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ABSTRACT

Ordinary chondrites contain textures and mineralogies which
indicate a range in intensity of shock and thermal metamorphism. It
has been proposed that the metamorphic sequence in ordinary chondrites
is the result of thermal metamorphism in ejecta blankets deposited by
impact events on the parent meteorite bodies. Because of the associa-
tion of vapdr phase crystallization with recrystallized (thermally-
metamorphosed) lunar breccias, a search for vapor phase crystallization
was undertaken with the Rose City meteorite (H-group). The Rose City
meteorite is a high iron chondrite that underwent brecciation, shock-
melting, vaporization and recrystallization in an impact event about
400 million years ago as interpreted from rare gas data. It contains
a variety of lithologies: (1) clasts of moderately-shocked H6 1ithology,
(2) matrix, between clasts, of shock-melted and recrystallized silicate
veins, depleted in metal and sulfide but containing numerous mineral
fragments and vesicles, (3) matrix veins of metal and sulfide with a
cotectic texture, (4) clasts in which the metal-sulfide and silicate
portions show a range in degree of shock melting. Many of the larger
clasts which are still coherent are surrounded by a band of metal-
sulfide with the same cotectic texture common in the matrix metal bands.

A striking array of apparently vapor-grown crystals in cavities
was found in both the recrystallized matrix and in the clasts of the
Rose City meteorite, using the scanning electron microscope and energy
dispersive x-ray analyzer. Euhedral to subhedral crystals of troilite,

iron, iron-nickel, pyroxene, olivine, and apatite were found attached

iv



to the walls of vugs. Similar morphologies and minera]ogies of crystals
in vuggy lunar breccias and the Rose City meteorite suggest similar
processes caused loss of volatiles plus redistribution of volatiles in
both ordinary chondrites and lunar breccias. Cooling of hot ejecta
blankets on parent meteorite bodies would include movements of vapors
(such as oxides, halides, sulfides, iron) from hotter to cooler areas,
and result in eventual loss of noncondensable species and deposition

of condensable species in cooler areas. This would exp]aiﬁ some of the
volatile depletions in ordinary chondrites. Cooling of large thermally-
zoned ejecta blankets would partially explain the progressive thermal
metamorphism of ordinary chondrites with the more recrystallized

meteorites originating in the hotter zones of the ejecta blanket.
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CHAPTER ONE
INTRODUCTION

Purpose and Scope

The purpose of this study is to characterize and determine the
importance of the redistribution of volatile species, initiated by
shock metamorphism and evidenced by vapor phase crystallization, in
the Rose City meteorite. A detailed study was undertaken of the pore
space, vapor-derived vugs (cavities) and vapor-grown mineral assemblages
in the vugs of the highly shock-metamorphosed Rose City meteorite. The
study included extensive use of the scanning electron microscope (SEM),
the petrographic microscope and the electron microprobe.

The vapor-grown mineral assemblages in the Rose City meteorite are
similar to vapor-derived features in lunar breccias. These features
are directly related to shock metamorphism, and it was hoped that
volatile movement and redistribution in the thermally metamorphosed
ordinary chondrites also could be related to shock metamorphism. The
morphology and physical association of the different vug crystals as
observed with the SEM are given considerable attention because this
tool has not been used before to any extent on this problem. Before
the study of lunar rocks, vapor phase crystallization was not suspected
to havé occurred in meteorites.

The Rose City meteorite is a high iron chondrite and was selected
for this study because it offered an opportunity to characterize a
meteorite representing the highest grade or level of shock metamorphism

(as indicated by vaporization of the silicates and metals). It is a



meteorite that apparently has undergone multiple impact events similar
to the Tunar breccias. Finally, because shock (impact) metamorphism
is a heterogeneous process, within this one meteorite it is possible
to go from lithologies representing the highest degrees of shock meta-
morphism such as shock-melted silicate veins depleted in metal and
sulfide, to lithologies within the clasts in which mainly comminution
and a much smaller amount of shock-melting and volatilization occurred.
The samples used in this study were loaned by Carleton B. Moore

at Arizona State University, Tempe, Arizona.

Nomenclature and Classification of Ordinary Chondrites

Chondrite] is the name given by Gustav Rose in 1864 to stony
meteorites that contain small (up to several millimeters in diameter)
spheroidal or ellipsoidal bodies (chondru]es).l Today, meteorites are
classified as chondritic on the chemical basis of having non-volatile
element abundances similar to those found in the sun. This 1is con-
sidered to be a "primitive" or undifferentiated composition relative
to terrestrial rocks. In chondrites lithophile, chalcophile and
siderophile elements occur intimately mixed, but in terrestrial rocks
these groups of elements have been separated by processes of differen-
tiation. Table 1 shows a chemical analysis of the Rose City chondrite.
Note that iron occurs in three different forms: oxidized,in silicates

(olivine, pyroxene) and reduced, in sulfides and metal (troilite, kamacite).

]For further reading on the nature of chondrites readers are referred

to the following: Sorby, 1877; Tschermak, 1883; Mason, 1962; Ramdohr,
1963; Wasson, 1974.



TABLE 1: Chemical analysis of the Rose City meteorite by Whitfield
(in Hovey, 1922).

510, 43.71 wt.%
MgQ 26.97
Fe0 15.09
A1,0, 3.44
Ca0 3.14
Na,0 1.13
Cr,0, 0.61
P,0¢ .25
Mno .36
K,0 0.18
Fe 17.25
Ni0 .57
Co0 .08
S0, .68
FeS 3.88

Total 100.09




In spite of the general undifferentiated nature of chondrites,
there are chemical differences among them that can be used to divide
the chondrites into five groups. The abundance of Fe (shown by the
Fe/Si ratio) and its distribution between phases (best illustrated by
its oxidation state, given by the Fe metal/total Fe ratio) was first
used by Urey and Craig (1953) to distinguish between the chondrite
groups. Figure 1 (from Wood, 1968) shows the differences in total iron
abundances versus oxidation states, and the relationship of the high
iron (H) chondrites to the other groups on the basis of these differ-
ences. The other chemical groups of chondrites are named as follows:
the enstatite chondrites (E) after their most abundant constituent
mineral: the carbonaceous chondrites (C) named by Tschermak in 1883;
the Tow iron group (L) named because of their Tower total iron content;
and the very low iron group (LL) distinguished only recently as a
separate group from the L's by Keil and Fredriksson (1964)2. The H,
L, and LL groups account for 78% of observed meteorite falls and hence
are referred to as the ordinary chondrites.

Mineralogically the chondrites contain predominantly Fe- and Mg-
rich silicates with smaller amounts of feldspar, diopside, iron-nickel
metal and troilite. Table 2 shows the mineral composition of the Rose
City chondrite, including the relative mineral proportions. The
minerals are present in essentially two forms: chondrules and matrix,

the Tatter being everything interstitial to the chondrules. The

2A good general discussion on the classification of chondrites is given
by Van Schmus (1969).
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FIGURE 1: The five chemical groups of chondrites illustrated by their
differences in Fe metal/total Fe. (From Wood, 1968).

TABLE 2: Mineral content of the Rose City meteorite.

0Tlivine

Pyroxene (Bronzite)

Feldspar 78.87
Apatite
Chromite
Troilite 3.88

Nickel-iron 17.25



minerals composing the chondrules, predominantly olivine and pyroxene,
essentially are identical with the minerals found in the matrix. From
one chemical group to another there is a range in composition of the
olivines and pyroxenes, but within each group the composition is
remarkably uniform. Table 3 summarizes some useful chemical and
mineralogical criteria for distinguishing among the chondritic groups.
Within each chemical group there are textural and mineralogical
differences which have been described in detail by Van Schmus and Wood
(1967) and are summarized in Table 4. Van Schmus and Wood assigned
petrologic types to the textural and mineralogical range within each
chemical group of the chondrites. Their underlying premise is that -
thermal metamorphism has occurred, but the heat source is not specified.
Ordinary chondrites show a range in texture from a distinct chondrule-
in-matrix association, to textures where the fine-grained matrix has
increased in grain size (recrystallized) to form a coarse-grained
matrix such that the chondrules can no longer be distinguished easily
from the matrix. Mineralogical changes occur with the textural changes
such that heterogeneous olivine and pyroxene crystals show increasing
homogenization or “édui]ibration”. Clinopyroxenes are a disequilibrium
product and occur in the unequilibrated chondrites. Inhomogeneous
olivines and pyroxenes, and glass also are present in unequilibrated
or unrecrystallized ordinary chondrites. Homogeneous orthopyroxenes
are found in the equilibrated chondrites along with homogeneous olivines
and no glass. According to the classification of Van Schmus and Wood,

Type 3 indicates unrecrystallized distinct chondrule-in-matrix texture,



TABLE 3: Summary of the Fe, Mg and Si distributions in the 5 chemical
groups of chondritic meteorites (from Van Schmus and Wood,

1967).
Olivine
Group Fe/SiO2 Fe®/Fe total Fa SiOZ/MgO

(mol1.%)
E 0.77 0.80 0 1.90
+0.30 +0.10 - +0.15
C 0.77 - - 1.42
+0.07 - | . - +0.05
H 0.77 0.63 18 1.55
+0.07 +0.07 + 2 +0.05
L 0.55 0.33 24 1.59
+0.05 +0.07 2 +0.05
LL 0.49 0.08 29 1.58
+0.03 +0.07 2 +0.05




TABLE 4:

Summary of the petrologic differences which occur within

each chemical group of chondrites (from Wasson, 1974).

Petrologic type
1 2 3 4 . 5 6
I. Homogeneity of | — Greater than 5% - Less than 5 Uniform
olivine and mean deviations 5% mean
pyroxene deviations !
compositions to uniform :
11. Structural state of | — Predominantly 1Abundant |Orthorhombic
low-Ca pyroxene monoclinic :mono-
ichinic
icrystals
1L Degree of develop- | — Absent iPredominantly as Clear,
ment of secondary 'microcrystalline interstitial
feldspar ‘aggregates grains
1V. Igneous glass — Clear and isotropic Turbid if : Absent
primary glass; variable|present |
abundance 0
V. Metallic minerails | — Taenite ab-|Kamacite and taenite present (> 20%)
(maximum Ni sent or
content) very minor
(<20%)
V1. Average Ni content| — >0.5% <Q5%
of sulfide minerals !
VII. Overall texture No Very sharply defined ‘QWeIl- :Chon- TPoor]y
chondrules|chondrules :defined  -drules ‘defined
.chondrules readily ichondrules
i ' ‘delineated !
VI Texture of matrix 1 All fine- | Much Opaque  Trans- ‘Recrystallized matrix
i grained. |opaque  .matrix .parent ;
opaque matrix ; ‘micro- !
) serystalline |
) ; ‘matrix
1X. Bulk carbon 3-5% 0.8-26% 102-1% :<0.2%
content ’ ':
29 i< 1.5%

X. Bulk water comcnll 18-22

!

’2 -16% {0.3-3%




Types 4 and 5 represent increasing matrix grain size and homogenization
of the constituent minerals, and Type 6 indicates the most mineralo-
gically equilibrated and recrystallized texturally. Table 5 shows the
Van Schmus and Wood (1967) classification scheme which uses both
chemical and petrologic criteria to classify the chondrites. The number

in each box is the number of examples of each meteorite type now known.

Shock Metamorphism in Chondrites

Most meteorites show some evidence of shock or impact metamorphism
superimposed on the thermal metamorphism described above. This is
consistent with evidence such as meteorite orbital determinations
(Anders and Mellick, 1969) and earth-based asteroidal studies (Bowell
and Zellner, 1973), which suggest many meteorites are asteroidal in
origin. Multiple impact histories might be involved in the removal of
meteoritic material from asteroidal parent bodies, eroding the material
to the typical sizes of meteorites, and in deflecting these fragments
into earth-crossing orbits. In addition, Taylor and Heymann (1969)
present evidence that shock-induced reheating occurred on the parent
meteorite bodies prior to the ejection of the chondrites from their
parent bodies. Large scale impact events on the parent meteorite bodies
are highly probable on the basis of what is now known about the early
impact history of the moon, and the earth-based observations that all
observable solid bodies in the solar system bear craters supposedly from
numerous impact events.

There are many petrologic features associated with shock meta-

morphism in meteorites. Blackening, veining, and brecciation are the



Chemical Group
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TABLE 5: Classification of the chondrites from Van Schmus and Wood
(1967).
Petrologic Type
1 2 4 5 6
E  EI E2 . E3 E4 E5 E6
L . 1* 3 2 6
C Cl c2 C3 Cc4 C5 C6
5 18 9 1 e .
H H1 H? H3 H4 H5 H6
. . 6 23 53 32
L L1 L2 L3 L4 L5 L6
L L 9 11 28 117
LL LL1 LL2 LL3 LL4 LL5 LL6
6 1 7 20

'

*Number of examples of each meteorite

box.

type now known is given in its
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result of shock or impact events (Fredriksson et al., 1963; Binns, 1967;
Heymann, 1967). Mineralogical changes occur as the result of shock
metamorphism and include the following: plagioclase is transformed to
maskelynite at a minimum shock pressure of 300 kb and plagioclase and
pyroxene are shock-melted at 450 kb (Stoffler, 1972); orthopyroxene can
be transformed to clinopyroxene (Wlotzka, 1969); olivine becomes finely
polycrystalline at shock pressures above approximately 130 kb (Fred-
riksson et al., 1963); metal and sulfide are melted (Begemann and
Wlotzka, 1969); and recrystallization of kamacite occurs at 750 kb and
forms martensite (Taylor and Heymann, 1969). A comprehensive survey

of the shock processes and effects in natural materials, including
terrestrial, Tunar and meteoritic rocks is presented by Stoffler (1972).
In an earlier paper, Stoffler (1971) presents a classification for
shocked rocks based on the evidence of progressive shock metamorphism
and defines six stages or zones of increasing shock metamorphism.

Stage VI is where the highest pressure and temperature conditions occur
at or near the point of impact. Temperatures exceed the boiling point
of the rock melt and produce a vapor phase, which upon cooling will
yield condensation products if the latter are contained. Stoffler
admits this stage is theoretical in large part, but it is based on the
fact that appreciable rock volumes are vaporized and condensed during

impact processes (Butkovich, 1968).

Description of the Rose City Meteorite

The Rose City meteorite was observed to fall on October 17, 1921

at approximately 11 pm near the town of Rose City, Michigan. Three
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meteorite fragments, weighing 6.4, 3.2 and 1.5 kilograms respectfve]y,
fell on the property of Mr. George Hall, the largest piece of which
made a two foot deep hole in the ground. Grass embedded in the mete-
orite crust was not singed, indicating the meteorite had free fallen
for some distance and was cold upon impact. Alteration of some of the
metal and silicate phases has occurred during the meteorite's 54-year
residence on the earth. The alteration is a consequence of the water
vapor in the earth's atmosphere, varying laboratory conditions, and
handling of individual samples (such as sawing, thin sectioning, etc.).
Many meteorites contain the hygroscopic mineral lawrencite (FeC]z) in
minor amounts which decomposes into Fe(OH)3 and HC1 upon contact with
air.

Chemical analyses performed by Whitfield (Hovey, 1922) found the
Rose City meteorite to contain 17.25% metal and 27.4% total iron. A
second bulk chemical analysis was performed by Mason and Wiik (1966)
which found a much higher metal content (28.6%) and a higher total iron
content (36.40%). In their report, however, Mason and Wiik pointed out
that the Rose City meteorite is a brecciated and inhomogeneous meteorite
and that their sample could have been from a metal-rich part. Table 6
compares the H-group averages with the values determined by analyses of
the Rose City meteorite. It is a high iron (H) group meteorite based
on the bulk chemical analysis of Whitfield, and the olivine and pyroxene
compositions defermined by Mason and Wiik. Electron microprobe analyses
performed by this investigator are Tisted in Appendix A and agree with

the findings of Mason and Wiik (1966) of olivine compositions of Fa20
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TABLE 6: Typical H-group chemical averages compared with the Rose

City meteorite analyses.

H-group Average* Rose City Meteorite Analyses**

Silicates 77.95 wt% 78.87 wth***
Metal 16.80 wt% 17.25 wti***
Fe°®/Fe 0.63 ¥ 0.07 0.63
0livine Fajg.3 Fagg
Pyroxene FS16.8 FS]S

*Reported in Van Schmus (1969)
**Reported in Mason and Wiik (1966)
***Reported in Hovey (1922)



and pyroxene compositions of Fs]5. Both ortho- and clino-pyroxene was
reported by Mason and Wiik, determined by x-ray diffraction methods.
Megascopically the Rose City meteorite is a breccia with centi-
meter- and greater-sized clasts. Figure 2 illustrates the clastic
nature and inhomogeneity of this meteorite. The petrologic assignment
of Type 6 is given to the Rose City meteorite by this investigator
because the clasts composing the main mass of this meteorite appear to
be of this type, with evidence of shock metamorphism superimposed upon
the clast lithology. Petrographically, the clasts appear to be composed
of coarse, but broken and partially melted crystals of olivine and
pyroxene with a few discernable chondrules. Features in the Rose City
meteorite normally found in the lower petrologic types, such as glass
and a fine-grained matrix, are interpreted as being the result of shock-
melting and recrystallization of the "original" Type 6 lithology. Many
of the anomalous Type 6 textures are similar to those found in the
Ramsdorf meteorite, described by Begemann and Wlotzka (1969), and
interpreted by them as due to shock-induced thermal metamorphism.
Large olivine and pyroxene crystals have undergone shock as evidenced
by fracturing and partial melting of the grains, but where preserved,
crystals and crystal fragments are homogeneous as determined by micro-
probe analyses by this investigator. This indicates that the Rose
City meteorite was "equilibrated" before the major impact event. It
is important to establish the pre-shocked petrologic type of the Rose
City meteorite in order to determine which characteristics, both
chemical and textural, are associated with the shock metamorphic

process. The Rose City meteorite clasts are distinguished readily by
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- -

FIGURE 2: Photograph of section of Rose City meteorite from which the
samples used in this study were obtained. Dimensions are
33 mm x 60 mm. Lower drawing: solid outlines of clasts
(spotted) indicate metal; dashed outline indicates clast
without metal band.



-16-

their coarser crystallinity, their irreéu]ar—shaped but randomly-
distributed patches of metal, and the fact that many of them are
"outlined" by a band of metal and sulfide.

Between the clasts there are largely shock-melted areas that are
considered to be the matrix of the Rose City meteorite in this study.
This use of the term "matrix" is different in connotation from what is
generally referred to as matrix in most chondrites (usually the inter-
stitial material between chondrules. The matrix is very complex and
contains a variety of lithologies. Glassy to microcrystalline veins of
what is interpreted as being shock-melted and partially recrystallized
silicates occur in the matrix. Shock metamorphism produces disequilibrium
clinopyroxene (Wlotzka, 1969) and this is the probable origin of the
clinobronzite reported by Mason and Wiik (1966) in the Rose City mete-
orite because clinobronzite would not be found in an equilibrated
chondrite. The silicate veins are depleted in metal and sulfide. The
matrix also contains bands of metal and sulfide with a globular texture
interpreted by Gegemann and Wlotzka (19-9) as being the result of shock-
melting. Apparently the silicate and metal-sulfide formed immiscible
liquids which segregated before solidifying. There are numerous areas
within the matrix in which the metal has been melted entirely, and much
of the silicate portion melted to form a glass, but instead of separat-
ing, the metal is dispersed through the glass in discrete globules.
There are partially-melted clasts, evident in thin section, but which
do not have an iron-nickel rim. Taylor and Heymann (1969) used two

criteria, the polycrystallinity of the olivine and the form of the iron-



-17-

nickel (martensite), as indicators of shock intensity. Their x-ray
diffraction measurements show the Rose City meteorite to be moderately
shocked on the basis of the polycrystallinity or mosaicism of the
olivine. The iron-nickel present is predominantly martensite which
indicated a very strongly reheated meteorite.

There are numerous cavities and vesicles within the clasts and
matrix, interpreted by this investigator as being formed by volatiliza-
tion of silicates, metal and sulfides, the result of the high tempera-
tures and pressures reached during the impact event. Post-shock
residual temperatures of the silicates for lesser-shocked meteorites
(showing much less shock-melting, veining, etc.), such as the Ramsdorf
and Orvinio chondrites, have been estimated in the range of 1200°C to
1350°C (Heymann, 1967; Begemann and Wlotzka, 1969). These temperatures
correspond to a shock pressure on the order of at least 800 kb (McQueen
et al., 1967). The Rose City meteorite must have undergone much higher
temperatures, sufficient to have caused volatilization of even the higher
temperature silicate, metal and sulfide phases. Studies of terrestrial
impact samples have found temperatures of 1500°to 1700°C to be reasonable
(E1 Goresy, 1965; H8rz, 1965) for such melting. Experimental shock
studies by Gibbons et al. (1975) suggest temperétures in excess of
3000°C occur locally in shock-produced 1liquids. The cavities within the
Rose City meteorite were considered to be logical sites for deposition
from the vapor phases produced by shock-melting and volatilization by

this investigator.
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According to D. Bogard (unpublished manuscript) the Rose City
meteorite underwent extensive shock-melting and volatilization approxi-
mately 400 m.y. ago, a conclusion based on rare gas release patterns.
Hintenberger et al. (1965) reported that the Rose City meteorite has a
U, Th-He age of 0.4 b.y. which represents the last major heating event.
Taylor and Heymann (1969), in their investigation into the shock and
reheating effects in ordinary chondrites, concluded that the shock and
reheating seen in such meteorites occurred during impact events on the
parent bodies rather than by the later impacts that ejected the mete-
orites from the parent bodiés. They based this conclusion on the fact
that all cosmic radiation ages (ejection ages) for the bronzite (H group)
meteorites are shorter than 100 m.y., much less than the U, Th-He ages.
Therefore, the abdve evidence indicates that the Rose City meteorite
underwent extensive shock metamorphism in an impact event on its parent
body. The degassing documented by Bogard (unpublished manuscript)
~indicates extensive volatilization, and a study of the vapor phase
products retained may give some insight into the complicated processes
operating during and after impact events on the parent bodies. The
possibility exists that impact metamorphism is the source of the thermal

metamorphism in many of the ordinary chondrites.

Impact-Generated Lunar and Terrestrial Analogs to Shocked Meteorites

Lunar breccias and meteorites show many features interpreted as
the result of complex and repeated impact processes on the parent bodies
(Urey, 1958; Fredriksson and Keil, 1963; Kurat et al., 1969; King et al.,

1972; Warner et al., 1974). Based largely on petrologic studies, Wahl
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(1952) proposed meteoritic breccias be divided into two categories:
(1) monomict breccias in which the xenoliths are of the same material
as the surrounding, finer-grained host; and (2) polymict breccias in
which the xenoliths are not closely related to the interstitial host,
and in which additional foreign fragments are sometimes found. Mono-
mict breccias exist in the Tunar rocks, an example being anorthosite
15415, Hescribed by James (1972), another example being dunite 72415,
described by Albee et al. (1972). One meteoritic analog to the Tunar
monomict breccias is the Johnstown bronzite achondrite (Mason, 1963).
The majority of the lunar highland samples are polymict breccias
(Warner et al., 1973; Warner, 1972), as are the majority of the
chondrites. Kurat et al. (1974) described lunar polymict breccia
14318 as having a chondritic texture. There are many meteoritic
polymict breccias described, especially among the achondrites (Duke
and Silver, 1967). Among the chondrites, polymict breccias have been
documented by Dodd (1975), Van Schmus (1967), Wilkening and Clayton
(1974) and many others.

Impact-generated silicate spherules from terrestrial and lunar
samples have been studied and found to be analogous to meteoritic
chondrules (King et al., 1972; Kurat et al., 1972; Nelen et al., 1972).

McKay et al. (1972) found vugs with well-developed crystals of
plagioclase, pyroxene, ilmenite, apatite, whitlockite, jron, nickel-
iron and troilite extending into the cavities of lunar rocks. These
features were interpreted as formed by deposition from a high tempera-
ture vapor phase associated with hot ejecta blankets deposited by major

cratering events.
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Laboratory Work

The scanning electron microscope used in this study is a Jeolco
JSM-U3 which generally was operated at an accelerating voltage of 25 KV.
A lower voltage of 15 KV was used when a greater depth of field to
increase apparent surface texture was desired. The SEM, with attached
Nuclear Diodes EDX (energy dispersive x-ray analyzer) capable of yield-

ing semi-quantitative chemical analyses, was used to characterize

in situ morphology, mineral assqciations and mineral chemistry of the
vapor phase products within the vugs and vesicles exposed on the sawn
surface of the meteorite samples.

The samples were initially cleaned in a sonic bath of quadruple-
distilled freon for 20 seconds, air-blown dry, and coated with gold by
a Technic's Hummer (which sputters a hundred angstrom thick layer of
gold onto the sample in an argon atmosphere). The prepared samples
were mounted on brass SEM studs with Duco cement. To increase con-
ductivity and lower background scattering, the brass SEM mounts were
painted with carbon. Finally, several thin lines of silver paint were
drawn from the sample to the carbon-coated brass mount.

Standard petrographic polished thin sections were made of the
surfaces studied by the SEM. The porous samples were first vacuum-
impregnated with epoxy in an attempt to preserve fine, delicate crystals
within the cavities, as well as to minimize plucking dﬁring the thin
sectioning process. Figure 2 illustrates where the two columns studied
were taken from the Arizona State University Rose City meteorite sample
(top photograph). The largest clast in the sample was designated

Clast A for this work. The thickness of the original slab was approxi-
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mately 6 mm, and this is the "working" surface studied with the SEM
and made into a polished thin section. The thin section was thicker
than the standard thickness of 30 micrometers because the large amount
of metal in the sample has the tendency to peel away from the glass
slide. A Zeiss camera-microscope Ultraphot II was used for the
petrography portion of the study.

Microprobe analyses were collected with an ARL electron microprobe,
under operating conditions of an accelerating voltage of 15 KV and
sample current of 0.02 microamperes. Three elements were analyzed for
simultaneously and the standards used were the same as those used for

Tunar samples analyzed in the microprobe laboratory at JSC.
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Previous Work

Vapor Phase in Lunar Rocks

Carter and MacGregor (1970) showed a SEM photograph of pyroxene
and plagioclase crystals lining a vug in an Apollo 11 basalt; Evans
(1970) described a euhedral troilite crystal in a vug of an Apollo
basalt; Gay et al. (1970) reported on an amphibole they foﬁnd in a
basalt vug. Charles et al. (1971) discussed the latter occurrence and
suggested that chlorine may be an important constituent of the amphibole.
Jedwab (1971) found ilmenite crystals in basalt vugs. He considered
the layer-by-layer growth (growth steps) common on many crystals, to
be characteristic of slow deposition rates at low supersaturations, and
assumed the crystals in vugs to be vapor-derived. Skinner and Winchell
(1972) describe what they consider to be vapor-phase-grown plagioclase
needles in vugs and vesicles of Apollo 12 basalts.

McKay et al. (1972) were the first to report on the occurrence of
well-formed crystals projecting into vug interiors in the highly re-
“crystallized lunar breccias. They documented subhedral to euhedral
crystals of plagioclase, pyroxene, ilmenite, apatite, whitlockite, iron,
nickel-iron and troilite that project into vug open spaces of lunar
breccias and interpreted them to be vapor phase crystallization products.
They considered the same argument for vapor phase used by Skinner and
Winchell (1972) to be applicable to lunar breccias. That is, if vesicles
or cavities were closed, it was not possible for a melt to drain away.
Therefore, the vesicles were vapor formedf and projecting crystals are
vapor deposited. Possible vapor components include oxides, halides,

sulfides, alkali metals and iron. They interpreted these as formed by
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the deposition from a hot vapor phase associated with the thermal
metamorphism and subsequent cooling of the Fra Mauro Formation. The
Fra Mauro Formation is interpreted to be the ejecta blanket emplaced
by the Imbrium impact event, and contains a variety of petrologic rock
types texturally similar in process of formation to terrestrial pyro-
clastic ash flows (Warner, 1972; King et al., 1972).

More recent work on vapor-derived crystals in lunar breccias is
reported by Clanton et al. (1973) who discuss iron crystals in lunar
breccias, Carter (1973) who raises the possibility of VLS (Vapor-Liquid-
Solid) type of whisker structures in lunar breccia 15015,36, and Carter
et al. (1975) on the morphology and chemistry of chalcopyrite, chromite,

copper, iron-nickel, pentlandite and troilite in Apollio 17 breccias.

Criteria for Identification of Vapor-Derived Crystals

In this study the following guidelines were used to distinguish
vapor-grown crystals from melt-derived crystals. Growth steps on
crystals are indicative of crystallization from low supersaturations,
which represents the vapor or solution phase (Sunagawa, 1967). Crystal-
lization from a melt phase indicates high supersaturations by comparison.
Lack of glassy or amorphous coatings on euhedral crystals, especially
doubly-terminated crystals, in cavities is indicatiye of a vapor phase
origin as opposed to a melt origin (McKay et al., 1972). The presence
of vugs and vesicles, which are themselves products of volatilization,
is indicative of the formation of a vapor phase and the containment of

a vapor phase.
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In addition to crystal surface morphology, crystal associations
within cavities may be indicative of formation from a vapor phase.
Crystals which are flush with the vug wall are interpreted as being
crystallized from a melt phase, but crystals that project into the vug
interior, especially from a crystalline substrate, are interpreted as
being crystallized from the vapor phase (McKay et al., 1972). Crystals
in vug interiors which have a substantially different orientation from
the crystals composing the vug walls are considered to have a different
origin from the vug wall crystals, and this different origin is
interpreted to be from the vapor phase (this work). Finally, crystals
which appear to coarsen towards the vug interior are interpreted to
have crystallized at least in part, from the vapor phase contained in

the vug.

Vapor Phase in Terrestrial Pyroclastic Ash Flows

Impact ejecta blankets are considered to simulate terrestrial
pyroclastic ash flows, both in emplacement processes and cooling
histories (McKay et al., 1972; Anderson et al., 1972).

Briefly, ash flows are a turbulent mixture of gas and pyroclastic
material at very high temperatures which have been explosively ejected
from a volcanic vent and travel along the ground surface by the process
of fludization - solids suspended in a gas. The deposit that.resu1ts
from this eruption essentially is unsorted, nonbedded, tens of feet
thick, and is called an ash flow tuff. If the temperature of emplace-
ment is high enough for welding to occur, at Teast four distinct zones

may be formed. Zones of no welding usually are found on the top and
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the bottom of the flow. These zones will contain some incipiently
welded tuff (a sticking together of glassy fragments at their points
of contact). Such zones are important because they show the original
character of the pyroclastic material. Similarly, the unwelded zone
in an ejecta b]anket would reflect the nature of the soil and bedrock,
albeit comminuted in some measure, of the impact "surface" (sampling
to whatever depth the impact penetrated). A zone of partial welding
beneath the zones of no welding contains incipient welding and welding
in which nearly all pore space is gone. This is the most diverse zone.
A zone of dense welding produces a glass or vitrophyre in which there
usually is no pore space, except that of a vesicular nature resulting
from trapped gas.

Crystallization of the glass may occur during the cooling of the
ash flow (ejecta blanket), and devitrification and vapor phase crystal-
lization are the most common mechanisms. Devitrification occurs in the
glass phase, and vapor phase crystallization involves growth of crystals
into pore space by the movement of vapors and transfer of material.
Without pore space this cannot occur and therefore, in a densely welded
tuff, or in the zone of dense welding where there has not been extensive
gas trapped, devitrification is the dominant process of crystallization.
The crystallized part of the zone of dense welding is referred to as
the devitrified zone. A crystalline porous zone containing crystal
growths in pore spaces is the vapor phase zone.

An ash flow containing hot gas or emplaced at temperatures high

enough to crystallize on cooling should give off gas at its surface,
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thereby altering the surficial and upper parts of the deposit. Smith
(1960), Scott (1966) and Sheridan (1970) characterize ash flows and
their deposits.

There is one major difference that prevents the terrestria]lash
flow deposits from being nearly perfect analogs for both lunar and
meteorite impact breccias: water plays an important role in transport
of chemical species in terrestrial examples, whereas lunar and meteor-
itic breccias were formed in essentially anhydrous systems. Hence,
other volatiles were the transport media in the extraterrestrial cases

studied to date.

Vapor Phase in_Meteorites

The porosity of meteorites, and ordinary chondrites in particular,
has been noted by several workers (Alexeyeva, 1958; Engelhardt, 1963),
but not studied in any detail. Stacey et al. (1961) found a negative
correlation between porosity and magnetic properties suggesting that
porosity was associated with the original aggregation of the chondrites.
The porosity generally decreases from low petrologic types (3, 4) to
high petrologic types (5, 6). Increasing degrees of shock (short of
shock melting) will have the effect of lowering porosity by compaction,
regardless of petrologic type. Weathering of many chondrite finds has
increased porosity because of the removal of iron by leaching. Compaction
from "mild" shock collision events and weathering superimpose porosity
trends without any relationship to petrologic type. In addition,
plucking during the thin sectioning process may occur and has made many
workers wary of seriously considering cavities as indigenous to the

meteorites.
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In spite of all of the above, M. Christophe-Levy (1971) reported
the occurrence of drusy crystals in apparently natural voids of
chondrites.

The Rose City meteorite is one of the most highly shocked ordinary
chondrites, evident even in hand specimen because of its clastic nature
and shock-melted veins of silicate and metal. Also apparent in hand
specimen are irregular vugs and cavities, formed largely by the vapori-
zation of material from the high temperatures and pressures attained at
impact. The clasts as well as the matrix contain large irregular
cavities, which is atypical of equilibrated high iron chondrites. This
indicates that although these clasts wére not assimilated into a melt
such that the metal and sulfide separated from the silicate phases,
there was melting and even volatilization within the clasts. The
possibility also exists that some vapor phases were driven into the
clasts from those parts (shock melted veins) which attained higher

pressures and temperatures than the clasts.
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CHAPTER TWO

PETROGRAPHY OF THE ROSE CITY METEORITE

Clast Lithology

This study centered around the two columns (Figure 2) which sampled
most, if not all, of the lithologies present in the Rose City meteorite.
The column that was ultimately thin sectioned weighed 2.7 grams and
measured 6 x 33 x 3.5 mm. Clast A was the largest clast of the least-
shocked 1ithology. A transmitted 1ight photograph of the thin section
made through Clast A is shown in Figure 3. White areas are vugs, light
gray areas are silicates, dark gray areas are fine-grained to glassy
silicates and black areas are opaque minerals. One preserved chondrule
is visible at the upper left edge of the thin section. The silicate
crystals are highly fractured and, in places, melted along these
fractures. The opaque phases show a moderate amount of coalescing into
irregular and elongate patches. Branching black veins of;me]ted opaques
and silicates extend from the top center edge of the thin section.

The principal minerals are olivine, pyroxene and low-nickel iron
(Kamacite, 4-7% Ni). Troilite and feldspar are present, with minor
amounts of accessory minerals including, chromite, ilmenite, apatite
and whif]ockite. The olivine and pyroxene, where preserved, are unzoned
and of uniform composition (Fazo) as determined by multiple spot micro-
probe analyses on clear fragments performed by this investigator. This
investigator also found FeSiO3 to be in the 15 - 16 mole per cent range

in those matrix crystals large enough and well-preserved-enough for
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FIGURE 3: Transmitted 1ight photograph of clast A Tithology. Width
(short dimension) across section is 5.6 mm.
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microprobe analyses. Table 7A and 7B present representative olivine
and pyroxene analyses of these silicates.

X-ray work by Mason and Wiik showed both an ortho- and clino-
bronzite to be present, with the latter being the dominant phase. This
is contrary evidence to the Rose City meteorite originally being an
equilibrated chondrite (Van Schmus and Wood, 1967). Because previously-
cited parameters indicate an equilibrated preshocked meteorite, it is
the shock metamorphism that probably is the source of the high tempera-
ture, disequilibrium clinopyroxenes, not the original lithology.

The plagioclase which occurred in interstitial arrangement to the
olivines and pyroxenes were too small (submicron) for probe analyses.
They tend to be radiating blades, and have a mean refractive index of
1.54 corresponding to a composition of An]5 (Mason and Wiik, 1966).

Figure 4 illustrates the form of the opaque minerals in more
detail. The highly interstitial nature of the metal and sulfide is
evident by the very rounded forms. The fact that the metal and sulfide
has actually been molten is evidenced by the spheres, slightly above
center. The sphere on the left has a "quarter-moon" of sulfide,
indicating the immiscibility of the metal and sulfide.

Figure 5 shows the occurrence of sulfide and metal grains in
cavities in the clast Tithology. The opaques have rounded and irregular
boundaries where in contact with the matrix silicates, but exhibit
angular or polygonal forms where they extend into open spaces. This
is considered due to (1) their ability to crystallize in their normal
habits where free to do so, and (2) vapor phase deposition (layer-by-

layer deposition in planes). There is a general tendency for the
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TABLE 7A: Representative microprobe analyses of Rose City meteorite
clast silicates
Olivine in Olivine in Pyroxene in Pyroxene 1in
Matrix Vug Matrix Vug
SiO2 40.066 39.085 57.832 57.979
A1,04 0.000 0.000 0.101 0.189
Cr203 0.040 0.057 0.103 0.124
FeO 17.312 19.025 10.827 10.922
Mg0 42.343 40.629 30.668 30.975
Ca0 0.066 0.115 0.884 0.829
TOTAL o 99.828 *—~~_§8.909 100.406 101.018
TABLE 7B: Representative microprobe analyses of Rose City matrix
silicates
N O0Tivine Mineral Recrységllizéd Olivine Olivine in
Clast Clast Chondrule
5102 39.070 ) 39.089 39.106
A]ZO3 0.029 0.006 0.000
Cr,04 0.009 0.036 0.046
FeQ 17.387 16.957 17.389
Mg0 43.116 42.832 43.055
Ca0 0.022 0.043 0.053
TOTAL 99.629 98.964 99.648

—

Pyroxene Clasts in Matrix Pyroxene in Chondrutles

11.222  9.266  4.518

FeO 10.493
Ca0 0.106 4,386 19.626 0.807
Mg0 29.059 24.725 17.487 30.600
TOTAL 40.387  38.377 41.631 41.900
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FIGURE 4: Metal (white), sulfide (light gray), silicate (dark-gray).
Sphere in center of photograph is 6 um in diameter.

FIGURE 5: Large subhedral (white) crystal (left side of yug) is
troilite, round-appearing grain (right side) is {iron.
Larger crystal is 14 um across.
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sulfide grains to have more pronounced crystal faces and the metals
grains to be more subdued, within cavities where each was free to grow.
This could be a function of the different abilities or rates at which
the troilite versus metal would crystallize from a melt or vapor phase,
or it could reflect the different susceptibilities of the sulfide
versus the metal to alteration. This photograph also illustrates the
heterogeneity of the opaque distribution on a small scale (tens of
micrometers) within the clast Tithology.

Figure 6A is a transmitted light photograph of the branching dark
gray to black glassy veins. In Figure 6B, reflected light, it is seen
that tiny droplets of metal and sulfide are concentrated in these shock-
melted veins relative to the surrounding gray silicate areas. Dark
gray patches in the silicate areas of Figure 6B indicate silicate
melting also, obviously not always associated with concentrations of
opaques.

Near the chondrule in Figure 3 is a vug with silicate crystals
lining part of the vug wall, Figure 7. Several small silicate crystals,
on the order of 5 microns in diameter, (bronzite crystals by electron
microprobe analysis, see Table 6B) are attached to a portion of the vug
wall. The wall itself is a preserved, if somewhat fractured, bronzite
crystal. The small crystals apparently have not crystallized from a
glass melt, nor is there evidence of any glass around these crystals
(see arrows). The opposite wall of the vug is a sulfide extension of
a low-nickel iron (lighter opaque) grain in the matrix. The metal and

sulfide show an immiscible relationship based on their rounded boundary.
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FIGURE 6A: Black shock veins (transmitted light). 175 um across
field of view.

FIGURE 6B: Reflected 1ight, same area. Note concentration of metal
and sulfide spheres in the shock veins.
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FIGURE 7: Width of vug 1s 13.5 um. Note micron-sized crystals on vug
wall which is a coarse-grained matrix silicate. Transmitted
1ight.

FIGURE 8: Glass-l1ined vesicle, 5 um long dimension, with submicron
silicate crystals projecting from glass into vesicle interior.
Transmitted 1ight.
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Figure 8 shows a glass-lined vesicle to the left of center. This
is noteworthy because tiny, submicron crystals project from the glass
into the vug interior. Not all crystals projecting into cavities are
interpreted as vapor-deposited, even though the cavity or vesicle indi-
cates a vapor phase. In this example the dominant process of crystal-
1ization is from a melt phase.

Figure 9 is a large irregular vug which js lined, in part, by
equant, high magnesium olivine crystals of Fa22 (microprobe analyses
performed by this investigator). The largest, round-appearing crystal
is about 4 microns in diameter. These small sizes are close to the
1imits of resolution of the electron microprobe, but consistent analyses
indicated these are olivines, slightly enriched in iron relative to
matrix olivines which are Fa20 (see Table 6A). Combined with the SEM
part of this study, these olivines are interpreted as vapor condensed
by this investigator. The upper crystal appears to be doubly terminated
(see arrow). The rounder crystals could have condensed as silicate
droplets that crystallized upon cooling. According to H. S. Yoder
(pers. communication, 1974), high Mg-olivines cannot be quenched to a
glass.

Figure 10 is a transmitted light photograph of an unusual shaped
calcium phosphate occurrence of whitlockite with about 2% Na and no F or
Cl1. The irregular shape does not give the appearance of being a vapor
deposit. The opposite wall of this cavity is a very fine-grained (sub-
micron) gray material, glassy in part. Probe analyses indicate this

glassy area is composed of Na, K, Al (minor constituents) and Ca, P and



FIGURE 9: OTivine crystals (2-3 um in diameter) lining irregular vug
40 um in length. Note doubly-terminated crystal at top of
vug, next to round (black) opaque.
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FIGURE 10: Calcium phosphate mineral projecting into cavity is about
13 um in diameter.
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Si (major constituents). Both EDX and microprobe analyses indicated
the presence of a new phase composed of Si, Ca and P. Quantitative

analyses were not performed on this phase.

Matrix Lithology

The mineralogy is essentially the same as for the clast lithology,
but the textural associations indicate the effects of a very high level
of shock metamorphism. Figures 11A, B and C illustrate the range in
matrix lithology, with Figures 11A and C being the top and bottom
halves of the matrix section, respectively, and Figure 11B being a Tow
magnification photograph of the total section through the matrix. The
heterogeneous occurrence of metal in the Rose City meteorite is well-
illustrated by these photographs.

The top part of Figure 11A (gray areas) illustrates the shock-
melted, recrystallized, metal-depleted, silicate matrix lithology.

Note the numerous, unassimilated mineral fragments (white). On a finer
scale, not seen at this Tow magnification, there are numerous (v30%)

small vesicles on the order of 15 - 20 um in diameter. Also in Figure

11A are the bands of metal-sulfide (black) and large, irregular vugs

and cavities (very bright white areas). The interbanding of the silicate/
metal veins indicate movement in the molten state was required to go

from the silicate/metal relationship in the clasts to this. Assuming

this material was similar to Clast A Tithology before the impact event,
this structure is interpreted as resulting from the melting of some

clast material with the silicate and metal-sulfide forming an immiscible

l1iquid which segregated and solidified in this form. In the upper,
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A x 18

FIGURE 11A, B: Large photograph is top half of matrix 1ithology,
entire section through matrix is shown in the smaller
photograph. Transmitted 1ight. Width of both sections

are 5.6 mm.
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FIGURE 11C: Lower portion of matrix lithology. Transmitted light.
Width of thin section is 5.6 um.
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middle-left side of the thin section (Figure 11A), there /is an appar-
ently newly formed chondrule, rimmed by opaﬁues, with a porphyritic
igneous texture of coarse olivine and pyroxene crystals in a glassy to
microcrystalline matrix. This is very similar to the dark-zoned
chondrules described by Van Schmus (1969) and interpreted by Dodd and
Van Schmus (1971) to be produced by shock. The dark-zoned chondrule in
this thin section appears to be closely associated with the shock-melted
matrix 1ithology: the chondrule occurs between the metal-sulfide veins
and the shock-melted silicate veins. It has an accretionary exterior
structure. The glass is interpreted as being shock-melted silicates
which did not recrystallize, and the "phenocrysts" of pyroxene and
olivine in the glass are interpreted as being preserved mineral clasts.

The lower half of the thin section is {1]ustrated in Figure 11C.
Several olivine chondrules (white) have been preserved on the basis of
their coarse grain size. Clast lithology has been preserved, upper-
right, bottom-right, but is not rimmed by metal. A glassy vein extends
about a third of the way up from the bottom of the thin section. Even
in the most highly shock-melted areas, there are numerous mineral clasts
preserved.

Figure 12A is a reflected 1ight photograph of the metal-sulfide-
rich area, showing the globular texture of the metal in the sulfide. A
vug in the center of the photograph extends between the right and left
opaque mineral areas. On the upper wall of the vug is a small crystal
of low-nickel iron. It is totally on the edge of the silicates forming

the vug wall. Figure 12B is a transmitted 1ight photograph of this vug.
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FIGURE 12A: Metal (white) sulfide (1ight gray) area within Rose City
matrix. Irregular vug between two metal areas is 70 um
Tong. Note metal grain on vug wall. Reflected light.

FIGURE 12B: Transmitted 1ight of same vug. Iron sphere on cavity wall
is 4 um in diameter.
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The metal grain appears embedded in the silicates in this photo because
the wall of the vug apparently curves under the iron grain with depth in
the thin section. Other lithologies in the matrix include the following:
clasts discontinuously surrounded by metal-sulfide (Figure 13); glassy
veins depleted in metal except for aligned spheres of metal and sulfide
(Figure 14); shock-melted areas without segregation of silicate and
metal or recrystallization of silicates (Figures 15A and 15B). The
latter area contains large mineral fragments which have not been assimi-
lated, but between these fragments are areas where the metal is finely-
dispersed as droplets within a silicate glass (Figure 15A). The Tower
photograph is in cross-polarized 1light illustrating the lack of re-
crystallization in this area. The area above the glassy area is shock-

melted, but largely recrystallized by comparison.
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FIGURE 13: Reflected 1ight photo showing metal (white) and sulfide
(1ight gray) outlining partially-melted clast 1ithology,
right side of photo. Field of view, 176 um across.

FIGURE 14: Reflected 1ight photograph of portion of matrix glassy vein
with streams of metal and sulfide spheres. Field of view
is 178 um across.
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FIGURE 15A: Reflected 1ight photograph of melted silicate area with
melted metal outlining it. Field of view is 177 um.

FIGURE 15B: Transmitted 1ight photograph of same area. There are still
large clasts, but glass has not recrystallized as it has in
the shock-melted area above.
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CHAPTER THREE

SCANNING ELECTRON MICROSCOPE STUDY OF THE ROSE CITY METEORITE

Vug Morphology and Vug Mineralogy in Clast Lithology

The clasts in the Rose City meteorite, especially those which are
surrounded by metal-sulfide bands, appear to be equilibrated H6 chon-
drites according to the Van Schmus and Wood classification (1967).
These clasts show textural evidence of shock (as do many high iron
group chondrites), such as black shock veins, crushed olivine and
pyroxene crystals, interstitial melting and discrete metal and sulfide
spheres.

The most unusual feature in the clast lithology, if the original
pre-impact lithology is considered to be approximately that of an H-6
chondrite, is the great amount of porosity, or vugs. Figure 16A is a
low magnification SEM photograph of a typical area of Clast A. The
striations are saw marks, most obvious in the metal grains. Vugs range
in size from smaller spherical, more vesicle-like vugs (10 - 20 um"
diameter) to large irregular-shaped vugs (200 - 300 um diameter). In
the clasts most examples of vapor phase crystallization occur in the
larger, more irregular vugs. There is a tendency for non-random
distribution of vugs because the larger ones tend to occur in alignments,
and the vesicle-like ones tend to form clusters. Some of both types
of vugs have glassy linings with what appear to be divitrification
crystals of feldspar (acicular crystals) or pyroxene or olivine (equant
crystals). Most vugs have microcrystalline walls (submicron-sized

grains) and some vugs abut coarse-grained crystals.
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FIGURE 16A: Low magnification SEM photograph of Clast A illustrating
large, irregular vugs. Center vug is 220 um in length,
contains troilite crystal, 75 um long. Note abundance of
small (15 - 20 um) vesicular-type vugs. Saw marks are most
obvious on metal grains.

FIGURE 16B: Troilite crystal, 75 um Tong, with growth steps on numerous
crystal faces. Highly distorted crystal, but first and
second order hexagonal prisms and (probably) first and
second order dipyramids are present.
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The origins of the vugs are interpreted to be two-fold: (1) the
smaller vesicular ones are considered to be formed at the time of the
shock metamorphism mainly by melting and volatilization in place; (2)
the large, irregular vugs are interpreted to be formed by volatilization
of material in place, and in addition, by volatilization of material in
the matrix that was then driven into the clasts. The clasts experienced
lTower overall temperatures and pressures than the shock-melted matrix
(as evidenced by their coherent nature).

Figure 16B is a troilite crystal attached to the wall of a large
irregular vug (also seen in the center of Figure 16A). The walls have
the appearance of being partly devitrified. The troilite crystal itself
has a distorted form, with numerous growth steps on the crystal faces
present. Crystal faces present are hexagonal prisms and perhaps, first
and second order dipyramids. Figure 16C is a higher magnification
photograph of one set of growth steps. Two other features are apparent:
micromounds and skeletal hexagonal crystals. EDX analyses showed no
difference between these secondary features and the substrate. One
explanation is that one or both are late phase vapor phase deposits'onto
the troilite crystal. A more likely explanation is that these are
weathering products from the addition of terrestrial water. Rose City
meteorite shows a moderate amount of weathering in thin section as
evidenced by red alteration products around some of the opaque minerals.

Figure 17A is an example of a lunar troilite crystal with growth
steps. Figure 17B shows the entire euhedral Tunar troilite crystal.

In general all lunar crystals have much cleaner, smoother features than

any comparable meteoritic example. The basic reason for this difference
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FIGURE 16C: Troilite growth steps with micromounds and hexagonal
skeletal crystals. 40 um across field of view.
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FIGURE T7A: Lunar troilite growth steps. Field of view is 116 um.
Note absence of mounds, crystals, overgrowths of any type.
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is interpreted as due to the pristine state in which the Tunar samples
have been maintained, versus meteorites which spend finite time exposed
on the earth's surface. Even meteorites observed to fall undergo
vagaries of weathering until collected.

The origin of both the Tunar troilite and meteoritic troilite is
proposed to be vapor phase, because of the vug association and growth
steps (McKay et al., 1972), but another possible mechanism could be
that each was an immiscible sulfide liquid droplet in the silicate
1iquid which found its way to the vug wall interior before solidification,
and crystallized there upon cooling.

Iron-nickel crystals have bunched growth steps similar to troilite
grains as is seen in Figure 18 where an Fe-Ni crystal apparently is
bridging an irregular vug. There is metal at the sawed surface in the
lower right hand corner of the photograph and the grain might be attached
to metal in the matrix on the unseen side. From what can be observed
however, the grain appears to be attached to silicate walls.

Metal and sulfide grains projecting into vugs could have one of
two associations: (1) they could be attached to a larger metal or
sulfide grain in the silicate matrix (which does not preclude their
possessing bunched growth steps on the free-standing faces where they
could have been exposed to vapors for deposition); and (2) grains could
be attached to the walls of vugs as discrete individuals, formed from
(a) the vapor phase trapped in that particular cavity, (b) crystallized
from an immiscible droplet of metal or sulfide on the silicate wall; or
(c) by a prolonged movement of vapors through interconnected cavities

and pore spaces.
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FIGURE 17B: Lunar troilite crystal, 75 uym in length. Very clean
surface.
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FIGURE 18: Iron crystal, approximately 100 x 108 um bridging open
space in irregular vug.
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This particular iron-nickel crystal appears to have been deposited
from two sides of the vug interior, joining in the center, similar to
cave formations of stalagmites and stalactites which have grown together
to form columns. The extension into the center of the vug, and the
surface growth steps indicate formatioﬁ from the vapor phase.

Calcium phosphate minerals occur in both the clast and the matrix
lithologies. Figure 19 illustrates an unusual occurrence of probable
whitlockite. Both EDX and probe analyses showed about 2% sodium, with
essentially no chlorine and perhaps, a trace of fluorine, in addition
to calcium and phosphorus. It is definitely not euhedral in form or
free—standing. This association of calcium phbsphate merges with the
silicate matrix wall of the vug and has an interlocking granular texture.
This crystal(s) has none of the characteristics that are associated with
vapor phase crystallization cited previously. This occurrence might be
the result of selective volatilization or leaching, whatever process
formed the vug itself, which left the more resistant calcium phosphate
mineral in place.

Silicates are a common constituent of both vug types in the clasts.
The ellipsoidal vug in Figure 20 contains only silicates: the walls
predominantly are crystalline with Tittle, if any, glass present; the
large crystals are equaht, low silicon relative to iron plus magnesium,
and contain no calcium. These crysté]s, because of the chemistry and
form probably are olivines. They are interpreted as being vapor-derived
because of their euhedral crystal form, lack of glass association, and

large size relative to the suhstrate crystals.



FIGURE 19: Irregular mass in cavity is a calcium phosphate mineral.
Diameter of grain(s) is 97 um. See Figure 10 for thin
section photograph of this mineral.

FIGURE 20: Irregular vug, 83 x 116 ym. Porous vug walls of 1 - 2 um
crystals in a glassy or microcrystalline matrix. Larger
(7 - 8 um) iron-magnesium silicate crystals are attached

to the vug walls.
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The last example of silicate deposits in clast vugs is shown in
Figure 21A. The vug walls show range in texture and chemistry. The
upper left corner shows a glassy substrate with elongate, needle-like
crystals of feldspar, typical of rapid cooling. The central portion of
the vug wall is mostly crystalline with the crystals appearing more
equant, and typical of pyroxene or olivine. There is an iron-nickel
grain on the left side with bunched growth steps which may or may not
be attached to a large iron-nickel grain in the matrix. The "coarse"
(10 - 12 um long) silicate crystals in the center are low calcium iron-
magnesium silicates. The silicon to iron plus magnesium ratio is much
higher than for the olivine crystals, and the presence of calcium
indicates these crystals are pyroxenes. Table 7A, B shows the typical
microprobe analyses for vug occurrences of olivine and pyroxene vapor-
derived crystals. No difference is observed between the vapor-grown
pyroxene crystals and the matrix pyroxenes. A slight iron enrichment
is apparent in the vapor-derived olivine crystals compsred with the matrix
olivines. The substrate is predominantly crystalline, surficially porous
and somewhat glassy between grains. The substrate chemistry is similar
to the coarser crystals containing Fe, Mg, Ca, and Si as major elements,
with a minor amount of Al. The coarse crystals have well-formed faces,
and do not appear to have any glassy rim or coating as do the substrate
crystals (Figure 21B). It is suggested that these coarse crystals are
vapor grown. Two other possibilities exist: they could have been
formed long after the initial shock melting by recrystallization of
material similar to the vug wall substrate during slow cooling from

high temperatures; or they could have been formed from a melt which



FIGURE 21A: Irregular vug with a range in vug wall texture from glassy
(upper left) to crystalline. Vapor deposited crystals
include iron crystal (left) with growth steps, and silicate
minerals (center). Iron crystal is 45 um top to bottom for

scale.

FIGURE 21B: High magnification of silicate crystal, 11 um Tong.
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subsequently drained away, leaving the cavity behind. The first
possibility is unlikely because of the dichotomy between the large
crystals and the substrate - if there was significant recrystallization
there should he a gradation from fine to coarser grains. The vug wall
shows a gradation from glassy to crystalline, but the coarse pyroxene
grains do not appear to be an extension of this coarsening, but are
separate entities from the wall association. There is nearly an order
of magnitude difference between the vug wall grain sizes and the coarse
crystal grain sizes.

The second possibility is more likely because of the apparent
porosity of the substrate, which may have allowed the liquid to move to
another area. However, neither the iron grain nor the silicate grain
has any glassy coatings, and there is no evidence of a melt phase which
filled this cavity. It is assumed this vug, and others similar to it,
were formed by a gas phase and that the most probable origin of the
coarse-grained crystals (sulfide, metal, silicate) is from the vapor
phase.

In Figure 21A, the metal grain could be totally vapor-deposited,

or layers could have been vapor-deposited on a pre-existing metal grain.

Vug Morphology and Vug Mineralogy in Matrix Lithology

The matrix of Rose City is very complex and reflects the heteroge-
neity of the shock metamorphic process. As Gibbons et al. (1975) have
pointed out, "in any shocked rock, including "whole rock" melts, tempera-
tures may vary by hundreds of degrees over distances measured in microns."

The matrix of Rose City is a classic example of this heterogeneity:
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glass veins with metal and sulfide droplets surround clasts of the
original lithology; whole chondrules as well as numerous chondrule and
mineral clasts are preserved in areas of extensive (50 - 60%) shock
melting; bands of metal-sulfide occur next to metal-depleted silicate
areas of a high (35 - 40%) clastic nature. In addition, there is a
surprisingly high level of porosity (+30%) in the recrystallized shock-
melted, metal-depleted areas. Large cavities are associated with the
metal-rich areas, generally at the boundaries between the metal and the
silicates. Large, irregular vugs are associated with the clasts where
metal segregation is incipient.

The vug and vesicle distributions are considered to be the result
of several processes, reflecting the uneven distribution of high tempera-
tures and high pressures attained during shock metamorphism. The view
is taken that the clasts which are more or less coherent entities,
represent "static" shock metamorphism. That is, there has been fractur-
ing, comminution, vitrification, minor flow with some vesiculation, and
some aggregation of metal along grain boundaries as well as some mixing
of metal and sulfide phases. The coarser, irregular vugs in these
clasts are interpreted as originating in part, in the higher pressure
and subsequently high temperature matrix areas where the high pressure
lTiterally drove volatilized material into the "cooler" and lower pressure
clast areas.

The matrix proper, is considered to represent “dynamic" shock meta-
morphism because of the evidence for flow and plastic deformation. The
matrix possesses characteristics of the higher classes of progressive

shock metamorphism such as shock glass (devitrified or recrystallized
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in part), flow features (metal bands) and vesicles. The glasses
represent a "whole silicate melt" as opposed to a "whole rock" melt
because ordinary meteorites contain a very high metal content and the
metal forms an immiscible liquid within the silicate melt.

The next series of SEM photographs illustrates the vugs and vug
minerals in partially melted clasts in the matrix. These clasts are
not bounded by metal, but there is more segregation of metal from
silicate than in the clast lithology proper.

, Figure 22A illustrates an irregular vug with a nearly pure iron
crystal deposited in it. Figure 22B shows the crystal's relationship
to the glassy or microcrystalline substrate: the crystal appears some-
what corroded, but there is no evidence of a connecting melt phase
between the metal and silicate. The crystal is about 20 microns across,
and upon close examination it shows growth steps at intersections of
octahedral and dodecahedral forms. Figure 23 illustrates common crystal
forms, and some possible combinations.

Metal and sulfide occurrences in vugs are not always discrete
crystals as Figure 24, a stereo pair of an iron crystal with a small
amount (~1 - 2%) of copper, shows. There appears to be a separation
between the metal crystal and the silicate substrate. Growth steps on
the two faces exposed appear to be of the cubic form and are evidence
of vapor phase deposition.

A troilite crystal appears to have been just exposed by the saw
cut in Figure 25A. The cavity itself appears to enlarge on the opposite
side of the sulfide crystal. Figure 25B is a higher magnification stereo

pair of photographs of the growth steps which occur where there is open
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FIGURE 22A: Irregular cavity in non-metal-rimmed clast lithology.
Microcrystalline to crystalline vug wall. Note iron
crystal on left side of vug. Field of view 418 pm.

FIGURE 22B: Corroded-appearing iron crystal, 20 x 22 um in size.
Crystal forms present include the cube, tetrahexahedron,
octahedron and dodecahedron.
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FIGURE 23: Common crystal forms.



FIGURE 24:

Stereo view of iron crystal with growth steps on (probable)
cubic faces. Longest dimension of crystal is 28 um. Small
amount (v1%) Cu may be present, EDX analysis.
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FIGURE 25A: Troilite crystal, barely exposed by sawing, 70 um across
grain.

e .

FIGURE 25B: Stereo pair of growth steps on troilite crystal. 27 um
across field of view, right photograph. Note relatively
clean surface, similarity to lunar troilite.
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space. This is a "clean" troilite crystal with few micromounds on its
surface. The growth steps are very similar to the lunar examb]e in
Figure 17A and are strong evidence for formation from the vapor phase.

The next series of figures represents an unusual but not uncommon
occurrence in the Rose City meteorite. Fiqgure 26A shows two irregular
cavities. An iron crystal with a small amount of sulfur appears in the
upber cavity. The sulfur could come from a coating of troilite over
the iron crystal which also occurs in lunar breccias (McKay et al.,
1972). The crystals in the Tower vug (Figures 26B, C) appear to be
crystallizing from a melt because the crystals are embedded in a giassy
interstitial phase. There is a range in size and form from large,
irregular crystals, to smaller, well-formed crystals, to skeletal
crystals. The crystal chemistry varies with these forms. The largest
irregular crystals and the skeletal crystals are composed of calcium,
'phosphorous and silicon; the smaller, equant crystals, Figure 26C, are
composed only of calcium and phosphorous as major elements. This is
essentially the same chemistry as the interstitial glass, but the glass
contains a small amount of potassium, aluminum, magnesium, iron and a
trace of sodium, in addition.

This association is very unusual because there appears to be a
phospho-silicate of unknown form lining the wall of this vug. The
irregular shapes of the larger crystals may represent a distorted
crystal form which is trying to accommodate phosphorous in a silicate
structure (or perhaps vice versa). These crystals appear to come pre-
dominantly from a melt phase although some interaction from a vapor

phase is not improbable. The equant crystals are probably apatite or
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FIGURE 26A: The two vugs in this photograph contain different
mineralogies. Upper, right-hand vug contains iron crystal
with (possibly) a sulfide coating and a small amount of
copper present (EDX analysis). The predominant minerals

in the Tower, larger cavity are forms of calcium phosphate.
Field of view, 140 um.

FIGURE 26B: The large crystals and the skeletal crystals in this photo-

graph (field of view, 35 um) contain Ca, P and Si as major
elements (EDX analysis).
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FIGURE 26C: The majority of crystals in this photograph contain Ca and
P only, by EDX analysis. This suggests these crystals are
apatite or whitlockite. Field of view, 50 pm.

FIGURE 27: Lunar apatite crystal, projecting into void space within a
vuggy breccia. Crystal is 17 um long (courtesy D. S. McKay).
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whitlockite. The skeletal crystals also could be the unknown phospho-
silicate. They are too small (1 - 2 um on a side) to do an accurate
EDX analysis.

W. J. Walton (1972), (unpublished doctoral dissertation), reported
the occurrence of a‘new Ca-P-Si phase in the system whitlockite-
forsterite but was not able to identify it. The apparent phospho-
silicate in this meteorite could be a natural occurrence of this phase.
The exact chemical composition was not determined by Walton but the
morphology was determined by petrographic study. The phospho-silicate
phase occurred as simple diamond-shaped rhombs, sometimes truncated at
the acute ends. This form is very similar to the skeletal crystals in
Figure 26B.

Figure 27 is an example of lunar apatite. The form is quite
different from the forms documented in the Rose City meteorite. No
evidence of chlorine in greater than trace amounts has been found
either by EDX or electron microprobe analysis in any phosphorous—Pearing
minerals in the Rose City meteorite by this investigator. Several per
cent sodium has been found in most of the pure calcium-phosphates and
therefore, whitlockite, rather than apatite, is apparently the common
phosphate mineral in the Rose City meteorite. If apatite occurred
originally in the pre-shocked, pre-metamorphosed Rose City meteorite,
the chlorine was lost most efficiently during the subsequent heating
events.

Another occurrence of iron plus silicate phases in one vug is seen

in Figure 28A. The iron grain fills up most of the cavity and has growth
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FIGURE 28A: Fe-Ni crystal fills most of this cavity. Low-Ca pyroxenes
are attached to finer-grained cavity wall. Note that the
long axis of the elongate matrix crystals tend to be
perpendicular to the cavity wall. Field of view, 175 um.

FIGURE 28B: Low-Ca crystals, 23 to 25 um in length, appear to be
attached to the vug wall parallel to their long axes.
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steps only on a portion of the exposed free area. The nickel content
is equivalent to that of kamacite, more than 5%, and is probably an
extension of a kamacite grain in the matrix. The growth steps may
represent vapor deposition on the preexisting metal grain. Probably
volatilization around the metal grain, formed the vug and deposited the
low-calcium, iron-magnesium silicates on the vug wall, Figure 28B. The
latter are seen on the lower right side as stubby well-formed crystals
with their long axes parallel to the vug wail. On the upper right and
middle left the elongate matrix crystals are perpendicular to the cavity
wall.

A different vug type and metal grain association is seen in
Figure 29A. This appears to be a vesicle, formed in situ, by shock-
melting and volatilization of a small portion of clast material. The
vesicle wall is glassy with few crystals. The low nickel-iron (1 - 2%)
grain is attached to the glassy wall and the crystal form, seen in more
detail in Figure 29B, is either ill-formed, or surficially corroded or
weathered. Figure 29C shows a lunar iron crystal (with a troilite
coating) on a glassy substrate which has well-formed crystal faces and
some growth steps. The meteoritic example shows similar features,
except the crystal faces are more subdued. This either represents a
trapped gas of Fe and Ni of a fractionally vo]ati]fzed metal grain (because
of the low Ni content), or an immiscible metal droplet in the silicate
melt which migrated to the vesicle wall and subsequently crystallized
there.

Figure 29D shows a chromite crystal apparently crystallizing, at
least in part, from a silicate melt. A1l crystals on cavity walls are

not necessarily exclusively vapor-deposited.
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FIGURE 29A: Glass-lined vesicle (85 um in diameter) contains an iron-
nickel crystal, approximately 30 ym in diameter.

FIGURE 29B: High magnification photograph of iron-nickel crystal in
Figure 29A (30 um diameter). Note subdued crystal faces.
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FIGURE 29C: Lunar iron crystal with a troilite coating on a glassy
substrate. Crystal is 14 um in diameter (courtesy
U. S. Clanton).

FIGURE 29D: The crystal in the center of glass-walled vug/vesicle is
Fe chromite with <1% Ti. The crystal is approximately
10 ym in diameter.
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Figure 30A is a stereo pair showing the silicate wall texture,
bunched growth steps and projecting crystals. The small projecting
equant crystals are a high calcium, magnesium-iron silicate, probably
diopside, which is a minor mineral in most meteorites. This represents
the only occurrence found in this study of the Rose City meteorite.

Most of the crystals lining the vug walls are Tow-Ca pyroxenes. Figure
30B is of growth steps on a low calcium lunar pyroxene crystal.

The next series of SEM photographs i]]ustrates the crystal
morphologies and associations in the shock-melted, recrystallized
silicate veins. These are the areas depleted in metal and sulfide
phases, and this is reflected by the rare occurrence of metal or
sulfide minerals in these vugs. These areas contain a high percentage
of silicate mineral clasts (30 - 40%) which were not entirely consumed
by the shock-melting. Most of the mineral clasts show evidence of shbck
or high temperatures in thin section, such as mosaicism, wavy extinction
and fracturing. The shock-melted veins are surprisingly porous (~25 -
30%), indicating much vesiculation. Vesicles may have been high tempera-
ture areas for a longer period of time during the initial rapid
quenching. Clasts would be just the opposite, representing "cold" areas
in the melt, favoring rapid cooling and quenching in the surrounding melt.

In thin section the average crystal diameter in the shock melt veins
is on the order of 0.5 to 1.0 um. The major mineral constituents appear
to be a low-calcium, iron-magnesium silicate, probably clino-bronzite,
and high magnesium olivine which both form equant crystals. The
interstitial melt is enriched in Na, Ca, K and Al with respect to the
pyroxene composition, In some areas the "melt" shows a quench feldspar

texture of radiating bladed crystals.
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FIGURE 30A: Stereo pair of 7 - 8 um doubly-terminated high-Ca silicates
(probably diopside). Note growth steps in background
silicate.

FIGURE 30B: Growth steps on low-Ca silicate crystal in lunar breccia.
Field of view approximately 30 um (courtesy D. S. McKay).
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Figure 31A shows several relatively large (11 x 20 um), euhedral low-Ca
silicate crystals in a vug in the shock melted silicate vein (bottom,
Figure 11C). Figure 31C is a stereo pair and illustrates the euhedral
nature of these crystals. They are considerably coarser-grained than
the average 1 - 2 um matrix grains. Morphologically, as well as
chemically, these appear to be bronzite because of the chemistry and
blunt termination. The lunar recrystallized breccias contain low-Ca
pyroxenes of similar composition and form (blunt terminations), and
Figure 31B shows lunar pyroxenes (8 microns long) projecting into free
space within an Apollo 14 breccia.

The vug association in Figure 32A is predominantiy crystalline with
euhedral to subhedral crystals intergrown or perched on each other. The
chemistry indicates most of these are Mg-rich olivines by EDX analyses.
Figure 32B shows an equant crystal with a button form on one face. The
button is higher in Al and Si than the rest of the crystal. Figure 32C
is a high magnification photograph of the euhedral, doubly-terminated
crystal, 2 x 4.5 um 1in size.

On many crystals there are small mounds (~1 micron) which appear on
most surfaces in a random fashion. These micro-mounds are too small to
distinguish their chemistry from the substrate chemistry. They could
represent a final vapor phase condensation; a weathering produdt; or a
weathering product of a final stage vapor deposit.

Figure 33 shows a doubly-terminated euhedral crystal in a pre-
dominantly crystalline vug. Crystal growth features are quite pronounced
including button features on two crystal faces. The "micro-mound"

deposits appear to be restricted to certain faces, and the button growths.
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FIGURE 3TA: Low Ca, Fe-Mg silicate crystals in irregular cavity.
Elongate crystal is 11 x 20 um.

-

FIGURE 31B: Low Ca pyroxene crystals in recrystallized Tunar breccia.
Length of foreground crystal is 8 um (courtesy D. S. McKay).
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FIGURE 31C: Stereo pair of silicates in Figure 31A (left crystal is
20 um in length). '
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FIGURE 32A: Small vug in recrystallized matrix Tithology. Note
numerous crystals within the cavity. Field of view,
50 um.

FIGURE 32B: Equant crystal, center of photograph. High Mg, Fe silicate
(EDX analysis). Probably olivine because of high Fet+Mg/Si
ratio. Field of view, 15 um.
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FIGURE 32C: Doubly-terminated crystal is 2 x 4.5 um in size.

FIGURE 33: Note detail of crystal growth features, micromounds,
button features. Center crystal is 3.3 x 5.8 um.



-78-

This is in contrast to Figure 32B where the button growth on the equant
crystal has fewer micro-mounds than the surrounding crystal face. These
crystals, like those in Figure 328,'C appear very similar to euhedral
olivine crystals.

The button forms appear to be related to the crystal growth and are
not randomly deposited on the crystal surface. EDX analysis shows a
distinct difference in chemistry between the crystal proper and the
button: the button forms are consistently more silicon-rich with lesser
amounts of iron and magnesium, several percent aluminum, and traces of
sodium and potassium. The button features may be inclusions of glass
(material that condensed as glassy amorphous dropliets rather than
crystallizing) in the vapor deposited crystals. This difference in
morphology could reflect the differences in chemistry. Enstatite can
be quenched to form a glass but forsteritic olivine cannot be quenched
to form a glass, rather it appears to always crystallize.

Jedwab (1972) presented SEM photographs of very similar occurrences
on ilmenite and pyroxene crystals in Apolio 12 Tunar vesicular basalts.
He documented examples of what he terms 'globular overgrowths" on free
growing crystals in vugs of lunar basalts. Jedwab observed different
temporal relationships between his ilmenite crystals and the overgrowths.
He found blebs which were deposited during the growth of the ilmenite
but partially covered by growth steps, and other blebs which were
deposited randomly after the supporting crystal was formed. He observed,
and this study also shows, that the silicate globules tend to form and
be larger on basal faces and also to be located at the centers of these

faces, especially where the macroscopic symmetry is well-developed.
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Both Jedwab and this worker (see Figure 33) noted the orderliness of
the globules, as if there were crystallographic factors aiding the
growth of the globular or button overgrowths.

The next two vug examples contain more of a glass phase. In
Figure 34 the wall of the vug is amorphous-appearing in part and crystal-
line in part. The crystals appear to be crystallizing from the glass
phase on the vug wall, but the crystals become coarser towards the vug
interior. Most of the projecting crystals have a glassy neck or rim,
but the coarsening of the crystals into the open vug interior is inter-
preted as the result of their growing, at least in part, in contact with
a vapor phase.

One must always keep in mind the Timitation of the SEM in that it
reproduces surface morphology (and chemistry when that alters the
conducting properties) and therefore the interpretation of material as
amorphous or glassy versus crystalline is subjective without petrographic
studies. Areas which may appear glassy compared to obviously crystalline
material, may be microcrystalline, i.e., crystalline on a scale too small
to be discerned by SEM techniques. Figure 8 illustrates the case of a
glass-encased vesicle with several elongate crystals which project several
(+5) micrometers into the glassy matrix, and the same (apparent) crystal
would project a very short distance into the void space of the vesicle
itself. In these cases one could envision the crystal forming from the
melt phase and merely extending into the cavity because of Tack of
resistance. On the other hand, a vapor phase present in the cavity may
have been a necessary condition for the crystal to continue (begin?)

growth into the interior space of the vug.
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FIGURE 34: Elongate vesicle/vug, 100 um across, in recrystallized
silicate vein Tithology. Note crystals coarsen towards
interior of cavity.

FIGURE 35: Spherical vesicle/vug in recrystallized matrix. Note the
glassy surface; crystals flush with a section of the cavity
wall; crystals projecting into the interior of the
cavity (top of vug). Field of view, 250 um.
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Figure 35 shows a vesicle-like cavity which appears to be largely
glass-lined. The crystals in the center are more-or-less flush with
the glass and wall of the vesicle. These crystals shbw no growth steps
and 1ittle tendency to project. The chemistry of the crystals versus
the apparent glassy phase is very similar, both containing Mg, Fe and
Si as the only detectable elements. The crystalline areas appear to be
enriched in Fe. Figure 35 illustrates one crystal projecting from
another crystal into the vesicle interior. This is interpreted as
vapor-deposited.

Within the metal-rich areas in the matrix were found the most
unusual vug mineral associations. There appears to be a combination of
processes associated with the shock metamorphism which Tead to these
mineral assemblages, including crystallization from a vapor phase and
from the melt. In Figure 36A an interconnected series of irregular
cavities are shown. The top portion of the SEM photo, and the cavity,
is a metal area, and the remaining sides of the cavity are bounded by
shock-melted silicate areas. Figure 36B is of the upper right part of
the vug.

The grain with the well-formed growth steps is nearly pure iron.
The more corroded crystal to the right is composed of iron-nickel
(nickel ~5 - 10%). Even more corroded, or alternatively, skeletal in
form, is the grain just below the iron-nickel grain. Figure 36C is a
close-up of this grain which, by EDX analysis, is composed of predominantly

chromium and iron in roughly equal amounts and is probably chromite.
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FIGURE 36A: Irregular vug between metal area (top of photograph) and
recrystallized silicate area. Field of view, 540 um.

FIGURE 36B: Iron-nickel grain, to the right of center, is highly
corroded-appearing, but a faint octahedral form is

suggested. Growth steps in background are on a pure
Fe grain. Field of view, 175 um.
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FIGURE 36C: The grain in the center is composed of Fe and Cr (EDX)
and is 16 um in diameter.
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FIGURE 36D: This mass of what appears to be skeletal crystals in a
glassy matrix is another form of chromium and iron
(chromite?). Field of view, 50 um.

e
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Figure 36D shows a skeletal arrangement of chromite crystals (Cr,
Fe) in the center of the vug, Figure 36A. These crystals appear to be
crystallizing predominantly from the melt phase.

Figure 36E is a high magnification photo of well-formed crystals
of calcium phosphate which occur beneath the chromite crystal in Figure
36C. Because there was no C1 or F detected, these are probably whit-
lockite crystals. Figure 36F shows a lunar example of whitlockite with
a very similar form. Figure 36G is a calcium phosphate mineral association
just above the skeletal chromite crystals. Lack of detectable C1 or F,
and equant as opposed to elongate crystal habit, indicates these are
whitlockite crystals. The next photograph, Figure 36H, documents another
occurrence of the undﬁua] "phospho-silicate" within the same vugs, which
has been found to be a relatively common minor constituent in mineral
assemblages in many of the vugs of the Rose City meteorite. Figure 36H
shows a needle-1ike crystal, 3 x 8 um, apparently crystallizing in part
from a silicate melt. The major elements by EDX analyses are Ca, Si and
P with minor Mg, Fe, Al and Na. Hexagonal prism faces are suggested.

Figure 361 is of a twinned and distorted iron crystal (center, 36A)
with minor amounts of chromium and nickel. An axis of 4-fold symmetry
is indicated on the photo. Cubic, tetrahexahedral, and octahedral forms

are present. Figure 36J is a Tunar iron crystal with similar forms.
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FIGURE 36E: Stubby crystals of calcium phosphate, 10 um in diameter.
No chlorine or fluorine was detected (EDX), therefore
these crystals probably are whitlockite.

FIGURE 36F: Lunar whitlockite crystal (courtesy D. S. McKay).
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FIGURE 36G: Calcium phosphate mineral association. Field of view,
50 um.

FIGURE 36H: Needle-Tike crystal is a Ca- P- Si-bearing mineral,
measures 3 x 8 pm.
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FIGURE 36I: Rose City meteorite - twinned iron crystal with 1 - 2%
Ni and Cr. Diameter of crystal is 50 um. Right side
of crystal has cubic and tetrahexahedral forms.

FIGURE 36J; Lunar iron crystal, approximately 30 um in diameter.
No detectable nickel.
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CHAPTER FOUR

ALTERATION PRODUCTS IN THE ROSE CITY METEORITE

Weathering or terrestrié] alteration can cause substantial changes
in the composition of meteorites. Weathered, porous chondrites can have
minor and trace element relative abundances quite different from un-
weathered specimens of the same chemical group and petrologic type.
Wasson (1974) observed the trend that lower Mg and Si values were obtained
from the bulk analyses of the more weathered specimens. _For this reason
it is important to determine the extent of alteration that has occurred
in any meteorite prior to its analysis. The scanning electron microscope
provides a particularly sensitive method for the detection of alteration
products.

The Rose City meteorite is a very porous chondrite as has been
shown previously. Over the years, exposure of the Rose City meteorite
to the humid, oxygen-rich atmosphere has caused some alteration to occur
as indicated by red or "rusty" discolorations around some of the metal-
rich areas. The Tlargest cavities in the Rose City meteorite occur in
the matrix, around the bands of metal and sulfide which have segregated
from the shock-melted silicate veins. These cavities are debris-filled,
but show no signs of crystals projecting into the open spaces and are
interpreted as tension cracks or cavities that have formed along some
metal-silicate contacts. This general matrix area, probably because of
the large cavities and passageways, is the location of the most obvious
alteration products. However, both large irregular cavities and the
smaller vesiculafwtype cavities show evidence of weathering which is

interpreted as terrestrial in origin.
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In hand specimen, the original sample of the Rose City meteorite
(Figure 2) showed yellow-brown and red surficial coatings on the metal
in the matrix lithology. Binocular microscope observation of the columns
used in this study indicated similar surficial alteration of some of the
veins of metal. Thin section study revealed deep red and yellow to
orange-red rims on some areas. The observations hade with the SEM show
‘Fe forms with habits rénging from platy (most common) to botryoidal.
Spheres covered with pointed crystal termination and internal radial
structure also were seen. These features all best fit the properties
of hematite and goethite, and it is concluded that these are the most
probable alteration products.

In Tunar samples goethite is the common alteration product found.
The water in its structure is terrestrial in origin (Epstein and Taylor,
1971). The goethite in lunar samples is associated with meteoritic Fe-
Ni spherules, troilite and several other minor sulfide and sulfate
minerals (Taylor, 1975).

Figure 37A is of a large vug with numerous spheres on the walls.
The vug itself is within a silicate area and is not obviously adjacent
to a metal-rich vein. Figure 37B is a closer view of the spheres within
the vug and shows the surface texture of the spheres to be "dog-tooth"
crystals. The floor of the vug next to the spheres has a fuzzy or spongy
surface, apparently from small intersecting blades of probably hematite.
EDX analyses indicated Fe as the major element but the SEM with the EDX
cannot distinguish between hematite and goethite. These spheres are
probably iron/iron-nickel/iron-sulfide crystals which were originally

deposited on the vug walls during the shock metamorphism. Alternatively
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FIGURE 37A: Weathering products of iron in Rose City vug. Largest
sphere is 20 um in diameter. Fe is the only detectable
element.

FIGURE 37B: Note tloor ot cavity is covered with bladed forms of
oxidized iron. Largest sphere is 20 um.
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they could have been leached from the metal rich areas and deposited
here after the meteorite fell to earth.

The next figures, 38A and B, show a smaller vug with iron spheres
of a different form. Again, iron is the major detectable element, and
it is assumed that the iron is mainly hematite because of the botryoidal
form. A small, vesicle-like cavity in Figure 39 which appears to have
glassy to devitrified walls, contains a bladed form of hematite or
goethite. These weathering products are not random, but are locallized,
even within the small area of this vesicular-type vug. Perhaps there
were one or more iron grains, similar to Figure 29A which have subsequently
been oxidized.

Figure 40A shows an association of intergrown iron blades in the
Rose City meteorite. Figure 40B is a Tunar example of "iron-weathering".
Lawrencite GeC12),is a metastable mineral, common as a minor constituent
of meteorites, which decomposes upon contact with water vapor. Although
very little chlorine was detected in Rose City (nothing above trace
amounts, even in the phosphate minerals), this is one possible source
of these alteration products. Petrographic work showed the lunar
alteration products to be goethite and Tepidocrocite.

Within one of the larger vugs in the matrix, there was an iron
crystal with a minor amount of nickel which displayed a cubic form.
Figure 41A is a stereo pair of this crystal. There are several subhedral
to euhedral Tow calcium, iron-magnesium silicates next to the iron crystal.
In Fiqure 41B, a closer view of the surface reveals a fuzzy or spongy
appearance to the surface of this grain. It appears as if the iron grain

has been etched or suffered some degree of leaching. It has a quite
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FIGURE 38A: Another form of iron spheres. Length of vug, approxi-
mately 65 um.

FIGURE 38B: Spheres are Fe (EDX analysis), 7 - 8 um in diameter.
Several appear to have shells or a coating on their
surfaces.
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FIGURE 39: Iron weathering products in partially glass-lined,
partially-devitrified vesicle. Field of view 62 um.
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FIGURE 40A: Bladed iron alteration product in Rose City meteorite.
Field of view, 25 um.

FIGURE 40B: Rosette of iron alteration product in Tunar breccia.
Rosette is 7 um in diameter (courtesy U. S. Clanton).
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FIGURE 41A: Stereo pair of cubic iron crystal, 22 x 30 um.

FIGURE 41B: High magnification of cubic iron crystal. Growth steps
are evident. "Fuzzy" texture of surface attributed to
etching, alteration of iron by weathering. Field of
view 15 um.
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different appearance from the silicate crystals next to it, and from
previous iron and iron sulfide crystals with well-defined growth layers.
This unusual surface texture is interpreted as being the result of a
leaching (weathering) process acting upon an original iron grain in this
cavity. This occurrence could indicate the source of some of the
weathering products in other vugs if one assumes, as seems logical, that
the large cavities are interconnected and there has been some movement

of water (water vapor) within Rose City meteorite.
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CHAPTER FIVE

Summary

A handicap in this type of study is the Timited experimental work
with vapor phase crystallization, as well as the necessary documentation
of the characteristics (on the detailed scale provided by the SEM) of
crystals grown from a vapor phase versus crystals grown entirely from a
melt. The existence of vapor-formed vugs and vesicles, crystals project-
ing into space, bunched growth steps, and a source and containment 6f a
vapor phase are all indications of crystallization from a vapor phase.

Vugs are an important feature of the highly shocked Rose City
meteorite and lunar breccias. In the cavities of both types of samples,
euhedral crystals of metals, sulfides, silicates and phosphates are
interpreted as vapor-deposited. In this study, iron, iron-nickel,
troilite, Tow Ca and high Ca pyroxene, olivine and whitlockite were
found in vugs of the Rose City meteorite and are interpreted as vapor
phase in origin. Evidence of a new phospho-silicate phase in the Rose
City meteorite also was found.

The temperatures reached locally (during an impact event of
sufficient energy) would be in excess of 1800 - 1900°C - great enough to
vaporize virtually anything present in the meteorite. In these local
areas the vapor phase will contain essentially all chemical species
present in the original lithology. If local vaporization occurs only
within an olivine chondrule and no vapor movement occurs, the vapor phase
constituents will be Timited to the olivine composition and one would

naturally expect olivine as a vapor phase product. For reasons given

4
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before (segregation of metal and silicate, apparent movement of volatiles
into unmobilized clasts) there appears to have been a fair amount of
mixing, both in the melt and vapor phases. Therefore, in some vugs one
would expect to find more than one mineral species and this is generally
the case.

Based on crystal morphology and EDX Mg + Fe/Si ratios, the two
dominant silicates deposited from the vapor phase in the Rose City
meteorite are magnesium-rich olivines and low calcium pyroxenes. The
silicates in the vugs and vesicles are generally in the range of 5 to
15 um in size, a size that Timits the accuracy of probe analyses.
Attempts were made, and the olivine crystals lining vug walls appear to

be slightly enriched in Fe (Fa relative to matrix olivines (Fa

22) 20)‘
There is no detectable difference between the Clast A preserved pyroxenes
and the Clast A vapor-deposited pyroxenes, both containing a ferrosilite
component of 15 mole per cent and Ca0 content less than 1 per cent.
Microprobe analyses of the silicates are presented in Appendix A. In
the matrix the pyroxenes yielded highly variable analyses from grain to
grain, and within single grains. The Ca0 content was found to have a
wide range, from <1% to 20%. The highest Ca0 values occur at pyroxene
contacts with silicate glass. Begemann and Wlotzka (1969) found a
similar phenomenon in the Ramsdorf meteorite and attributed it to a
reaction of the Ca-poor orthopyroxene with plagioclase and small amounts

of indigenous Ca-rich clinopyroxene. This would appear to be a reasonable

explanation in the Rose City meteorite, also.
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In addition, the vug silicates in the matrix Tithology commonly
bear the A1-Si-rich "button" features observed in numerous SEM photo-
graphs. These are interpreted as being condensed glass blebs incorporat-
ed into the vapor-deposited olivine and pyroxenes during and after the
latter's crystallization. These glass inclusions would handicap accurate
probe analyses of the individual silicates in the matrix lithology.

Even the olivine crystal compositions in the vugs of the matrix are
slightly more variable than for those in the matrix lithology. The
unusual button features and associated non-olivine, non-pyroxene chemistry
were not observed in the clast lithology. The button features only occur
in the matrix 1itho1ogies with the greatest amount of evident melting and
glass. In view of this observation, one interpretation of their origin

is that they are melted (possibly vaporized) high silica components of

the meteorite which formed molten spheres or mounds that subsequently
quenched to an amorphous phase deposited simultaneously with the vapor
phase components in the vugs and vesicles.

EDX analyses of the surfaces of iron crystals in vugs (in both
matrix and clast lithologies) show a general depletion in Ni (Ni « 1 - 2%),
relative to the interiors of grains, where microprobe analyses indicate
variable nickel contents, with an average of 10% Ni. The Ni content of
the troilite crystals in vugs is on the order of 0.1 - 0.2% by microprobe
analyses. See Appendix A for microprobe analyses of the 1roh-nicke]
and sulfide phases.

Both EDX and microprobe analyses detected no fluorine and only trace

amounts of Chlorine in the calcium phosphate minerals. The bulk chemical



-100-

analysis of the Rose City meteorite by Mason and Wiik showed no

chlorine in detectable amounts.

Discussion

The well formed crystals in the cavities in lunar breccias are
interpreted as crystallizing during the thermal metamorphism of a hot
ejecta blanket (McKay et al., 1972) emplaced by a large scale impact on
the moon. The similar features in the cavities of the Rose City meteor-
ite are interpreted as being formed during thermal metamorphism associated
with a violent impact and subsequent ejecta blanket deposition on the
Rose City meteorite parent body (this work). Thermal regimes in
jmpact melts have been studied and are summarized by Simonds (1975). Two
stages of cooling appear to occur. There is an initial rapid equilibra-
tion between clasts and matrix on the order of seconds, in which the
extremely high temperatures attained in the impact event are lowered to
the neighborhood of 1200° to 1400°C. Cooling at this point will either
cease or be significantly slowed because the initiation of crystallization
will release the latent heat of fusion. This apparently will buffer the
melt's temperature through the crystallization range. The second stage
of cooling as the heat is transferred to the surroundings will be orders
of magnitude slower - months or years depending on all of the variables
such as position in the melt sheet or ejecta blanket, the range of clast
sizes, the values of thermal diffusivity, the differences in heat capacity
between melt and clasts, and the latent heats of fusion. Recrystalliza-

tion can occur during the second stage of cooling. Growth steps and
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crystal faces will form on silicates, metals and sulfides within the
vugs and vesicles where the condensed droplets and vapors have been
entrapped.

Impact and shock metamorphism result in redistribution and loss of
the volatile mineral species, as well as the more refractory elements
in the more viaglent events. These processes affect the elemental distri-
butioné of the ordinary chondrites and need to be sorted out from
elemental trends which are the result of the original accretional
processes.

Taylor and Heymann (1969) showed a direct correlation between re-
heating and shock events in some chondrites and concluded that the
reheating observed in chondrites is primarily due to shock. In their
1971 paper they presented evidence for two-stages of cooling in the
postshock thermal histories of reheated chondrites.

If impact or shock-metamorphism is the origin of the thermal meta-
morphism indicated by the petrologic grades observed in the ordinary
chondrites, how would the original mineralogy and chemistry be affected?
In a very good summary paper on metamorphism in ordinary chondrites,

Dodd (1969) points out that for the major, non-volatile elements, there
is no systematic difference between Types 3-6 with the possible exception
of total iron which increases from H3 to H5, and decreases from H5 to H6.
Let us assume the petrologic grades represent different positions within
one ejecta blanket on a parent meteorite body (Figure 42). Iron can be
volatilized as evidenced by this study, and therefore some Fe could be

transported a certain distance before deposition. For the high iron
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chondrites, another observed trend is for the metallic nickel-iron to
increase from H3 to H5, but decrease slightly from H5 to H6. Analyses
of the olivines in the vugs of the Rose City meteorite, which show a
slight increase in the Fe content of the silicate phase, suggest the
meteoritic material submitted to the highest temperatures may undergo
“relocation" of some of its constituent elements. Volatilization may
encourage a small degree of oxidation of the iron to occur. Less
strongly heated meteoritic material with more volatile elements (specif-
ically carbon) may activate another process, namely the reduction of
iron from the silicate phases. | ‘

Among the minor volatile elements there is a decrease in carbon and
water from low to high petrologic types (Dodd, 1969). This is not at
variance with impact-induced thermal metamorphism.

The volatile minor elements are depleted in ordinary chondrites with
respect to carbonaceous chondrites, which represents, or is because
of a different accretional history from the carbonaceous chondrites,
i.e., the parent meteorite bodies of the ordinary chondrites accreted
Tess minor volatiles than the carbonaceous chondrite parent body(s).
Dodd (1969) points out that carbon, indium and the noble gases are
depleted systematically from Type 3 to Type 6 in ordinary chondrites.
These depletions could be the result of impact or shock metamorphism
after accretion. The exception in minor volatiles are chlorine and
mercury. These elements are more abundant in ordinary chondrites than
would be expected from their estimated volatilities and neither shows a

systematic denletion pattern within the ordinary chondrites. Chlorine
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varies among the ordinary chondrites by roughly one order of magnitude,
with no systematic difference in the chlorine contents of Type 5 and
Type 6 chondr{tes (Dodd, 1969). However, chlorine resides in the
thermally stable phase of apatite primarily. Therefore, except under
severe conditions it would not be expected to be lost readily. Chlorine
is-present only in trace amounts in the calcium phosphate minerals in
the Rose City meteorite (this study) although it is abundant in many
ordinary chondrites (Dodd, 1969). Mason and Wiik (1966) found no
chlorine in their analyses. Therefore, it is suggested that the unusual
variation of chlorine within the ordinary chondrites is related to the
intensity of shock-metamorphism each ordinary meteorite has undergone
and the ability to melt or vaporize primarily the apatite. The Rose City
meteorite is depleted in chlorine because the high temperatures from the
shock metamorphism was sufficient to melt apatite and vaporize the
chlorine. In an ejecta blanket of reasonable thickness the chlorine
once mobilized would move from the highest temperature regions and be
concentrated in lower temperature zones. This movement would occur along
natural fissures and cracks leading to the surface of the ejecta blanket.
Movement of chlorine within certain zones and areas (Figure 42) would
explain the wide range in chlorine concentrations observed in the ordinary
chondrites. It would be deposited, conseduent]y, in the more porous,
less consolidated material within the ejecta blankets.

It is proposed that the Rose City meteorite represents a sample that
experienced the extreme pressures and temperatures of an impact event.
If this impact occurred on the parent meteorite body, this sample would be

part of the impact melt sheet, with non-melted clasts of the impacted
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APPENDIX A

Definitions:

01, Olivine

Px, Pyroxene

V, Vu, Vug occurrence

MAT, Matrix occurrence (as opposed to vug occurrence)
CHO, CHON, Chondrule

VEIN, Glassy shock-melted vein

MCR, Matrix crystals, preserved but recrystallized
RCM, Recrystallized matrix |

MMC, Matrix mineral clast, unrecrystallized

COTECTIC, In cotectic association
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METAL, SULFIDE GRAINS IN CLAST LITHOLOGY

s

Fe Ni Fe S Ni
VUG 80.10 20.08 62.42 36.17 0.19
MATRIX 91.21 8.59 62.88 36.02 0.18
MATRIX 87.26 12.99 62.85 36.49 0.17
MATRIX 94.13 5.62 62.63 35.89 0.18
MATRIX 92.28 7.72 62.34 36.62 0.09
vuG 37.87 13.15 62.66 36.57 0.20
VUG 83.29 17.59 62.90 36.78 0.21
MATRIX 93.44 7.20 62.78 36.28 0.11

METAL, SULFIDE GRAINS IN MATRIX LITHOLOGY

Fe Ni Fe S Ni
VUG 93.68 6.89 62.73 36.95 . 0.10
VUG 90.82 9.46 62.71 36.08 0.11
VUG 91.87 9.04 - - -
VUG 91.45 8.94 - - -
VUG 91.79 8.77 - - -
RCM 91.82 8.51 62.87 36.81 0.15
RCM 92.35 7.87 62.67 36.43 0.13
GLASSY 88.83 11.25 61.64 36.03 0.07
GLASSY 81.83 18.22 62.32 36.29 0.05
GLASSY 89.50 11.46 62.65 36.83 0.09
GLASSY 90.64 9.92 62.68 35.51 0.17
COTECTIC 91.49 8.79 63.13 37.07 0.18
COTECTIC 92.12 8.59 62.81 36.81 0.17
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