system, f) a .
crystallization'environmeht is favored for the miherals of both samples in
which elowvcoolrhg took blace with 1ittle opportunity for iron enrichment
to occur and g) rock types such as gabbr01c—anorth033te or other members

of the ANT (anorthosrte norlte troctollte) sulte of hlghland rocks are 11kely :

contrlbutors to the mlneraloglcal constltuency of these Apollo 16 50113

4) The many 51m11arrt1es observed between the mlveral chehletrv of
.s01ls 66081 and 69941 of the Apollo 16 hlghland slte at Descerteq and . the
s011 of the Luna 20 hlghland reglon north of Mare Fecundltatls studled by
Reid et al. (1973) support the orbital X-ray spectrometry evidence for
widespread chemical similarities within the central lunar highlahas‘of the
Moon's near side (Adler et al., 1972).
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Table 1. Electron microprobe analyses (in wt. 7) of selected minerals from soils 15411,h6; 15501,53; 66081,5 and 69941,13.

66081,5

69941,1.3

15411,46 15501,53
We. Z| Pyx Pyx Pyx Pyx Plag Pyx - Pvx Pyx 0L ol Plag Plag Pyx Pyx .Ol 01

$10,, 49.0 54.8 |49.8 45.7 |44.6  54.3 50.7  49.9  40.6  36.5 |43.6 49.4 55.2  50.4  41.3 342
Ti0, | 2.03 0.29| 0.85 0.51]--—=  0.74 2.74 "1.62° 0.02 0.09 |=---- - 0.55 1.37  0.03 0.
AL040 2.66  0.61| 1.24  0.42|34.3  1.96 3.02 2.52 0.05 0.04 (36.0 31.4  1.50 1.72. 0.14 0.
Cry0,] 0.66 0.25|=---- ==== | ———  0.33  0.5& 0.27 0.02 0.04 |-=—— -===  0.33 0.36 0.06  0.C
*FeO . | 11.5 14.8 |25.3 44.9 | 0.22 12.4  6.38 19.2 8.5 32.5 | 0.18 0.33 11.5 11.2  5.20 &41.C
UnC 0.24 0.23| 0.62 0.69 | ———=.  0.25 0.15 0.45 0.10 0.30 |-t ————  0.18  0.22 0.03 0.
g0 | 14.0  27.9 |15.0 1.14 | - 28.1  15.8 17.8 50.1 29.9 |===m ———=  28.3 13.9_. 50.6  22.¢
ca0 | 18.2  0.29| 6.32 5.64020.4 1.7 19.5  7.79 0.1l 0.22 |19.3 15.8  1.98 20.3  0.26 0.:
Na,0 | 0.02 0.09| 0.02 0.01| 0.24 0.00 0.26 0.05 0.00 0.00 | 0.21 2.12 0.01 0,04 0.00 0.
K,0 0.02 0.0 ~ 0.23 —===  —mem —mem o
TOTAL | 23.38 99.19°| 98.95 99.01 | 99.78 99.87 99.09 09.60 09.58 99.59 |99.30 99.28 99.55 99.51 97.62 99.:
Pn Fo = 41.7 76.6 44k 3.7 97.8  T7.4 47.4 5201 ‘91.2  62.1 98.0 79.3  78.2 40.0 . 94.5 49.¢
Fs Fa  19.2 22.8 42.1 82.9 2.1 19.1 10.7 31.5 8.8 37.9 1.9 19.3 17.8 18.0 5.5 50.:
Wo 39.1  0.6° 13.5 13.4 - 0.1 3.5 41.9 16.4 -mmm ~—= 0.1 1.4 4.0 S

»: *Total iron expressed as FeO.
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Table 2. Minor element compositicnal ranges (in wt. %) of selectéd nminerals from secils 15411,46; 155501,56; 66081,5;

and 69941.13.

Pyroxene . ?lagioclase ‘ Pyroxene S 0livine
15411,46 15501,56 66081,5 60241,13 6€6081,5 69941,13 66081,5 69941,13
(42) (57) (43) S (42) O (62) (54) G0y ()

(0.25-3:15) (0.20-2.32) Ti0., ( 0.01-0.16) ( 0.01-0.2

Ti0, (0.21-2.03) (0.26~1.39)#%Fe0 (0.04-0.22) (0.09-0.55) Ti0 5

2 2 .

A1,0, (0.43-3.41) (0.28-3.78) X,0 (0.01-0.16) (0.01-0.23) A1,0, (0.53-4.52) (0.40-3.02) . A1,04 ( 0.01-0.33) (0.01-0.14
Cr,0, (0.10-1.00) | Cr,0, (0.1140.59) (0.05-0.48) Cr,0, (0.01-0.13) (.o.Q1-o.1
¥n0 ’(0.12-0.49) (0.17-0.69) - Mn0  (0.13-0.54) (0.09-0.53) Mn0  (0.10-0.42)  (0.03-0.41
%a,0 ( 0.01-0.11) ( 0.01-0.05) - Na 0 ( 0.01-0.26) ( 0.01-0.21) Ca0  (0.11-0.33) (0.03-0.31

2

Note: *( ) = Number of fragments analyzed.

#%*Total iron expressed as Fe0.
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Figure

Figure

Figure

Figure

Figure

Figure

1.

4,

Electron microprobe analyses of pyroxenes from soils 15411,46
(Station 7; spﬁr Crater)‘aud'15501,53'(Statioﬁ 9, ﬁaré_surface)
piotted.in terms of mole 7 end memﬁers:‘ﬁn'(enstatite, Mg28§206)}
Fs (Ferrosilite, FeZSiZOG)’ and Wo'(Wollast6nite, 03251206, not
shown). Di = Diopside, MgCaSi206; and'Hd = Hedeqbergite, FeCaSiZO6.
Elecﬁron microprobe analysés of plagiqciége frégﬁents from soils
66081,5 and 69941,13 plotted in frequency distribution diamgrams

in terms of mole % An (Anorthite, CaAléSizos). |

Electron microprobe analyses of Fe0 (in wt. %) in plagioclase
fragments from soils 66081,5 and 69941,13 plotted against mole

% An (Ancrthite, CaAIZSiZOB). ’
Electron ﬁicroptobe analyses of pyroxenes from soils 66081,5 and
69941,13,plotted,in_tcrms.of mole 7% end memﬁers.. Abbreciations

are as in Fig. 1.

Ti/Al relationships in étomic proportions for pyroxenes from

soils 66081,5 and 69941,13.

Electron microﬁrobe analvses of olivines from soils 66081,5 and

69941,13 plotted in ffcquency distribution diagrams in terms of

mole % ¥o (Forsterite, Mg28i04).
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- ABSTRACT

A 62 mm2 siliceous glass—covered surface of a fragment of btreccia 15015
(15015,36) was studied in detail by scanning electron microscope, scanning
electron microprobe and enérgy‘dispersive techniques. Four types of features
~ were observed: 1) low velocity, hot.target—type impaéts, 2) outﬁgassing
structures, 3) several types of metallic iroh‘mounds, primarily with a waist
-of iron sulfide-and 4) wvhisker structures. It is concluded that 1) an
irregularly-shaped breccia sufface was éartially COéted with.siliceoué melt
to various depths in an impact-generated hot debris cloud, 2) the siliceous
melt coating the breccia was out- gassing while solldlfylng, 3) there were at
least four nucleation events resulting 1n.mounds with average diameters of
approximately 45, 19, 10 and 0.2 um, 4) fhe whisker structures are of probable
ViS (ﬁapor—Lihuid~Solid)—type growth, 5) the sulfur was supplied from an
external source such as an impact-generated cloud, 6) the iron was'suppiied
both from an impact-generated cloud and by in situ reduction of the liquid
siliceous surfaéé, 7) the lack of hypervelocity-type craters suggests that
the siliceous glass coated surface was exposed when cold for only a very
short time to either mlcrometeorlLlc bombardment or to high veloclty prOJectlles
in an impact-generated debris cloud and 8) ‘sample 15015,36 is, Lhus, from
the shielded (probably buried) portion of the rock.

The proposed VLS-type grc@th on the surface of breccia 15015,36 is the
first recognizeﬁ in nature. ‘It occurs as prébable metallic iron stalks with
bulbéus tips of a mixture ofiiron.and sulfur. The stalks vary from 1;ss than
0.015 ﬁm to 0.15 ym iﬁ diameter with a length 2 to 10 times bulb;diameter.

The bulbs vary from less fhan_0.03‘ﬁm to 0.2 um in diameter. VLS produced
metallic iron needleé may be the source of some of the hard magnetic component
“in low-grade breccia. Since probable VLS-t&pe of whisker growth has occurred
in an impact situation on tﬁéAlunar surface, it may ﬁave been an important
growth mechanism in the early accreiionary history 6f the ﬁarth especially

before 1r acquired an appreciablo ‘oxidizing atmos phoro



INTRODUCTION |

The morphology and chemistry of surface feéturés includiné various types .
of mounds consisting of both metallic iron and mixtures Qf metallic iron and
iron sulfide, aﬁd whisker strﬁctures on the siliceous glass coating of bréccia :
15015,36 havevbeen studied bylscanning electron microscope (SEX), scghning
~electron»micropxobe“and-enengy.dispetsive;Xfray.techniques (Carter1.i972) to
determine their origin. Breécia 15015 is blocky, angulgr, iargely glass-~
covered, weighs 4.5 kg and is almost 30 cm long (Apollo 15 Preliminary Science
-Report; 1972). It was collected approximately 20 m west of the LM + Z footpad
and is the third largest roék returned with no other rock of_compéraﬁle size
in the collection area (Apollo 15 Preliminary Science Report, 1972).
SURFACE FEATURES |

A 62 mm2 siliceous glass-covered surface of a fragment of breccia 15015
(15015,36) was coated with aﬁbroximately 150 & of gold and selected areas
studied in detail (Carfer, 1972). é 60X SEM montage of the entire area was
made and-four types of features observed: 1) impact, 2) out-gassing structures,
3) various types of mounds and 4) patchy areas of relative high electron
emission that distort the scanning electron microprobe seconaary électron
image. | .
Impact Féatures

Examination of the 60X SEM montage with a spatial recolution 6f 3 um
revealed no hypervelocity-type craters. 1.07 mm2 was scanned at 1,150X
with a spatial resolution of 0.2 um and again no hypervelocity-type cratérs
were observed, but an unusual type of depression (Figs. 1 and 2) reminiscent

of craters produced in the heated target experiments (Carter and McKay, 1971)



was observed. Thé central area of the depression contains clusters of
globules from 1 ym to 3 um in diameter withAspherulés from 0.1 ﬁm to 0.3 um
in diaﬁeter on their suffaces (Figs. 2 and 3). Energy dispersive X—réy anaiysis
reveals ﬁajor quantities of Si with mindr amounts of K, Fe and S,‘which
suggests K-rich siliceous globules wi;ﬁ FeS spherules on their surfaggs.

This is similar to the labotatbry.produced situation in which spheru}es,'
“probably oflﬂamrich siiicatejcomposition,focéur-onupure silica globules
(Carter and McKay, 1971) as a result‘éf vaporiiation and pfccipitétion.
Isolated mounds of metallic iron, some of which are rimmed with FeS, also
occur. Two additional similar types of low velocity-type impacts were
observed of 25 ﬁm and 35 ym in diameter.

Out—gassing Structures

\ The siliceous glaSS»Surface is very ffbthy 6r hummocky and consists of
a series of large depressions and bumps (blisters) (Carter, 1972). Many of
the siliceous bumps are ruptufed revealing cavities. Two major areds occﬁr
in which large depressions are absept. A view of one such-érea'is shown in
Fig. 4 and enlargea-in Fig. 5 revealing a wrinkled and convoluted surface
with numerous siliceous droplets of the same composition as the substrate.
The dropléts reveal a wide degree of wetting of the substraté. These-droplegi
are pot‘present on the Silicéous-gléss surface outside of these areas;

The diameter of the depreésibns in fhe wrinkled areas are less than for the
overall surface (Fig. 6). The smaller aepressions in the collapse areas
result from the higher viscosity of the partjally solidified siliceous melt
and the rounding of the broken edges of the bqrst bubbles due to surface

tension.



The_breccié substrate next Eo the siliceoﬁs glass coating is very
poroﬁs, with thg volume of a pore decreasing avay from the siliceous glass
coating. This suggests that the siliceous melt heated the underlying breccia
surface to the point of mobilization of trapped gases.
Mounds

The surface of the siliceous glass has numerous clusters of various
.types of iroﬁ—rich, nickel—pdor mounds.- The nickel contents measureé by energy
dispersive techniques generaily ranged from approximately 0.2 wt. % to 1 wt. Z,
with a maxinmum of 2.5 wt. Z. One such cluster is shown in Fig..l. The lérger
‘mounds are primarily concentrated on the sides of low ridges with mound size
decreasing towards a depression. This suggests that material from a vapor was
déposited on the "high" areas and, due to diffusion and migration of it along
the surface, mound growth took place there;k'The larger mounds conéist of a
central area of metallic iron?of, legs «commonly, mixtures of metallic'irdn»and
iron sulfide surrounded by a waist of iron 3u1fidé (Fig. 7). The iron sulfide
incompletely wets the mound. Many of the smaller mounds are not circular in
plan view but have subhedra} outlines (Fig. 7). Tﬁis is similar to‘small

metallic iron mounds formed by reduction with hydrogen (Carter and McFay, 1972).

A 1,150X SEM-montage of the 0.47 mmz area shown in Fig. 1 reveéled that
the §iliceous glass surface is coyéred with mounds\over approximately 257%
to 30% of its surface with a distribution as shown in Fig. 1. The area
immediately surrounding tbe larger mounds is devoid of smaller mounds; The
area depletéd in smaller mounds is elliptical. not circular in plan view,
suggesting longitudional migration of material.on a ljquid siliceous surface.
A histogram‘of the percentage of surface area covered by the various sizes
of mounds is shown in Fig.v8.” A histogram of the number of mounds versus

mound diameter, Fig. 9, reveals that the number of mounds rapidly decreases



'-with.an increase in mound.diameter. All mounds larger than 0.5 pym in dianmeter
wvere measured err the entire l,lSQX méntage.' The number of mounds smaller
than OfS Hm in diameter was establiéhed.from a measurenment at 11,500X, with a
.spatial resolution of 0.02 um, of 45 ﬂmz, which gave approximately 2 X lO7
mounds greater than 0.4 ﬁm in diameter and less than 0.5 ﬂm in diameter pér
square millimetef of the silicéous‘glass surface. A plot of the voluﬁe of
material iﬁ a mounﬁ, assuming a sphere for the shape of a mound, reveals

that there are four main groupings (Fig. 10) suggesting at least four
'qucleation eVents_resulting in mounds with average}diameters of approximately
45, 19, 10 and 0.2 ym.

The mounds less than 4 Um in diameter are prédominately metallic iron,
whereas those larger than 12 um in diameter are entirely a mixture of ifon
sulfide and metallic.iron. In the case of dimples for which the mounds are
~absent ‘the adherance of fragments of iron sulfide to the surface of the dimples
(Carter, 1972) suggests that the original’mounds were probably mixtqrés of iron
sulfide and metallic iron (see also Caftér and MacGreéor, 1970; Cartér, 1971;
Carter and McKay, 1972). "The close correspondence of the size of the dimples
to the size of the metallic iron‘and iron sulfide moundsias shovn in Fig. 10
aléo suggests that the dimples'o:iginally contained mounds of this composition.
With the exception of the larger dimples and those near the left margin of
the sample, wﬁich ﬁrobébly resulted from the stress of breaking the sample,
the dimples are concentrated around a low velocity-type.impact crater.

An interesting feature of the éiliéeOus glass surface of breccia 15015
is the concentration'of irregular or amoebtoid-shaped mounds around "hills"
of silicate minerais (Figs. 1 and 11, Carter; 1973; Carter and Crosthwait,

1973). It is speculaﬁed that the relatively cooler silicate mineral "hills"



effectively quenched theigrowth process of these mounds. Thus there was not
suffiéient heat to allow the matériai to coalesce into a sphere by surface
: tensioﬁ. This may aléo'explain the paucity of small mounds near the silicate
mineral "hills".
Patches of High Electron Emission
Intermingled with the mouﬁds.are peculiar ﬁatches of high electron
.emissiqnﬁjhat range from 0,4 um to 400 pm in longest dimension (Figs. 1 and
11 to 15) that distort the scanning eiectrog nicroprobe secondary electron
image (Carter, 1972). This is probably an éleétrical phenomena (''charging")
because the amount of distortion is directly proportional to beém current.
Investigation of these patches by means of montages and stereoécopic
SEM photﬁgraphs reveals that they occur on "high" areas on the glass'siliceous
surface (Figs. 1, 11 and 12), on the surface of minerals that protrude
tﬁrough éhe siliceous glass'surface (Figs. 13 and 14) anﬁ on the surface of
irregularly-shaped metallic iron mounds that surround the mineral "islands"
(Fig. 11). They do not occur on the surfacé.of the interveﬂing 'siliceous
glass. The "high" areas are surface expressiong-of high points on the rock
substrate that were covered by a thin layer of siliceous melt which gquenched
faster than the thicker areas of melt. Examination of a patch at.high
mégnification‘(Figs. 15, 16) (see algo Cafter and Crosthwait, 1973; Carter,
1973) reveals that they are composed of a series of stalks with bulbs on
0.2 ym in diameter, and the stalks vary from less thah 0.015 um to 0.15 um in
diameter. Stalk length varies from 2 to 10 tires bulb.diameter. The iroﬁ stalks
are thus either single démain or pseudo—single domain due to shape anisotropy.
from the scanning electron microprobe and energy dispersive X-ray

data, the bulbs are probably a mixture of iron and sulfur, vhereas the



stalks aré metallic iron poésibly with Si in solid solution (?). Bécause
of the extremely small size ofvthe whisker structures in a patch, the exéct
nature of their chemiétry could not be determinéd. ASfripping the enérgy
dispgrsive X-ray sweep data obtained from the siliéate host neighﬁoring a
patch from the energy dispersivg X~ray sweep cata obtained oﬁ a patch |
revealed excess Si in a patch; |

The~cﬁemicaladata and the~morphological relationships are consistent
with the stalks and bulbs being the result of-a VLS (Vapor-Ligquid-Solid)-
type of growth mechanism operating in the lunar environment during an impact
»hevent. This type of growth mechanism involving vapor, liquid and éolid
phases was‘proposed by Wagner and Ellis (1965) to explain many observatiomns
on the effect of impurities in crystél growth‘from a vapor in laboratoryb
_experiments.‘ They showed that the role of the impurities is to form a
liquid solution with the.crystalline material to be groﬁn from the vapor.
They also showed that aé a liquid has a large surface of accommodation, it
will preferentially incorporate elements from the vapor state. ﬁhen the
liquid becomes superéaturéted growtﬁ would occur at the solid~liquid interface
resulting in gleya;ion of the liquid alloy droplet from the subsﬁrate atop
the growing solid whisker crystal. Material precipitating. from the droplet
is replenished from the vapof phasé'during growth of the whisker from the
droplet. Whiskers formed in this way are ﬁsually of very pure composition
and structure. Since metallic iron has no solid solufion with sulfur, iron
will precipitate from a melt consisting of various proportions éf sulfur
and iron as metallic iron over a wide range of temperatures.
CONCLUSIONS — |

The data presented suggeét'ﬁhat the following conclusions and inferences

may be drawn about the surface of breccia fragment 15015,36.



1) An irregularly-ehaﬁed breccia surface was paftially coated with
5111ceeus melt of varylng thickness.  Some miﬁerals>protruded through ‘
the melt and thin areas of nelt and melt surrounding the mineral "islands"
quenched-faster than the thicker areas of melt. The siliceous melt contained
dissolved gases or it mobilized the gases from the breccia substrate duriﬁg
heating, which resulted in vesiculetion of the solidifying siliceous>melt.
Somergae'hehhles broke through -the surface -spraying minute dropiets of siliceous
melt onto the already ﬁartially solidified crust (still capable of plastic defor-
mation). The surface expression of the collapse of large bubbles is seen as wrin-
kled areas (Figs. 4 and 5), with relaeively small depressions (Figs. 5 aqd 6).
2) The lack of h&pervelocity—type craters suggests that the glass
coated surfgce of breccia 15015,36 was a) exposed when cold for only a
very short time; if at all, to either bombardment by micrometeroids or high
velocity projectiles in impact~generated'debris clouds and 'b) from the
shielded (probably buried)'portion of the roc#; The presenee of low velocity-
type impacts (Figs. 1 and 2) that are reminiscent of'impacts‘inte heated -
targets (Carter and McKay, 1971) suggests that this surface was in an impact-
generated hot debrls cloud.
3) The mounds consisting ofemetallic iron and mixtures of metallic
iron and iron sulfide do not represent splashes.but were grown on the liquid
siliceous surface, with the larger mounds growing at the expeﬁse of the =~ =777
smaller mounds. There were at least four nucleation events resulting in
mounds with average diameters of apbroximately 45, 19, 10 and 0.2 um. The
sulfur was supplied from an external source such as an impact-generated
cloud, and the ironiwas supplied both from an impact-generated cloud and

by in situ reduction of the liquid siliceous surface (Figs. 8 to 10; Carter

and McKay, 1972).

P



4) The proposéd VLS-type growth (vhisker st;uctureé) on the surface of
lunar rock 15015,36 is the firsf fecognized in nature. Sincé the metallic
iron stalks afe either single domaiﬁ or pseudo~sing1é domain, due_tc shape-
anisotropy, they_maf affect strongly the magnetic properties of this rock and
contribute to its hard magnetic compoﬁent (Dunlop, 1273). 'VLS—Ey;e growth ﬁéy
be very common on fragments iﬁ;the-luna% soil that have been:eiposed go an
impactfgengrated cloud; and'especially cormon as individual needles in the less
than 1-ﬁm»size fraction of tﬁe s0il because micrometeoritic hombardment of
the surfaces of materials with VLS-type growth on them would cause dislogement
of needles. Low-grade metamorphic breccia produced from this soil would
then contaiﬁ metallic i;on’needles of single or pseudo-single aomain type.

5) Since probable VLS~type growth has occurred in an impact situation
on the lunar surface, it may have been an important growth mechanism in the
«é&rly accretionary history of -the “Earth especially before it acquired an
appreciable o%idizing atmosphere, and in other §lanetary situations,
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FIGURE CAPTILOHNS
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1. SEM photograph of'surfacevof breécia 15015, 36 showiﬁg relationship
of vafious types of mounds, dimples and an impact feature (lower right).
2. Eﬁlarged SEM view of impact featureAin lowver right of Fig. 1.

Bottom of crater is lined with K-rich siliceous globules. )

3. Enlarged'view of central area. of Fig. 2f Surfaces Qﬁ ké;ich;globules
ére covered with FeS spherules from 0.1 um to 0.3 um in diameter.

4. SEM photograph of a collapsed area-on surface of breccia 15015, 36.

5. Enlarged view of the central area of Fig. 4 showing deﬁails of
collapsed structure. Droplets in central area of photograph aré of

same composition as siliceous glass substrate.

6. Histogram showing number of depressions (holes) versus depreséion

_(hole) diameter in }m on various features.

7. Enlarged SFM view of typical metallic iron'ﬁound'with FeS 'rim.

8. Histogram sho&ing relationshig of mound diameter in um to %.of total
surface area covered.

9. Histogram showing ngmber of mounds versus mound diameter in um.

10. BHistogram showing relationship of mound diameter in um to total
volume of mound in um3.

11. SEM view of irregularly-shaped metallic iron mounds around base

of silicafe mineral "islaﬁd". Probable VLS-type whisker growth occurs
on surface of irregularly-shaped metallic iron mounds and on "high"
areas (upper right). Note absence of small mounds around irregularly-
shaped mounds.

12. SEM view of high electron emission patches intermingled with iron-
rich mounds. Pafches ére éompésed of whisker structures of probable

VLS-type growth.



-12--

Fig. 13. SEM view showing relationship of probable VLS~type of whisker

Fig.

Fig.

Fig.

growth on "high" areas and mineral "islands'" to larger metallic iron
mounds witg FeS rims.

14. SEM view showing probable VLS—type‘of.whisker growth only on
surface of silicate mineral "islands'.. |

15. Enlarged SEM view of edge of p;tch of probable VLS-type of whisker

growth showing stalk structure.

'16. Enlarged SEM view of probable VLS-type of whisker growth showing

nature of metallic iron stalks with bulbous tips composed of iron and

sulfur.
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Unusual Particles in Apollo 16 Soils., Particles from four soil localities (62241.14,,
5808451.11, 68841.11, 69941.13) were examined using optical, scanning electron microscope,
‘electron microprobe and energy dispersive techniques., Dark ray material from South Ray
Crater contain two unusual types of particles.. One type consists of reddish colored
metallic objects in contact with olivine 'and feldspar. Their surfaces consist of inter-
locking crystals of ivorn with 5 wt. % nickel, minor patches of iron sulfideée and
chosphide. Some of the surfaces contain a crystalline ruby-red, transparent, goecthite-
like reaction product with minor chlorine. This material also occurs between the metal

and silicate contact. he second type consists of silicate spheres with structurally
ccatinuous hemisphares or spherules attached to their surfaces, which are ccmposed of a
nezwork of interlocking feldspar crystals and iron sphevules in glass that is reminis-

of quench textures. A volcanic hypothesis is suggested for these spheres because .
he apparent homogeneity of the criginal silicate melt (approx. ANT in composition),
milarity of composition between individual spheres, the presence of FeS and

ic iron with less than 1 wt. % nickel and the general lack of agglomerated
e debris. : .

VLS (Vapor-liquid-Solid) growth on the surface of rock 15015. The surface of glass-
cated breccia sample 15015,38 contains numerous metallic iyon mounds less than 4 pm in

, and peculiar patches ranging from 0.4 to 400 ym in longest dimension that distort
lectron beam as it passes over a patch. This suggests that this is an electrical or
tic phenomena. The patches occur on "high” areas on the glass silicate surface and
ielly on the surfaces of minerals that protrude through the glass surface. The
pztches ara composed of z series of stalks with bulbs on théir tops. The bulbs vary from
less than 0.03 to 0.2 um in diemeter and the stalks vary from less than 0.015 to 0.15 um
in diemeter. Stalk length varies from 2 to 10 times bulb diameter. From electron micro-
probe and energy dispersive X-ray data, the bulbs may be FeS and the stalks metallic Fe.
These date suggest that the stalks and bulbs are natural consequences of a VLS growth
henisn operating in the lunar environment. Since a liquid has a large surface of
zmodation, it will preferentially incorporate vapor and growth from a supersaturated
id would occur at the liquid-solid interface resulting in whisker growth. Since the
1lic iron stalks are either single domain or pseudo-single domain due to shape ani-
opy, they are likely to strongly affect the magnetic properties of this rock.
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dizzeter and complex mixtures of metallic iron and iron sulfide mounds up to 60 um in dia-
meter
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