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ABSTRACT

The meteorite classes of Prior and Mason are assigned to three
- proposed genetic groups on the basis of a combination of compositional,
mineralogical, and elemental characteristics: 1) the calcium-poor,
volatile-rich carbonaceous chondrites and achondrites; 2) the calcium-
poor, volatile-poor chondrites (enstatite, bronzite, hypersthene, and
pigeonite), achondrites (enstatite, hypersthene; and pigeonite), stony-
irons (pallasites, siderophyre), and irons; and, 3) the calcium-rich
(vasaltic) achondrites. Chondrites are correlated with calcium-poor
achondrites and the silicate phase of the pallasitic meteorites on Fe
contents of olivine and pyroxene; and with metal of the stony-irons and
irons on the basis of trace‘elements (Ga and Ge). Transitions in
structure and texture between.the chondrites and achondrites are
recognized. The Van Schmus-Wood chemical-petrologic classification of
the chondrites has been modified and expanded to a mineralogic-
vetrologic classification of the chondrites and calcium-poor
achondrites,

Chondrites apparently are the first rocks of the solar system.
Paragenetic and textural relations in the Murray carbonaceous chondrite
shed new light on the manner of accretion, and on the character of
dispersed solid materials ("dust", and chondrules and metal) that
existed in the solar system before accretion.

Two pre-accretionary mineral assemblages (components) are recog-
nized in the carbonaceous chondrites and in the unequilibrated

xiv



volatile-pcor chondrites. They are: 1) a "low temperature" water-,
rare gas-, and carbon~bearing component; and, 2) a high temperature
anhydrous silicate and metal ccmponent., Paragenetic relations indicate
that component 2 materials predate chondrite formation. An accretionary
asserblage (component 3) also is recognized in the carbenaceous chon-
drites and in the unequilibrated volatile-poor chondrites. Component 3
consists of very fine grains of olivine and pyroxene, which occur as
pervasive disseminations, as small irregular aggregates of grains, and
as large subround to round, finely granular accretionary chondrules.
‘Evidence in Murray indicatés that component 3 silicates precipitated
abruptly and at low pressures, possibly from a high temperature gas, in
en environment that contained dispersed component 1 and 2 materials.
Allrcomponent 3 aggregates in Murray contain component 1 material, most
commonly as flakes, and locally as tiny granules and larger spherules,
sore of waich are hollow and some of which were broken prior to their
mechanical incorporation in accretiocnary chondrules. Accretion may have
occurred as ices associated with dispersed water-bearing component 1
materials temporarily melted during the precipitation of component 3
silicates, and then abruptly refroze to form an icy cementing material,

Group 1 materials may be cometary, and group 2 materials may be
asteroidal, Schematic models are proposed.

Evidencé is reviewed for the lunar origin of the pyroxene-~
plagioclase achondrites. On the basis of natural remenent magnetism, it
is suggested that the very scarce diopside-olivine achondrites may be

samples from Mars.



A classification of the meteorite breccias, including the
calcium~poor and calcium-rich mesosiderites, and irons that contain
silicate fragments, is proposed. A fragmentation history of the
meteorites is outlined on the basis of evidence in the polymict
breccias, and from gas retention ages in stones and exposure ages in
irons. Cometary impacts appear to have caused the initial fragmen~
tation, and possibly the perturbation of orbits, of two inferred
asteroidal bodies (enstatite and bronzite), one and possibly both events
occurring before 2000 m.y. ago. Several impacts apparently occurred on
the inferred hypersthene body in the interval 1000 to 2000 m.y. ago.
Major breakups of the three bodies apparently occurred as the result of
interasteroidal collisions at about $00 m.y. ago, and 600 to TOO m.y.
ago. The breakups were followed by a number of fragmentation events be-
tween hypersthene and bronzite materials on less than 100 m.y. intervals.,

The epparent breakup history has implications for lunar and
terrestrial geology. The major lunar basins may have been excavated by
materials produced during the apparent major breakups, which would
suggest ages for the lunar basins of about 9CO m.y. and less.

A correlation between the four terrestrial tektite fields and
four large (about 100 km) lunar ray craters is proposed. An explanation
is offered for the formation of terrestrial craters that are apparently
related with the three older tektite fields, and for the lack of an
associated crater for the fourth, very young and very extensive tektite
field. If the proposed correlations are valid, the Copernican System,
the youngest of the lunar geologic systems, has a time span of about

35 m.y.



CHAPTER 1

INTRODUCTION

The capture of meteorites by the eartﬁ can hardly be entirely
accidental or randem because although 1800 meteorites have been
collected as falls and as finds in the last 150 years or so, less than
two dozen discrete classes of meteorites are recognized. In most
meteorites the materials belong to a single meteorite class. Some
meteorites, however, are brecciated and contain materials of two or nore
classes., In such cases, the mixtures are physical records of past
events in the history of the meteorites,

The meteorites have arrived in the vicinity of the earth through
some combination of circumstances or events, which presumably includes
formation and storage in a parent body, followed, in most but not in all
cases, by involvement in one or more fragmentation events and injection
into eafth- rossing orbits. If the discrete meteorite.classes can be
arranged in genetic groupings, we may better understand the source or
sources of the meteorites, the character of the parent materials and
bodies, and something of the fragmentation histories. Thg neteorite
classes are now grouped only according ito texture and phase (chondrite,
achondrite, stony-iron, and iron), and not according to compositional
and mineralcgical characteristics that may héve genetic significance,

The theme that is developed in Chapters 2, 3, 4, and 5 is that a
number of the individual meteorite classes are genetically related.

1l



Three broad genetic groups are proposed. One group includes material
that appears to have been preserved with little change from the time of
the formation of the solar system, and such material may be of cometary
origin. A second proposed genetic group includes compositionally re-
lated materials of several meteorite classes; the materials appear to
have undergone varying degrees of metamorphism, recrystallization, and
fractionation, and they may be the debris of a small number of aster-
oidal bodies. The third proposed genetic group includes materials that
appear to have been derived principally from the moon, but one or two
meteorites of this group may have been derived from Mars. In Chapter 6,
brecciated polymict meteorites are described and classified. They are -
interpreted to be mechanical mixtures that record comet-asteroid and
interasteroidal collisions, and impact of the moon by cometary and
asteroidal materials. .

The concept of a geologic classification of the meteorites in-
volves two principal parts: 1) a genetic classification; and, 2) a
classification.of the meteorite breccias. The validity of the genetic
classification is developed: a) from compositional evidence that indi-
cates the meteorites are derived from a limited number of sources and
source bodies; and, b) from textural and paragenetic evidence that'
-indicates the chondrites are the starting mixtures from which other
types of meteorites have evoclved. The genetic classification leads to
implications regarding the pre-fragmentation character of the meteorite
parent bodies, and the distribution of materials in the solar system.
The classification of the meteorite breccias, and interpretation in

light of the genetic classification, leads to an outline of the



fragmentation histories of the meteorite parent bodies. The geologic
classification of the meteorites developed here hopefully can serve as a
useful and flexible model for better understanding the meteorites, and

solar system history.



CHAPTER 2

THE METEORITE CILASSES

Descriptive Classification

Classification of the meteorites began in the 19th century with
the recognition of irons, stoneé, and stony-irons, following which there
evolved two complicated, competing systems. One system recognized
"type" meteorites. In the other system, meteorites were classed on a
combination of mineralogical, compositional, and structural character-
istiqs. The latter culminated in the Rose-Tschermak-Brezina (R.T.B.)
system, in which 76 classes were recognized (Brezina, 1904). The R.T.B.
classification, which is summarized by Mason (1962a, p. 47-50), contains
the names of a number of meteorite classeslthat are still in use today.
Mason (1962a) points out that the R.T.B. classification is unsatis-
factory. in that the multiplicity of classes has tended to obscure the
essential similarity of many of the chondritic meteorites.

A revised and simplified version of the Rose-Tschermak-Brezina
classification was proposed by the British meteoriticist G. T. Prior
(1920). Prior's classification has become widely used because it allows
for rapid cataloging with a2 minimum of mineralogical and chemical inves-
tigations. In it, as in the R.T.B. classification, four groups of
meteorites are recognized, ~- the chondrites, achondfites, stony-~irons,
and irons. Prior's classification was modified by Mason (1962b), who

recognized two additional chondrite classes, the carbonaceous chondrites
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5
and the pigeonite chondrites. Mason (19672) subsequently proposed that
the pigeonite chondrite class be abandoned, but it is retained in this
paper for reasons given later,

The Prior-Mason classification of 1962 is reproduced in slightly
modified form in Teble 1. The chondrites are arrenged in order of
increasing avefage metal contents. To maintain uniformity in classifi-
cation, a class of carbonaceous achondrites is formally recognized here;
elsevhere, achondritic carbonaceous meteorites currently are classed as
carbonaceous chondrites and are calied Type I carbénaceous chondrites
(wiik, 19563 Mason, 1553a). Other modifications in Table 1 include sub-
division of the achondrites into calciwi-poor and caleium-rich
subgroups, and subdivision of the mesosiderites into calcium~poor and
calcium rich subclasses,

The Prior-}ason classification is descriptive becauze the
meteorite classes are grouped either on the basis of sitructure (chon-
drites, achondrites), or on the relati;e amount of silicate and metal
(stony-irons, irons). Grouping in this maﬁner does pat allow for the
possibility that physically and structurally similar materizls may have
formed and resided in different pzrent bodies. The format of the Prior
classification is expanded into a proposed genetic classification to

allow for this possibility.

Proposed Genetic Classification

The proposed genetic classification is summarized in Table 2.

Support for the validity of the classification is developed in



Chapters 3, 4, and 5. Inferred sources shown in Table 2 are derived

from discussions in the three chapters that follow.



CHAPTER 3
EVIDEIICE FOR GENETIC GROUPINGS

Compositional and Mineralogical Characteristics

Chemical Compositions

The chemical compositions of the meteorites (Table 3, in pocket)
are summzarized in the format of the proposed genetic classification. In
the stony meteorites, compositional hiatuses with respect to water and
carbon, and calcium, separate the three proposed genetic groups. In the
calcium-poor groups, the individual chondrite classes exhibit fairly
characterisfic contents of disseminated metal; the volatile-poor achon-
drites are coarsely crystalline silicates in which véry sparse metal
occurs in breccia; and the stony-irons and irens contain abundant metal,
which mainly displays textures that are attributable to slow cooling and
crystallization in a parent body. Some chemical similarities and
relationships exist between the chondrites and the calcium-poor achon-
drites, pallasites, and irons. The chondrites are mixtures of silicates,
metal, and sulfides that can serve as sources for_the other types of
meteorites.

The carbonaceous meteorites, chondrites and achondrites, are
rich in rare (noble) gases (Signer and Suess, 1963) as well as in water
(Table 3). On the basis of textural and paragenetic reiationships,
which are discussed in Chapter 4, the gases and water appear to be

intrinsic to carbonaceous matrix materials of unmetamorphosed

9



10
(unequilibrated) chondrités, both volatile-rich and volatile-poor. The
carbonaceous achondrites (Type I of Wiik, 1956) have been shown by Ring-
wood (1966, Fig. 1) to have elemental abundances that are similer to
elemental abundances of the solar photosphere. Ringwcod suggests that
carbonaceous achondrite materials mey be closely related to the dust
particles of the primordizl solar nebula, but he cautions they are not
to be regarded as unaltered samples of this primitive aust because they
appear to have undergone a mild thermal and metamorphic history.

Studies described in Chapter L support this idea.

Distribution of Elements

Abundances of some major, minor, and tréce elenents in the chon-
drites and achondrites are listed in Table L, and enrichment-depletion
factors relative to the carbonaceous chondrites are given in Table 5.
The relative enrichments and depletions of groups of elements that have
similar melting points are summarized in Table 6. Elemental disconti-
nuities exist., The carbonaceous achondrites are enriched, relative to
the carbonaceous chondrites, in the low melting point elements Cs, Rb,
K, Na, Ii, and Baj; the carbonaceous achondrites are slightly depleted in
Sr and the higher melting point elements, Curiously, the low melting
point elements Rb, K, Na, Ii, Ba, and Sr are enriched in the more highly
metamorphosed, volatile-poor chondrites relative to the otherwise
volatile-rich carbonaceous meteorites. The calcium-poor achondrites are
depleted in these elements relative to the volatile;poor chondrites.
. The pyroxene-plagioclase achondrites are greatly depleted in Cs rela-

tive to the chondrites; substantially to slightly depleted in Rb, K,



Table 5.~--Enrichment-depletion factors in the volatile-poor chondrites
and achcndrites relative to the carbonaceous chpndrites.l/

Calciun-poor Calcium-rich
vclatile-poor

Element Chondrite Achondrite Nakhlite Howardite Eucrite

(Average) (Average)

Cs 0.5 0.3 -- -- 0.09
Rb 1.9 0.6 1.7 - 0.1
K 1.9 0.3 2.7 0.5 1.1
Na 1.5 é:%j 0.8 0.6 0.8
Ii T 1.6 - -- 16
Ba 2.8 1.7 -- 5.8 10
sr 1.7 0.8 6.1 3.8 8.5
Ca 1 | 0.6 8.h L.3 5.6
Mg 1.1 1.5 0.6 0.6 - 0.4
Al 1.1 0.k 0.8 0.5 0.6
si 1.3 1.7 1.7 1.7 1.7
Fe Lt/ 0.6 0.5 1 - 0.8 0.8

5/ 1 0.5 0.7 0.6 0.6
Ni 1 0.1 -- 0.1 --
Sc 0.9 1.1 6.6 1.9 3.1
Y 1.5 0.8 " 2.1 -- 12
La 0.9 0.3 k.9 - 11
Ce 1 0.9 . 6.7 4.6 8.4

. Enrichment and depletions relative to carbonaceous chondrites are
calculated from data in Table L. .

Average of 3 meteorites. 5/. 1In silicate, metal, and

Average of 2 meteorites. sulfide.

In silicate only.

S
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1k
and Na; and enriched to highly enriched in ILi, Ba, Sr, Ca, and the
rare earths.l

If chondrites are the starting materials, a conclusion'that is
drawn from evidence presented in Chapter L, the distribution of elements
in the different meteorite groups and classes (Tables 5 and 6), may be
partly the result of an uneven distribution of elements in the solar
system at the time of accretion as well as the result of post-accretion
fractionations in parent bodies. If the volatile-rich carbonaceous
meteorites are essentially unmetemosrphosed, nearly primitive materials,
they should be rich in the volatile elenment Cs; This then raises the
question as 4o why Rb through Sr (Tables 5 and 6) are enriched in thé
volatile-poor chondrites relative to the volatile-rich carbonaceous
chondrites./ A@peal to an enrichment of these volatile elements in the
chondrites during the metamorphism of a parent chondritic material which
initially contained uniform quantities of the minor elements does not
seem warranted because Cs is depleted, and Ca and the rare earths are
unenriched. A possible solution is that the Rb through Sr group of ele-
ments was enriched in the region of accretion of the volatile-poor
chondrites. Depletions in the calcium—poof achondrites relative to the
chondrites (Table 5) would be expected if these achondrites are the pro-
ducts of metemorphism and recrystallization of chondritic silicates.

An elemental discontinuity exists between the éalcium—rich and
calcium-poor meteorites iﬁ respect to Ca and the rare earths. These
elements may have been enriched from normal chondritic abundances as the
result of differentiation processes in the pérent bodies. The calcium-

poor achondrites, in contrast, are not enriched in Ca and the rare
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earths. They contain rare earth abundances similar to, and markediy
less than, those of the chondrites (Chapter 5), which is considered evi-
dence for the genetic relationship between the chondrites and
caicium-poor achondrites. The marked depletions seem to indicate that
rare earths can be lost during the slow crystallization that appears to
have been required for the development_of the very coarsely crystalline
pyroxene of the hypersthene and enstatite achondrites., Rare earths,
thus lost, would presumably become available for incorporation in
differentiated silicates. However, the possibility exists that the high
Ca and rare earth abundances for the calcium-rich achondrites may be
inherited from chondritic materials that were enriched in these elements
at the time of accretion.

An zpparent elemental discontinuity exists within the qalcium-
rich achondrites with respect to Rb and K, which are enriched in the
diopside-olivine achondrites and are depleted in the pyroxene-
plagiocclase achondrites relative to the carbonaceous chondrites.
Because ﬁb and K are also enriched in the volatile-poor chondrites, the
possibility arises that the parent material of fhe diopside-olivine
achondrites may have had Rb and K contents similer to volatile-poor
chondrites, and possibly that parent material of the pyroxene-
plagioclase achondrites may have been depleted in Kb and K. If
meteorites can be identified in respect to general source areas in the
solar system, and if the manner of accretion can be outlinéd, then the
possibility of an uneven distribution of volatile elements at the time

of accretion can be examined.
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Individualit& of the Chondrite Classes

The chondrite classes have been shown by Ringwood (1961; 1966,
Fig. 4) and by Mason (1962a, 1965) to occupy discrete compositional
fields when the weight percent of oxidized iron that resides in sili-
cates is plotted against the weight percent of iron in metal and
sulfide (Fig. 1); Such a plot shows the existence of distinct hiatuses
between, and essentially defines the existence of, five discrete classes
of chondrites. The plot also shows that although the relative amsunfs
of oxidized iron and iron in metal vary widely, thé total iron content
remains approximately constant. Prior (1916) suzmarized the relation-
ship between the metal and silicates as follows: '"the less the amount
of nickel-iron in chondritic stones the richer it is in nickel and the
richer in iron are the magnesium silicates". This has become known as
"Prior's rule” or "rules" -- because two relatibnshipé are noted.

Four of the five meteorite classes (Fig. 1) can be intersected
by & single line of essentially constant iron content. One class, the
hypersthéne chondrites, can be intersected by a line of lower total iron
content. The compositional difference was first noted by Urey and Craig
(1953) in "superior" analyses of ordinary chondrites (hypersthene and
tronzite chondrites), and it led to the proposal that the chondrites be
classed in a ﬁigh-iron or H-group (bronzite), and a low-iron or L-group
'(hypefstﬁene). Members of the low-iron group tend to cluster into two
subgroups, and the l-group has recently been subdivided into I- and LI~
groups (Keil and Fredriksson, 1964). Ringwood (1966) concludes that the

plot of oxidized iron versus metallic iron shows that there is no doubt
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as to the validity of Prior's rules, if broadly applied, and that the
group concept of Urey and Craig is also supported.

Figure 1 is in part derived from the chemical determination of
iron contents of the chond?itic silicates. Much detailed petrographic
and microvrobe work has been done in the last few years on the olivine
and pyroxene of the chondrites and a substantial body of data now exists,
a large part of which is reported in Mason (1963b) and in Keil and
Fredriksson (196%). Mascon has shown that 2 narrow but distinect compo-
sitional hiatus exists in olivine of the bronzite and hypersthene
chondrites (Fig. 2), and Keil and Fredriksson have shown that a similar
hiatus exists for pyroxenes of these chondrites. Thus, on the basis of
content of metal and the composition of olivine and pyroxene, the hyper-
sthene and bronzite chondrites have been shown to be discrete classes of
chondrites.

A large compositional hiatus separates the enstatite chondrites
from the bronzite chondrites. The dominant mineral of the enstatite
chondrites is pyroxene that is essentially free of iron, and olivine is
absent (Mason, 1962a, 1966).

In the pigeonite chondrite class, which includes meteorites pre-
viously classed as Type III carbonaceous chondrites (those low in carbon
and high in olivine; Wiik, 1956), a calcium—poor clinopyroxene character-
istically occurs with the major élivine (Mason, 1962a, 1967a). Mason at
first considered the clinopyroxene to be pigeonite on'the basis of its
X-ray diffraction pattern and its refractive indices, but later consid-
ered it to be a phase distinct from pigeonite, formed by the inversion

of the proto-form and not by direct crystallization from a melt.
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Mason (19672, p. 315) notes that the low-calcium clinopyroxene, while
characteristic of the Type III carbonaceous chondrites, is not confined
to them but is also present in many other chondrites, particularly the
wnequilibrated chondrites of Dodd and Van Schmus (1965). For this
reason, Mason has prqposed that the term pigeonite be abandoned. How-
ever, it is retained here to designate a discrete class of chondrites
(as shown by Fig. 1), a class that is characterized by clinépyroxene, by
iron-rich to iron-free olivine, by relatively sparse carbonaceous
matter, and by low metallic nickel-iron contents. Textural, para-
genetic, and corpositional data summarized in Chapter 4 confirm that the
"pigeonite" class belongs neither to the carbonaceous nor to the hyper-
sthene chondrites.

In summary, five discrete classes of chond;ites are recognized
on the basis of distinct compositional and mineralogical charaéteristics
(Pig. 1; Table 7). The mineralogical classification of Prior and Mason
is used for the classification of the chondrites because, as will be
shown ip Chapter L4, the precipitation of "essential" olivine and
"essential" or "characteristic" pyroxene (enstatite, bronzite, hyper-
sthene, and pigeonite), was the event responsible for accretion of the

chondrites.

Correlations between Chondrites and Achondrites

| The compositions of the achondrites fall into discrete groups
(Fig. 3). Olivine énd pyroxene of the various calcium-poor achondrites
and certain of the stony-irons (pallasites,.siderophyre) are compo-

sitionally similar to the olivine and pyroxene of various chondrite
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classes (Tables 1 and 2; Fig. 3). The‘mineralogical chéracteristics and
proposed correlations are summarized in Table 7. Possibly related
achondritic silicates include iron-poor, calcium-poor silicates that
occur as inclusions in irons, and as frzgments in the brecciated MgSiO3

mesosiderites,

Petrologic Evidence for the }lMstamorphism of Chondrites

Chemical-petroiogic Classificaticn of the Chondrites

Differences in texture in différent cnondrites, observed as a
decreasing distinctnass in chondrule structure and outline, have been
attributed to thermel matemorphism in the chondrite parent body (Wood,
1962a; 19632, Plates 2 and 3). A small number of little-metamorphosed,
"unequilibrated”" hypersthene and bronzite chondrites have been identi-
fied and described (Dodd and Van Schﬁus, 1965; Dodd and others, 1967).
Detailed textural and mineralogical characteristics observed within and
between chondrules and matrix in individual chondrites have been ordered
in respgct to relative degree of mestamorphism, or "the:mo-chemical
equilibration". A detailed petrographic study of a large nurber of
chondrites by Van Schmus and Wood (1957) has led to a chemical-petrologic
claessification of the chondrites (Table 8).

The chemical-petrologic classification of Van Schmus and Wood
(Table 8) recognizes the mineral classes of Prior, but defines the chon-
drite classes on the basis of chemical characteristics (which are
reflected'in the mineralogy), and from the expression of Prior's rules
(which also are reflected in the mineralogy). Each of the minerzl or.

"chemical" classes has been subdivided by Van Schrus and Wood (1967)
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Table 8.--Chemical-petrologic classification and propér names of the
chondrites.l

a, Classification of the chondrites

Petrologic type

1 2 3 h 5 6
E[EL E2 E3 EL ES E6
-- -- 1% L 2 6
c|cl c2 C3 ck c5 T6
N 16 8 2 . -- --
Chemical H [ HI H2 H3 Hb H5 H6
group - -- 7 35 Th Ly
L[ I1 12 L3 2 15 16
- -- 9 18 43 152
IL [ LI LI2 L13 LIk 1L5 LIA
' - - L 3 7 21

¥Number of examples of each meteorite type now known is given
in its box

b. Proper names for chondrites

Petrologic type

1 2 | 3 | & | 5 | 6
E * : * Enstatite’ chondrites
C Carbonaéeous chonﬁrites i Ch é * ; *
H .o* : * E H3% i Bron%ite chondr%tes
L * : * ; L3% % Hyper%théne chon%rites /
| o+ o« iy ! Amphoteric chondrites

L

*¥--Unpopulated.

Z--Ordinary chondrites.
¥--Unequilibrated ordinary chondrites

1/, From Van Schmus and Wood (1967, tables 3 and 4). Fayalite and
ferrosillite contents of olivine and pyroxene of the chondrites
are summarized in Table 7.
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‘into a series of petrologic classes, numbered in order of increasing

metamorphism. Of ten criteria used by Van Schmms and Wood, the first

four they list are:

1.

Homogeneity of silicate mineral compositions. ﬁéterogeneous
olivine and pyroxene crystals indicate a high degree of dis-
equilibrium, and the crystals tend to become more homogeneous in
composition with progressive degrees of equilibrium. (The
"heterogeneity" will be shown, in Chapter L4, to be the result of
the accretionary process.)

Pyroxene. The ratio of'low—calcium ricnoclinic pyroxene to
orthorhombic pyroxene in chondrites correlates (decreases) with
progressive recrystallization of a chondrite. Van Schmus and
Wood (1967) note that the monoclinié state is the natural pro-
duct of the quenching necessary to produce chondrules, and that
orthorhorbic pyroxene nay représent the inversion of the mesta-
stable monoclinic state under conditions of sustained high
temperature (metamorphism), although they note that this is not
a unique interpretation.

Feldspar. Grains of sodic plagioclase are evident only in well
recrystallized chondrites. According to Mason (1$67a), some
plagioclase may be produced during the inversion of clino-
pyroxene to orthopyroxene, the conponents of the piagibclase
being in solid solution in the clinopyroxene, but most plagio-
clase appears originally to have been glass; a brown transparent
or turbid glass is a common constituent 6f plagioclase-free

chondrites, which microprobe anélysis has shown to have the
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composition of albite (Fredriksson and Reid, 1965). Mason
(19675) notes that devitrification of the glass produces dis-
ordered, so-called high temperature plagioclase.

Lk, "Igneous" glass. Van Schmus and Wood (1967) note that glass is
found in éome chondrules of (apparently) unmetamorphosed and
little metamorphosed chondrites, and it is considered by them as
evidence fof the quenched state of the chondrules. Chondrule
glasses studied by Fredriksson and Reid (1965) and Van Schmus
(1966) have had compositions that are rich in Na, Al, and Si,
and are roor in Fe, Mg, and Ca. Van Séhmus and Wood remark that

this primary glass is absent from more recrystallized chondrites.

Mason (1966) has described mineralogical and textural character-
istics for the enstatite chondrites_ﬁhich lead to the implication that
progressive metamorphism of enstatite chondrite material may have been
responsible for the enstatite achondrites.

Mineralogic-petrologic Classification of the Calcium-poor
Stony Meteorites

It is proposed here that the chemical-petrologic classification
of Van Schmus and Wood (1967) be re-ordered to a mineralogic-petrologic
classification and expanded to include the achondrites (Table 9). The
format is adapted from the proposed genetic classification (Table 2).
The volatile-rich carbonaceous meteorites are set apart. TFor reasons
summarized in Table 9 and for reasons developed in Chapter 4, it is pro-
posed that some of the hydrous clays of the carbonaceous achondrites may

be the products of low temperature alteration (chloritization), in a
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Table 9.--Mineralogic-petroi?gic classification of the calcium-poor

stony meteorites.

Mineralogic Class Symbol
Carbonaceous c
Pigeonite P
Hypersthene(low) Hl
Hypersthene(njgn) Hy,
Bronzite B
Enstatife E

Petrologic class and type

Chondrite Achondrite
1 2 3 L 5 6 7
i x x  x X 2 3
28 - - - ¥ s
- , 3

¥ .3 7 21(7) 1(2)¥/ y
- 9 18 .43 151(?) (%)
- 8 35 Tk -Lh(7) - 15/
- 1 L 2 s5(7) 1(?) 9

1/. Modified and expanded from Van Schmus and Wood (1667). The petro-’
logic class that is showm for the chondrites is one less

numerically than in the original scheme.

Class 5 chondrites may

contain some essentially achondritic materials such as the Shaw
meteorite, and the enstatite chondrite Jajh deh Kot ILalu (ason,
1966), which have been placed, provisionally, in a new petrologic
class that is established to bridge the gap between the volatile-
poor chondrites and the coarsely crystalline calcium-poor

achondrites.

The number of representatives in class 5 is subject

to revision because of possible re-assignment to class 6.
Class 5 carbonaceous achondrites contain high temperature

materials,

Tonk contains 0.40 weight percent Ni-Fe

(W.AK.

Christie, in Wiik, 1956), and the presence of olivine in Orgueil
Metal and olivine occur
in the carbonaceous chondrites, and because chondrites apparently
are the first rocks (Chapter 4), the carbonaceous achondrites are
inferred to be chloritized carbonaceous chondrite material, --
the product of low temperature metemorphism in a volatile-rich

has been confirmed by Kerridge (1588).

environment.
meteorites,
Chassigny.

B

Classes 2-5 may not exist for the carbonaceous

A possibly recrystéllized olivine-pigeonite chondrite

(Mason, 1962a), which contains "nascent chondrules" (Jeremine and
others, 1962), interpreted here as relict chondrules.

L]

NS

(Wlotzka, 1963).

Shaw meteorite; an amphoterite that is considered to be a recrys-
tallized hypersthene chondrite (Fredriksson and Mason, 1967).

Includes 8 hypersthene achondrites (diogenites), and calcium-poor
pyroxene from the mesosiderite Bondoc Peninsula.

Achondrite fragment in brecciated Breitscheid brorzite chondrite
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volatile-rich environment, of olivine and pyroxene of the carbonaceocus
chondrites.

Two petrologic classes of calcium-poor achondrites are recog-
nized. One class includes achondritic meteorites that retain vestiges
of chondrite parentage, for example, the presence of disseminated metal
in a carbonaceous achondrite (Tonk), or the presence of relict chon-
drules (Chassigny). A number of the amphoterites may belong to this
transitional class. The other class of achondrites (volatile-poor)
includes materials that apparently hafe undergone extensive
recrystallization,

The pigeonite chondrites are recognized as distinct from the
carbonaceous chondrites for reasons given earlier, and in light of evi-
dence developed in Chapier 4. Former and present members of the
pigeonite chondrite class are listed in Table 10,

The five-fold petrologic subdivision of the Van Schmus-Vood
classification is retained for the chondrites, but the petrologic
classes are numerically decreased by one because the carbonaceous achon-
drites are not considered to be the starting materials., Iﬁ a few cases,
the petrologic and mineralogic assignments of Van Schmus and Wood (1967)
have been revised (Tables 9 and 10). Some of their assignments, appar-
ently based mainly on texture, appear to have equated a lack of obvious
chondrules with a relatively high degree of metamorphism. As will be
shown in Chapter L, the lack of obvious chondrules is not the result of
metamorphic processes in several texturally primitive cﬁondrites, but
rather appears to be the result of the accretionary process. It is -

possible that re-examination of the chondrites in light of information
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Table 10.--Chondrites formerly and presently classed as olivine-
pigeonite chondrites.

Mason  Carbonl/ Van Schmus This
(1562a) (Wt. percent) and Wood, 1957 Paper

22/

Bali

Chainpur x3/ 0.57 1L(?2)-3 H, (7)-22
Coolidge -- o B=2(2)k
Felix %3/ c-3 P-2
Grosnaja x§/ C-3 P-2
Kaba <3/ c-2 P-1
Kainsaz - C-3 P-2
Karoonda X 0.10 c-4 P-2(2)5
Krymka -- -- ?
Iance x3/ c-3 P-2
Mokoia x3/ 0.75 c-2 P-1
Ngawi % 1L(2)-3 H, ( 2}-22/
Ornans X c-3 P-2
Tieschitz  x 0.3k H-3 B-2
Vigarano 3 c-3 P-2

x 0.30 c-3 P-2

Warrenton

Average: 0,41

. From Moore and Iewis (1965), and C. B. Moore (personal communi-
cation, 1966).

Iisted as a pigeonite chondrite by Hey (1566).

Noted as carbonaceous by Mason (1962a).

Classed as C-4 by Van Schmus and Wood (1967) on the basis of bulk
composition and texture. An Arizona State University specimen,
examined by this author, displays an accretionary texture that is
analogous to accretionary textures in the carbonaceous and
pigeonite chondrites. However, olivine (probably accretionary)
falls in the fayalite range of the bronzite chondrites (Mason,
1663c). Because of the foregoing, Coolidge is returned to the
class originally assigned to it by Mason, and reduced in number
to petrologic class 2,

5/. Classed as C-4 by Ven Schmus and Wood (1967) on the basis of homo-

geneous olivine composition (Mason, 1963c). Reclassified here as '’

P-2 because the homogeneous olivine composition appears to be

due mainly to the presence of a uniformly fine grained

accretionary matrix, and to a paucity of pre-accretionary and
accretionary chondrules, rather than the result of metamorphism
of chondrule-bearing materials.

LS
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and relationships developed in Chapter U4 may result in additional re-

assignments of petrolozic class.

Correlation of Irons and Pallasites with Chondrites

Ga-Ge Groups

Irons. Gallium concentrations in iron meteorites were dis-
covered to fall into three distinct groups by Goldberg and others
(1951). ter, germanium concentrations in irons also weré found to
occur in distinct groups, a high correlation betweén gallium and ger=~
manium concentrations was shown, and four Ga-Ge groups were defined
(lovering and others, 1957; Table 11). Plots of the data of Iovering
and others (1957) are showm in Figure ka, b.

As shown in Figures La and 4b, the Ga-Ge groups crosscut nickel
concentrations and thus crosscut structure in the irons that is
developed as the result of nickel content. Only very low nickel-iroms
(hexahedrites; less than about 6 percent Ni) and very high nickel-irons
(Ni-rich atexites; mostly zbove about 15 percent Ni) fall into single
Ga-Ge groups. Except for these, no distinctive, unambiguous relation-
ship appears to exist between nickel content and Ga-Ge content. One
group of irons, Ga-Ge group I, exhibits a narrow range of nickel values,
almost as if homogenization, perhaps through convective mixing, had
occurred. ‘

The work of Iovering and others (1957), which apparently
revealed four Ga-Ge groups, also revealed.the existence of a number of

irons in which the Ga and Ge values were anomalous with respect to the
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\

Table 11.--Ranges of concentrations of Ga, Ge and Ni associated with the
Ga-Ge groups in the metzl phase of metebrites.}j

Ga-Ge Percent of Range of concentfations
group meteorites studied Ga (opm) Gz (ppm) Ni (%)
I 10 80-95 * 300-420 6.5-7.1
II 27 Lo-62 130-230 5.3-9.6
II1I 33 8-24 15-80 7.1-13.5
v 17 ¢1-3 <1 7.7-22.2

Anomalous 13 -—— ——— ——

1/. From Lovering and others (1957), as summarized by Wasson (1967a).



Fig. 4.--Variation of Ga and Ge contents of iron meteorites.

Variation of gallium contents (a) and germanium contents (b) of iron
meteorites plotted in respect to nickel contents (from Iovering and
others, 1957). .
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group boundaries that they defined. Recent work By Wasson (1967a) has
shown additional ironé with anomalous values, and also has resolved two
subgroups of group IV in the region of low Ga and Qe values (Fig. 5).
The uniformity in nickel and Ga-Ge contents in groups IVa and IVb
suggests closely related and probably very limited sources. However, in
terms of absolute abundances of Ga and Ge, the differences between the
subgroups, and between group IV and the anomalous irons, are very small.
For this reason groups IVa, IVb, and the anomalous irons may as well
have been derived from different parts of an inhomogeneously mixed core
or segrégation of a single parent body, a2s from cores or segregations of
two or three different bodies.

Pallasites. Only one Ga-Ge group is represented in the metal
phase of the pallasites. Eight pallasites analyzed by ILovering and
others (1957, Tsble 9) contain Ga and Ge of group ITI. Seven of these
belong to the low fayalite (Fa 11 to 13) group of pallasites (Mason,
1963b, p. 10), and one is a high fayalite grouﬁ (Fa 17 to 20) pallasite
(Springwater; Fa 18; Mason, 1963b, p. 10). In addition, one low faya-
lite pallasite (Geroux) has an "ancmalously" low Ge content for group
III (9 ppm; Goldstein and Short, 1967a, Table 1), one which falls in the
group of "anomalous" irons that occupies the interval between groups JI1
and IV (Fig. 5).

The énalyticai data clearly indicate that the pallasites belong
to Ga-Ge group III (as defined by Lovering and others, 1957), and thus
that the apparent commositional gap in the fayalite contents of the
pallasites may be the result of incompletg sampling. Furthermore, the

low Ge pallasite, Geroux, and irons with a spectrum of Ga-Ge values that
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Fig, 5.--Relation between Ga and Ge concentrations in iron meteorites.

Individual plots are for 3L meteorites for which new data are re-
ported by Wasson (1967a). The rectangular fields are the locations of
Ga-Ge groups I, IT and III as given by Lovering and others (1957).

From Wasson (1967a), who also shows in this plot that two disérete
subgroups (IVa and IVb) of Ga-Ge group IV exist.
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lie between Ga-Ge groups III and IV, indicate that the boundary of group
III needs to be lowered, at least to the narrow, apparent, compositional
hiatus near 1 ppm Ge (Fig. 5). Because only a very small compositional
hiatus would remain between groups IIT and IV, groups III and IV may be
members of a genetically related group of irons., If this is the case,
clustered values within groups III and IV could be interpreted to be

materials derived from restricted parts of a single parent body.

Correlations with the Chondrites

Correlations exist between the enstatite, hypersthene, and
bronzite chondrites, and the Ga-Ge group I, II, and IIT irons, respec-
tively (Table 12). The fundeamental assurptions are: 1) that the
original Ga and Ge contents of metal in the chondrites was low, and that
Ga and Ge originally resided principally in the silicate matrix; and,
2) that metamorphism of the chondrites and fractionation of the metal
occurred, during which Ga and Ge in the bulk meteorite were selectively
acquired by the metal phase. The resulting Ga and Ge contents of the
irons then would be a function of the original bulk contents of Ga and
Ge in the chondrites, and the amount of metal in the individual chon-
drite classes that was available to accept or scavenge Ga and Ge during
rmetamorphism and fractionation.

The calculated Ga and Ge values for metal assumed'to have been
fractionated from chondritic material (Table 12) were arrived at by
assuming that the Ga ana‘Ge values for the bulk meteorite are trans-

- ferred to the metal duriné metamorphism and fractionation. The metal

makes up a certain average percent of the chondrite (Table 3). Thus, if
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bulk Ga-Ge values are similar, as in fhe bronzite and hypersthene chon-
drites, the cﬁondrite class with the lower average metal content would
show a stronger enrichment in Gz and Ge in the fractionated.metal. Such
appears to havg occurred in the hypersthene and bronzite chondrites, as
is shown by the correlation of the calculated Ga and Ge values with Ga-
Ge II and III groups of Iovering and others (1957).

"Fractionated metal" of the enstatite chondrites corielates in
part with Ga-Ge group I, but for some of the enstatite chondrites, thé
calculated Ga-Ge concentrations fall in Ga-Ge grouf IT (Table 12). The
reason for this is not understood, but it may 5e due to original inhdmo-
geneities in the chondrite mix, or possibly to loss of some of the Ga
and Ge from chondritic material as the result of a partiai fractionation
of metal. Mo apparentlcorrelation exists hetweeﬁ the pigeonite chon-
drites and Ga-Ge group IITI and IV irons, and there simply may be none.
If irons exist that are related to the pigeonite éhondrites, they would
be expected to display high Ga and Ge values that could be anomalous to
Ga-Ge group I.

Bulk values of Ga and Ge for the carbonaceous meteoritesAare
shown in Table 12 to emphasize the point that the Ga and Ge in unmeta-
morphosed chondrite maferial resides in the matrix, and that this can be
an adequatg source for the Ga and Ge in fractionated metal. In the
volatile-poor chondrités the Ga and Ge reside, to varying degrees, in
the metal (Table 13), so some transfer of Ga and Ge from matrix to metal
éppears to have taken place. Metal of the enstatite chondrites shows a.
three-fold enrichment in Ga and Ge reletive to the bulk meteorite,

whereas metal of the bronzite and hypersthene chondrites shows a



Teble 13.--Ga and Ge contents of the separated;y
bronzite and hypersthene chondritesl

Class Number of Average Range of

meteorites Ga (ppm) values
Enstatite L 62 (52-71)
Bronzite 8 11.3 (6.2-17.2)
Hypersthene 9 11.4 A (3.4-26.0)

1/. From Fouché and Smales (1G67, table II).
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etal phase of enstatite,

Average Range of
Ge (ppm) values

157 (113-212)
6L (62-67)
125 (92-169)
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two-fold enriéhment in Ga and a five- to twelve-fold enrichment in Ge
relative to bulk values (Tables 12 and 13). In all cases, the Ga-Ge
values of metal separated from the chondrites lie below values of the Ga-
Ge group I, II, and III irons, which would allow additiénal,Ga and Ge to
be acquiied during fractionation to arrive at the values of the Ga-Ge
groups of irons.,

The correlation between Ga-Ge groups II and IIT and the hyper-
sthene and bronzite chondrites (Table 12) wes brought to my attention by
Dr. C.B. Moore (personal ccmmunication, 1966). ﬁnﬁublished analyses by
C.B. Moore, H. Brown, and C,R. McKinney revealed that the Gé in the
metal phase of five bronzite chondrites was significantly lower than the
Ge in the metal vhase of two hypersthene chondrites, This relationship
has since been clearly shown in recently published data of Fouché and
Smales (1667; Table 13).

In'summary, a correlation exists that allows for the development
of Ga-Ge group I, II, and IIT irons ;é materials fractionated from chon-
drites which contained certain bulk values of Ga, Ge, and metal. A
discrepancy in correlation exists with reséect to some of the enstatite
chondrites. No correlation exists for the pigeonite chondrites. Values
for irons possibly derived from pigeonite chondrite materials could lie
in or 5etween groups I and ITI. "Anomalous" irons of Wasson (1967a)
having Ga and Ge valuves less than group III as defined by lovering and
others (1957), are included in group IIT because of relations in the
pallasites, BRBecause only a very narrow corpositional gap exists between
the expanded group III and the clustered group IV irons, groups III and

IV are provisionally considered to be members of a single genetic group.



41
Surmary

Compositional characteristics, both groupings and disconti-
nuities; serve to identify three groups of meteorites. Within the
groups, compositional, textural, and mineralogiéal characteristics serve
to identify individual meteorite classes. Five discrete classes of
chondrites and calcium-poor achondrites are recognized,vprincipally on
the basis of compositions of the silicate minerals. Compositionél
transitions in the silicates are lacking between the chondrite classes,
but on the basis of mineralogical similarities, there appear to be
correlations between.the chondrites, the calcium-poor achondrites, and
the pallasitic meteorites. Correlations also appear to exist between
three classes of chondrites and Ga-Ge group I, II, and III irons. The
correlations suggest that genetic interrelationships exist among the
chondrites, achondrites, pallasites, and irons, and that they have been

derived from several discrete parent bodies,



CHAPTER &

CHONDRITES, THE FIRST ROCKS

Introduction

The interrelated problems of chondrule formation and chondrite
accration have long been reccgnized as key problems in meteoritics.
Several hypotheses have besn proposed for the primary origin of chon-
drules, and several models exist for chondrite formation. Recen%
discussions, and proposéd solutions, may be found in Mason (1962a),

Wood (1S63b), Anders (1964), Urey (166L), and Ringwood (1966).

No solution yet proposed can account for the gensral and the
detailed chemical, mineralogical, and textural characteristics that are
displayed by the five classes of chondrites. A solution to chondrule
formation and chondrite accretion should apply both to the volatile-rich
and to the volatile-poor chondrites. Because the volatile-rich carbo-
naceous chondrites (Type II of Wiik, 1956) have apparently undergone the
least alteration and metamorphism of the five classes of chondrites, key
evidence and relationships between chondrules and matrix should be best
preserved in them. This has proven to be the case. It is the purpose
here to review detailed paragenetic relationships:and textural -
characteristics in the Murray carbonaceous chondrite which shed new
light on chondrule and chondrite formation.

Paragénetic and textural data derived from Murray reveal that
two asseﬁbl&ges of materials existed prior to accretion (one low

L2
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temperature; one high temperature), and that precipitation of a third
assemblage (high teméerature) was responsible for accretioﬁ. The
relzations lead to the recognition of two types of chondrules? -- one
that formed prior to accretion and one that formed at the time of
accretion. The formation of metal is associated with fhe formation of
pre-accretionary chondrules. Evidence is preserved in the assemblages
whiéh indicates that accretion of Murray occurred at low temperatures
and pressures, On the bésis of reconnaissanceAexaminations, the
textural and paragenetic relations that are descrited for Murray are
provisionally extended to the other carbonaéeous chondrites, to the
pigeonite chondrites, and to the hypersthene chondrites. A setting and
a model for the accretion of solid materials is proposed Vhich appears
to be in accord with the genergl chemicél, mineralogical, and textural

characteristics of the chondrites.

Murray Carbonaceous Chondrite

Circumstances of Fall

Murray fell on September 20, 1950 at approximafely 1:35 A.M.,
C.S.T., following the north to south passage of a brilliant fireball
across southern Iliinois, and its explosion over western Kentucky zat an
altitude of about L6 kilometers (Horan, 1953)., The specimen of Murray
that is described here is in the Collection at Arizona State University,
Tempe, Arizona (no. 635.1, 32.7 g). It is a fragment from the largést
specimen that was recovered (H. H. Nininger, personal communication,

. 1967), which was about 15 cm in the longest dimension (Horan, 1953,
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Fig. 2). The specimen was heard to fall, and was recovered after em-
bedding itself to a depth of about 15 cm in a hard packed path only 26
feet from a house.

The trajectory of the fireball tﬁrough the atmosphere and its
orbital elements were calculated by C. P, Olivier under the assumption
of parsbolic heliocentric velocity (Horan, 1953); the observed velocity
of the bolide, based on six estimates, is reported as 71 kilometers per
second, and the inclination of its path to thé ecliptic is reported to
have beeﬁ 68°. The high inclination and large heliocentric velocity

suggest an encounter with cometary material in a near-parabolic orbit.

General Characteristics

Murray is a dark, compact meteorite that has & specific gravity
of 2,81%0.02 (Horan, 1953). The fusion crust on the specimen studied is
a fraction of a milliﬁeter thick; no alteration effects are apparent in
material that directly underlies the crust. About four-fifths of the
meteorite is black, very fine-grained to locally amorphous-appearing,
hydrated matrix material, The'matrix serves as a bonding agent for
disseminated grains, compound particles, and finely granular aggregates
of olivine, pyraxene, and metal, MNost of the high temperature magnesium
silicates occur as irregular to locally nearly spherical aggregates of |
very fine grains or crystals, and as fine, pervasive disseminations.,
Several irregular to subround clusters of magnesium silicate crystals
are partly to entirely limonite stained. Except for this very lqcal

staining, the meteorite appears extremely fresh, unlike some specimens
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of Murray in the Collection of the U.S. National Museum which apparently
were collected after rains had occurfed in the area.

The specimen of Murréy described here is similar in texture and
in general appearance to the several dozen specimens of Murray that are
in the Collection of the U.S. National Museum in Washington, D.C.

Murray also is texturzlly very similar to a2 specimen of the Mighei
carbonaceous chondrite (Arizona State University Collection), and to
specinmens of the Crgscent and Bells carbonaceous chondrites, which were
exanined through the courtesy of Mr. 0.E, Monnig, Fort VWorth, Texas.
The textural and paiagenetic relations described for Murray are thus
considered to be representative for the carbonaceous chondriﬁes

(Type 1I).

The chemical composition of Murray (Table 1k) has been deter-
mined by Wiik (1956). 1Its water content, about 12.5 weight pe;'cen‘t, is
vefy near the average value for the carbonaceous chondrites reported by
Wiik, The black carbonaceous matrix of Murray, analyzed by electron
microprobe techniques, is reported by Fredriksson and Keil (1664) to
consist ﬁainly of layer lattice silicates; the composition of the matrix
is reported to be: 13 to 14 percent Si; ~ 22 percent Fe; 9 to 10 per-
cent Mgj; ~ 0.5 percent Ca; 0.5 to 1 percent Al; ~1 to h'percenﬁ Ni; and
~1 to 4 percent S. Fredriksson and Keil (1964) found nickel to be
fairly homogeneously distributed in the matrix, and at places found
strong positive correlations between nickel and sulfur. At these places
they considered the fine grained material to be pentlandite, but where
the sulfur content was too low for pentlandite, the material was con-

sidered by them to be a sulfate rather than a sulfide. Fredriksson and
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Table 1l4,--Analysis of Murray carbonaceous chondrite.l/

Weight Weight -
Percent Percent
Oxides

510, 28.69 NiO 1.50
Mg0 19.77 Co0 0.08
FeO 21.08
A1,0, 2.19 Metal
Ca0 1,92 Fe 0.002/
Nap0 0.22 Ni 0.00%/
K0 0.0k Co . 0,00
Cr203v 0.4k
MnO 0.21 Other
10, 0.09 FeS 7.67
P05 ' 0.32 c 2.78
HoO+ © 9.98 Ioss on ign. 0.623/
H,,0- 2.4k Sum 100.0k

1/. From Wiik (1956, Table 1, p. 280-281). Wiik notes that the FeO is
only a calculated number, obtained by subtraction of the
metallic iron and the troilite iron from the totzl iron. Wiik
also notes that the FeS tends to be tco high because all S was
calculated to that compound, and accordingly the FeC tends to be
too low. Because FeO is not known, Fe203 also could not be
‘determined; it was realized, however, to~almost certainly be
present in the chlorite reported by Kvasha (1948) in carbonaceocus .
chondrites,

2/. A small amount of metallic nickel-iron actually is present in
Murrey.

3/. Wiik considers this to be an approximate estimation of the amount
of organic matter.
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Keil report that some sulfur can be leached from the matrix with dais-
tilled cold water.

Murray is rare gas-rich (Signe; and Suess, i963) as well as
water-rich. The water and the rare gases probably are reta;ned in the
layer lattice silicates. Silicates in the ﬁatrix of the carbonaceous
chondrites (Type II) have been identified as serpentine (Wdhler, 1860);
chlorite or serpentine (Kvasha, l9h8); tubular material characteristic
of the chrysotile variety of serpentine (Mason, 1962a, Fig. 27, p. 66);
and "Murray F" and "Haripura M" which give "chlorite" or "chrysotile"
X-ray powder spacings that do not match the X-ray patterns of terres-
trial chlorites and serpentines in detail (DuFresne and Anders, 1562;
1963, p. 504). About three-fourths of the Orgueil carbonaceous achon-
drite (Type I) consists of hydrated, iron-rich aluminum-poor
septechlorite (Bostrém and Fredriksson, 1966), which Mason (1967b)
believes is probably best described as a ferric chamosite; for reasons
given in Table 9, this material may not be the same as the layer lattice
silicates of the carbonaceous chondrites (Type II).

The carbonaceous chondrites have been @escribed as heterogeneous
mixtures of two discrete mineral assemblages. DuFresne and Anders (1962,

1963) note the existence of: 1) a high temperature assemblage that
| consists mainly of olivine, pyroxene, and subordinate metallic iron, and
2) a low temperature assemblage of "characteristic"” minerals that con-
sists principally of complex hydrated magnesium-iron silicates and
subordinate pentlandite. | |

Electron microprqbe investigations of randomly selected silicate

grains in Murray have revealed that olivine is about four times more
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abundant than pyroxene (Fredriksson and Keil, 196k). The olivine and
pyroxene vere fouﬁd to vary widely in composition, in agreement with
résults reported by Ringwood (1961), DuFresne znd Anders (1§62), and
Wood (1967a) on olivine and pyroxene in other carbonaceocus chondrites.
Fredriksson and Keil (1964) report that the Fe/Fe+lig ratios in Murrey
range from 0.003 to 0.902 moles in olivine, and from 0.004 to 0.hsh
moles in pyroxene (Fig. 6). The frequency distributions of the mole
ratios Fe/Fet+lig in the olivine and pyroxsne grains analyzed by
Fredriksson and Keil show a lack of correspondence with the Fe contents
of olivine and pyroxene of the ordinary chondrites, which led these
workers to conclude that the olivine and pyroxene of Murray were not
derived from the ordinary chondrites. The analyses show that the
majority of the olivine and pyroxene grains in Marray have very low-iron
contents (0 to ,02 moles). Recent electron microprobe analyses of oli-
vine and pyroxene in Murray by Wood (1957a) have generally supported
these resﬁlté.

Spherules of metallic iron,4up to 20 microns across, were found
by Fredriksson and Keil (l§6h) as inclusions in olivine grains that have
low Fe/Fe+lg ratios. The nickel contents of the metallic spherules were
found to range from 5 to 9 weight percent, vhereas the nickel content of

the olivine was found to be less than EO'parts per million.

Paragenetic and Textural Studies

Recognition of three mineral assemblages (commonents). Any

hypothesis or mcdel that déals with the origin of chondrules and the

accretion of chondrites should be founded on evidence in both the



Yo

Fig. 6.--Frequency distribution of the mole-ratios Fe/Fe+Mg in
63 individual olivine crystals (Fig. 6a) and 16 individual
pyroxene crystals (Fig. 6v), Murray carbonaceous chondrite,

Part B of Fig. 62 gives the values from O to 0,08 moles on a
larger scale, H, L, and LL represent the averages and ranges in
composition of olivines and rhombic pyroxenes in H-, I-, and
1I~grovp chondrites (Keil and Fredriksson, 1S64). From
Fredriksson and Keil (1964, Fig. 1 and 2, p. 207-208).
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chondrules and the chondrites, Not yet considered in any model for
accretion are. textural characteristics of the mineral assemblages, and
paragenetic relationships between grains, aggregates of grains, chon-
drules, and mineral assemblages. |

Investigations consisted of "microgeologic” maﬁping on
photographic enlargéments of two near-orthogonal surfaces of Murray.
The maps (Fig. 7a, b) show the distribution and'éizes éf grains, aggre- .
gates of grains, and particulate materials of the mineral assemblages;
and the paragenctic relationships of these to one another. Textural
data (Table 15, Fig. 8) have been extracted fraom the maps by.measuring
the area of each discrete grain, or aggregate of grains, that was larger
\than about 0,05 mne. A small amount of petrographic wofk was done on
nmineral grains from fragments that had spalled off the specimen to
veriff the.visual identifications that were made under the binocular
microscope during mapping, and for general correlation of the mapped
materials with the composition of materials deseribed for Murray by
Fredriksson and Keil (1964).

Three mineral assemblages, which formed at different times and
presumebly at different places, are recognized in Murray (Fig. 7).
These are: 1) a pre-accretionary low temperature assemblage; 2) a pre-
accretionary high temperature assemblage; and, 3) an accretionary high
temperature assemblage. The low temperature assemblage, component 1,
forms the black, very fine-grained, volatile-rich matrix. It makes up
about 82 percent of the area of the rock and is the material in which

components 2 and 3 are embedded (Fig. 7, Table 15). Component 1 matrix
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Fig. 7.--Preliminary microgeologic maps of Murray carbonaceous
chondrite.

Maps and base photographs of end view (Fig. Ta) and side view
(Fig. Tb) showing: a) the distribution of disseminations, aggre-
gates, and chondrules of finely granular, high temperature
accretionary magnesium silicates (component 3), and of disseminated
coarser grains and chondrules of high temperature, pre-
accretionary magnesium silicates and metal (component 2), in low
temperature, hydrous, carbonaceous matrix materials {component 1);
and, b) the distribution of component 1 matrix materials as
granules and spherules in, and as sheaths and rinds around,
component 3 accretionary aggregates. Specimen no. 635.1,
Arizona State University Collection.

Explanation
Component 3: Accretionary high ftemperature materials.

2. Unaltered, finely granular low-iron magnesium
silicates,

Small irregular aggregates to large nearly spherical
. e @ . chondrules (about 0.1 mm to about 2.5 mm), consisting

» ‘e g of tiny (commonly about 0,01 mm to 0.0z mm), clear,
& ‘ * fresh-appearing grains of essentially iron-free
magnesium silicate, apparently mainly olivines
.°¢ intergranular material is probably large glassy.
- ’ Aggregates characteristically contain intimately
- (@ admixed black flakes, and locally granules and hollow
spherules, of matrix materials (component 1), which
range in size from zbout 0,01 mm to 0.3 mm., Some
component 3 aggregates contain nuclel of relatively
large (0.2 mm to 0.6 mm) grains of olivine or pyrox-
ene (component 2). A few component 3 aggregates
contain matrix spherules as central nuclei, but in
some aggregates, matrix spherules are irregularly
to symmetrically disposed in the medial to outer
parts of accretionary chondrules., Paragenetic and
textural relations indicate that component 1 and 2
materials were mechanically incorporated in compo-
nent 3 aggregates. Additionally, component 1
granules and spherules may owe their form and their
existence to the process that resulted in precipi-
tation and aggregation of component 3 silicates.



Fig. 781.--Preliminary microgeclogic map of end view cf -
Murray carbonacecus chondrite,
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Fig. T.=--Continued

Component 3:

O
O
@

Accretionary high temperature materials (Continued).

Altered, finely granular low-iron magnesium silicates.

Similar to component 3a, but aggregates and chondrules
of essentially iron-free magnesium silicate grains are
partly to entirely stained various shades of brown,
yellow, and orange. Some aggregates appear to contain
rusty relicts of component 1 matrix material, but in
most stained aggregates, included matrix material is not
apparent. Most stained aggregates are relatively large.
Paragenetic relations indicate that aggregation and most
of the staining pre-date precipitation of component 3a
materials. The staining may be the result of limonitic
alteration accompanying dehydration of layer lattice
silicates of formerly included matrix material, The
altered aggregates may have been briefly heated by the
source medium, probably a gas, that was responsible for
the general precipitation of the component 3
accretionary aggregates.

Unaltered, finely granular high-iron magnesium

silicates.

Relatively large (0.2 mm to 2 mm) aggregates and chon-
drules of finely granular, medium to dark dbrown,
iron-rich magnesium silicates. Included matrix
material is not apparent, possibly because of the
general darkness of the aggregates. One aggregate
locally is limonite-stained or altered. The dark aggre-
gates tend to be clustered. Several are enclosed by
thin, dense, dull black rinds of matrix material, and in
turn are embedded in sooty-, amorphous-appearing matrix
material that is deficient in disseminated component 3a
material, One component 3¢ aggregate is enclosed by a
sheath of component 3a material, indicating, as in the
case of component 3b, formation before the precipitation
of component 3a materials.
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Fig. 7&2.--Photographic base for microgeologic map of end view of
Murray carbonaceous chondrite.
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Fig. T.-=-Continued
Component 2: Pre-accretionary high temperature materials.

- Heterogeneous assortment of grains and chondrules of olivine, pyroxene,
and metal that are irregularly distributed through component 1 matrix
material, and that locally are incorporated in component 3 accretionary
aggregates and chondrules. Finely granular metal is closely associated
and appears to be genetically related to component 2 silicate grains and
chondrules, locally occurring in individual grains, and in one case on
component 2 silicates in a compound component 2 chondrule. Depositional
sequence recorded in the compound chondrule shows the successive for-
mation of a zoned chondrule, deposition of metal, and deposition of
coarsely granular silicates, apparently separated by intervals during
which partial fragmentation occurred.

a. Grains end fregmenis of grains, of clear to very pale
brown (iron-free to iron-poor) olivine and pyroxene,
mostly about 0.2 mm to 0.7 mm. They occur as isolated
grains in component 1 matrix; as the nuclei of several
component 3 aggregates; and in a compound component 2
chondrule where they partly enclose metal and zoned
silicates.

b. Irregular fragment of zoned or barred, clear (iron-
free) magnesium silicate, probably 011v1ne. In part
overlain by components 2& and 24 in a 2 mm compound
chondrule, Consists of thin, parallel, resistant
layers of clear silicate, separated by soft, milky-
white intervals that probably contain Na- and Al-rich
glass.

€. Grains and fragments of grains, of pale to moderately
dark brown (moderate- to moderately high-iron)
olivine and pyroxene, mostly azbout 0.2 mm to 0.8 mm,
which occur as isolated grains in component 1 matrix.

o ©
©

d. Metal, apparently nickel-iron, which occurs as sparse
very tlny droplets (on the order of 0.01 mm) dissemi-
* nated in component 1 matrix; as droplets in a few
\ component 2 grains; and as a finely granular deposit
® on component 2b material in a compound component 2
chondrule,
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Fig. | 7bi.--Preliminary xﬁicr;g ologic'map

f side view of
Murray carbonaceous chondrite.
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Fig. T.==Continued
Component l: Pre-accretionary low temperature materials.

Black, very fine-grained, hydrous matrix material. Consists mainly of
layer lattice silicates and subordinate nickel-bearing sulfides
(Fredriksson and Keil, 1964). The layer lattice silicates presumably
contain the approximately 12.5 weight percent HoO reported by Wiik
(1956), and they may also be the sites of retention of Murray's abundant
rare gases (Signer and Suess, 1963). Wiik (1956) reports 2.78 weight
percent carbon, and a loss on ignition of 0.62 weight percent, which he
attributes to organic material.

In addition to matrix material that serves as a general fine grained
cement, matrix material occurs as:

a. Flekes, granules, and hollow spherules ranging from
about 0.01 mm to 0.3 mm, which are incorporated in
e g o component 3a aggregates.

: b. Compact, dull rinds, and vitreous-appearing sheaths
@ that enclose, respectively, component 3c and
O component 3b aggregates.

c. A dense, black, subangular fragment, about 0.7 mm,
4 ) in the matrix, which may be a piece of pre-solar
system "rock".

" deficient in disseminated component 3a material and

@ d. Sooty~ and amorphous~appearing material that is
that encloses several component 3c aggregates.
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Fig. Tb_.--Photographic base for microgeoclogic map of side view,
Murray carbonaceous chondrite,
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Table 15.--Abundance of particles and components in map areas of Murray
carbonaceous chondrite.

‘Map area of Fig. 7a Map area of Fig. 7b
(2.27 cm?) (6.62 cm?)
Number of Percent of iumber of Percent of
particles total area  particles total area
or grains or grains

Component 3 (Accretionary high temosrature silicates)

Unaltered, low-iron ( a)l/ 1600 . 15.95 3207 12.99

Altered, low-iron (b). 23 1.89 L6 1.17

Unaltered, high-iron (c)g/ - -- 18 1.47
1623 17.8L4 3271 15.63%

Average: 16.7%

Component 2 (Pre-accretionary high temperature silicates and metal)

Low-iron chondrules (a,b) 14 0.63 Lk 0.38

High-iron chondrules (c) 7 © 0.26 6 0.07

Metal (4) , 5 0.k1 7 0.0k
26 1.30% 57 0.k

Average: 0.8%

Component 1 (Pre-accretionzry low temperature mairix materials)

Matrix granules and spherules

in, and rinds of matrix mater-

ial around, component 3 aggre-

gates; black fragment in 59 0.56 31 0.40
matrix (a,b,c) : : -

Sooty amorphous matrix (d) - - 2 . 1.28

Very fine-grained metrix, )

undivided (e) - 80.30 -- 82.20
59 80.86% 33 83.66%

Average: 82.4%

1/. Letters are keyed to meterials described in figure 7.

g/. These aggregates display a finely granular texture. They are pre-
accretionary in respect to the abundant aggregates of iron-free
magnesium silicates. They appear to have been formed elsewhere
and transported to the site of accretion of Murray.
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'Fig. 8.--Size distributions of accretionary and pfe-accretionary
aggregates, particles, and grains in the Murray carbonaceous
chondrite.

a. Plots of data from Figure 7a. Irreguler aggregates of unaltered
accretionary magnesium silicate (comnonent '3) show two pronounced peaks,
which make up about 3 and L4 percent of the total meteorite. This is
nearly one-half of the 16 percent total area occupied by component 3
material. The aggregates, if they were spherical, would have diameters
of about 0.1 and 0.2 mm, respectively. Altered accretionary aggregates
and pre-accretionary particles of components 2 and 1 have sizes that
mostly fall under the area of the larger sized accretionary peak.

b. Plot of data from Figure 7b. The occurrence, again, of two
prominent peaks in unaltered accretionary material indicates a true
bimodal distribution in the sizes of accretionary aggregates. Note
that altered accretionary silicates and most of the pre-accretionary
particles lie under the larger of the unaltered pesaks. In addition,
the sizes of finely granular iron-rich aggregates (component 3c) are
mostly larger than materials that form the larger sized accretionary
Peak.o

Explanation
Cormponent 3.--Finely granular accretionary aggregates of high
temperature magnesium silicetes.

a. Unaltered, low-iron
b, Altered, low-iron )
C. Unaltered high-iron

Component 2. --Pre-accreolonary high temperature materials.
a. Grains and fragments (chondrules), low-iron
b. Compound chondrule
¢. Grains and fragzents (chondrules) hlgh-erﬂ
d. Metal ,

Conponent 1.--Pre-accretionary low temperature matrix.
e, Flakes, granules and hollow spnerules in component 3a
b. Rinds and sheaths around components 3b, ¢
¢. Fragrent in matrix
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Fig. 8a.--Size distributions of accretionary and pre-accretionary
aggregates, particles, and grains in the Murray
carbonaceous chondrite,

Plots of data from Figure 7a.
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Fig. 8b.~--Size distributions of accretionary and pre-accretionary
aggregates, particles, and grains in the Murray
carbonaceous chondrite. Plot of data from Figure Tb.
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material, from descriptions of Fredriksson and Keil (1964), consists
mainly of layer lattice silicates and subordinate nickel-bearing
sulfides. |

The pre-accretionary high temperature assemblage, cogpohent 2,
consists of scéttered, relatively large (mostly 0.2 to 0.8 tm, but
locally 2 mm across) grains and chondrules of magnesium silicate., Metal
also ﬁakes up a very small part of component 2 materizl, It occurs as a
few very tiny droplets in the matrix (coﬁmonly on the order of 0.01 mm
across), as a finely grgnular coating on a compound component 2 chon-
drule, and locally as droplets within component 2 grains of olivine(?).
About one percent of the area of the rock is component 2 material
(Table 15).

Thé accretionary high temperature assemblage, component 3, con-
sists of small to large aggregates of tiny magne;ium silicate érains or
crystals., The grains in most of the.aggregates are clear and are
essentially iron-free. Some aggregates, however, are made up of pale.
brown to dark brown gfains that appear relatively iron~-rich. The aggre-
gates of fine crystals make up most of the high temperature silicates in
Murray, and constitute about 17 percent of the rock by area (Table 15).
Individual crystals in the aggregates c&mmonly are about 0,01 to 0.02 mm
across, but in the larger accretionary aggregates some crystals‘approach
0.1 mm across. The aggregates appear as "di*ty" clusters of (diversely
oriented?) grains or crystals. The aggregétes are loogely bound
together, in part by apparent adhesion between grain surfaces, in
part by intergranular glassy(?) maferials, and in part by intergranular

matrix material (component 1) which is present in all aggregates. The
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aggregates range in size from less then 0.1 mm to as much as 2.5 m
across. The small aggregates are extremely irregular in shape. The
largest aggregates are most regular in shape and some exhibit oval to
nearly circular cross-sections, It is in these, here designated acérea
tionary chondrules, thét evidence is most clearly preserved on the
manner of aggregation or accretion,

The very abundant, clear, component 3 magnesium silicate crystals
are correlated with the abundent low-iron (less than about 0.02 moles Fe)
olivine and pyroxene analyzed by Fredriksson and Keil (1964). Olivine
and pyroxene of higher iron content that wes analyzed by them appears to
correlate with pale brown to dark browm magnesium silicates, which haye
been mapped both as component 2 and 3 materials (Fig. 7). For purposes
of mapping, a distinction was made between magnesium silicates that were
clear or only a very slightly tinted shade of brown,iand silicates that
were pale brown to dark brown. This arbitrary distinction has been
referred to, respectively, as low-iron and high-iron silicates, and has
been recognized in both component 2 and component 3 materials (Fig. T
and Table 15).

Paragenetic relations in cormonent 2 materials., Component 2

magnesium silicates are recognized by one or a corbination of features.
Most commonly they may be recognized as discrete, fairly conspicuous
grains or chondrules that are of relatively large size, Somé grains
contain droplets of metal., Some display infernal structure such as
zoning., Some are compound chondrules that consist.of zoned or barred
silicate, granular silicate, and finely granular metal (Fig. 9). Compo-

nent 2 grains commonly occur as isolated grains in component 1 matrix
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Fig. 9.--Compound pre-accretionary chondrule (component 2), Murray
carbonaceous chondrite.

2. General view, showing relationship to enclosing matrix and to
component 3 aggregates. Distribution of various component 2 magnesium
silicates and metal within fragment is showm in Figure 7a. Long
dimension of chondrule is about 2 .,

b. Detailed view of chondrule. Zoned or barred olivine(?) is white;
mediwn gray areas in upper left and cznter are finely granular metal;
irregularly surfaced, medium to dark gray material above and below
central metallic area is coarsely granular olivine or pyroxene; light
gray material at bottom and top center is a soft, punky sheath con-
taining very fine specks of matrlx( ) material, and thus is considered
to be couponent 3 material,

¢. Detalled view of barred or zoned silicate. Finely granuler metal
occupies cavity. Relatively coarse, graznular component 2 magnesium
silicate is at uppzsr margin of chondrule. Note crisp character of
finely crystalline aggregates of component 3 in the adjacent ground-
mass, and the presence of included black matrix material 1n the
~aggregate at the left.



Fig, 9a.--General view of coumpound pre-accretionary chondrule
(compoundnt 2), Murray carbonaceous chondrite.

Fig. 9b.--Detailed view of compocund pfe-aecreﬁionary chendrule
(component 2), Murray carbonaceous chondrite.
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Fig. 9c.--Detailed view of barred and granular silicates
and finely granular metal in compound

component 2 chondrule, Murray carbcnaceous
chondrite.
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material; they also occur as central to near-central nuclei in a number
of aécretionary component 3'aggreéates (Fig. 7). Component 2 grains
show only crisp unaltered contacts with enclosing component 1 and compo-
nent 3 materials., Some of the grains and chondrules were broken priocr
to their incorporation in Murray. The distribution and.contact
relations of grains of componen{ 2 silicate and metal relative to conpo-
nent 1 and 3 materials (Fig. 7) indicate that component 2 materials were
in existence, and apparently were cold, prior’to the formation of Murrzy.

Associational and overlap relagions within a compouﬁd component
2 chondrule indicate that component 2 silicates and matél are geneti-
cally related., Steps in fhe the develorment of cone component 2 chondrule
(Fig. 9) appeaf to have been: 1) formation of a zonéd silicate chon-
drule; 2) fragmentation; 3) depositicn of finely granular metal; L)
fragmentation(?); 5) dsposition of fairly coarse, clear grains of
magnesium silicateg 6) fragmentation(?); 7). deposition of a (now) soft
light gray, amorphous-appearing sheath that appears to contain finely
dispersed matrix material; 8) loss(?) of part of the sheath; and, 9)
4incofporation of the compound chondrule in Murray. . Steps 1 through 5,
and possibly step 6, apparently occurred in and near the high tempera-
ture environment that gave rise to éomponent 2 materials.

Paragenetic relations in comvonent 3 materials. Most component

3 aggregates are not "altered” or limonite stained, and appear exceed-
ingly fresh., The contacts of aggregates, and of the grains in
‘aggregates, whth enclosing and included matrix materials are crisp, and
contact metamorphic effects are not apparent. All unaltered aggregates

contain matrix material, as flakes, granules, and hollow spherules,
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Matrix spherules form the nucleus of some aggregates; in other aggre-
gates, component 2 grains form the nucleus; in a few cases there is a
compound nucleus. Thus, both component 1 and 2 materials existed prior
to the precipitation of grains of component 3 magnesium silicate, prior
to their aggregation as tiny clusters and as accretion;ry chondrules,
and prior to their precipitation as fine disseminations in thé matrix of
Murray, a process that led to the formation of Murray. |

Conditions under which precipitation of the finely granular com-
ponent 3 materials, and hence accretion, occurred may be deduced from
evidence within several of the component 3 aggregates. In one large
accretionary chondrule (Fig. 10), the included matrix material occurs as
flakes, well rognded tiﬁy granules, and as larger spherules. The size
of matrix particles increases from the interior toward the mergin of the
chondrule, and a number of relatively large (about 0.1 to 0.2 mm),
hollow spherules of matrix material'were incorporated as a bead-like
girdle beneath the periphery of the chondrule. The matrix spherules are
oriented. Some spherules are slightly oblate and their short axes lie
normal to the adjacent chondrule margin; they exhibit faised equatofial
septa or "belts" which parailel the adjacent margin of the chondrule
(Fig. 10b, ¢, d). The textural relations indicate that the matrix
spherules were mechanically rolled up in the accretionary chondrule be-
fore the chondrule was incorporated in Murray. The equatorial septa
appear to have been formed prior to the incorporation of the spherules
in the chondrule, which if true would indicate that a rolling-up process
was responsible for the formation of the matrix‘spheruleé as well as the

chondrule, and that this process, operating shortly before accretion of
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Fig. 10.--Accretionary chondrule (component 3) containing particles,
granules, and hollow spherules of matrix material, Murray
carbonaceous chondrite.

a. General view of 2.5 mm beaded chondrule show1na relationship to
the matrix, ‘and to other chondrules.

b. Detailed view of chondrule showing disseminated fine matrix
particles and scattered larger matrix granules in the central tc inter-
mediate parts, and a girdle of matrix spherules (about 0.2 mm across)
lying close to the periphery of the chondrule. Note the slightly
oblate appearance of the spherules and the medial raised belts or septa
-that are oriented parallel to thé adjacent chondrule margin. Spherules
at the 5-, 6-, 10- and 2-o'clock positions are broken and display
central cavities. An isolated grain of component 2 olivine(?) is
present in the matrix at about the G-o'clock position.

¢. Matrix spherules at the 2- and 3-o'clock positions which displey,
respectively, a partly collapsed cavity, and a raised septum. Iote the
crisp contact of the magnesium silicate crystals of the chondrule with
enclosing matrix material, and grain of component 2 olivine(?) in con-
tact with the accretionary chondrule near the belted matrix spherule

4. Matrix spherule, a2t the 10-o *elock position, showing a well
developed central cavity. This spherule appears to have bezen broken
prior to its incorporation in the accretionary chondrule. Note the
fine matrix material that is disseminated in the aceretionary chon-
drule. DNote, also, the small accretionary aggregates and the tiny,
almost individual grains of clear magnesium 5111cate (component 3)
-disseminated in the matrix.
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Fig. 1Ca.--General view of large accretionary chondrule,
Murray cerbonaceous chondrite.

Fig. 10b,--Detailed view of large accretionary chondrule,
Murray carbonaceous chondrite.
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the chondrule, may have been responsible for the preferfed orientations
of the spherules at their time of capture by the accretionary chondrule.
Formation of the spherules and the accretionary chondrule occurred as
the result of a dynamic process that operated in a free environment.

The process led to the formation of the matrix spherules from low tem-
perature materials, and their méchanical incorporation in accretionary
aggregates during precipitation of high temperatuie silicates.

Hollow matrix spherules have been observed'in several accre-
tionary aggregates (Fig. 10, 11, 12). Although the matrix spherules are
now extremely fragile, some were broken to their now-hollow centers
prior to their incorporation in the component 3 aggregates (Fig. 10d,
12). The thinness of the sphefule walls (Fig. 11), and the pre-accreticn
fracturing, indicate that the spherules must have once been considerably
stronger than they now are, and that they almost certainly were brittle.
To account for both the strength and the brittleness, the central voids
may once have been occupied by icy nuclei, and the matrix material of
the spherules also may have contained interstitial ice, The matrix
spherules may have been tiny balls of icy dust. Preservation of the
hollow matrix spherules is attributed to low pressures at, and since,
the time of accretion, -- and to an armoring effect in the accretionary
aggregates by the enclosing grains of magnesium silicate, which are in
grain to grain contact (Fig. 11).

‘Some accretionary aggregates of clear magnesium silicate are
limonite stained or "altered"; most of these aggregates lack finely-
disseminated matrix material that characterizes the unaltered

accretionary aggregates. The limonite staining may be the product of
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Fig. 1l.--Accretionary chondrule containing several hollow matrix
spherules, Murray carbonaceous chondrite.

2, General view. Chondrule (about 1.2 rm in long dimension) con-
tains at least five hollow matrix spherules. Note the highly
irregular but crisp contact of the accretionary aggregate with the
enclosing matrix material, General view of this chondrule is
shown in lower right-hand part of Figure 10z,

b. Detailed view of one of the hollow matrix spherules showing
the extreme thinness of the wall. Preservation of such fragile
particles is atiributed to low pressuress in the parent bedy at the
time of accretion, to low pressures since zcceretion, and to an
armoring effect by the enclosing granular crystals of magnesium
silicate, which zre in grain to grain contact.



Fig. lla.--Thin walled hollow matrix spherules in an accretionary
chondrule, Murray carbonaceous chondrite.

Fig. 1lb.--Thin walled hollow matrix spherules in an accretionary
chondrule, Murray carbonacecus chondrite.

g



Fig. 12.--Fragmented, hollow matrix spherule that forms the nucleus
of an irregular, accretionary aggregate (component 3),
Murray carbonaceous chondrite,

Aggregate is zbout 0.6 mm across. Iocation is very near left
central edge of nap (side view, Fig. Tb) of Murray. Relations
suggest that the spherule was brittle. It may have contained an
icy nucleus in order to sustain fracturing and to survive during
its incorporation as a nucleus in this accretionary aggregate.

Note that other matrix material also is present in this
aggregate,

L7
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the oxidation of formerly contained hydrated matrix materials because
some altered aggregates contain "rusty" relicts(?) of included matrix
material., A number of altered aggregates are embedded in matrix mate-
rial of Murray, and in most, alteration effects were not observed to
extend intoc the enclosing matrix, which suvggests that alteration largely
occurred prior to accretion, Some post-accretion alteration appears to
have occurred in and around a few lironite-stained aggregates. One of
these is_a compound component 3--component 1 chondrule (Fig. 13), in
which a nucleus of bright yellow-stained accretionary component 3 mate-
rial is enclosed by a sheath of shiny black matrix material. The
sheath, which differs in texture from enclosing matrix and which
apparently contains grains of component 3 silicate (Fig. 13), appezrs to
have been acquired after the ceﬁtral-most éart of the accretionary
aggregate formed but before the aggregate was incorporated in Murray.
Matrix material of Murray that encloses this compound chondrule is not
obviously altered in detail, dbut a suﬁ%le alteration halo in the en-
closing groundmass, which appears as a diffuse, gray patch in Figure
10a, is present.

Accretion of the limonite-stained aggregafes apparently occurred
shortly prior to the precipitation of some of the unaltered accretionary
(component 3) materials. This may be deduced, for example, from
relations préserved in a compound accretionary chondrule (Fig. 14). 1In
this chondrule, limonite staining in the inner part appears to have
sozked through and locally "altered" part of.an enclosing sheath of
unaltered coﬁponent 3 material. This is considered evidence that the

process of alteration was going on immediately prior to the acquisition
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Fig. 13.--Yellow, limonitic stained accretionary chondrule (compo-
nent 3), enclosed by a shiny black sheath of matrix
material (component 1), Murray carbonaceous chondrite.

Overall compound chondrule is about 0.6 mm across; nucleus is about
0,2 mm. Sheaths such as this apparently were acquired during the
general accretionary process, prior to aceretion of Murray. "Murray F"
material (DuFresne and Anders, 1962) is reported to have enclosed
olivine or pyroxene, presumzbly in a manner similar to the sheathing
material showm here. Post-accretion alteration of the enclosing
matrix is revealed by the presence of a diffuse halo (see Tig. 10Ca).
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Fig. 14.--Compound accretionary chondrule (component 3), Murray
carbonaceous chondrite. '

About 2.25 rm across. Unaltered sheath of component 3 magnesium
silicate crystals, containing admixed matrix material, encloses
yellowish-brovn limonite-stained ("altered") core in which matrix
material is not evident, Iimonitiec staining extends from the
core to the lower margin of the chondrule, apparently having
soaked through pzrt of the unaltered sheath., General view is
shovn in Figure 10a.
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Fig. 1k, --Compound accretmna.ry chondrule, Murray carbonaceous r'hondrlte.
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of the unaltered sheath, and continued (in this case) for a short time
after acquisition of the unaltered sheath.

Paragenetic relations that are outliped in Figure 7 indicate
that the local limonitic alteration of accretionary aggregates is pre-
terrestrial, and also mostly pre-dated the formation of Murray. The
reascon for the alteration is not directly evident from paragenetic and
textural relations in Murray. Perhaps the simplest way for the altered
agegregates to have beccme limonite stained is to appeal to a brief
heating, sufficient to melt ices possibly associatea with included
matrix material. Heating after formation of the aggregates, prior to
their incorporation in Murray, may have permitted oxidation of included
matrix material by the presumably associated volatiles. Heating perhaps
could have occurred in a warm region near the source medium of the high
temperature component 3 magnesium silicates.

A few dark, finely granular aggregates of medium to dark brown
(moderate- to high-iron) magnesium silgcates (component 3c) are present
in Murray (Fig. Tb). They are considered to be component 3 materials on
the basis of their texture, their paragenetic relations to component 1
matrix materials and to unaltered componenf 3a materials, and because
they very locally also are limonite stained or altered. Some component
3c aggregetes are enclosed by smooth, dense, black rinds of matrix(?)
material, and are embedded in socoty appearing matrix materizl. Some
aggregates or chondrules are partly to entirely enclosed by sheaths of
component 3z material. Most are comparatively large aggregates. They
precipitated from a source medium that differed compositionally from the

one that was responsible for precipitation of the dominant iron-free



7h
compeonent 3 silicates of Murray. Precipitation and aggregation else-
where, and trénsportation to the sité of accretion of Murray is
indicated from the paragenetic and textural relations, and the compo-
sition., Whereas altered qomponent 3 meterials mey have formed and have
been altered in the region of accretion of Murray, the essentially
unaltered, relatively high-iron aggregates (component 3c) may have
formed away from the immasdiate region of accretion of Murray.

Component 3c aggregates are similar to-the dominant,vdark brovm,
finely crystalline (apparently accretiénary) aggregates in the Vigarano
pigeonite chondrite; in Vigarano, apparently iron-free finely crystalline
(accretionary?) aggregates are subordinate, which is the reverse of-the
relationship in lMurray. The implication from this is that the mediunm
which gave rise to component 3 silicates at any one place, although
broadly uniform (iron-rich, iron-poqr), locally differed greatly in iron
composition from the mediuﬁ which gave rise to the olivine and pyroxene
of the discrete classes Qf chondrites,

Textural relations within and between components. Accretionary

aggregates occur in three principal sizes (Fig. 8): 1) a few, large

(1 to 2 mm across) chondrules; 2) abundant smaller subround to irregular
aggregates (commonly on the order of 0.2 mm across); and, 3) very abun-
dant, tiny, irregular aggregates, which if they had-circular cross-
sections would have diameters of sbout 0.1 mm and less. The large and
intermediate-sized aggregates, on the basis of their external form, and
locally on the basis of internal gradations in the size of included
matrix material (from fine to coarse from the center to the periphery),

are interpreted to have undergone transport in the accretionary
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envﬁronment prior to their incorporatiog in Murray. The smallest aggre-~
gatés, which are pervasively disseminated in the matrix of Murray,
exhibit extremely irregular contacts with enclosing and included matrix
materials. They are inferred to record the moment of accretion of
Murray. This interpretation, based on textural considerations, is
supported by the marked bimodal size distribution of unaltered aggre-~
gates (Fig. 8); the great abundance of tiny aggregates and disseminated
grains (Table'lE, Fig. 7); and the virtual absence of any other high
temperature materials, except for a few droplets of metal, in the very
small size range (Fig. 8).

As indicated by the paragenetic relations and as suggested by_
the size-frequency distributions, transport in the accretionary environ-
ment occurred: 1) in a few large (~2 mm) accretionary end
pre-accretionary chondrules; énd, 2) in a large number of aécreéionary
aggregateé and pre-accretionary partiéles in approximately the 0.2 to
O.4 mm size range. Because of this, the medium that gave rise to the
precipitation of the finely granular magnesium silicates appears to have
been clésely associated with the transport of particulate materizls that
were involved in accretion, The relations are cénsidered evidence that
accretion was brought about as the result of a dynamic process, gnd that
formation of chondrules, both pre-accretionary and accretionary, cannct
be the result of in §i§glor "volcanic" processes in parent material of
carbonaceous achondrite (Type I of Wiik, 1956) coméosition, as has been
comnonly assumed because of the chemically primitive aspect of the

carbonaceous achondrites.,
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Recognition of Cormonents 1, 2, and 3 in other Chondrites

Corponents (mineral assemblages) described from the Murray chon-
drite have bgen observed during reconnaissance examinations of
carbonaceous, pigeonite, and hypersthene chondrite classes (Table 16).
As in Murray, finely granular component 3 magnesium silicates are the
principal high temperature materials in the Mighei (Fig. 15), Bells, and
Crescent carbonaceous chondrites, but these materials appear to be less
abundant then in Murray. Large accretionary chondrules were not
observed in these meteorites, but a spherical cavity or cast suggests
that a relatively large accretionary chondrule may once have been
present in the small specimen of Mighei that was examined. Accretionary
aégregates comparable in ;ize to the smaller and larger sized materials
" that form the bimodal peaks of Murray (Fig. 8) appear to be present in
all carbonaceous chondrite material that was examined., As in Mﬁrray,
sparse grains of component 2 olivine or pyroxene, and very sparse grains
of metal, are disseminated in the component 1 matrix of these carbo-
naceous meteorites.

Components 1, 2, and 3 are present in the‘pigeonife chondrites
(Table 16). Componeﬁt 1 matrix material is less abundant, and finely
granular component 3 matrix material is considerzbly more abundant, than
in the carbonaceous chondrites. In Mokoia (Fig. 16), a matrix tﬁat con-
sists of tiny grains of magnesium silicate (component 3) and intimately
admixed carbonaceous material (component 1) encloses finely granular
aggregates and large accretionary chondrules of component 3 material.

As in Murray, the component 3 magnesium silicates of Mokoia are clear

and are essentiélky iron-free, and the aggregates and accretionary
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Table 16.--Mineral assemblages (components) in selected chondrites.

Mineralogié- Components
Chondrite petroleogic

classificationl/ 18/ - 2b/ 33/

Bellsg/ c-1 Dominant Very scarce Subordinate
Ccrescent?/ " " " w
Mi gh ei.?i/ " 1" " "
Murrayé/ " " Scarce "
Karoondai/ P-2(?) Cormon  Very scarce silicate Dominantk/
Conspicuous metal
Mokoiaé/ - P-1 " Scarce Commoni/
Vigaranoi/ P-2 Subordinate Subordinate Dominant
Holbrooké/ Hh-5 None Common ‘"

Carbonaceous metrix material

Chondrules and grains of olivine and pyroxene; metal.

Finely granular olivine and pyroxene as disseminations,
aggregates and chondrules.

Qe

-

"Revised from chemical-petrologic classification of Van Schmus and
Wood (1967). See Table 9. ’

Specimens of Mr, O. E. Monnig, Fort Worth, Texas.

Arizona State University Collection, Tempe, Arizona. Mighei,
specimen no. 211.1; Murray, specimen no. 635.1; Karoonda,
specimen, no. 43k,5; Mokoia, specimen no. 75.1; Vigarano,
specimen no. 590.1.

Mainly very finely granular component 3 and pervasively dissenmi-
nated component 1.

Principally as aggregates, chondrules, and finely granular
disseminations.

University of Arizona Collection, Tucson, Arizona, specimen
no. M-819. '

e
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Pig. 15.--Mighel carbonaceous chondrite.

General (2) and detailed (b) views showing irregular aggregates and
fine disseminations of grains of component 3 megnesium silicate in
component 1 matrix. The smooth spherical cavity, which is
apparently lined with tiny grains of component 3 silicate, may once
have been occupied by a component 3 (accretionary)chondrule (Arizona

tate University specimen no. 211.1, h4.6 g).
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Fig. 15a.--Mighei carbecnacecus chendrite, general view.

LI N I
0 1y

Fig. 15b.--Mighei carbonacecus chondrite, detailed view.
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Fig. 16.--Mokoia pigeonite chondrite (carbonaceous).

General (a) and detailed (b) views showing aggregates, chondrules,
and disseminations of component 3 magnesium silicate embedded in
porous carbonaceous component 1 matrix, Note the highly irregular
contacts between the aggregates and matrix, and that specks of
matrix are present in the aggregates and chondrules. MNote, also,
the well rounded appearance of the accretionary chondrules. They
are similar in general form to the large granular (apparently
component 3) chondrule in the specimen of the Bjurbdle olivine-
hypersthene chondrite in the Arizona State University Collectzon
(Arizona State University specimen no. 75.1).
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Fig. 16a.--Mokoia pigeonite chondrite, general view.

Fig. 16b,--Mokoia pigeonite chondrite, detailed view.
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chondrules contain particles of matrix material. Sparse relatively
large greins of component 3 olivine or pyroxene, and tiny grains of
metal, are disseminated in the finely granular matrix of Mokoia.

In the pigeonite chondrite Karoonda (Fig. 17), the matrix is
almost uniformly very fine-grained. It appears to be an in£imate mix-
ture of finely granular magnesium silicates (component 3) and finely
disseminated carbonaceous maierials {(component 1). A few large, finely
granular component 3 accretionary chondrules are embedded in the matrix,
which is only poorly to moderately well bonded. Conspicuoué compenent 2
metal is disseminated in the component 3--component 1 matrix of
Karoonda. |

The Vigarano pigeonite chondrite is a fairly dense, dark chon-
dfite, which exhibits a chondritic texture that is similar to that of
the unequilibrated ordinary chondrites (such as the MezS-Madafas hyper-
sthene chondrite; see Van Schmus, 1967); the texture élso is similar to
the texture of the least metamorphosed of the enstatite chondrites (for
example, Indarch; Arizona State University specimen no. 63z2). In
Vigarano, a fine-grained, black, carbonaceous matrix encloses component
2 and 3 chondrules; the matrix appears to be texturally identical to the
fine-grained black component 1 matrix of Murray. Component 2 grains and
chondrules, and metal, are distributed irrégularly through the subordi-
nate matrix. Component 2 silicates are identified on the basis of
relatively large grain size, and on internal structure such as zoning.
Some of the zoned chondrules, which are enclosed by carbonaceous matrix,
were fragmented before accretion. The metal (nickel-iron and troilite?)

is very finely granular and occurs as irregularly shaped inclusions and
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Fig. 17.--Karoonda pigeonite chondrite.

Consists principzlly of a finely granular groundmass of admixed
component 3 and component 1 materials. ©Note the hollow spherical
granular component 3 chondrule near center. Tiny bright spots are
disseminated metal (Arizona State University, specimen no. 43L.5,

56.15 g).
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Fig. 17.--Karoonda pigeonite chondrite.
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as tiny droplets in the matrix. Aggregates of finely granular magnesium
silicate are cormmon and they are considered to be component 3 materials.,
Most are medium to dark brown, and are correlated with the iron-rich
olivine which Mason (1962a, 1953c) reports to range from Fa O to 60 for
the pigeonite chondrites. A few very fine-grained accretionary(?)
aggregates are milky-white, and consist of clear, apparently iron-free
magnesium silicates. Tiny aggregates and very tiny grains disseminated
in the black component 1 matrix also appear to consist both of dark
iron-rich and clear iron-free silicates. Black matrix(?) material
appears to be present in a few aggregates, but in many fayalite-rich
aggregates the presence of included matrix material is not obvious,
possibly because of the overall darkness of the aggregates. The dark
aggregates are similar to the dark component 3 aggreéates that were
mapped in durray (Fig. 7b).

The fon-carbonaceous Holbrook meteorite, a light gray, crystal-
line, spherical, olivine-hypersthene chondrite (Hey, 1966), exhibits
component 2 and component 3 materials (Fig. 18). By analogy with the
carbonaceous and pigeonite chondrites, component 2 materials are the
dense, dark gray, spherical chondrules and the disseminated metal,
Compénent 3 materials are tﬁe light gray, finely crystalline materials,
which occur: 1) as relatively large, fihely granular sphericalnaggre~
gates, or accrétionary chondruleé, which are less distinct in outline
than the dark gray component 2 chondrules; 2) as smaller, finely
granular aggregates of subround to irregular outline; and; 3) as a very
finely granular matrix material, The foregoing three-fold character

directly paralléls the three-fold character of component 3 silicates in
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Fig. 18.--Holbrook hypersthene chondrite.

General (a) and detailed (b) views showing pre-accretionary
(component 2) materials, consisting of dark gray, well rounded
chondrules and metal, embedded in apparent accretionary (component 3)
materials, The latter consist of medium gray, round to sub-round
granuler chondrules (several of which contain nuclei of component 2
metal), medium to light gray, irregular, granular aggregates, and
finely granular matrix. The prominent dark gray component 2
chondrule is 3 mm across (University of Arizona, specimen no. M-819).
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Fig. 18b.--Holbrook hypersthene chondrite, detailed view.
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Murray (Fig. 8), except that the very finely granular siiicates in
Murray are dissemineted in component 1 materials, whereas in Holbrook
they are in grain to grain contact. Metal locally occurs within the
dark grayf(component 2) chondrules in Holbrook, which is analogous to
the metal in a compound component 2 chondrule in Murray (Fig. 9). Metal
in Holbrook alsc loczlly forms the nucleus of some finely granular
accretionary chondrules,.and these may be considered to be conmpound
component 2—-bom§onent 3 chondrules, which again is analogous té para-
genetic relations observed in-Murray.

The recognitiOnbof corponent 2 and 3 meterials in the volatile-
deficient and volatile-poor chondrites implies a common mode of
accretion for the chondrites. Although hydrated carbonaceous material
is not present in the matrix of Holbrook, some once may have been
present prior to its equilibration or metamorphism. For examplé, the
unequilibrated hypersthene chondrite, Mezd-Madaras, which Van Schmus and
Wood (1967) classed as an (L)3 chondrite, containé 0.46 weight percent C
and 0.79 weight percent Hy0(+) (Jarosewich, 1667). Photographs in Van
Schmué (1967) show that the carbonaceous material is mabtrix material
(coméonent 1) which encloses both component 2 chondrules and apparent

component 3 chondrules and aggresgates.

Chondrule Formation and Chondrite Accretion

Aggregation of Solids
The paragenetic relationships and textural characteristics in
Murray cannot be explained as the result of the precipitation of high

temperature magnesium silicates from a melt that was in intimate
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association with volatile-rich matrix materials. Rather, the formation
of relatively large accretionary chondrules and smaller irregular éggre-
gates during the course of accretion, and the precipitatioﬁ of tiny
aggregates and grains as disseminations in volatile-rich matrix appar-
ently at the moment of accretion, are uniquely explained if the
component 3 silicates were precipitated across a bourndary from a high
temperature gas, at low pressures, into a cold environﬁent that ébn-
tained dispersed pre-accretionary low and high temperature materials.
Because fragmented, now-hollow mairix spherules in accretionary chon-
drules in Murray eppear to have reguired the former presence of icy
nuclei, free volatiles, as ices, may have been generally associated with
dispersed, hydrated, low temperature matrix materiéls prior to
accretion. If is proposed that thawing énd refreezing of icy volatiles
associated with component 1 matérials was responsible for accretion.

Aééretion may have occurred as ices associated with component 1
materials melted in the vicinity of précipitation of éomponent 3 mate-
rials, following which there was refreezing to form icy chondritic
material. The anhydrous component 3 silicates (olivine énd pyroxene),
on the basis of their smz2ll grain size and included component 1 matrix
material in component 3 aggregates, must have precipitated abruptly from
the high temperature source medium (gas). The formation of accretionary
chondrules, and the process of accretion, may have a terrestrial analogy
in the rolling up of a dirty snowball where fresh snow 6verlies rela-
tively warm ground, -- in the.terrestrial situstion, dirt is picked up
at the contact between the cold accreting.snowball and the warm earth.

In the case of chondrite accretion, the terperature roles were reversed.
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Dispersed, very fine-grained, cold background materials adhered to
apparently warm, but cdoling, grains and gggregates of grains of ccmpo-
nent 3 magnesium silicate. Accretion of Murray perhaps can be
visualized as having occurred as a warm "snowstorm” of fine magnesium
silicate crystals, precipitating from a gas in a cold,."dusty" environ-
ment, briefly raised temperatures above the melting point of ices,
following which there was abrupt refreezing into icy chondritic material.
The formation of nearly round accretionary chondrules may be inferred to -
have occurred where the largest of the accretionary aggregates were
virtually rolled along interfaces between the high temperature gas and
the low temperature "background" materials, prior to the incorporation

of the accretionary chondrules in chondritic material.

Inferred Character of Early Solar Systenm

Because component 1 and 2 materials existed prior to accretion,
a low temperature dust cloud and a high temperature region of chondrule
and metal formation, and sforage, may be inferred to have co-existed in
the solar system prior to chondrite formation. Wood (1963b, 1967a) has
suggested that chondrules formed in the solar nebula, with reduction of

chondrules occurring before accretion by reaction with hydrogen:

FeO + H —> Fe +  HpO
(Dissolved in sili- (gas) (metal (gas)
cate droplets) droplets)

However, the precipitation of chondrules as liquid droplets condensing
from a2 gas of solar composition requires high pressures (100 atm total

pressure or more, Wood, 1967a; see Fig. 19), and these pressures are

much too high for pressures estimated for the primordial nebula
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Fig. 19.--Phasc diagram for the system H-O-lig-Si, from
thermocheriical caleculations.

Solar proportions of the four elements are assumed, ILiquid
condensation is possible only in the "Liquid and Gas" field,
at 100 atm. gas pressure. From Wood (1953b, 1967a).



88
(probably no greater than 1072 to lO‘h atm near the present asteroid
belt; Cameron, 1966).

Formation of component 2 materials., Component 2 chondrules in-

clude massive to barred or zoned grains of magnesium silicate that are
on the order of 1 to 2 mm across; scme of the massive grains contain
tiny droplets of metal, and barred chondrules locally are overlain by
finely granuler metal., Some component 2 chondrules are granular, and
are made up of grains that are on the order of 0.2 to 0.4 rm across. 1In
some chondrites, granular component 2 chondrules are enclosed by sheaths
of metal (for example, in the Breitscheid bronzite chondrite; see
Wlotzka, 1963, Fig. 10). Some component 2 chondrules are morevdiversely
compound and exhibit zoned and granular silicates, and metal, in varying
proportions (Fig. 9). Because of the relatively large size of component
2 grains and chéndrules compared té the very fine grain size of compo-
nent 3 materials; because of the development of texturally complicated
‘compound component 2 chondrules which consist solely of relatively
coarse grained high temperature materials; because pafagenetic relations
show that such component 2 materials clearly are pre-accretionary; and
because of regularities in the partition of Fe between component 2 metal
and component 3 silicates in the chondrites, which are discussed later,
component 2 materials are proposed to ﬁave been formed in the vﬁcinity
of the protosun rather than in the solar nebula. The formation of com-
ponent 2 materials in the protosun would allow for the development of a
. solar gas that was pértly to wholly stripped of its Fe, -- a2 gas that

could serve as the source gas for the component 3 silicates.
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Support for the bre—accretionary formation of component 2 chon-
drules in a relatively high temperature environment is seen in the
distribution of 1293Xe in the Bruderheim hypersthene chondrite. Merri-
hue (1966) found high 129RXe/Xe ratios in six chondrules, and lower
1293Xe/Xe ratios in the bulk meteorite and in its troilite, olivine,
pyroxene, and feldspar (Fig. 20). If the Bruderheim chondrules are
comfonen£ 2 chondrules, their high 129R¢e contents might be explained as
the result of formation before accretﬁon, at a time when short-lived
radioactive nuclides were producing greater quantiﬁies of daughter pro-
ducts; the relatively low total Xe contents of the chondrules then also
might be explained as the result of the formation of component 2 chon-
drules in a volatile-déficient, high temperature region of the early
solar system.

Formation of component 3 silicates. Grains of ccmponent 3 sili-

cate commonly are much smaller than component 2 grains (about 0.0l to
0.02 mm versus 0.2 to 0.4 mm and 1argér). Paragenetic and textural
relations in Murray indicate that component 3 silicates precipitated at
low pressures (a few atmospheres or possibly much less), and that compo-
nent 3 aggregates and chondrules formed in a dynamic environment in
which component 1 and 2 materials were mechanically incorporated during‘
the abrupt precipitation and zggregation of component 3 silicates.
Component 3 aggregates include so-called "porphyritic" chondrules, in
which relatively large grains of component 2 olivine and pyroxene are
embedded in a groundmass of very fine grains of component 3 material.
Such accretionary aggregates are compound component 2--corponent 3

chondrules.



Pa

Fig. 20.--Xenon and radiogenic 129F7e contents for mineral phases
and chondrule samples from the Bruderheim hypersthene
chondrite.

The chondrules are labeled BC.  Merrihue's data indicate that 1291
decay, which resulted in the production of 129%e, occurred in situ
in the bulk meteorite and its minerals after "solidification and
cooling" of the solids because minerals with the smaller gas reten-
tivities display the higher Xe contents. The chondrules are probably
all component 2 chondrules. Olivine and pyroxene are probably
component 3 materials, and feldspar probably was derived from the
devitrification of Na- and Al-rich component 3 glass., Troilite is
inferred to have been derived from component 1 sulfides. From
Merrihue (1966, Fig. 2).

-
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In the phase diagram of Wood (Fig. 19), precipitation of compo-
nent 3 silicates, and the aggregation of accretionary chondrules,
occurred at about 1600°K or less, with the formation of olivine occurring
first as the temperature dropped across the gas/gas-solid boundary.
This is consistent with the observation that olivine is the dominant
high temperature silicate in all classes of chondrites except the ensta-
tite chondrites. Pyroxene of the enstatite chondrites may reflect that
precipitation of component 3 silicates occurred from component 3 gas
that was at a higher pressure than component 3 gas that was responsible
for the accretion of the other classes of chondrites.
Possible Enricﬁment of Volatile Elements in Inner Part of
Component 1 Dust Cloud

Volatile elements may have become irregulérly distributed in
part of the early solar system prior to accretion as the result of
heating in the early sun. Dispersed low temperature component 1 mate-
rials, enclosing and presumably collaésing into the region of component
2 chondrule and metal formation, would presumably have lost their
volatile elements upon approaching the region of chondrule formation.
The volatile elements then might have been precipitated, and reprecipi-
tated, as part of a cyclic process in part of the dust cloud that
adjoingd the protosun. The postulated region of enrichment may have
included H,0 generaﬁed during chondrule and metal formation; ammonia,
methane, and water originally held as ices in the dust; and volatile
elements in the component 1 dust haﬁing melting points less than 100°C
(such as Rb, X, and Na). An irregular distribution of volatile elements

in the inner part of the inferred component 1 dust cloud may have been
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the cause of.enrichment of the volatile-poor chondrites in Rb, K, Na,
Ii, Ba, and Sr with respect to the carbonaceous chondrites (Tables k, 5,
and 6).

Rb abundances appear to differ between chondrules and bulk chon-
drite. Murthy and Compston (1965) found dispersions in the Rb-Sr ratios
of chondrules relative to bulk meteorite in the Peace River hypersthene
chondrite (Fig. 21). The bulk meteorite displayed Rb-Sr ratios similar
to ratios for bulk carbonaceous chondrite, carbonaceous achondrite, and
pigeonite chondrite. One Peace River chondrule was found to be
deficient in the volatile element Rb, and three chondrules were found to
be enriched in Rb. A possible explanation may be that one pre-
accretionary component 2 chondrule, and three accretionary component 3
chondrules ﬁere analyzed. Component 2 chondrules, presumably formed in a
high temperature, high pressure region, might be expected to be
deficient in Rb. In contrast, accretionary component 3 chondrules,
formed in a low pressure, low temperature region, could possibly trap Rb
in glassy phases of the aggregatés aﬁd in mechanically included Rb-
enriched component 1 matrix materials at the time of aggregation, and
retain some of the Rb during equilibration. Work on a variety of chon-

drules and chondrites is needed.

Evidence for a Common Parent Material

Elemental Abundances in Carbonaceous Meteorites and the
Solar Photosphere

Ringwood (1966, Fig. 1) has shown that the composition of the

carbonaceous achondrites (Type I of Wiik, 1956) is similar to the
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Fig., 21.--Rb-Sr values for the Peace River hypersthene chondrite,
for four of its chondrules, and for carbonaceous and
pigeonite meteorites.

The four Peace River chondrules that were analyzed by Murthy and
Compston (1965, Fig. 1) are revorted to have shown radiating fibrous
structures to the naked eye, were spheroidal or ellipsoidal, and
were easily distinguishable from the fine grained matrixz. The
scatter shown by the plot was much greater than anticipated by them.
From the descrivtions of the four chondrules, it cannot be
ascertained whether all or only part were pre-accretionary chondrules.
Peace River is reported by Murthy and Compston as a metamorphosed
hypersthene chondrite. Partially recrystallized accretionary chon-
drules could be fairly prominent in a fine grained metrix and would
be susceptible to sampling.

The two "carbonaceous chondrites" on the left are samples of the
Mokoia pigeonite chondrite; the central carbonaceous chondrite is
Murray; and the two carbonaceous meteorites on the right are specimens cof
Orgueil carbonaceous achondrite,
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composition of the solar photosphere. This implies that the sun could
have been derived from the elements that make up the carbonaceous
meteorites, or that the materials of these meteorites could have been
derived from the sun. The general coincidence in elemental abundances
would also seem to suggest that the composition of the sun has not
changed appreciably as the result of nucleosynthetic processes since the
formation of these meteorites. Because the carbonaceous achondrites, of
all the meteorites, most closely resemble the solar photosphere in
elemental abundance, it would seem to be logical to consider them to be
the most primitive of the meteorites, and to assume, therefore, that
they represent the starting solid materials in the evolutioﬁ of the
planets and astercids. The next most elementally primitive meteorites
thus would appear to be the carbonaceous chondrites (Type II), which
show depletions in volatile elements relative to the carbonaceous achon-
drites (Tables 3 and 4). Where elemental data were lacking for the .
carbonaceous achondrites, Ringwood (1566, Fig. 1) used data from the
carbonaceous chondrites in demonstrating the elemental similarities be-
tween the volatile-rich carbonaceous meteorites and the solar
photosphere.

Paragenetic and textural evidence in the carbonacecus chondrites
(Type II) indicate, however, that the carbonaceous chondrites cannct be
directly derived from carbonaceous achondrite material. Rather, the
reverse process seems much more likely because the Tonk carbonaceous
'achondrite is reported to contain 0.40 weight percent nickel-iron
(W.A.X. Christie in Wiik, 1956), and the presence of olivine in the

Orgueil carbonaceous achondrite has recently been confirmed
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(Kerridge, 1968). The presence of metal (component 2) and olivine (com-
ponent 2 or 35 in the carbonaceous achondrites can be explained if the
- carbonaceous achondrites are derived from carbonaceous chondfite
material. The greater content of volatile elements in the carbonaceous
achondrites may simply be the result of chloritization, in a volatile-
rich environment, of the anhydrous magnesium siiicates of carbonaceous
chondrite material. Chloritization»could possibly occur, for example,
within a small volatile-rich body.

On paragenetic and textural grounds, the carbonaceous chondrites
(Type II) may be ccnsidered to be partly devolétilized or dehydrated,
but otherwise unmetamorphosed, primitive accretionéry materials, In
contrast, the carbonaceous achondrites -(Type I) may be considered to be
chloritized carbonaceous chondrite materials that retain a more primi-
tive elemental aspact becaﬁse of chloritization, and because of a former
position within a small, volatile-rich primitive body. They may be
samples, respectively, of near-surface and interior to near-central

materials of comets.

Uﬁiformity of Fe and the Rare Earth Elements in Chondrites

The chondrites display fairly uniform Fe contents (Fig. 1 and
Table 4). In the carbonaceous chondrites, nearly all the Fe resides in
gomponent 1 matrix material (~ 22 percent Fe in Murray matrix;
Fredriksson and Keil, i96h). In the ensfati;é chondrites nearly all the
Fe resides in component 2 metal'(Table 3). The fairly uniform Fe con-

tents suggest that a common parent material, such as component 1
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material of the carbonacecus chondrites, has given rise to the compo-
nent 2 and 3 materials of the chondrites.

Rare earth element (REE) aﬁundances in the meteorites are
briefly discussed in Chapter 5. It is sufficient to note here that the
REE sbundances are closely similar for 2ll five classes of chondrites
(Schmitt and others, 1963; Fig. 2L). The essentially uniform REE
contents of the chondrites support the inference drawn from the fairiy
wniform Fe contents of the chondrites, and the similarity in elementeal
abundances between the solar photosphere and the volatile-rich carbo-
naceous meteorites, that a common parent material gave rise to the
chondrites. |
Evidence for a Genetic Relationship between Components
2 and 3 in the Chondrites .

Partition of Fe between metal and silicatés. One of Prior's

"rules" has long noted that a decrease in the Fe content of the sili-
cates of the chondrites is accompanied by an increase in the content of
the nickel-iron. The relationship is strikingly well displayed in
Figure 1, which for the pigeonite, hypersthene, bronzite, and enstatite
chondrites is principally a plot of Fe in component 2 metal versus Fe in
component 3 silicates. The dominance of component 3 silicates in the
ordinary chondrites may be seen, for example, in Holbrook (Fig. i8).
Once the relationship in Fe content between components 2 and 3 is
realized, it can be concluded‘that the medium which gave rise to'compo-
nent 2 pre-accretionary chondrules and rnetal, also was the medium (gas)
which gave rise to the component 3 accretionary silicates. Furthermore,

it becomes necessary to conclude that genetic relationships which were
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developed prior to accretion during the formation of component 2 mate-
rials were grossly preserved during the accretionary event.

An explanation arises from the foregoing for thé low Fe content
of the I~group (hypersthene) chondrites (Fig. 1). The low Fe content of
the hypersthene chondrites is due to a low average metal content, sbout
7.4 weight percent nickel-iron versus about 18.4 weight percent nickel-
iron in the bronzite chondrites (Mason, 1965; Table 3). The low metal
content of the hypersthene chondrites simpiy nay be the result of an
accidental loss of some component 2 metal during the transport of
component 2 materials to the sites of aceretion.

The scatter in Fe contents of the enstatite chondrites (Fig. 1)
also appears to be explained as the result of differences in the amounts
of component 2 metal incorporated at the time of acéretiﬁn. Because
metalvis pre-accretionary (component 2), and the silicates of the
volatile-poor chondrites appear to be domihantly accretionary (component
3), the differences in metal contents.within and between chondrite

classes are not explainable as the result of differences in in situ

reductions in the parent bodies after accretion.

Prior's rule does not strictly hold for the carbonaceous chon-
drites because the Fe resides almost entirély in component 1 matrix
materia;s, and the component 3 silicates are essentially iron-free, as
in the enstatite chondrites. However, the carbonaceous chondrites con-
tain grains of component 2 silicates that show widely}diverse Fe
contents, which suggests that the component 2 grains and chondrules were

derived from a broad source of component 2 materials.
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The fairly uniform Fe content of the chondrites; the Presencé of
minor but compositionally diverse component 2 silicates in the carbo-
. naceous éhondrites; and the iron-free component 3 silicates of the
carbonaéeous chondrites, which indicate a source medium that had been
stripped of its Fe as in the enstatite chondrites, are considered evi-
dence that the carbonaceous chondriteé formed as the result of the same
general process and at the same general time as the other classes of
chondrites. The compositional, textural, and paragenetic data and
interrelationships are interpreted to feflect that accretion occurred
across the solaer system as the result of a single, essentially

instantaneous event.

Model for Accretion of Chondrites and Formation of Parent Bodies

An eddy of primordial "dust", perhaps derived from a nucleo-
syntﬁetic event in a supernova that may have occurred about 60 m.y.
before accretion (inferred from Xe data of Merrihue, 1966), is assumed
to be the parent material of the solar system and is identified ﬁith
component 1 materials. The dust is inferred to have coalesced into a
central condensation, enclased by a disc of dispersed component 1 mate-
rials that continued to spiral-in toward the centrai condensation.
Heating in the nucléus accompanying contraction led to the formation of

‘the protosun. Component 2 chondrules and metal are inferfed to have
been generated in the outer part of the protosun‘and temporarily stored
in an adjacent ring of chondrule and metal particles. From the diagram

- of Wood (Fig. 19), temperatures in the region of chondrule formation
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were on the.order of 18009 to 2000°K, and total pressures were about
102 to 103 atm,

The inferred ring of component 2 materials presﬁmably increased
in mass with the addition of Fe and silicates_from in-falling component
1 dust, and Fe and silicates lost from inward-lying solar gas. Rotation
of the ring increased with inferred contraction-of the protosun and with
accompanying contraction of the component 2 ring.A At some stage, the
rotational angular momentum of the ring may have sufficiently exceeded
that of the inwardflying gas so that an unsteble situation developed.

At this time the chondrule-metval ring, which.is assumed to have become
debris-choked and dense relative to inward-lying solar gas that had been
partly to largely stripped of its Fe, may have begun to creep or slip
forward along the chondrule/gas discontinuity, possibly leading to a
physical inhomogeneity in the ring and to a rupture. The rupture in
turn is inferred to have led to the shedding, together, from the profo-
sun of component 2 materials and component 3 gas, perhaps as a large
flap-like, compound filament. Accretion across the solar systém is
inferred to have occurred along the leading edge qf the component 3 part
of the filament, with th; development>to the side of the filament of
eddies of accretionary debris, eddies to which direct rotations and
angular momentum had been imparted. The primary eddies are inferred to
have coalesced inﬁo planetesimals, and following dissipétion of the
filament, eddies of planetgsimals and accretionary debris presumably
coalesced into planetary eddies, and planets. A number of planetesimal-

size bodies may have been lost from the upper and lower edges of the
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outer parts of the disc to form the solar system's inferred outlying
cometary cloud.

In the foregoing situvation accretionary materials in the imner
part of the solar system would have been rich in component 2 metél and
chondrules, which would give rise to the dense inner planets. In the
inner part of the solar system precipitation of component 3 silicates
may have been principally from solar gas that had been stripped of its
Fe, as in the enstatite chondrites, and component 3 gas pressures may
have been high encugh to result in the‘precipitatién of pyroxene rather
than olivine, again as in the enstatite chondrites. Tﬁe region of the
asteroids, beyond the region of formation of the enstatite chondrites,
apparently was the region in which compoﬁent 2 materials decreased
appreciably in abundance, and in which genetically related component 3
gas derived from the protosun had been incompletely stripfed of its Fe;
Beyond the asteroidé, the genetic rélationship between component 2 and
component 3 materials appears to have been lost, and accretion probably
occurred in the mammer seen in the carbonaceous chondrites, in which the
accretionary mix consists principally of component 1 materials, sub-
ordinate component 3 silicates derived from solar gas stripped of fe,
and trace zmounts of compositionally diverse component 2 materials.,

The recognition of metal as a pre-accretiénary material that can
be formed as a consequence df early heating in protosolar systems may be
a critical feature in the development of solar systems about new suns,
The key to solar system formation may very well be the generation and

loss of a ring of refractory materials, and inward-lying gas, from a .



101
rotating protosun, with transfer of rotational angular momentum from the
protosun to the planetary méterials.

During formation of the planets, primitive atmospheres must have
developed as volatiles were lost fronm volatile—fich matrix materials of
the chondrites. The atmospheres must have been fairly extensive, and
may have become largely frozen if the sun had not yet evolved to its
high temperature stage. Within the largely devolatilized central parts
of the early planets, metal became strippéd from cﬁondritic raterials
and metallic cores wera formed. As a consequence of metamorphism and
fractionation of metal from chondritic materials, nickel, gallium, and
germanium in component 1 matrix meterials were scavenged by the coﬁpo—
nent 2 metal, giving rise to the nickel abundances and the Ga-Ge groups
that are observed in the iron meteorites. Sulfides of cqmyonent 1
materials probably gave rise to the trolilite of the chondrites; palla-
sites, and irons.

Core formation, accompanied by an.incresse in rotation, may have
been responsible for the formation of planetary satellites by fission, a
method of formation of tﬁe moon suggested most recently by Wise (1S63).
A Pission origin for the moon is attractive because it would allow for
the fractionation of metal from chondritic parent materials prio: to
fission, and this loss could account for the moon's low average density.
The principal objection to a fission origin for the mooﬁ is thellack of
energy and angular momentum in the present earth-moon system (Wise,
1963, Table l). To account for this lack, fiséion.may have occurred
prior to the high temperature stage of the sun, when the earth pre-

sumably would have been surrounded by an extensive frozen primitive
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atmosphere. Fission of the moon, or of terrestrial materials that
coalesced to form the moon, into such an atmosphere thgn could have
resulted in transfer of angular momentum and energy to the atmospheré,
which in turn would be lost with dissipation of the atmosphere when the
sun attazined its high temperature stage. Tﬁe formation of planetary
satellites, and rings in the case of Saturn, then may be the result of a
situation that is similar to that which is proposed for primary
accretion in the solar system, -- in which a parent body sheds'part of
its mass due to rotetional instability iﬁto enclosing low terperature
materials, Pianetary satellites may be the result of the fission of
discrete satellites, but they also may be the result of the fission of
fragments of materials thaet coalesced during a second stage of cold

accretion, a process that needs to be studied further.

Character of Parent Bodies for the Chondritic Meteorites

The inferred structure of small cometary bbdie; that formed
beyond the zone of high component 2 metal content (inner planets and
asteroids) is shovm in Figure 22. Carbonaceous chondrites may be the
partly dehydrated, or ablated, crustal and near-surface materials of
comets. Carbonaceous achondrites may be metamorphosed or chloritized;
hydrated carbonaceous chondrite materials that occur as dispersed mate-
rials in the volatile-rich icy bodies of comets, and that make up |
cometary cores which possibly have lost most of their free volatiles.
The near-solar abundances of elements in the carbonaceous achondrites
(Ringwood, 1966, Fig. 1) perhaps may be attributed to a former iﬁtimate

association with primitive volatile-rich accretionary materials, and to
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A. Carbonaceous chondrite (Type II).
Ablated crustal and near-crustel material;

partly devolatilized but essentially unmetamorphosed.

B. lcy conglomerate.
Primordial accretionary matericl. Hydration of
C disseminated pre-accretionary end accretionary

olivine and pyroxene increases toward center,

C. Carbonaceous achondrite (Type I).
Magnesiumn silicates are essentially all hydrated;

sulfur is in sulfates.

Fig. 22.--Schematic model of a carbonaceous meteorite (cometary)
parent body. ' : '
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the development of hydrated silicates from anhydrous coﬁponent 3 olivine
and pyroxene in which near-solar abundances of elements ;ould be
retained.

The inferred structure of parent bodies for the volgtile-poor
chondrites is shown in Figure 23. Fall data are mainly fof materials
that are correlated with the inferred hypersthene and bronzite chondrite
parent bodies (Tables 1 and 2), and because of this the schematic model
most closely approximates a compound hypersthene-bronzite beody. Fall
data, arnd correlations in Table 2, suggest that the earth is mainly
sampling parts of three small asteroidal bodies. The parent body or
bodizs for the metal-poor pigeonite chondrites probably possess only
small cores, and thus pigeonite body core méterials may not have been
sampled. Furthermors, the pigeonite chondrites exhibit large differ-
encesAin accretionary textures, and for this reason the pigeoﬁiﬁe
chondrite class may iﬁclude near-surface samples that have been derived

from several small, outlying asteroidél bodies.
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Devolatization with
Escape of Volatiles

7 Chondritic
Crust

Metgmorphism
Increases

Ni-Fe Core

Pallasitic
Transition
Zone Falls No.| % | P
Chondrites 564189.8(3.5
Cao-Poar Achondritess 18] 3.0{3.3
‘\ Stony - irons 5/ 0.8]4.9
Achondritic frons 40| 6.4|7.8
Recrystallized 628[00.0} 3.8

Silicate Mantle

Fig. 23.~-Schematic model of a volatile-poor chondrite
(asteroidal) parent body.

Proportions calculated from fall dets (Hey, 1955;

see Table 1). For density data see Wood (1963a).



CHAPTER 5
CAICIUM-RICH ACHONDRITES

Pyroxene-plagioclase Achondrites

The pyroxene-plagioclase achondrites are the most abundant of
the achondritic meteorites (Table l>‘4 They include all but three
meteorites of the caleium-rich or basaltic achondrite group of Urey and
Craig (1953). The charaéter and classification of the pyroxene-
plagioclase acﬁondrites have been reviewsd and described by Mason
(19622, 1667b), Duke (1663), and Duke and Silver (1957).

Two clas;es of pyroxene-plagioclase achondrites are recognized,
the howardites and eucrites. The howardites are characterized by hyper-
sthene and anorthite (Mason, 1562a) and age polymict breccias (Duke and
Silver, 1967); the eucrites consist mainly of pigeonite and anorthite
and are mainly monomict breccias, Their chemicél compositions are
summarized in Table 3.

Duke and Silver (1967) conclude that the principal mineralogical
and textural properties of the eucrites and howardites are due to
magmatic.crystallization, followed by complex fragméntation and. recrys-
tallization episodes. Duke (196L) has proposed that the pyroxene-
plagioclase achondrites have been derived from the moon. Duke and
Silver (1967) review the permissive argument for the lunar origin of
howardites and eucrites, and suggest that on the basis of relativé iron
content, or lightness and darkness of color, and on the basis of

106
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relative degree of brecciation, that the lunar uplands may be of
howardite composition and that the maria may be of eucrite composition.

Alpha-scatter analyses of lunar maria and uplands materials ob-
tained during Surveyor Spacecraft Missions Y, Vi, and VII have revealed
that the lunar surface has a composition.very similar to that of the
pyroxene-plagioclase achondrites (Table ;7) and unlike that of the other
classes of stony meteorites. The compositional similarity supports the
proposal for a lunar origin for the eucrites and howardites. Support
also is found in their terrestrial mantle abundances of the rare earth
elements, their low values of remanent magnefism, and reflectance
characteristics that accompany brecciation, topics which ére discussed

in other sections of this chapter.

Diopside~-olivine and Augite Achondrites

Two diopside-olivine achondrites (Nakhla and Lafayette) and one
augite achondrite (Angra dos Reis) are known. Nakhla and Angra dos Reis
“are falls, Iafayette was found in the Purdue Uhiversity Museum by
0.C. Farrington in 1931 (Mason, 1952a). Lafayette displays an extremsly
fresh fusion crust, and there is some speculatipn that it may be a
~ specimen from the Nekhla, Egypt, fall of 1911, which somehow found its
< way {o this country (C.B. Mcore, personal communication,'l967). If so,
then only two calcium-rich achondrites, both falls, exist that do not
belong to the pyroxene-plagioclase class of meteorites (Table 1).
Compositions of the diopside—oliviné and augite achondrites are
given in Tables 3 and 4. Compositional relations to other achondrites

in respect to Ca0 and FeO/Fe0+Mg0 are shown in Figure 3. Nakhla is
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described by Prior (1912), and Mason (1962a) reviews the characteristics
of the diopside-olivine and augite achondrites. Their contents of the
rare earth elements (REE) are shown in Figure 24. The remanent moment

of Lafayette is discussed in the section on remanent magnetism,

Rare Earth Elements and Oxygen Isotopes in
Stony Meteorites and Terrestrial Materials

Uniformity 6f REE in Chondrites

The rare earth elements (REE).are lithophile, and appear to mi-
grate chemically asAa group (Goldschmidt, 1954). .Because they are a’
long series of chemically similar elements, changes in their abundance
across the series ma2y be interpreted with a minimum of assumptions re-
garding the selective fractionation of individual elements. The average
values for the REE are closely similar for all classes of chondrites
(Schmitt and others, 1963); the average values for twelve chondrites,
which include rmembers of the five chondrites classes, are shown in
Figure 24. The similarity of REE zbundances in the chondrites indicates
that a rather uniform REE abundance existed at the time of accretion in
the regions of formation of the volatile-rich and volatile-poor chon-
drites, The REE abundanceé, and the slope of the plotted abundances of
the chondrites (Fig. 24) can be considered to be primitive. They serve
as references for evaluting differences in ebundances andvabundance
slopes in the achondritic meteorites, which may be interpreted, at least

in part, to be the results of fractionations in parent bodies.
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Fig. 24.--Absolute rare earth abundances for stony meteorites and

a. REE

for selected terrestrial materials.

abundances of the calcium-rich achondrites and eclogite

with respect to the chondrites and calcium-pcor achondrites.

Explanation:

A

Eu

Ec

Ho

Sm

Ch

Angra dos Reis (Schnetzler and Philpotts, 1967).

Average of Muevo lLaresdo and Pasamonte eucrites
(Schmitt and others, 1953).

Roberts Victor mine eclogite (Schmitt and
others, 1563).

“Average of Nakhla and Lafayette diopside-olivine
achondrites (Schmitt and Smith, 1963).

Bununu howardite (Philpotts and others, 1557).

Serra de Yagd eucrite (95 percent feldspar;
Philpotts and Schnetzler, 1967).

Average of twelve chondrites (includes one carbo-
naceous chondrite; Schmitt and others, 1953).

Calcium-poor achondrites (Schmitt and others, 1563).
En - Norton County (enstatite)
Hj - Johnstown (hypersthenez)
Hs - Shalka (hypersthene)
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Fig. 2La,--REE abundcnces of the celcium-rich achondrites end
eclogite plotted with respzct to the chondrites
and calciwm-poor achondrites. '

110 #



Ve

Fig. 24b.--REE abundances of the calcium-rich achondrites with respect
to various terrestrial mantle materials and chondrites.

Explanation:
K Kilauea Iki basalt (Schmitt and others, 1963).

R Average of three Atlantic Ridge basalts (Frey end
Haskin, 1964).

P Wesselton Mine peridotite (Schmitt and others, 15563).
A Angra dos Reis (Schnetzler and Philpotts, 1557).

Eu Average of Nuesvo Laredo and Paseamonte eucrites
(Schmitt and others, 1953).

Ho Bununu howardite (Philpotts and others, 1567).

N Average of Nakhla and ILafayestte diopside-olivine
achondrites (Schmitt and Smith, 1653).

Ch Average of twelve chondrites (includes one carbo-
naceous chondrite; Schmitt and others, 15563).
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Fig. 2lb.--DEE sbundances of ths celciwn-rich achondrites plotted

with respeet to various terrestrial rantle
materials and chondrites.
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Fig. 2be,--RIE abundances of mesosiderite and tektite material
plotted with respect to chondrites, howardites, and
eucrites. .

Explanation:

T Ivory Coast tektite, composite of ten tektites
(Schnetzler and others, 1967).

M Estherville mesosiderite (Schmitt and others, 1963).

Eu Average of Nuevo Laredo and Pasamonte eucrites
(Schmitt and others, 1953).

Ho Bununu howardite (Philpotts and others, 1557).

Ch Average of tweslve chondrites (includes one carvo-
naceous chondrite; Schmitt and others, 1953).
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Calcium-poor and Calcium-rich Achondrites

REE contents. Calcium-poor achondrites have REE zbundances

similar to or merkedly less than the chondrites, The enstatite achon-
drite, Norton County (Fig. 2la), has zn REE abundance very similar to
that of the chondrites, but there appears to be some small enrichment in
the heavy REE and depletion in the lightlﬁzE. The hypgrsthene achon~
drites, Johnstown and Shalka, show ﬁoderate to strong depletions in the
REE relative to the-chondrites. In céntrast, the calcium-rich
achondrites are substentially richer in RZE than the chondrites. Ons
howardite and two eucrites display relatively ﬁigh values that have
chondrite-like abundence slopes. The relatively low REE content of the
Serra de Magé eucrite (Fig. 2Ls), which is dominently plagioclese
feldspar, suggests that much of the REE of the pyroxene-plagioclase
achondrites resides in the pyroxene. There thus appears to be a
significant difference in REE contents in the pyroxene of the calcium-
'poor and fhe calcium~-rich achondrites.

Oxygen isotope ratios. In REE content, the calcium-poor

achondrites lie much closer to the chondrites than to the calcium-rich
achondrites. waever; oﬁ the basis of oxygen isotopes ratios in ﬁyrox-
ene, the hyperstheng achondrites and the pyroxene-plagioclase |
achondrites are closely similar (Taylor and others, 1965, Fig. 3).
Because of this similarity they have been grouped together and have feen
considered by Taylor and others’ (1965) to be genetically related. Inde-
pendent support for the grouping appears to exist because accessory
plagioclase feldspar in five hypersthene aéhoﬁdrites,(Angs; Mason,

1963d) is compositionally similar to the feldspar of the
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pyroxene-plagioclese achondrites. Taylor and othérs (1665) tentatively
conclude on the basis of similarities of 180/160 in pyroxene gﬁd plagio-
clase that the pyroxens-plagioclase achondrites and the hypersthene
achondrites exhibit a close genetic relationship, and that the isotovic
data are compatible with a hypothesis that these meteorites have arisen
through mogmatic differcentiation from a common parent material, How-
ever, the data of Taylor and others (1955) also show that 180/160
fractionation apparently hes occurred within the eucrites. The
Shergotty eucrite shows an l80/160'ratio that is similer to that of the
ordinary chondrites, Furthermore, the data of Taylor and others show
that pyrciterne from the Steinbach sidercphyre and pyroxene from the
calcium-poor Bondoc Peninsule mesosiderite are also essentially identi-
cal in 180/160 to the pyroxene of the hypersthens achondrites apd the
pyroxene-plagioclase aéhondrite;. In light of correlations discussed in
Chapter 3 (Table 7) and cutlined in Figure 23 in light of large
differences in REX abundances between the calcium-poor and calcium-fich
achondrites; and because the cxygen isoctops groups outlined by Taylor
and others (1955) cannot be interpreted in'an internally consistent aﬁd
unique manner regarding their origin, it 1s suggested that similarities
in 180/160 ratios do not necessarily reflect genetic associations in the
meteorites. Fractionation of 180 can and does oceur as the result of
magmatic processes. Taylor and Epstein (1963) report finding appreciable
180/160 variations in the very latest stages of crystallization of the
Skaergaard intrusion. Thus, fractionation is a process that can occur in
different bodies, It is suggested that the hypersthene achondrites,

Bondoc Peninsula pyroxene, and pyroxene of the siderophyre meteorite,
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are products of fractionation and recrystallization of parent hyper-
sthene chondrite material, following the correlation of Table 2, during

which some of the REE and 180 were lost from the system.

Meteorites and Terrestrial Mantle Materiais

The REE values for two eucrites and one howardite bracket the
values for eclogite from South Africa (rig. 2ﬁa). Other materials that
originated in the mantle (Fig. 24b) have RER valueé £hat are similer to
or greater than those of the pyroxene-plagioclase achondrites. Atlantic
Ridge basalt and experimental Mohole basalt display chondritic abundance
slopaes, Kilsuea Iki basalt shows enrichment in light REE and depletion
in heavy REE relative to a chondritic sbundance slope. The apparent
fractionation may have occurred during storage.of‘the basalt in a magna
chenber at a depth of about 39 kilometers prior to eruption (see Eaton
and Murata, 1960; and Richter and Eaton, 1660, for a description of the
event). Vesselton Mine peridotite}also shows epparent fractionaiioﬂ, -
enrichment in light REE and depletion in heavy REE, relative to a chon-
drite abundance slope. The peridotite, even where greatly depleted in
REE, displays abundances that are greater than those in the chondrites.
The apparent fractionation of the REE in Kilauea Iki basalt and the
peridotite is antithetic to the apparent fractionestion in the calcium-
poor achondrites, Enrichment of the light REE and depletion of the
heavy REE in mantle materials may be the result of differentiation. In
the calcium-poorAachondrites, genera} deplgtion of the REE with
selective depletion of the lighter RER mayAbe the result of in situ

recrystallization of chondritic silicates.
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The REE plots shown in Figures 2ba and 2kb show that the
calciuwn-rich achondrites in general, and that the pyroxene-plagioclase
achondrites in particular, are closely similar to terfestfial mantle
materials in RZE abundances. The pyroxene-plagioclase.achondrites,
augite achondrite, and eclogite appear tc¢ display a fairly primitive
REE abundance slope, whereas the diopéide-olivine achondrites appear to
be fractionated in 2 manner similar to terrestrial psridotite.

The calcium~-rich mesosiderites, which are discussed in the
chapter that deals with breccias, appeér to be mechanical mixtures of
caleium-poor and cazleium~-rich meteoritic materials. They display wn-
fractionated REZ values thet are intermediete between the chondrites and
the calciur-rich achondrites (Fig. 2hc). Tektite glass, which may be
lunar in origin, displeys ebundances similar to the pyroxene-plagioclase
achondrites in the heavier REE, but shows strong enrichment in the light
REE. The enrichment may be the reéult of the process that led to

formation of the tektites.

Reflectance Characteristics of Stony Meteorites and the Moon

The optical properties of the moon have been explained princi-
pally in terms of the optical characteristics.of powdered materials,
Deductions from the moon's thermal properties (Wesselink, 1948), de-
ductions from its optical properties (Dolifus, 1962; Hapké and Van Horn,
1963; Hapke, 1966), and Surveyor photographs (for example, see Shoe-
maker and others, 1967), strongly suggest that at leastra thin layer of
- powder exists at the moon's surféce. tical investigations on powders

by Hapke (1968) have shown that materiels at the lunar surface apparently



117
are silicates that contain significant amounts of lattice iron; the
silicates are similar compositionally to terrestrial ferro-basalts (and
to the pyroxene-plagioclase achondrites) and are materials that appear'
to have been modified by proton irradiation. As shown by Hapke (1968,
Fig. 1), irradiation decreases the intensity of reflection, increzses
positive polarization, and reddens the spectrum of olivine basalt
powders, and he has shown that such powders display a striking fit to
intensity, polarization, and spectrum characteristics of the moon.

The genesral fit described by Hépke, however, does not explain
differences in reflectance of materizls in different lunar geologic
enviromments, in particuler the reason why intrinsiczlly dark lunar mare
materials become lighter colored where they presumably are brecciated
and reside in crater wall, rim,land ray méterials. Also not fully
explained is the reason for the apparent loss of reflectance with the
passage of time where the malerials do not reside in steep slopes.

The reflectance characteristics of stony meteorites have been
investigated by Elston and Holt (1567; in preparation), The rocks
studied included carbonaceous, pigeonite, and hypersthene‘chondrites;
and hyperéthene, eﬁstatite, pyroxene-plagioclase, and diopside—olivine
achondrites. Reflectance characteristics were measured on fresh sur-
faces; on disaggregated material in the <1l m - 30'0, mesh range, and
on finely ground powders (< 300 mesh). Only one class of meteorites,
the pyroxene-plagioclase achondrites, displey refleétance character-
istics that parallel those observed in inferred lunar breccisas.

Increased reflectance is developed in the pyroxene-plagioclase

achondrites with brecciation, and the increase is due to the development
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of milkiness in the abundant plagioclase that characterizes this class
of meteorites (Fig. 25a-h). Where unbrecciafed, the plagioclase is
clear and cleavageffree; where partly brecciated, some of the feldspar
is milky and some is clear. The highest-reflectance occurs where the
rock is coarsely brecciated and where iarge fragments of milky plagio-
clase are preserved in a commimuted groundmass, Where finely brecciated
the reflectance decreases to about the level of that measured in partly
brecciated material, Furthermore, disaggregation of the high albedo
materials from their parent rocxk resulfs in a marked decrease in
reflectance. Disaggregation by micrometeorite bombafdment may be partly
responsible for the dscrease ip reflectance of lunar ray and rim mate-
rials with the passage of time, and from Hapke's work, a part of the
loss in reflectancé also may be due to irradiation. On the basis of
reflectance characteristics, the pyroxene-plzgioclase achondrites are
the only meteorites that can be correlated with general and with

specific lunar reflectance characteristics.

Remanent Masmetism in Meteorites

The natural remanent magnetic moments (NRM) have been’in§esti-
gated and surmarized for the major classes of meteorites (DuBois and
Elston, 1967; in preparation). Values of total remenence for the
various classes of meteorites are summarized in Table 18.4 Although
demagnetization studies are incomplete, some preliminary results may be
sumnarized: |

1. The carbonaceous chendrites appear to have a low remanehce.

However, they are capable of obtaining a much higher remanent
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Fig. 25.--Development of milkiness in plagioclase of pyroxene-
plagioclase achondrites with brecciation.

a, b. Unbrecciated Moore County eucrite; general and detailed
views. Note clear, cleavage-free plagioclase (bytownite).

¢, d. Moderately brecciated Juvinas eucrite. Note scattered
large, milky-white plagioclase grains; pyroxene is dark.

e, f. Well brecciated Sioux County No. 2 eucrite, showing angular
composite fragment consisting of milky plagioclase in fault contact
with dark pyroxene fragment, and comnminuted salt and pepper matrix.

g, h. Highly brecciated Stannern eucrite. ILocally displays
slickensides in fine breccia, 2nd parallel, shearad, plate-like
aggregates of milky plegioclase and pyroxens. HNorthwest-trending
veinlet is intrusive metal; northeast-trending veinlet is glassy
material. ' '

Specinens are from the Arizona State University Collection,
Tempe, Arizona.
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Fig. 25b.--Moore County eucrite, detailed view.



Fig. 25d.--Juvinas eucrite, detailed view.
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Fig. 25f.--Sicux County No, 2 eucrite, detailed view.



Lo
i




123

Table 18.-~Values of natural remanence (NRM) for various metzorites and

meteorite classes.l

Class Number (and name)
of meteorites

Calcium-poor meteorites

Carbonaceous chondrite 1
1
Pigeonite chondrite 1
)
Hypecsthene chondrite 17
Hypersthene achondrite 2
1
Irons‘(Ga-Ge group II) 1
Bronzite chondrite . 12

Pallasite (Ga-Ge group III) 1

Iron {Ga-Ge group III) 2
(Ga-Ge group IV) 1
Enstatite achondrite 2
Iron (Ga-Ge group I) 10
1k

Calcium~-rich meteorites

Pyroxene-plagioclase
Eucrite 15
Howardite ‘ 1

Diopside-olivine

(Mighei)
(Murray)2/

(Karoonda)
(Mokoia)
(Mokoia)3

(Rondoe pyroxene)
(Johnstown)

{Bendock, metal phase)

(Canyon Diablo)
(Odessa)

(Washougal)

1 (Lafayette)

Natural rema-
nent noment

(emu/cm3)

10~
10-3

10-4
10~k
1072
10-3

10~3
10->

10~k

10-2

1077
10-5

10-3

1/. Adapted from summary table in DuBois and Elston (in preparation).
2/. Moment resides principally in the fusion crust.
3/. Reason for the high remanence is unknown.
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mément following heating in the earth'; magnetic field, which
suggesfs that the carbonaceous chondrites may not have been
subjected to substantial magnetic fields either during their
formation or during storage in their pérent bodies, and which is
compatiﬁle with the concept developed in Chapter L that they
formed at low temperatures. |
The pigeonite chondrites, which have the lowest metal contents
of the volztile-poor chondrites, appear to have fairly low
remanent moments.
The hyversthens chondrites, which have metal contents that are
intermediate to the pigeconite and the bronzite chondrites,

exhibit intermazdiate values of remanence. The moments in the

‘bronzite and hypersthene chondrites have been shown by Stacey

and Iovering (1959) and Stacey and others (1$61) to be thermo-
remanent moments, probably acquired while cooling in the
nmagnetic field of the parent body. The correlation between
relative mefal contents and strength of moment between the
hypersthene and bronzite chondrites may be due simply to the
difference in metal contents; additionally, some of the
difference may have been due to a stronger magnetic field in the
bronzite parent body that may have been the result of a larger
fluid metallic conducting core.

Ga-Ge group II irons, which are correlated with the hypersthene
chondrites, may have lower remanent moments than Ga-Ge group III

irons, which are correlated with the bronzite chondrites.
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The high moments of Ga-Ge group I irons may be matched by
relatively high moments in the enstatite chondrites.
The pyroxene-plagioclase achondrites show low to very low
moments but are capable of acgquiring coﬁsiderably stronger
moments if heated and cooled in the earth's megnetic field,
which implies that the pyroxene-plagibclése achondrites
crystallized in 2 parent body that was characterized by a weak
magnetic field.- On the basis of the direction of remanence
relative to the plane of crystal layering, Lovering (1959) re-
ports that the loore County eucrite formed at about 10°N or S
magnetic latitude. One of three large (~ 100 km), young lunar
ray craters at 109 or 10°S (Iangrenus; Theophilus, or Coperni-
cus), possibly could be the source of the Moore County eucrite,
if the pyroxene-plagioclase achondrites are lunar.
Pyroxene of the Bondoc Peninsula mesosiderite exhibits a
relatively strong remanence that is comparable to the remanence
in the hypersthene chondrites., Johnstown, however, has a lower
remanence that is comparable to the pyroxene-plagioclase achon-
drites, It is not known if the remanence of Johnstowvn is a
saturation moment. The low moment of the enstatite achondrites
very possibly is a saturation moment in silicate that is
essentially iron-free.
The diopsideéolivine achondrite Lafayette exhibits a fairly
strong remanence., The specimen that was measured is unbrec-
ciated, contains no apparent metal, and displays two sawed

surfaces and a narrow section of fusion erust. Although
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demagnetization studies'on fusion crust and interiof material
have not;been'made, it may be that most of the remanence résides
in the iron-rich silicates of this ﬁeteorite.

Nakhla has been found to have a K-Ar age of 1.5 b.y. (Stauffer,
1962), vhich is young compared to K-Ar ages commonly reported
for the pyroxene-plagioclase achondrites (on the order of 3 to
4 b.y.). Because of the apparent lack of brecciation, the
nakhlites do not appezr to have undergone:gas loss'due to
mechanical causes; it is possible, however, that gas loss due to
heating; Pperhaps during a close approach to the sun, may have
occurrad, The relatively young age, if valid, and the high
remanence, if valid, would suggestAthat the nakhlites were
derived from a parent body that was different than the parent
body of the eucrifes and howardites.

A possible parent for the nakhlites would be Mars, which be-
cause of its size probably is differentiated. From its mean
density of sbout 4 g/cmd (Brandt and Hodge, 156l, Teble 15.1-2),
and as inferred from the volatile-poor chondrites and related
materials (Fig. 23), Mars probably has a metallic core. However
Mars now has no appreciable magnetic field (Smith and others,
1965), which would suggest that its core is no longer fluid and
conducting. When fluid and conducting, the core presumably
was responsible for a maghetic field. If Nakhla is martian
material, and if the K-Ar age of Nakhla is correct, then Mars

(or the pérent body of the nakhlites) was undergoing
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differentiation about 1.5 b.y. ago, at which time it possessed a
magnetic field that may have been adequate to have protected

life at the surface.

Surmary
The calcium-rich achondrites are Aifferentiated materials that
appear to be principally lunar in origin. General composition, trace
element characteristics (REE), relatively high abundancé,.reflectance
characteristics, and remanent magnetic charactéristics suggest that the
pyroxene-plagioclase achondrites are lunar. Magnetic characteristies

and age data suggest that the nakhlites may be derived from a different

arent body ossibly Hars.
g J



CHAPTER 6

METEORITE BRECCIAS

Monomict and Polymict Breccias

General Descriptions and Definitions of 'l‘ermé

Many meteorites were mechanically broken prior to their fall on
earth., Unbroken fusion crusts enclose disrupted accretionary textures
in a large number of chondrites, and enclose disrupted crystallization
textures in most achondrites, in some pallasites, and in some irons,
attesting to the pre-fall brecciation,

Chondrites. Many chondrites are simple or monomict breccias,
breccias that consist of one class of chondritic materials as defined in
Table 2. In many chondrites, brecciation is clearly imposed on the
accretionary textures and thus post-dates chondrule and chondrite for-
mation. Glassy veins and blackening are common. No evidence is known
to link post-accretion brecciation with magmatic processes in the pa.rent
bodies of the chondrites. The simplest explanation appears to be that
the brecciation was the result of one or more mechanical fragmentation
events, impacts or collisions, which ultimately led to the capture of
the chondritic materials by the earth. The assumption is supported by
relations preserved in several polymict breccias which exhibit mixtures
of different classes of meteoritic materials.

Some monomict chondrite breccias exist which have been called
polymict breccias, but which 4here are recognized as accretionary
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breccias, Wahl (1952) applied the tefm polymict to a number of chon--
drites that display relatively large inclusions which differ texturally
from the main chondritic groundmass. One of these "polymict" chon-
drites, for example, is the unequilibrated chondrite Parnallee, which is
classed as an Hl-2 chondrité in the mineralogic-petrologic classifi-
cation (Taﬁle.9). Parnallece (no. 93a, Arizona State University
Collection) displays prominent inclusions of apparent chondritic material
that are enclosed by component 1 and 3 meterials. Inspection of the
Machondritic" inclusions reveals that they are finely granular and they

Y,

app2ar to be no more than aggregates of componént 3 material that have
undergone fragmentation before incorsoration in Parnallee. Parnallee
thus is considered to be an accretionary breccia, -- a sﬁecial type of
monomict breccia which formed as the result of the aggregation of compo-
sitionally similar but texturaliy diverse materials at the time of
accretion., Fracturing accompanying the inferred loss of Parnallee, or
other chondrites, from their parent bodies woﬁld, as defined here, give
rise to monomict ghondrité breccias if the fractured materials belong to
the same claﬁs, or to polymict chondrite ﬁreccias if two or more classes
- of chondritic materials are preserved in the breccia.

The use of the term polymict to describe texturally diverse
inclusions in unequilibrated'chondrites has continuea to the present.
Van Schmus (1967) has described the "polymict" structure of the Mezd-
Madaras hypersthene chqndrite, which ;s classed as an Hp-2 chondrite in
the mineralogic-pétrologic classification (Table 9). "Inclusion A" of
Van Schmus (1967, Fig. 1) appears to be sirply component 1 matrix mate-

rial that contains disseminated grains of component 3 ﬁaterial. The
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component 1 material appsars to be traceable laterally.into component 1
matrix material that encloses pre-accretionary ccmponent 2 and
aécretionary component 3 chondrules. The "porphyritic" chondrules of

Van Schmus (1957) appear to be component 3 accretionary chondrules that

contain scattered, relatively large comporent 2 grains. "Inclusions B

and C" of Van Schmus (1967, Fig. 2 and 3) appear to be mainly component
3 accretionary materials that are coarser graiﬁed and finer giained,
respectively, than ”ﬁormal" Mezd-Madaras. Van Schmus has shown that
compositioﬁally, olivine and pyroxene of inclusions B and C fall within
the limits of the hypersthene choadrites. Texturally, Mezo-Madaras is a
mixture of materials, which Van Schmus has interpreted t§ be the result
of catastrophic mixing that originated through either impact or volcanic
processes. Viewed in light of evidence that is developed in Chapter L
on the manner of accretion, the textufally'diverse component 3 .
accretionary materials of Mezd-Madaras may be the product of collisions
between srall masses or bodies of accretionary materials as fhey were in
the process of aggregation during formation of the hypersthene chondrite
parent body.

Calcium-poor achondrites. Crystallization textures of fhe

achondrites are, in most cases, highly disrupted (Fig. 25, 26, and 27);
Brecciation in the achondrites does not appear to be associated with |
possible magmatic activify in the meteorite parent bodies. Rather, in a
number of cases, small amounts of metal or other foreign materials may
be found in the brecciated parts of these meteorites. In Johnstovm
(Fig. 26), for example, large crystals of hypersfhene float iﬁ a

comminuted matrix of hypersthene., Fine grains and angular fragments of
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Fig. 26.--Johnstown hypersthene achondrite (diogenite).

a. Coarsely crystalline hypersthene fragments in a comminuted
" hypersthene groundmass. Millimeter grid in background.

b. Angular fragment of metal (~ 1 mm) in breccia,

Arizona State University Collection.
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Fig. 26b.--Johnstown hypersthene achondrite, detailed view.



/3Z o

Fig. 27.--Carhon-bearing Norton County enstatite achondrite
(aubrite).

Carbonacecus material is intrusive into coarsely crystalline,

' fragmented enstatiie, and is disseminated in granuleted, sheared
enstatite matrix. Relatively large veinlets intrude milky-

avpearing enstatite, walch is essentially carvon-free in its interior
(Fiz. 27v). Milkiness appears to correlate with brecciation. A
yellowish, sulfur{?)-lined cavity is associated with the intrusive
carvon to the right of the relatively large carbonaceous inclusion
(Fig. 2T0). A small fragment of metal in the carbonaceous

material is seen a5 a bright reflection below the central part of
Figure 27a (Arizona State University Collection).




Fig. 27b.--Norton County enstatite achondrite, detailed view,
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metal are present in the matrix, but'metal is not apparently intrinsic
to the hypersthene crystalé. The relations suggest thatva source of
metal underwent fragmentation at the same time as the coarsely crystal-
line hypersthene., The metal in Johnstown has been found to ‘contain 2.8
percent Ni (see Mason, 19634, p. 6), which is low for normal meteoritic
nickel-iron. An explenation for the loﬁ-nickel content may be inferred
from studies of metallic spherules from Meteor Crater, Arizona, a number
of which were found to have low-nickel contents (}ead and others, 1965).
Apparently, impact melting and sudden freezinz of shock melted, dis-
persed droplets of metsoritic nickel-iron results in an irregular
distribution of nickel-iron, and comronly in loss of nickel from the
metallic droplets.

The Johnstowm breccia is inferred to have béen developad as the
result of an externally caused brecciation event. Because of the
presence of metal in the brecciated groundmass, Johnstown is not
strictly a monomict breccia. It is classed here as a restricted(?)
polymict breccia because its metal may as well have been derived from
disrupted nickel-iron of the inferred hypgrsthene body as from nickel-
iron of an impacting material. The tern "restricted polymict breccia”
is intrcduced here to allow for the recognitionlof polymict meteorite
.breccias which contain materials that may have been derived from
different parts of a single parent body.

The Norton County enstatite achondrite (Fig. 27) also is highiy
brecciated, The large 'crys‘tals » &s in Johnstown, imply a long, slow
cooling history prior to brecciation. The'ﬁreéciaiion éf Norton Count&

was accompanied by the invasion of dispersed carbonaceous material
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(0.04 percent carbon; C.B. Moore, personal communication, 1967), and.
unfractionated primordial rare gases (Eberhardt and others, 1965). The
unfractiohated rare gases and the carbonaceous material are considered
not to have been intrinsic to possible parent body material of Norten
Count& beczuse the carbon-bearing enstatite chondrités display fraction-
ated rare gases (see Anders, 1964, Table 8 and Fig. 25). Because the
source of the carbonaceous material and the rare gases in Norton County
appears to have been non-enstatite parent body matgrial, Norton County
is classed as compound polymict breccia.

Compound polymict braccias, as defined here, are breccias that
consist of materials which appear to‘have been derived from different
parent bodies or from different genetic groups. As in Johnstown, there
is no evideﬁce to link the brecciation of Norton County with possible
magnatic activity in the parent body. Rather, the association of mate-
rials and the textures are more simply understood as the products of
collision or impact between compositionally diverse materials. The
source of the carbon and the unfractionated rare gases in Norton County
is inferresd to have been cometary material. "Solar"Aproportions'of
gases may be retained in the main part of comet bodies, although crustal
and "core" ﬁaterials of ccrets may be partly fractionated, and show
depletions in the lighter rare gases such as are shown‘by the carbo-
nacecus meteorites (Anders, 1964, Teble 8, znd Fig. 25).

Pallasites. Pallasites commonly show well devéloped crystalli-
zation textures (Fig. 28a), but in at least two cases (Admire, Eagle
Station) the crystallization texture has been disrupted (Fig. 28b).

Admire is classed zs a monomict breccia because it appears to contain
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Fig. 28.--Unbrecciated and brecciated pallasites.

2. Brenham pallasite. Closely packed, sub-rounded to rounded
grains of olivine with interstices occupied by nickel-iron and
troilite (FeS). Olivine crystals appear to have accumulated prior
to the solidification of metallic phases. Specimen is 6 cm across
at widest part (U. S. Geological Survey specimen).

b. Admire brecciated pallasite, showing disrupted crystallization
texture. Specimen is 7 cm across at widest part (University of
Arizona Collection).
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Fig. 28b.--Admire pallasite.
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only locally derived maferiéls. No evidence is known to suggest that
brecciation acconpanied a magmatic event in the pafent body.

Irons. Some irons are obviously brecciated. Hey (1966) 1lists
seven brecciated irons, two of which have silicéte inclusions. The
former are monomict and the latter are restricted(?) polymict breccias.
The characteristics of brecciated silicate-bearing irons have been
briefly reviewed by Mason (lQé?c). Mason distinguishes three different
types of silicate occurrence: 1) silicates as irregular‘patches;

2) silicates as minor constituents of troilite or graphite nodules; and,
3) silicates as drop-like inclusions. Thé second type, for reasons dis-
cussed later, are considered tc be compound polymict breccias.

Tﬁe silicate-bearing irons hgve been arranged, or classified, -
according to Ga-Ge groups, and inferred Ga-Ge groupé (Table 19).
Anomalous Ga and Ge values measured in some of these irons possibly may
have been the result of collision events. The relatively low-iron sili-
cates in some of the irons, which Mason (1557c¢) has pointed out are
transitional in composition between the enstatite and ordinary chon-
drites, are probably in some way related to the enstatite or bronzite
chondrites,

A fragmented angular silicate inclusion has recently been
discovered in the Bishop Canyon iron (c.B. Moore, perscnal communication,
1968). The pieces form a V-shape and appear to once ha&e been part of a
single angular fragment. The fragments lie within a rounded kamacite
inclusion, the boundaries of which appear to transect the fine Widman-
statten pattern of the main mass of the meteorite. The relations

suggest that nickel-iron was locally melted around the fragment at the
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Teble 19.--Provisional classification of the mesos1der1tes, and irons
with silicate 1nclu51ons.l/

Olivineg/ Pyroxenég/ Plagioclaseg/ Reference
Fa Fs An :

CAICIUM-POOR MIXTURES

Calcium-poor mesosiderites

Enstatite associationi/

Bencubbink/ P P
Enon 6 9 10 a
Mount Egertond/
#Udei Station 5 5 16 a
6-7 10 15-17 b
Weatherfordé/ P P
Winona ' 5 6 10 c
Hypersthene associationi/ _
Bondoc PeninsulaZ/ -- 19-32 73-97 b
Irons with c9lc1um-poor silicate 1nc1u51ons
Ga-Ge group I (Enstatite association)
Campo del Cielo 5 6 10 - a,; d
Odessa 3 5 ? a, e
Toluca 5 6 ‘ 10 a, d
Ga-Ge group II (Hypersthene assoc1at10n)

Four Cornexrs L 5 9 a, T
Kenda _} Counts_/ 1 1 9 a
*¥Pittsd 5 6 7 a, g

Ga-Ge group III snd IV Bronzite association)
Bishop Cenyon (IVa)i®/ -- -- -- ~ h
Weekeroo Station (III) DNone 6 15 a, e, h
Inferred Ga-Ge group I and II
Copiapo 5 6 10 a
Linvocd Y 6 12 a
"Persimmon Creek_/ 5 5 8 a
Pine River Y 5 19 a
Woocdbined/ 4 6 9 a
Inferred Ga-Ge group ITI(?) A
Colomera None 7 T a
Kodaikanal None - 1k 0] a
Netchaveoll/ 13 12 8 a
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Table 19.--Continued

OllVlne_/ Pyroxene_/ Plagloclaseg/ Reference
Fa Fs An

CAICTIUM-RICH MIXTURES

Calecium~-rich mesosiderites

Hypersthene--pyroxene-plagioclase association§/

Mount Padburyl2 9 - -

" Bronzite (B) or Hypersthene (H)--pjroxenv-plavloclase associationd/
*Barea -~ o = - a, i
Clover Springs -- -- ' - a

Crab Crchard -- C - 92 a, i
Dalgaranga (B) 13 - - 2, k
- ¥Dyarrl Island - ‘ - : -- a, 1
*Estherville (B) 15-20 16-28 S6 a, m
Hzinholz (H”‘ -- 18-39 8 08 a, b
*lowicz (B)Z=2 137
Mincy - -- 87 a, n
Morristown (§) 15-35 28-39 84-97 b, J
*Patwar (H)LE 35 20-35 85-95 a, b
Pinnaroo S -- - - .
Simondium -- -- - a, n
VacaMuerta (H) “- , -- 87-96 o
P 24-ko 79-87 b
Veranin P 19-32 849k b
Unclassified
Budulan
Lujan(?)=2 5/

Mesosiderites listed by Hey (1966); asterisk indicates fall. Irons
with silicates are from Mason (1567c) except where noted.

. Percent fayslite (Fz), ferrosilite (Fs), and anorthite (An) contents

of olivine, orthopyroxene, and plagioclase feldspar, respectively.
P = present.

. Association of chondrite, achondrite, stony-iron,and iron as shown
in the proposed genetic classification (table 2).

Clinoenstatite and a2 little olivine, nearly iron-free, set in a
cryptic, opaque, non-metallic base, that is in turn enveloped in a
meshwork of nickel-iron of hexahedrite composition; contains
enclaves of enstatite chondrite and hypersthene chondrite (McCall,
1967; Lovering, 1362).

' 2/. Stony-iron of the Shallowater or Pesyanoe enstatite achondrite type
6/

©

S

(McCall, 1955b).
6/. Consists of major clinoenstatite and minor forsterite (Hason and
Nelen, 1967).
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Table 19.--Continued

7/.
8/.

Metal encloses and intrudes dark hypersthene (C. B. Moore, parson-
al communication (1966); an analysis of the pyroxene by H. B.
Wiik (personal communication, 1G66) revealed no Ca.

All hexahsdrites apparently beong to Ga-Ge group II (see lovering
and others, 1957). The essentially iron-free silicates in
Kendall County perhaps are enstatite materials emplaced during a
collision between the enstatite and hypersthene bodies, which
may be inferrad from the Bencubbin mesosiderite.

These are considered by Goldstein and Short (1967b) to be irons
that would not belong to any Ga-Ge group because of anomalies in
band width of Widmanstatten pattern, cooling rates, and exposure
ages., It is suzgested that the cooling anomalies have been
superimposed as the result of a collision.

Angular, broken, relatively dark, crystalline fragzment (C. B.
Moore, personal comrmmnication, 1658).

Mason (1957c¢) notes that this meteorite was heated in a forge
after its discovery, and he postulates that the heating may have
altered the original composition of the silicates.

Bucrite, breccisted eucrite, diozenite (hypersthene achondrite),
olivine, and nicxel-iron; olivine is reported as achondritic
inclusicns (3cCall and Cleverly, 1$65; MMcCall, 1966). Calcium-
poor materials may have been in a compound polymict breccia
(hypersthena-bronzite?) prior to formation of Mount Padbury.

Cl?ssid)as a grahamite (calecium-rich? mesosiderite) by Coulson

1940

Classgd as a grzhamite by Coulson (19h0) who had described it in

193

Classed as a mesosiderite (calcium-poor?) by Coulson (1940).

Mason, 1967a.

Powell and Weiblen (1967).

Mason and Jarosewich (1967).

Wasson (l9o"b)

Wasson and Kimberlin (1967).

Iovering and others (1957).

Cobb and Moran (1965).

Wasson (15672).

Meunier (1872).

Brezina (1904); Prior (1918); Duke and Silver (1067)
McCall (1965Db).

Iovering (1562).

Merrill (1921); Duke (1963); Duke and Silver (1967).
Prior (1918).

Prior (1918); Duke and Silver (1967).
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time of its brecciation, and intrusion(?), and that this event post-
dated deveiopment of the Widmanstatten pattern and general
solidification of the iron. Bishop Canyon is provisionally classed as a
restricted(?) polymict breccia (Table 19).

Compound polymict breccias also appear to exist in the faﬁily of
irons, This is suggested on the basis of some apparently interrelated
compositional and textural anomalies, One of these is the presence of
high concentrations of rare gases in some irons (for example, see
Krankowsky and Zzhringer, 1956). The high concentrations have resulted
in caleulated K-Ar ages on the order of 1010 years (Fisher, 1$65). The
rare gas-rich irons include Canyon Diablo-and Toluca of Ga-Ge grcup I.
The Washington County iron is another rare gas;rich iron; it shows the
effects of shock and contains unfractionated rare gases (Anders, 196k,
Table 8 and Fig. 25, and discussion). Somz of the rare gas-beéring
irons éontain carbon and troilite nodules, and some of the nocdules are
diamond-bearing. In Canyon Diablo, diamond locally appears to pre-date
terrestrial impact (Carter and Kennedy, 196&, Fig. la, c). Carbon
nodules commonly appear to interrupt the Widmanstatten pattern of octa-
hedrites. In some cases, cohenite (Fe3C) encloses carbon nodules and
locally appears to cross-cut the Widmanstatten pattern of the enclosing
nickel-iron (Carter and Kennedy, 196k, Fig. 5). In otﬁer cases; bands
of kemacite that swathe or enclose carbon nodules, transect the Widman-
statten pattern, and swething kemacite also locally outlines
éarbonaceoﬁs veinlets in {the nickel-iron. The kaﬁacite, in both cases,

eappears to post-date the development of the Widmanstatien pattern.
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Examples of swathing kamacite may be seen in Wood (1863a, Plate 1lka),
end in Wasson and Kimberlin (1967, Fig. 6 and 7). |

In the Toluca meteorite (University of Arizona specimen no.
8345), a large (23 x57cm) troilite-carbon nodule is bordered by a thin
zone of finely gfanulated, carbonaceous-appearing material. The
granuleted zone is bordered by swathing kamacite, the outer margin of
which in part sharply transects the Widmanstattén pattern of the
enclosing nickel-iron. In the main mass of the meteorite, carbonaceous
material is present as thin veinlets that cormmonly follow the Widman;
statten pattern. At places, the veinlets lécaily appear to cross-cuﬁ
the Widmanstatten pattern. A few carbon veinlets can be traced into the
troilite-carbon nodule. The troilite-carbon nodule and the carbonaceous
veinlets thus zppear to have been emplaced after-the development of the
Widmanstatten pattern of Toluca.

Iastly, a curious mineralogical anomaly has been recorded in one
iron. The erphibole mineral, richterite (NapCafMiz,Fefs - SigOpp/OH,F/a),
has been described from a carbon or graphite nodule in the Wichita
County, Texas, iron (Olsen, 1967). The structuvrally complex, hydrous
mineral almost certainly was not the produét of slo% cooling in a
segregated nickel-iron mass.

The rare gases and the carbon nodules in irons may be geneti-
cally related and they may have been introduced during brecciation
events. Their introduction after development of the Widmanstatten
pattern would account for the discordant textural relations between tre
inclusions and the Widmanstatteh pattern, and for the develooment of

swathing kamacite in zones that locally were melted around the foreign
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inclusions. If so, the source of the troilite in the carbon nodules
could have been sulfur and sulfide-bearing matrix material of the carbo-
naceous meteorites, or component 1 materials associated with
unequilibrated volatilé-poor chondritic materialﬂ If thé rare gases are
unfractionated, the invading material is inferred tq have beeﬁlcometary;
if the rare gases are fractionated, the invading naterial is inferred to
have been asteroidal. The introduction of carbon and rare gases into
irons parallels, and is an extension of, polymict relations seen in
several brecciated carvon- and rare gas-rich stony meteorites.

Calcium=-rich achondrites. The pyroxene-plagioclase achondrites

have been classed by Duke and Silver (1G57) as monomict and polymict
breccias, and the terms eucrite applied to the former and howardite to
the latter. This has resulted in some differences in the assignment of
individual pyroxene-plagioclase achondrites to the eucrite and ﬁowardite
classes from the assignments listed by Mason (1967b). Mason (19670,
p. 110) classified the pyroxene-plagioclase achondrites on a mineral-
ogical basis, and suggests that: |
Howardites: hypersthene dominant over pigeﬁnite
Bucrites: pigeonite dominant over hypersthene
Mason points out that this mineralogical elassification has a close
correlation with the bulk chemical composition, Furthermore, classifi-
cation in this manner does not negaﬁe the generality that howardites zs
'a group are more thoroughly brecciated than the eucrites. The
classification of Mason (1957b) is followed hére because on the basis of
relations seen onAbroken surfaces and in thin seétions,'brecciation

appears to be dominantly, if not solely, a post-crystallization feature
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of the howardites and eucrites. Because of this,brecciation is not
considered to have genetic implications with respéct-to a mineralogical
classification. Duke and Silver (1S67) note that they have found evi-
dence in the eucrites which suggests thaf the brecciation mechanism may
have been unrelated to the magmatic process.

The brecciated pyroxzene-plagioclase achondrites are classified
in the manner proposed for the other stony meteorite breccias. Calcium-
rich compound polymict breccias are those in which celcium-poor
meteorite material is recognized., In some cases the foreign material
appears to be carbonaceous meteorite material, and in other cases
appzars to be volatile-poor, calcium-poor meteofite material, Metal is
present in small amounts in 211(?), or nearly all, pyroxehe-plagioclase
achondrites, and it occurs in brecciated materials. Metal is inferred
to have bean introduced during brecciation and to have been derived from
calcium-poor meteorite materials, Even the apparently unbrecciated
eucrite, Moore County (Fig. 252, b), contains minute metallic inclusions
(Hess and Henderson, 1949). The inclusions were observed by Hess and
Henderson to occur along concoidal fracture planeé in plagioclase that
lacks cleavage, which suggests that the metal was introduced after
crystallization of the plagioclase of Moore Céunty and at a time that
the micro-fracturing occurred.

If metal is exogenetic, all pyroxene-plagioclase achondrites are
technically compound polymict breccias. For the present, the only
calcium-rich compound polymict breccias that are recognized are
howardite and eucrite breccias which contain silicate fragments of

calcium-poor meteorite materisl, or which contain rare gases and carbon
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inferred to have been derived from carbonaceous meteorite materials.
With thesg exceptions, howardites are classed as restricted(?) polymict
breccias and eucrites are classed as monomict(?) breccias, which
reflects their gensral relative degree of brecciation and their relative
cohtenté of fragments of apparent diverse origin.

A number of eucrites may, with close examination, be revealed to
be restricted polymict or compound polymict breccias. An example‘is the
Juvinas eucrite, which megascopically appearé only to be partly
brecciated (Fig. 25c, d). A polished thin-section (Fig. 29; Juvines
No. 1 of M.B. Duke, U.S. Geological Survey) reveals the presence of tiny
creawy white, possibly enstatite, spherules in a conspicuouSIy
brecciated part of the meteorite., The creamy spherules are isotropic,
and they are enclosed by clear isotropic rinds of plagioclase(?) in
which tiny black, vitreous—appearing flakes occur. The clear rinds
locally are traceable into adjacent plagioclasze glass that contains
swirled trains of tiny vesicles and ti£y black, vitreous-appearing
flakes. The amorphous plagioclase is tentaiivel& identified as
maskelynite, which would indicate shock pressures on the order of 250 kb
or more (Milton and DeCarli, 1963). The amorphous state of the creauy
spherules also is inferred to be the result of shock. One subangulzr
frageeant of creamy silicate material is enclosed by a2 black vitreous
fusion crust; within the fusion crust a large part of the fragment is
stained or altered a dark brovm. Tiny grains and very fine dissemi-
nations of ma2tal are scattered through the brecciated rock and some are.
closely related, spatially, to the spherules and to the éubangular

fragment. In a plagioclase enclave adjacent to the fragment, parts of
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Fig. 29.--White achondrite (enstatite?) spherules and fragment in
Juvinas eucrite.

a, b, c. Spherules and fragment of amorphous enstatite(?) in
breccizated material., Spherules are creamy-white and very finely
granular. They are enclosed by clear shells of plagioclase(?) glass
that contains black vitrecous flakes of fused silicate. Foreign in-
clusions occur where crystallization texture of pyroxene and bladed
plagioclase is disrupted. Lergest spherule is 0.3 mm; sub-angulax
fragment to right is 0.2 rra wide. Note black fusion crust around
the fragment, and that only part of the fragment is creamy white
/&) reflected light; b) plane transmitted and reflected light;
¢) polarized transmitted and reflected light/.

d. Detailed view of large svherule showing glassy fusion crust
containing flakes of black, vitrsous, fused rock. The glassy shell
can be traced to right into brecciated pyroxene and amorphous plagio-
clase thet contains admixed black flakes of fussd silicate.
Extincticn in plsgioclase is undulatory Ziblarized transmitted and
reflected light/. ‘

e, . Three enstatite(?) spherules that zppzar to have been in-
Jjected into pyroxene along fractures. Note the glassy crusts; the
pale brown material enclosing the spherules is plagioclase(?) glass
that contains rmyriads of tiny vesicles. The largest spherule is
0.2 mn in its longest dimension [e) plane transmitted and reflected
light; f) polarized transmitted and reflected lighE7.

g, h. Sub-angulaer fragment of enstatite(?). Brown material to
the right of the fragment is vesicle-laden plagioclase(?) glass.
Part of the plagicclase crystal to the right of the fragment is
amorphous. A metal fragment is present at the junction of the
amorphous and crystalline plagioclase. In the detailed view, note
the finely granulated appearance of the enstatite(?) and that the
darkening of the fragment is the result of alteration, which may
have occurred concommitantly with fragnentstion and intrusion into
brecciated Juvinas material. Black fusion crust encloses frag-
ment. Fragment is 0.2 mm wide ZE) polarized transmitted and
reflected light; h) plane transmitted and reflected ligh§7.

Polished thin-section, Juvinas No. 1, M. B. Duke, U. S. Geological
Survey. : :
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the plégioclase are amorphous and pérfs df it are crystalline, and metal
occupies a central juncture point. Metal is disseminated in the finely
brecciated materials, and some appears to embay and invade brecciated
pyroxéne grains, From textural relations, the éreamy spﬁerules and the
creamy fragment appear to have been injected into the pyroxene-
plagioclase rock at the time of its brecciztion. PFinely disseminated
black vitreous material, which is inferred to be shock-melted rock, also
appears to have been intruded at the same time, and metal, vwhich also ié
discordant to the crystallization teitures, is inferred to have been
injected with the foreign silicates.

‘Metal in some pyroxene-plegioclase achondrites in places appeers
to pre-date the last brecciation event. Relations described by Duke
(1565b) for the Petersburg eucrite indicate that metal which encloses
coarse, broken hypersthene grains has, in turn, been subjected to
violent disruption, which is inferred from the presence of Neumann lines
in the metzl that enclosas and apparently invades the brecciszted pyrox-
ene, The relations in Petersburg appesr to be the result of two, or
more, brecciation events. |

Metal in the eucrites commonly is very low in nickel, less than
one weight percent in most cases (Duke, 1665b). ﬁxéeptions occur,
Kemacite of the Petersburg eucrite contains 3.5 weight percent Ni (Duke,
1965b), and metal in the Kepoeta howardite contains about 4.0 to 4.5
weight percent MNi (Fredriksson and Keil, 1963). Metal in the eucrites
and in the howardites occurs principally as intergranular ﬁetal in
breccia and locally as oriented inclusions in pyroxene (Duke, 1965b).

Duke (1965b) considers the metal to be intrinsie. Alternatively, the

'
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retal may have been mainly, if not entirely, derived from the calcium-
poor méteorités and-injected during brecciation events. The low but
variable nickel contents of the disseminated metalvmay be due to loss of
nickel frem the metal during shock fusion and sbrupt cooling, analogous
to the apparent loss of nickel in metallic spherules aroﬁnd Meteor
Crater (=24 and others, 19655. Metal in the eucrite and howardite
breccias may have been derived principally from metal disseminated in
chondritic materisl, and to a lesser extent from the low-nickel kamacite
(e¢-iron) bands of Widmanstatten structure in the case of -impact by
"eore" materials, High-nickel (¥ -iron) lamellae are thin in most
irons, and fused material derived from them would be expected to be
very finely dispersed during a shock event, forming inconspicuous
disseminations at best. Tiny nickel-rich droplets should be present in
eucrite and howardite breccias where the metal has been derived from the
impact of nickel-iron "core' matverials., However, conspicuous nickel-
riéh droplets perhaps should not be expected to be producei during the
impact fusion of the disseminated nickel-iron ol the chondrites, because
taenite is not a quantitatively important phase of the meﬁal of the
chondrites.

Tektites, Tektites are éonsidered to be a special form of
meteorite breccia. Atmospheric ablation features displayed by some tek-
tites have been used as evidencé for their extraterrestrial origin. The
aerodynamically sculptured forms of the australites have been experi-
menéally reproduced by Chapmen and others (1962), and trajectories
derived from the experimental work are reported to be compatible solely

with a lunar origin (Chapman, 1G6L4). Chemical, petrographic, and
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abundance considerations cited by Chao (1863, 1964) make a terrestrial
origin for the tektites extremely difficult, especially for the very
young, extremsly abundant australasian tektites, for which no terreé-
trizl impact site that could serve as & source of material can be
recognized. |

An argument which has been used to support the concept of a
terrestrial source for the tektites is that tektites display terrestrial
" minor element abundances (ifason, 1952a, p. 206; Chao, 1963, p. 80-82).
However, except for somz elexental abundanées that appear to be
ancmalous to both terrestrial materials and to mateorites, for example
the very high to high K, Rb, and Ba contents, the minor element abun-
dances o7 the tektites appzar to be as closely relzted to the
pyrcxene-plagioclase achondrites as they are to selected terrastrial
nsterials.,

A compariscn of the abundances of 51 elements in australites,
Henbury irmpact glass, and sub-greywacke by Taylor (1966) shows the
virtual identity of these three matefials, with the exceptions that the
australites contain considerably more Ca and Sr, and considerably less
of thz calcophile elements Cu, Pb, Ti, In, and Bi. Taylor (1966) con-
cludes that the évidence for the impact glass-parental sediment
relationships éuggests that the differences in composition between the ‘
tektites and the sub-greywaqke are primary, and are not caused by the
melting process. Taylor appeals to variations in the abundance of a
calcium mineral and to low concentrations of sulfide in the parent'
naterial of the tektites to explain the differences. The elements

shown by Taylor (1966) to be enriched and depleted in the australites
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are those that are gbundant and that are depleted in the pyroxene-
plagioclase achondrites, which are rich in Ca and Sr, and poor in
sulfides (Tables 3 and 4).

Australasian microtektites recently have been discovered from a
nunber of ocean-sediment cores obtained from north of the Pillippine
Islands, south of Australia, various parts of the Indian Ocean, and
southeast of Madagascar (Cassidy and others, 1967). The known linear
extent of the strewn field is about 11,000 km in a northeast-southwest
direction. Cassidy and others (1567) report that some of the spherules
are compositionally similar to the australasian tektites, but that some
display lower SiOp contents and resemble basic terrestrial rocks and
(calcium-rich) achondrites in composition. The australasian micro-
tektites thus appear to bridge the compositional gap between the
australasian tektites and "basaltic' terrestrial and extraterrestrial
rocks. Cassidy and others (1967) have estimated that a minimum of 150
million tons of glassy spherules exist in the area of occurrence of the
microtektites, and believe that this large mass rules out a terrestrial
origin.

The distribution in extensive strewn fields, the great abun-
dance, and the compositional characteristics, which include a close
similarity in REE abundances for the heavier rare earths (Fig. 2kc),
'suggest that the tektites are impact glasses derived from pyroxene-
plagioclase achondrite materials. By analogy with terrestrial explosion
and impact craters, the stiuctural zone of formation of the tektites is
inferred to be a shell of fused silicates developed between an outer

fragzented zone that is marked principally by brecciation (and inferred
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to be represented Ly the eucrites and howardites) and an inner zone that
is characterized by intensive physical nixing of impacting bolide and
inveded country rock (and inferred to be represented by the calcium-rich
mesosiderites). Tektites display very high contents of Rb and K (Chao,.
1653, Table 3), which have led investigators to propose a granitic
source for the tektites., However, Kb and K are fairly abundant in the
volatile-poor chondrites (Table 4), and from relations in polymict
breccias, pyroxene-plagioclase achondrite materials appear to have been
invaded by volatile-poor, calcium-poor meteorite materials, The chon-
drites nmay be the principal source of Rb and K in the tektites. Because
they are fairly volatile, Ro and K prcbably can be lost from impacting
materials as the result of shock fusion and driven into adjacent
enclosing molten silicates where they could become trapped in glass as

the result of abrupt cooling.

Dense Impactites

Chondrites. Some chondrite breccias are very dense, dark, and
very fine-grained. Accretionary textures commonly are not well pre-
served in these chondrites, but evidence of mechanical deformation also,
comzonly, is not megascopically obvious. However, close examination has
revealed evidence for mechanical deformation, for example in the
Farmington meieorite, which is a black, tough, dense, monomict(?) hyper-
sthene chondrite breccia (Buseck and others, 1966, Fig. 1). In
Farmington, a fairly large, dark, very fine-grained "fragment" is in
contact with derk, finely brecciated chondritic material. The dense

"fragmeni" contains thin veinlets of metzl and an elongate metal
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fragment or strip,.the ends or which are curled flaps that are nearly
foided back on themselves. The mestal strip is located very near the
margin of the dense "fragment", and flaps of metal are folded away from
the margin, into the mairix of the dense "fragment". A number of vein-
lets of metal occur in the "fragment", and theée do not ektend into the
main mass of the meteorite. The contact between the "fragmenf" and the
main mass of the meteorite is firmly welded. Tt is néf knife-edged in
sharpness as in the case of a discrete angular fragment that rests on
"bedrock", but rather, the centact appears to be a narrow zone of abruph
trensition between differently textured materials.

Disseminatad metal in the main mass of Farmington, and in the

" Ln

black "fragment', shows irregular jagged forms.in detail, and some metal
is present as tiny spheroids that once were apparently molten (Buseck
and others, 1966, p. 4); a violent origin by shock is proposed by
Buseck and others to ex?lain the brécciated micro-textures that they
observed in both the main mass and in the bvlack "fragment".

The relations suggest that the black "fragment” was not emplaced
as a discrete fragnent of pre-existing material, but réther was a
tgmporarily fluidizéd mass of finely comminuted hypersthens chondrite
material that contained finely disseminated molten metal and metal as
softened fragments. The mixture 6f comminuted siliqateé and molten to
softened metal-appears, from the‘"aerodynamic" shape of the folded
metal particle, to have moved toward and solidified against the
brecciated hypersthene chondrite country rock or "bedrock”. The tex-

" tural relations do not support a magmatic origin for the development of

brecciated textures in the main mass and in the dark inclusion in



159
Farmington. The textures, however, appear to be compatible with an’
origin by a violently disruptive event, such as could be generated
during a collision or impact.

The dense tough nature of Farmington, and its disrupted tex-
tures, are analogous to textural characteristics of many mesosiderites.
Both are considered heie to be irmpectites genersted very near, perhaps-
directly beneath, shock events, -- and in and near zones of mixing
between iﬁpacting and impacted materials.

Mzsosiderites. Twenty-four messosiderites are known, and of

these more then cne-quarter are falls (Table 1). On the basis of fells,
their abundance is nearly twice that of the pallasites. lost are dark
and slaggy-appzaring (Fig. 30). Their metal is unevenly and patchily
distributed, and in some there is a flow-like structure in the metal.

The m2sosiderites are classified on the basis of their:sili-
cates. Two principal groups are recognized: 1) a calcium-poor group,
in which the silicates are solely those of the calcium-poor msteorites;
and, 2) a calcium-rich group in which the silicates are pyr&xene,
calcic-plagioclase, and subordinate olivine. The calcium-poor meso-
siderites are the original mesosiderites of the R.T.B. classification,
and the calcium-rich mesosiderites are the grahzmites of the R.T.B.
classification (Brezina, 190&); A provisional classification of the
mesosiderites is shown in Table 19.

Mesosiderites are composed of approximately equal amounts of
nickel-iron and silicate. The nickel-iron dbes not form a network as in
the pallasites, but rather is irregularly distributed in grains,

threads, and nodules. The silicates commonly show a cataclastic
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Fig. 30.--Morristown calcium-rich mesosiderite.

Slabbed surface showing dense, tough breccia consisting of
irregular masses end threads of nickel-iron embedded in a dark
matrix of calecium-rich achondrite. Metal veinlets display an
apparent elongation or flow structure. Millimeter grid in
‘background (Arizona State University Collection).
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structure. Merrill (1895) noted the strongly cataciastic structure of
Morristowm, and observed that the feldspar was present as broken frag-
ments, not as in a clastic rock but rather as in a crystalline variety
of rock that ﬁad been subjected to dynamic agencies. Prior (1918) des-
cribed a number of the calcium-rich ﬁesosiderites, and he postulatedﬁ
that the agency for their origin was the magmatic intrusion of eucritic
material by molten nickel-iron, which carried with it minor olivine.
Prior récognized that the nickel-iron and the oiivine were compo-
sitionally very similar to the pallasites.

Calcium-poor mesosiderifes. Three exaﬁples of these, Bencubbin
and Weatherford (coxpound polymict breccias), and Bondoc Peninsula .
(restrictea(?) polymict breccias will be discussed briefly. »

Bencubbin has been described by Ioﬁering (1952, p. 150-194), who
recognized five types of materials. These are: 1) metal that occurs in
nodules and masses of irregular outline (Iofering, 1962, Fig., 4);
2) intimately admixed white achcndrite (enstatite) fragments; 3) dark,
low;metal (about 5 peréept) hypersthéné chondrite inclusions (both 2 and
3 were noted to be similar to materials of the Cumberland Fal}s polymict
enstatite achondrite association); L) scattefed, black; corpacted in-
clﬁsions consisting of incipient, flatten;d, fayalite-rich (Fa56)
olivine chondrules that are embedded in a dark, amorphous-looking matrix
which contains abundant troilite, about l‘percent graphite, and less
fhan 2 percent metal; and, 5) a2 single black, metamorphosed4chondrite
inclusion that contains more then 10 percent metal. Lovering (1562)
noted that the most abundant chondritic inclusions in Bencubbin are the

hypersthene chondrite "xenoliths", and the second most abundant are the
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black, compacted, iron-poor graphitic inclusions. The nickel-iron dis-
plays no Widmanstatten pattern on etchirng, but rather is blotchy
appearing (Simpson and Murray, 1932), a characteristic displayed by
"rim" speéimens of Canyon Diablo (Meteor Crater) iron which have
apparently undergone heating due to shock (see Moore and otﬁers, 1967).
Anorthite, reported as the result of chemical analysis by Simpson and
Murray (1932), could not be detected visually by Iovering (19562).

Bencubbin has been re-examined by McCall (1567), who has re-
ported that an enclave of hypersthene chondrite material is atypical in
that its olivine is Fayq and its pyroxene is entirely(?) pigeonite
which is crystallized in substantial grazins; the chemistry of the
enclave is reporced as being entirely typicai of hyperstﬁene chondrite
material. A second enclave in Bencubbin investigated by McCall (1s67)
is reported to be enstatite chondrite material; the only silicate
mineral in it is clino-enstatite, and the chondrulas are vefy poorly
‘formed and have incompletely crystallized central cores. Both the
hypersthene and enstatite chondrite enclaves were found to contain émall
amounts of carbon. The enclaves described by McCall have character-
istics of uneguilibrated chondritic materials. Bencubbin thus may be
inferreﬁ to contain near-surface materials of the ensfatite and hyper-
sthene chondrite bodies (Table 2; Fig. 23).

Fronm tex£ural evidence, Lovering (1962) concludes that the
parent material of Bencubbin was an intimate mixture of pyroxene-oli&ine
achondritic and various chondritic fragments, broadly comparable to the
association observed in the Cumberland Falls meteorite. (The dark in-

clusions in the Curmberland Falls enstatite achondrite have been
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identified by Bimns (1967) as highly primitive, unequilibrated enstatite
chondrite material,) Iovering (1552) notes that at some later stage the
physical mixture of stony-meteorite types was intruded by a metal magma
which cavght up a nurber of chondritic and achondritic fragments as
xenoliths. Iovering's description is heavily flavored by an underlying
assuxption that the mixtures are the results of magmatic processes that
have taken place in a single parent body. However, if the mixture is
interpreted in light of the proposed genetic classification (Table 2),
Bencubbin can be considered.to be compound polymict breccia consisting
of hypersthene body, enstatite body, and possibly carbonaceous or
pigeonite meteorite materials.

The Weatherford calcium-poor mesosiderite has been described by
Mason and Nelen (1567) as a highly shocked breccia of nickel-iron and
aubritic, or enstatite achondrite, silicates. Except for the lack of
hypersthene material, Weatherford appears to be much like Bencubbin., In
desceribing Weatherford at the 1967 Annual Meeting of the Meteoritical
Society, Mason noted that it is also similar to the Cumberland Falls
enstatite achondrite in that both contain blackened chondritic material
having the app:oximate mineralogic composition of the iron-free olivine,
forsterite. Mason and Nelen (1967) report 0.1l percent C, 1.69 percent
Ho0+, and 0.56 percent Ho0- in Weatherford. The water released above
110°C could have been terrestrially acquired water because Weatherford
wvas a find that was plowed up. The possibilipy exists, however, that
some of the water is extraterrestirial water which resides in layer
lattice silicates associated with the carbonaceous materials -- mate-

rials that appear tc have been emplaced at'the time of brecciation. The
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carbonaceous, water-bearing(?) material in Weathefford'may have been
either of priﬁitive enstatite chondrite or of carbonaceous meteorite
origin,

The relations in Bencubbin and Weatherford can be interpreted to
be the result of mechanical mixing during impact or collision events.
Evidence for two events appears to exist in Bencubbin, Evidence for one
event is preserved in Weatherford (and Curberland Falls) and it appears
to pe similar to one of éhe Ltwo mixing events of Bencubbhin, The common
event arpears to have bzen impezct of the infer=ed enstatite bedy by a
carbonacsous meteorite or pigeonite chondrite ﬁody, which resulted in
the emplacexent of carbonsceous matier, fracticneted rare gases (in the
case of Weatherford; Anders, 1G6L, Table 8), and volatiles in nominaliy
volatile-poor enstatite materials, The relicts of the carbonaceous or
pigeonite metecorite material in Bencubbin would be the graphite-bearing
chondritic material that is rich in sulfides, that is deficient in
metal, and that has a high fayalite conient in the chondrules, which is
more characteristic of pigeoniterthad carbonaceous chondrite materials,
In Bencubbin, some 6f the carbonaceous material also may have been
derived from primitive, or uneguilibrated, carbon- and rare gas-bearing
enstztite and hypersthene chondrite materials at thé time of a second
mixing event. The second event, from descriptions of Iovering (1962),
appears to have been accompanied by mobilization of metal that mzy have
been derived from core materials of either or both the enstatite and
hypersthene parent bodies.

The Bondoc Peninsula mesosiderite is a restricted(?) polymict

breccia that consists of highly. contorted metal which encloses and
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' intyudes brecciated hyperstheﬁe achondriteAmaterial (C.B. Moore, per-
sonal communication, 1566). Analysis of the hypersthens (H.B. Wiik,
personal cormmunication, 1966) has revealed no calcium., However, plagio-
clase feldspar has been reported for Bondoc Peninsula (Powell and
Weiblen, 1967). The feldspar is not megascopically apparent in speci-
mens in the Arizona State University Colleétion; and thué plagioclase
must be only an accessory mineral, analoéous to the accessory plagio-
clase of the hypersthere achond;ites. If metel of Bondoc Peninsula can
be demonstrated to nwelong to Ge-Ge groﬁp I (enstatite body) or Ga-Ge
group IIY (bronzite body), Bondoe Peningulz could be feclass‘fied as a
compound. polymict brecciza.

Calcium-rich mesosiderites. The calcium-rich mesosiderites ere
structurally complex nmixtures of calecium-rich and caicium-poof mate-
rials. They are considered by some workers to have close genetic
affinities to the pyroxene—plagiocl#se achondrites, principally on the
basis of 180/160, and to have arisen from a cormaon parent material
through fagmatic differentiation (Taylor and others, 19553 Duke and Sil-
ver, 1667). The interpretation that certain of thg célcium-poor
silicates ere genetically related to the calcium-rich pyroxene-plagioclase
achondrites as the result of magmatic processes in a parent body, has
been discussed, and rejected, in Chapter 5. The data and interrelation-
ships that are developed in Chapters 3, 4, and 5, which.led to the
correlaticns that are summarized in Tabie 2, indicate that on chemical
grounds, calcium-poor and calcium-rich meteorites are genetically

discrete materials. The following discussion summerizes some of the

texturél and mineralogical characteristics of the caleium-rich
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mesosiderites, which need to be considered in evaluating their origin, -
an origin that has not yet been fully explained.

In Vaca Muerta, Prior (1918) noted a cataclastic texture in
which anorthite feldspar occurred in sharp edgéd fragments only, and in
.which pyroxene showéd little in the way of piystal outline. He noted
that the nickel-iron in Vaca Muerta encloses the.fragmented naterials
and was the last constituent to consolidafe. M.B. Duke (personal
cormunication, 1667) has observed pieces of Vaca Muerfa that are micro-
scopically indistinguishgble‘from terrestrial gabbro. Textural
relations in Hainholz and Simondium, observed by Prior (1918), are
similar to those in Vaca Muerta., In Mincy, Prior noted that the
structure is much less cataclastic and that pyroxene occurs in rounded
grains with the interstices filled with bladed feldsparj nickel-iron, as
étringers, was observed to enclose the feldspar and pyroxene, énd thus
Mincy was also considered‘by Prior to be a mesosiderite. A thin section
of Crab Orchard described by Priér (1918) displayed two parts that weré
in sharp division. In one part, which contained much metallic iron, the
anorthite and pyroxene were observed to be broken into ifregular frag-
ments; in the other part, the anorthite and pyroxene formed a
coarse-grained mozaic, much like a gabbro. Prior (1918, p. 169) con-
cluded that the textural relations show the invasion and breaking up of
a pyroxene and anorthite rock by nickeliferous'iroﬁ. |

The paragenetic relationships at places are more complicated
than can be explained by simple intrusion. Iovering (196é, p. 183 and
Fig. 1) observed in the Pinnaroo mesosiderite that fhe margins. of large

forsterite-rich olivine crystals (up to 2 cm in diameter) are intruded
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and disrupted by the pyroxene-plagioclase achondrite groundmass. From
this, ILovering (1952) concluded that the olivine crystals must have been
xenocrysts in the basaltic achondrite "magma'". The relations between
the metal phase and the basaltic achondrite groundmass in Pinnarco had
earlier suggested to Alderman (1940) that both components were liquid at
the same time, and that they solidified in situ. The textural relations
in the mesosiderites thus are in part con%radict&ry if they are consid-
ered to have resulted from magmatic intrusipnsvin a parent body; they
are not contradictory if they are considered to ha&e resulted from
impact brecciation and mixing, during which time the impacting bolide
and part of the impacted country rock were brecciaﬁed and partly shock-
melted, giving rise to the locel developﬁent of mutual invastion
textures. If 2 shock model is valid, the general conclusions of Prior
(1918) would suggest that the pyroxene-plagioclase achondrites have
served as the target materials for impacting pailasitic and nickel-iron
materials, .

Iarger patches of metal in Vaca Muerta and Patwar contain well
developed fine Widmanstatten structure, whéreas netal of other meso-
siderites contains irregular blebs and lamellae of very high-nickel
taenite in relatively wide areas of kamacite (Powell and Weiblen, 1967).
The Widmanstatten pattern, and the teenite, are very possibly relict
from structures developed in typical irons. Determination of Ga and Ge
from the larger patches of metal might serve to identify the metzl with
one of the Ga-Ge groups of ifons. ”

Tridymite (< 3 kb, relatively high temperature SiO,) appears to

be a ubiquitous constituent of the mesosiderites. Duke (1963, p. 52)
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reports that it is present in Estherville, and Powell and Weiblen (1957)
have observed it in the six calcium-rich mesosiderites that they

studied. In spite of the presence of free Si0O_. in the form of tridy-

2
mite, the silicate phase of the mesosiderites is apparently enriched in
Mg with respect to the calcium~-rich achondrites (Table 3).

M.B. Duke (personal communication, 1967) reports that he has
observed tridymite grains in Vaca Muerta tﬁat are crystal clear,
perfect, and on the order of 2 mm in diameter; and that tridymite grains
in Esﬁherville also are ccmmonly very large. Duke reports that
tridymite occurs in Vaca Muerta in the centers.of textures that are
recognizably magmatic and that are not shock préduced; and he notes that
volatile minor elements in mesosiderites are not any more depleted than
in howardites. Duke concludes that the fragmented texture of Esther-
ville, including the paragenstic disequilibriwm relations, indicate that
Estherville was not wolten but was recrystallized at rather high
temperatures. Alastly, Duke notes that explaining the presence of tridy-
mite in mesosiderites is no problem because all the pyroxene-plagioclase
achondrites have free Si05 to begin with;

The foregoing indicates that several aspects of the problem of
mesosiderite formation are nof resolved, Textural relations described
by Prior (1918) and by Iovering (1962) appear to be best interpreted in
terms of mutual invasion, of mixing, of materials during impact events.
The magmatic ;spgcts described by M.B. Duke, above, require that & high
temperature environment be generated in which the obsefved'mineralogical
and textural features could develop. Some §f the features observed by

Duke possibly could be post-impact features that developed well within a
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high density mass, -- a mass that was ele&atéd to high temperatures by.
shock and that then cooled fairly slowly at relatively low pressures.

On the basis of textural relations and correlations outlined in
Table 2, the calcium-rich mesosiderites are claésed as compound polymict
breccias. They are interpreted to have been formed by the impact
invasion of lunar country rock by metalliferous asteroidal materials, in
events that also may have been responsible for their escape from the

mOOon..

Classification of the Meteorite Brecciszs

A propdsed classification of the meteorite breccias.is outlined
in Table 20, and is summarized in Appendices iI and IITI., The classifi-
cation was developed from evaluation of the meteorite breccias in terms
of the proposed genetic classification of the meteorites (Tablg 2).
Classification of brecciated meteorites with respect to the genetic
classification results in some apparently internally consistent, and
interrelated, groupings. The classification of the breccias is arranged
so that compound polymict breccias appear under more'thanione heading.
Furthermore, restricted(?) polymict breccias and monomict breccias can
be raised in rank if additional ﬁork reveals new relations.' The assign-
ment of many meteorites to specific breccia groups is provisional at
this time because the assignments of many were made on the basis of in-
‘complete and sketchy descriptions in the literature. Some assignments
were nade on tﬁe basis of personal inspection. .Essentially all of the
polymict breccias of Wahl (1952) need to be re-examined: Unequilibrated

chondrites such as Parnallee and MézS-Madaras, which are discussed in
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Table 20.--Preliminary classificatidn of meteorite breccias.*
CIASS I. CAICTUM-POCR METEORITES

A, Carbon, water and rare gas-bearing breccias}/

1. Pigeonite association (restricted? polymict)gf

a. Chondrite (None23
b. Achondrite (5?)

2. Hypersthene associationg/

Noneﬁ/

3. Bronzite association (compo@nd polymict)g/

a. Chondrite (o)_/
b. Achondrite (l)—/
c. Pallasite (None?)
d. Iron (2)§/

4, Enstatite association (restricted? and compound polymict)g/
a. Chondrite (None°)9
b. Achondrite (L)10
c. Mesosiderite (2)__/
d. Iron (2)12

B. Breccias that avpparently lack carbon, water, and rare gases

1. Chondrites

a. Compound polymict breccia
1). Hypersthene-enstatite mixtures (39)
2). Hypersthene-bronzite mixtures (67)i2
3). Bronzite-enstatite mixtures (37)13
b. Restricted(?) polymict breccia
lg. Pigeonite (N?ne§z3
2). Hypersthene (37
3). Bronzite (18)17/
4), Enstatite (None)g/

2. Achondrites

a., Compound polymict breccia
1). Enstatite-hypersthene mixtures (l)lg/

- ¥ See Appendix IT for notes and references, and Appendix III for list
of brecciated meteorites.
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Table 20.~-Continued

CIASS I. CALCTUM-POOR METEORTTES
B. Breccias that apparently lack carbon, water, and rare gases
2, Achondrites :

3.

CIASS II.

b. Restricted(?) polymict breccia
1). Pigeonite-metal (ureilite) mlxtyre (5’)
2). Hypersthene-metal mixture (8{
3). Enstatite-metal mixture (99 0,2

Stony-irons

a. Mesosiderites (calcium-poor)
1). Corpound polymict breccia
a). Enstatite-hypersthene mixture (l)ll/'
2). Restricted(?) polymict dbreccia
a). Enstatite-metal mixture (5)11 21/
b). Hypersthens-metal mixture (1)22
¢). Unclassified (4)__7
b. Pallasites
1). Restricted po ct (None?)
2). Monomict (2+°)é§7

Irons with silicate inclusionsgé/

a, Cormmpound polymict breccia

1). Metal (hypersthene)-silicate (enstatite) mixture
a). Brecciated hexahedrite (1)

b. Restricted or compound(?) polymict breccia
1). Enstatite association (Ga-Ge group I) (L)
2). Hypersthene association {Ga-Ge group II) (2)
3). Bronzite association (Ga-Ge group III and IV) (2)
L), Inferred enstatite or hypersthene association (5)
5). Inferred bronzite association (3)

CAICTUM-RICH METEORITES

A. Carbon, water, and rare gas-bearing’ﬁrecciasl/

1.

Pyroxene-plagioclase achondritesgé/

a. Howardite (h%EZ/
b. Eucrite (1)28/

Textites (2)29/



Table 20,.--Continued

CILASS IT.

CAICTUM-RICH METEORITES

B. Breccias that apperently lack carbon, water, and rare gases

1.

Pyroxene-plagioclase achondritegé/

a, Compound polymict breccia
1). Howardite (32)30
2). Eucrite (4)3L
b. Restricted(?) polymict breccia
1). Howardite (7)3_97
c. Monomict(?) breccia
1). Eucrite and shergottite (2k)
Tektites(?)§§/

Mesosiderites (calecium-rich)

2.

Compound polymict brecciaig/

1). Enstatite-metal-eucritic mixture (NoneV%
2). Hypersthene-metal-eucritic mixture §5)3
3). Bronzite-metal-eucritic mixture (4)32
4). Unclassified (7)

Chondrites with eucritic(?) inclusions

-

Compound polymict breccia
1). Hypersthene chondrite-eucritic mixture (1?)32/
2). Bronzite chondrite-eucritic mixture (42)38

- 172
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the first ssction of this chapter, are recognized as accfetionary rather
. then true polymict breccias. Until the individual meteorites are re-

examined, the polymict assignments of Wahl (1952) are rétained.

Volatile-rich Breccias

Breceias that contain structurally discordant carbonaceous
material and associated volatiles in otherwise anhydrous high tempera-
ture silicates are classed as volatile-rich breccias. Water and rare
gases are assurmed to be held in layer lattice silicates that are
associated with disseminated carbonaceous materials. The rare gases in
sore breccias,'fof example -- the waler-bearing pigeonite achondrites
(Table 3), are fractionated (Anders, 1S54, Table 8). In this case, the
source of the carbonaceous material mey have been hydrated cormonent 1
matriz material of the pigeonite chondrites, which display fractionated
rare gases (Anders, 1964, Table 8). However, in some enstatite achon-
drites and ﬁowardites, the rare gases that are apparéntly associated
with carbonaceous material are unfractionated, and the unfractionated
gases mey have been derived from primitive-parent body materials of the
carbonaceous meteorites (comets).

Thus, under the heading of carbon- and rare gas-bearing breccias
resides material that'may have been invadéd either by volatile-rich
conetary materials or by primitive, unequilibrated, hydrated, chondrite
materials that resided in the outer or "erustal" parts of asteroidal
bodies. A principal clue as to the origin of the volatile-rich materials
may reside in the character of gases émplaced and trapped in the

breccias. Unfracticnated rare gases, gases in "solar" proportions, may
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indicate a cometary origin, whereas fractionated or "planetary" gases

may indicate an asteroidal origin.

Volétile»poor Breccias

Details regarding some of the breccias listed and discussed in
Table 20 and Appendiées,II and III have been described in preceeding
parts of this chapter., In a number of metalliferous breccias and in
silicate-bearing irons, Ga and Ge values could prove useful for
determining whether the silicate-metal mixtures are festricted polymict

or compound polymict breccias,

Interoretation of Record in Breccias

Comet-asteroid and Interasteroidal Collisions, Breékup of Asteroids,
and Formation of ILunar Basins

A large number of types of polymict breccias are poésible. 'How-
ever, only a relatively few types of compound polymict breccias are
known, and they tend to cluster into é few discrete groups or
associations (Table 20). The brecciated materials appzar to have
resided principa;ly in three parent bodies' (Tables 2 and 20). From the
polymict associations, the bodies probably had original configurations
similar to that shown in Eigure 23. Mixing appears to have occurred zs
the result of two comet-asteroid impacts, and a limited number of
collisions between the inferred asteroidal bodies, and fragments of the
bodies. The events that may be inferred directly from the polymict
breccias, and indirectly from the gasfretention ages of stones and
cosmic~-ray exposure ages of the irons, appear to be major disruptions.

The inferred bodies, and fragments of the bodies, were probably
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perturbed into interasterocidal-, Mars-, and earfh-crossing orbits as a
result of the brecciation events.

Meteorite ages (Table 21) and the polymict breccias (Table 20)
can be ordered with respect to the proposed genetic élaésification of
the meteorites (Table 2). When so ordered, the timing, the probable
causes, and the sequence of events in the fragmentation and breakup
histories of the inferred asteroid parent bodies appear to be revealed
(Table 22). Young l’LHe ages, most of which are sharply discordant with
K-Ar ages, have been used to estimate the ages of brecciation events in
the stones. Short discordant hHe ages are assumed to have'been the
resvlt of ?referential loss of He by shock. The assﬁmption is supported
in a few stones, such as the Bruderheim hypersthene chondrite and the
highly shocked Farmington hypersthene chondrite, which show young,
essentially concordant, K-Ar and hHe ages (Appendix IV). A number of
gas-rectention agas have been reported for stones that may have been in-
vaded by carbonaceous meteorite material, such as>Norton Comnty,
Breitscheid, and Pultusk. The diversity in reported ages may reflect an
irregular distribution of rare gases in the meteorites, which may be the
result of emplacément of foreign rare gases during brecciation. TFor
irons, th/hoK cosmic~-ray exposure ages have been used in most cases.

Irons of Ga-Ge groups III and IV, which are considered tb be a
single,genetic group for reasons given in Chapter 3, have the oldest
exposure eges, ranging from about, lthAto 2200 m.y. Irons of Ga-Ge |
group II first appeaf at about 1200 m.y. ago, and irons of Ga-Ge group I

appear at about 900 m.y. ago (Tables 21 and 22). The abrupt appearance
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of a nuxber of irons at about 900 nm.y. ago is inferred to re;érd one
major, and pdssibly one minor, interasteroidal collision (Table 22),

Irons of the enstatite and hypersthene bodies appear to have
been extensively exposed at a2bout 9C0 m.y. 2go, 2nd "stage two" in the
formation of the Bencubbin mesosiderite may have occurred st this tima.
The enstatite body appears to have undergone an earlier invesion by
carbonaceous meteorite or pigeonite chondrite material, which is
inferred from paragenetic and age data from the carbon- and rare gas-
bearing Norton Cowity enstztite achondrite, and from "stage one"
‘relations in the Bencubbin and VWesatherford mesbsiderités, and the
Cumberland Falls enstatite achondrite, Carbon, troilite, and rare gases
are inferred to have been intruded into core materials of the enstatite
body during the earlier event, which is deduced from relations in the
Ga-Ge group I Canyon Diablo, Toluca, and Cdessa irons. The time of the
inferred comet-astercid brecciation event is uncertain, but it probably
occurred before 1300 m.y. 250, and possibly before 1900 n.y. ago, which
are gag-retention ages.given for the Norton County'enstatite achondrite.

The oldest major disruption event appears to have been the
exposure of the core of the bronzite bodya represented by irons of Ga-Ce
groups III and IV, about 2200 m.y. ago. Initial fragmentation of the
bronzite body also may have been the result of cometary impact, which is
inferred from the carbon and the character of rare gases in the Pultusk
and Breitscheid chondrites, and from shocked énd rare gas-bearing irons
of Ga-Ge groups III and IV.

Fragmentation history of asteroids. Events outlined in Tables

21 and 22 may be summarized as follows. Comet impacts are inferred teo
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have initially and apparently severely affected the bronzite and ensta-
tite bodles, probably initially perturbing their orblts. One and
possibly both events occurred before 2000 m.,y. ago. Several imbacts
appear to have occurred.on the hypersthene body in the interval 1000 to
2000 m.y. ago, pvossibly frém impacts of fragments of bronzite and
enstatite materials lost as the result 6f the inferred cometary irpacts.
The core of the hypersthene body was first exposed about 1200 m.y. ago,
~ but major fragmentation of its core materials, as the result of a
collision with the enstatite bodj, appears not to have occurred until
about 910 m.y. ago. The bronzite body possibly became involved in a
subsidiary collision at this time, Collision and fragmentation events
becane comzon (Teble 22) following a rpossible collision between the
bronzite and enstatite bodies at about 825 m.y. ago. There appears to
have been a major collision between the bfonzite and hyperstheﬁe bodies
at about 700 m,y. 2go, followad by major collisions between the ensta-
tite(?), hypersthene and bronzite bodies at about 585 and 600 m.y. agp.‘
Subsequent fragmentation events then occurred, principally between
materials cf the hypersthene and bronzite bodie;.v The youngest major
events appear to have oécurred at about LLO m.y. and 240 m.y. ago,
althougﬁ possible substantial events may have cccurred to as recently as
75 m.y. ago. The fairly large nurber of events that post-date the times
of the inferred mzjor breakups may reflect a "comainution" of fragments
of asteroidal bodies, and may have been rgsponsible for the relatively
great abundance of the hypersthene and bronzite chondrites.

Form tion of lunar basins, The tlmes of initial fragmentation

of the bronzite and enstatite bodies, some 2000 m.y. ago or so, and the
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apparent major breakups of the hypersthene, bronzite, and enstatite
bodies at about 900, 700, and 600 m.y. ago, have interesting impli-
cations regarding the impact history of the earth and the moon, and the
flux of asteroidzl materials available for impact of the earth and the
moon over the course of geologic time. The major lunar basins, which
are of apparent impact origin on the basis of geologic considerations,
almost certainly must owe their existence to the impact of extraordi-
narily large and massive bodies of materials. The only apvarent sources
are fregments cf asteroidal bodies proauced in the inferred collisions
and breakups that are outlined in Tables 21 and 22.

On the basis of existing evidence in the mzteorites, the oldest
lunar basins couid scarpely be more than about 2200 m,y. old., If a
correlation exists between the apparent major asteroidal brezkups and
the formation of lunar basins, rost pf'the lwar basins would be 900
m.y. 61&, and younger., Perhapé five of the six major lunar basins,
those whose morphological eprearances range fronm subduéd to extremely
fresh (Fig. 31), may have been formed in the pést 900 m.y.

The basin underlying Mare Fecunditatis‘ié.the oldest of the
major lunar basins., It is a relict or "ghost" basin, and no materials
that are associated with its formation appesar to be exposed at the lunar
surface, The Fecunditatis basin may have beenvforﬁed in the interval
1200 to 22¢0 m,¥. agoe.

Materials enclosing basins associated with Mare Nectaris and
lare Humorﬁm'exhibit about ideﬁtical degrees of preservation and have
.fairly conspicuous outlines. The two basins, and possibly the basin

associated with Mare Serenitatis, which has been extensively modified Ey
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Fig. 31.--Index map of moon and full moon photograph

Prominent rays sketched approximately. Diffuse dark halo around
Tycho and possibly similar halos around Anaxagoras, Aristarchus,
Euctemon and Proclus are stippled. Outline of concealed basin
"deep" of Mare Fecunditatis is shown in dotted outline. Full moon
photograph, Mt. Wilson 100-inch telescope.
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younger materials of the intersecting Imbrium Basin, may be considered
to comprise an "o0ld" group of basins. The "old" basin group perhaps
formed after the first major breakups and may be aﬁout SCO m.y. old and
less. The next younger basin is the well developed Crisium Basin, and
the youngest, most prominent basin of the subterrestrial hemisphere is
the fairly youthful appearing Imbrium Basin, The Crisium and imbrium
Zasins may be related to the inferred breakups in the interval of about
58C to 7C0 m.y. ago, and they thus would be less than 7CC and 600 m.y.
old, resdpectively. However, the Imbrium Basin possibly may even be
younger, and it might be related to the inferred 440 m.y. old collision
event (Tables 21 and 22). The youngest major basin is the Orientale
Basin, which is located on the leading or western edge of the moon (Fig.
31). It exhibits an exceedingly fresh appearance and may be related to
the 220 m.y. old collision event. or possibly even to one of the younger
events. It even may be less than 100 m.y. old. Although direct corre-
lations cannot be made until materials are returned from one or more
lunar basins, an interesting parallelism appears to exist between the
general sequence in the development of the lunar basins and the general
sequence in the inferred breakup history of the asteroids.

The correlations outlined above would indicate that pre-mare
plains-forming materials of intermediate albedo that are seen, for
examplég in and near the Nectaris Basin, are less than about 900 m.y.
old, exd that the younger, dark mare materials, which are exposed in the
Tloors of all basins, would be less than about 580 m.y. old (younger
than the Imbrium Basin) and locally might be less than 100 m.y. old

(younger than the Orientale Basin). The span of time that includes the
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young Copernican System, the older Eratosthenian System, and the still
older Archimediasn Series of the Imbrian System, which post-dates for-
mation of the Imbrium Basin, would fall in the interval of O to
about 580 m.y. This interval of time, perhaps fortuitously, is
essentizlly the same interval that is occupied by the Paleozoic, Meso-
zoic, and Cenozoic Eras of Earth.

The breakup history of the asteroids, if it has affected the
moon in the manner discussed above, can hardly have gone unrecorded on
earth., A next step is to integrate meteorite, lumar, and terrestrial
information into a coherent, interrelated series of events in the impact
history of the moon and the earth. A4An outline for the most recent of

the events is discussed in the following section.

Recent Cratering of the Moon

A number of the polymict meteorite breccias listed in Table 20
nay be interpreted to be lunar materials that have been driven from the
moon by the impact of both ccmetary and asteroidal materials. The
carbon-bearing and rare gas-rich howardites can be interpreted to be
Iunar uplands materials that have been invaded by cometary materials in
one or more substantial impacts that occurred in the not very distant
geologic past. Exposure ages for stones, except for the aubrites, are
rostly a few tens of millions of years old, and only a few stones are as

much as 50 m.y. old (Anders, 1964). The one carbon-bearing eucrite that

- is known, Haraiya, may be evidence that some mare materials also have

been invaded by cometary materials. The existence of the fairly abun-

dant calcium-rich mesosiderites, and of eucrites and howardites that



185
appear to contain materials derived from the bronzite, Hypersthene, and
enstatite bodies, may be considered evidence for the fairly recent
impact of the lunar surface by chondritic, pallasitic, and metallic
asteroidal materials.

The lunar surface is pock-marked with ybuthful ray craters of
Probable impact origin, but only a few are relativeiy large, about
100 Xm and more across (Fig. 31). Three large ray craters, Theophilus,
Lanérenus, and Copernicus, lie at approximately 10°¥ or 10°S latitude.

A fourth prominent ray crater, Tycho, which is about 87 km across, lies
at sbout 45°S latitude. A pair of fairly large ray craters, Anaxagoras
and Euctomzn, lie near the lunar north pole. A nudber of smaller,
internediate-sized ray craters, yhich include Aristarchus, Aristillus,
Autolycus, Kepler, and Proclus, also are prominent in full moon illumi-
nation {¥igz. 31). The very large ray craters would be expected to be
the most likely sources of the howardites and eucrites, although the ra&
craters of intermsdiate size also could be sources 6f rmaterials,

If the distinctive characteristics of certain meteorite breccias
can be correlated with distincti&e characteristics of the rim materials.
of certain lunar craters, then the ccmposition and origin of the rim
materials may be deduced, corielétions become possible, and estimates of
ages may be made., Some correlations seem possible. Detailed ge&logic
mapping of the Colombo quadrangle of the moon (Fig. 31) using moderate
end high resolution Iunar Orbiter photographs {Elston, in preparation;
in press), has revealed the existence, in the maria and uplands, of
youthful, dark to intermedizte albedo halo craters of epparent impact

origin.
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Cratering by cometary materials, Messier and Messier A are a
pair of elliptical dark halo craters; about 10 x 18 km, which lie near
the central part of Mare Fecunditatis (Pig. 31). A pair of bright rays
extends westward from Messier A.across the maria to the Colombo uplands,
a distance of more than 110 km, The ray materizl can be traced back to

a position formerly occupied by wall material of an older crater that
was partly destroyed during formation of Messsier A, Fron this consid-
eration, and from the braided character of fresh radial rim materials
that are asyrmetrically disposed in a north-south direction, Messier and
Messier A are considered to be impact cratérs (Elston, in press).

Except for their low albedo, the radial rim materials of the lMessier
craters are cldsely analogous to radial rim materials that enclose
youthful bright halo and ray craters of probable irpact origin. Crater
wall materials of the Messier craters are fairly high in albedo, but the
crater rim materials, vhich are low in alﬁedo, are curiously smooth and
contain only a few scattered blocks, The derk rim ﬁaterials are anona-
lously smooth with respect to young bright halo craters, which display
blocky and Tubbly rim deposits. The rim materials of Messier are
penetrated by two small younger craters that show that the smooth dark
rim materials of Messier are underlain by normal mare material which
displays a characteristic high albedo in the wall and rim materials of
younger non-dark halo creters. The rim and fall-back(é) materiais of
Messier and Messier A aprear diffusely darkened, and exhibit a smeared
"out-of-focus" appearance in high resolution Iunar Orbiter photographs.
The apparent comminution and the darkening of the Messier ejecta and .

fall-back(?) is attributed to the impact of dark, low density, easily
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diffusible materials which rather thoroughly permeated the breccia and
which possibly also were responsible fbr the apparent comninution as
well as darkening; the impacting meterial may have been volatile-rich,
icy, cometary material containing carbonaceous material (Elston, in
press). In the meteorites, the diffusely darkened corminuted material
of the rim deposits of the Messier craters szppears to be most closely
approximeted by the light-dark structure that is exhibited by a few
carbon- and rare gas-bearing howardites, In Kapoeta, the contact be-
tween pervasively darkened, carbon- aﬁd rars gas-vearing material,_and
lighter un-invaded hcwarditic material, can fe'seen.to be extremsly
sharp and smooth in fine detail, and the light-dark contzct is not
marked by an obvious change in texture of the breccia (Signer -and Suess,
1963). The darkening material must have been highly mobile, and its
emplacerment possibly was abrupt.

Séveral of the large and intermediate-sized craters contain dark
halos in their rim materials. The nost obvious dark halo encloses
Tycho, and it irregularly encircles the crater, in part at some distance
from the rimAcrest. In high resolution Imnar Orbiter photographs,mate-
rials of the dark halo appear fo be smeared, diffusely darkened, and
"out-of-focus”"., The materials appear to be virtually identical with the
diffusely darkened, smooth rim and fall-back(?) materials of the Messier
craters. If the dark hald materials of Tycho are inverted and returned
to their assumed original positions in the area of the crater, they
would lie in or near the path of penétration of the impacting body,
wnere lunar bedrock could have been invaded by the impacting material.

The author has proposed that Tycho was excavated by cometary impact,
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and that thz dark rim materials may Be potential sources of water, rare
gases, and carbon; volatiles may also be present'in the form of a rather
specially developed permafrost (Elston, in press).

Aristarchus is another ray crater that hay have been formwed by
conetary impact. Cometary impact could explaip the low albedo of its
fairly smooth rim materials relative to the very great brightness of its
crater wall and floor materials (Fig. 31).

The key to the identification of p&ssible cenetary impacts on
the moon may be the developmant of a smooth, comminuted, diffusely
darkened ejecta. Darkness of rim materials alone probably is an inade-
quate criteriqn. The irpect of relatively dense, unequilibrated
chondrite material containing carbon, such as pigeonite chondrite
material, conceivably could result in the developﬁent of dark halo
craters in which the ejecta is rubbly. Coparnicus H, a small but
conspicuous dark halo crater southeast of Conernicus (Fig. 31), may be
such a crater (see high resolution Imhar Orbiter V thobographs).

Tycho is inferred to have been produced by cometary impact on
the basis of characteristics of its rim materials, Theophilus,
Langrenus, and Conernicus, three very large ray craters near the lunar
equatorial belt, show some darkening in their rim degosits. The rim
deposits of these craters, however, do not appear to diéplay the
diffusely darkéned aspect and the smcpth, syrup-like texture that have
been observed in the rim materials of Tycho and Aristarchus, Theophilus?

‘Iangrenus, and Copernicus thus may have been excavated by the impacts of

asteroidal rathar than comstary materials.
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Tektites, and Lunar and Terrestrial Craters

fhreé of the four tekiite strewn fields (American, European, and
African) appear to have spatially releted impactvcraters or-crypto-
explosion structures. The threse fields and their structures lie in
generally east-west lines. The fourth field (Australasian), vhich is
the youngest and by far the rost extensive of the‘tekiite strewn fields,
has no epparent associated terrestrial crater. The trend of its long
axis is apparently L;-Sw.

The origin of tekiiltes has long bean debated. A solution to the
tektite problem sheuld: 1) allow for a coxmon.mode of origin for all
four tekbite fields; 2) susgest an explénation for the origin of the
terrestrial crzters associated with three fields -- an origin that nay
be tested; 3) provide an explanation for the lack of an associated
terrestrial crater with the fourth field; U4) provide an explanation for
the E-W trends of three fields, and the NZ-S¥W trend of the fourth field;
5) be generally compatible with chemical and age data for tektites and
meteorites; 6) be compatible with lunar and tgrrestrial field geologic
relationships; and, 7) possibly even allow for specific correlations be-
tween the tekiite fields and lunar craters, The four tektite fields axe
discussed briefly in order of decreasing age. Following this, a corre-
lation with lunar craters is proposed, a model for tektite and
mesosiderite formation is suggested, and implications regarding the age
of the lunar Copernican System are briefly_discussed.

The Americaen tektites and the Sierra lMadera structure., Bedia-

sites of east Texas have been found in gravels at the top of the Jackson

group of late Eocene age, which indicates a possible post-Jackson age
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(E.C.T. Cheo ani others, personal commmication, 1951). Some bediasites
are reporied to occur in the Jackson group, which would theﬁAsuggeSt
that the Jackson group possibly extends into the Oligocene (Faul, 1566)

because the bediasites have a K-Ar age of about 34 m.y. (Zihringer,

The Georgia tektites occur about 1250 knm eaéﬁ of the bediasite
locality, in gravels that unconformably overlie Eocene, Oligocene, and
Miccene rocks, and they could have been derivgd fronm any of these rocks
(Faul, 18%55). Seven Ceorgia tektites and thé Martha's Vineyard tektite,
have been analiyzed chenically for the major elemeﬁts and for 22 minor
elements (Cuttitta and others, 1957); they are compositionally similar
to the bediasites,

The Sierra Madera crypto-explosion structure, near fort Stock-
ton in western Texas, lies about 700 km west of the bediasite iocality.
Sierra lMadera consists of a central breccia lens, more than 1.5 km |
across, The Breccia lens lies near the center of a circular, slightly
structurally depréssed basin that is about 13 km across. The small,
central, structurally disruvted area,which contains shatter cones, is
bordered by a corplex faulted zone in which beds locaily are displaced
outward along low angle overthrust faults (Zggleton and Shoemaker,
1951). Recently completed mazpping has_revealed that the central
brecciated area contains beds that are displaced radially inward and up-
ward (Wilshire and others, 1967). This mode of displacement spparently
was responsible for the structural and topographic elevation of the
central part of the Sierra Madera structure. The breccia lens may have

been central peak material that at one time underlay the floor of a now
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erodad inmpact crater, Sierra liadera, from its relations to the sur-
rounding Edwards Platezu, is pcssibly Eocene or younger in ége. It and
the Texas and Georgia tektite localities describe an essentially
straight, east-west line that is about 2000 km long.

The Eurvoean tek 1tes and the Ries and Steinheim Basins. The

moldavites and moravian tektites of Czechoslovakia have been reworked
and occur in young gravels; they have bzen dated by K-Ar methods at
about 4.9 m.y. (Gentner and others, 1553). The two strewn Tields lie
about 1h0 Xm epart on an east-west line. About 260 kn west of the tek-
tite fields, and lying on an essentially straight line, are the Riss
and Steinhieim Basins of Bavaria, The I'0rdlinzer Ries is large, 2bout
27 km in diameter; the much smaller Steinheim Ba2sin is about 4 km in
diameter. Identification of coesite (greater than 25 kb SiOZ) in

Y

breccias in the Ries Basin and recognition of suwevite as an explosion-
preduced brecciz (Shoemzker and Chao, 1S61) has ‘established the
Rieskessel as an impact crater, Impact glass of the Ries Basin is

epproximately the same age as the moldavites.(Gentner and others, 1553).

The African tektites and Boswumtwi Crater. The Ivory Coast tek-

tites of Ghana are dated at ebout 1.3 m.y., as is the impact glass of
Bosuricwi Crater (Gentner and others, 1963). BosunmwivCrater lies about
300 km east-southeast of the strewn field., It is about 11 km in
diameter, vhich is less than half the diameter of the Rieskessel, and it
appears to‘be a2 bit smaller than the crater that may be inferred to have
once overlain the Sierra Madera structure.

The Rb-Sr isochron for the Ivory Coast tektites.differs fron the

.isochron for the other tektites, and falls on the isochron for the
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approximately 2 b.y. 0ld suite of rocks that make up the region
{Schnetzler and others, 1967). Thé coincidence indicated to Schnetzler
and others (1967) that the Ivory Coast tektites are related to the
phenomenon that formed Bosumbwi Crater. The Texas, Czechoslovakian, and
Australasien tektites exhibit a 4CO m.y. isochron (Schnetzler and others,
1957) waich has not yet been explained in térms of either the terres-
trial or lunar production of tektites. Because of this, the Rb-Sr
correlation of the Ivory Coast tektites and the impact glass of Bosumtwi
Crater cannot be used as definitive evidence for the terrestrial pro-
duction of teltites, as has been proposed by Faul (1966). An
alternative solution is that the Bosumtwi Crater glass includes material
of the impacting bolide, and that elemental similarities existed between
the bolide materials and the tektite materials., Such a relationship may
be likely because nickel-bearing spherules have been discovered in
Bosumtwi Crater suevite, which is indicative of the impact origin of the
glass (E1 Goresy, 1966). The glass thus also should contain other
nmaterials, and elements, that have been derived from the impacting
bolide. The one type of metal-bearing meteorite that contains silicates
that are chemically related to the pyroxene-plagioclase achondrites and
the tektites, is calecium-rich mesosiderite.

The Australasian tektites. The tektites of the Australasian

strewn field, from K-Ar and fission track methods, are about 700,000
years oid (Zihringer, 1963; Fleisher and Price, 1965). They occur, on
land, in an extensive, apparent north-south trending belt that extends
from China to southern Australia. Their marine extent, as micro-

tektites, is from north of the Phillippine Islands to south of
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Madagascar (Cassidy and others, 1987), a distance of about 11,000 km in
a NZ-SW direétion. The Australasian microtektites range from tektite
corposition to a composition that is similar to basaltic rocks or
(basaltic) achondrites (Cassidy and others, 1957). Their mass, esti-
meted at a minimum of 150 million tons, essentially rules out a
terrestrial source (Cassidy end others, 1667). To terrestrial crater is
knovn that could be associated with this very joung and veory extensive

tektite field,

Proposed origin for the Australasian textite field., Evidence
for +the possible cemvtary orizin of Tycho has been reviewad earlier,
Tycho is one of the youngest rey craters on the moon., It lies at about
4505 latitudz in the lunar uplands, and its ray system extends over much
of the subtér restrial hemisphere of the moon (Fig. 31). The extensive-
ness §f its rays indicates that the Tycho cratering event was extremsly
energetic, which could have been the result of a high speed impact such
as wouldloccu; from a cone t in a near-parsbolic, retrozrzde orbit. A
"new" cometary body in a near-parabolic orbit presumably would be in a
nearly original accretionary condition, and presumebly would consist
largely of ices that had yet to be ablated by soler radiation. As ssen
in Lunar Orbiter IV and V photogrephs, extremely intense "volcanism"
appears to have occurred in the floor of Tycho after impact; "pondé"
occur in the rim materials; and the dark rim materials displey flow;like
textures. The features in the floor and rim materials méy.be due to the
injection of large arouants of volatiles into brecciated bedrock at the

time of impact., The inpact-irduced "volcenism" in the floor materials
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conceivably would be avgmented end susteined by excess volatiles to
temperatures lover than those associated with a dryer "volcanism”.

The lack of a dénse core in a cometary body (Fig. 22; Tsble 2)
would preclude the éevelopment of mesosideritic impactite materizl. A
high energy irpact, however, would be expscted to fuse a large amount of
lunar bedrock. Rim and razy materials of Tycho, which almost certainly
ere highly brecciated, are fairly symmetrically distributed around thé
crater., By analogy with terrestrial cratering expériments, materials in
the central zone cof fusicen prcﬁably were ejected af higher angles from
the crater than much of the brecciated ray znd rim materials. For this
reason, miach of the Tycho ejecta that may be inferred to have attained
escape velocity probably was lost from the central, most intensely
shocked region of the crater, and would have lef%t the moon in a
direction that wes nearly normal to the lunar surface. A rass or train
of fused silicate droplets ejected from Tycho in a direction normzl to
the Iunar surface would be injected into-a path that lay at a relatively
high angle to the plane of the earth-noon system. Such material would
be available for capture by the earth a2t some relatively high angle to
the equater,

The youthfulnesé of the Australasian tektite field and the rela-
tive youthfulness of Tycho; the NE-SW trend of the Australasian field
land the 4595 latitude location of Tycho on the lunar sﬁrface; the abun-~.
dance of the Australasian tektites and the apparent very highly energetic
cheracter of the Tycho event; the lack of a terrestrial crater for the
Australasian tektites and lwnar field geologic relations which suggest

that Tycho was excavated by cometary impact (with no generation of
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riesosideritic meterial) are characteristics that point to a genetic
relationship betwesen Tycho and the Australasian tektite field. If the

correlation is valid, Tycho is about 700,000 years old.

Proposed origin for the American, European, and African tekiit

fields and their craters. An intriguing coincidence exists with regard

to the relative size and relative age of the very large ray craters near
the lunar equator, and the relative size and relative age of impact
structures associated with the east-west trending tektite fields. Three

lerge craters, Theophilus (=~ 100 km), Tangrenus (~ 130 km), and Coperni-

cus (~ 95 ) lie about 10%H or 10°S latitude. Theophilus, which is
rarzed by a faint roy pattern, is the oldest; Copzrnicus, with its

brignt ray pattern, is the youngest and it appears cormarable in age
with Tycho {Fig. 31). Materials ejected nearly normal to the lunar
surface from these three craue*s would be in paths thzt would lie in or
near the plane of the earth-moon system., The materials thus would be
available for capture by the earth frém overteking or apparent retro-
grade orbits in and near this plane, which.would give rise to east-west
trending strewm Tields.

A key question concerns the origin and character of the material
that formed the terrestrial craters associated with the tektite fields.
As suggested for Bosumtwi Crater, calcium-rich mesosiderite is the only
type of me stalliferous meteorite that contains silicates thet can be
related to both the pyroxene-plagioclase achondrites and the tektites.
It is proposed thael the Sierra Mzdera otrucUure (13 km, and inferred to
be about 3L m.y. old), the Ries Basin (27 km, and about 15 m.y. old),

and Bosumtwi Crater (11 km, and about 1.3 m.y. old) were formed by the
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impact of mesosideritic material that was ejected with tektite material
from the lunar craters Thoophllus, Langrenus, and Copernicus,
respectively.

Dense mesosiderite is tougn aud could survive entry into the
atmosphere as a fairly coherent mass, rather than be dispersed as a
shower of fragments. Silicates of the mesosidcfites are "tasaltic", and
they could be dispersed into terrestrial breccias and escazpe notice as
extraterrestrial materials, The dispersal‘of r2tal from mesosideritic
meterial during the terrestrial impacf also mzy pose no special problem,
Rermnants of Canyon Diablo iron, which excavated leteor Crafer, are nov
obvicus in the brecciated wall and fall-back materials, although tiny,

-

commonly microscopic, droplels of metal locally may be found disperééd
in the breccia., The irons that are preéerved around Meteor Crater are
rim and plains specimens that appear not to have taken part in the main
cratering event. Suevite of the Ries and Boswatwi Craters should be
examined for relicts of mesosideritic material,

If mesosideritic material was the cause of the terrestrial
cratering, the material that entered the atmosphere rust have been
accompanied by a train of tektites, which probably mostly fell short of
ﬁhe irmpact sites. The concomitant fall of tektites and mesosiderites
would indicate that they were produced together and that they left the
moon together, probably as a dense slug of metal and highly shocked
silicates that was accompanied by a swarm of glassy particles.

The correlation proposed here is thst Theophilus, Langrenus, and
Copernicus were excavated by the impact of asteroidal materials, which

presumably encountered the moon in overtaking orbits that lay in the
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plane of the ecliptic. The correla.t.ions s if velid, have the effect of
establishing an approximate absolute age li:nit_fc;r the Copernican
System, which presently is defined solely on the basis of being able to
discern ray materizl of probablé irpact craters having an albedo higher
‘than that of background material, Theophilus, which exhibits faint rays
and subduzd radial rim materials, is one of the oldest recognized Copar-
nican craters, If the proposed corrslation is valid, the span of the
Copernican System is approximately 35 million years. The Eratosthenian
System, which inciudes relatively youné craters that have "aged"
sufficiently so ©Tnat rays are no longer discerzible, and the Imbrian
System, wnich inecluiles nmore materials and pre-mare cratars that post-
date the formation cf the Im‘oriuﬁ Besin, would thus lie in the interval

of azbout 35 to perhaps about 580 rillion years.
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Sources of data for Table L4 - Elemental Abundances of Meteoritic
Mzterials,

Explanation:

Calcivr~-Toor

Calcium~rich

Cec -
Ca -
Pc -
Pa -
He -
Ha -
Be -~
Ee -

na -

Czrbonacensus chondrite
Carvonaceous achondrite
Pigeonite chondrite
Pigeonite achondrite
Hypersthene chondrite
Hypersthene achondrite
Bronzite chondrite
Instatitz chondrite
Enstatite achondrite

Au

The meteorite neme is given where cne
Where one or more neteorites strongly affect an average

Di-01

Px-Plag
Ho
Eu

~~ Diopside-olivine

- Augite

- Pyroxene-plagioclase
Howardite

Eucrite

to three meseorites are

Parts per ‘Reference

million

Hey,"1966

0.0hs : "

0.0885 : "

0.060 ' "

involved.
value, altermate average values using all meteorites analyzed are
showvn in parentheses. i
leteorite Murter of Meteorite
class meteorites name
CESIUM
Calcium~poor
Ce 1 Mighei
Ca 1 Ivuna
Pe 1 Felix
Pa - --
He 16
Ha 1 Jonnstowmn
Be 13
Ee - -
Ea 1 Khor Temiki
Calcium~rich
Di-01 —_— -
Au ‘ - -
Px-Plag
Ho - -
Eu h

Hey, 15563
Duke, 1965a
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Meteorite Number of Meteorite
class meteorites name
RUBIDTIUL
Calcium-poor
Ce 2 Mighei,
Murray
Ca 2 Ivuna,
Orgusil
Pc 3 Mokoia, Felix
Lancé
Pa - -
He 23
Ha 1 Johnstewmn
Be 19
, (20
Ec - -
Ea 2 Bishopville,
Khor Temiki
Calcium~rich
Di-01 - --
Au - -
Px-Plag
Ho - -
Eu L
POTASSTU
Calcium-poor
Ce 7
Ca 3 Alais, Ivuna,
Orgueil
Pc 5
(6
Pa 1 Goalpara
He 51
Ha 2 Johnstown,
Tatahouine
Be Lo
: (41
Ec 5
Ea 5
(6
Calcium-rich
Di-01 1l Nakhla

Parts per

million

Reference

1.68

2.28

1.33

.25
0.1k

3.77
L.29)

1.79

0.23

375
Lo3

Lk
60L)

872
15

810
83h)
756
226
374)

1020

199

Hey, 1965; Smales

& others, 1967;

Murthy & Compston,

1965

Hey, 1966

Hey, 1966;

Duke, 1S65a

Hey, 1966
1t
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PEIDIX I Continued

Meteorite Number of  Meteorite Parts per Reference
class meteorites nane million

POTASSIUM (Continued)

Calcium-rich .
Au’ 1 Angra 1600 Mason, 19622
Px-Plag
Ho 3 182 Hey, 1966
Eu 8 12 "
(9 522) "
SODIUM Weight
Calciwn-poor . percent
Ce 11 ‘ 0.L0 Mason, 1553a
Ca 3 0.55 "
(L 1.01)
Pc 7 0.h0 oo
Pa 2 0.32 Wood, 1963a
He 68 0.70 Mason, 1S65
Ha 3 0.23 Mason, 19534
Be 36 , 0.6b Mason, 1965
Ec 11 0.66 Mason, 1966
Ea 4 0.98 Wood, 1963a
Calcium-rich
Di-01 1 Nakhla 0.30 Prior, 1912
Au 1 Angra 0.19 Mason, 1962z
Px-Pleg
Ho 3 0.24 Mason, 1567b;
, Mason & Wiik, 1¢55a;
Eu 13 , 0.32 Urey & Crzig, 1353
LITHIUM Parts per
Calcium-poor : million
Ce 1 Mighei 0.5 Hey, 1964
Ca 1 Orgueil 1.3 - "
Pe - -- -
Pa - -- _——-
He 15 2.5 Hey, 1966
_ Ha 1 Tatahouine ' 0.81 o
Be 9 2.8 "
Ec 1 Abee 1.3 "
Ea - - —_—
Calcium-rich
Di-01 - -- e
Au - - -
Px-Plag
Ho - - -
Eu 1 Sioux County 8 Fireman & Schwarzer,

1957
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Meteorite
class

BARIUM

Calcium~-poor
Cc
Ca
Pc
Pa
He
Ha
Be
Ec
Ea

Calcium-rich
Di-01

Au

Px-Plzg

~

Eu

STRONTTUM
Calcium-poor
Ce

Csa
Pc

Pa
He
Ha
Be
Ec
Ea

Parts per

million

201

Reference

3.2

k.3
11.5

- 11.3
25.6) .
3.2

8.1
26.7)

5.2
10.1)

11 (irn
pyroxene)
26.L
18-5

110.2)
32

9.7
8.3

KNumber of Meteorite
meteorites  name
2 Mighei,
Murray
1 Orgueil
5
62
(70
2 Johnstown,
Shalka
41 ’
(L6
2
(6
2 Cumberland Falls, 8
Norton County
1. Nakhla
1 Angra
1 Bununu
(2 Bununu, Binde
6
2 Murray, Cold
Bokkeveld
1 Orgueil
6
33
1 Johnstown
21 :
5
1 Bishopville

Duke, 19552
Schnetzler & Phil-
potts, 1967

Philpotts &
others, 1957
Duke, 1S65a

Murthy & Coampston,
1965; Hey, 1666
Murthy & Compston,
1965

Murthy & Compston,
1965; Hey, 1966

Hey, 1966



202
APPENDIX I Ceontinued

Meteorite Number of Meteorite Parts per Reference
class meteorites name .million

STRONTIUM (Continued)
Calcium-rich

Di-01 1 Nakhla 59.6 Pinson & others,
1965
Au - -- ---
Px-Plag .
Ho 1 Binda 37 Duke, 1965a
Eu 6 82.4 Duke, 1955a; Hey,
1666
CALCTUM Weight
Calcium-poor . percent
Cc 11 1.28 Mason, 19632
Ca L 1.03 "
Pc 7 1.7k "
Da 2 0.56 Wocd, 1953a
He 68 1.34 Mason, 1965
Ha 6 1.02 Mason, 1963d
Be 36 1.25 Mason, 1S65
Ec 11 0.94 Mason, 1666
Ea 4 0.65 Wood, 1953a
Calciuvm-rich
Di-01 1 Nakhla 10.77 Prior, 1912
Au 1 gra 6.06 fason, 1962a
Px-Plag . Co ' '
Ho 8 5.47 Urey & Craig, 1953
Eu 13 7.23 B
MAGNESIUM
Calcium-poor ‘
Cc 11 ' 12,76 Mason, 1963a
Ca L 9.26 "
Pc 7 o 15.39 "
Pa 2 , 21.54 Wood, 1963a
He 68 15.17 Mason, 1965
Ha 7 15.92 . Mason, 18634
Be 36 14,19 Mason, 1965
Ec 11 12.43 Mason, 1966
E2 L4 21.66 Wood, 1S63a
Calcium~-rich
Di-01 1 Nakhla 7.2k Prior, 1912
Au 1

" Angra 4 6.06 Mason, 1962a
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APPENDIX I Continued

Meteorite Number of Meteorite Weight Reference
class meteorites name percent

MAGNESIUM (Continued)
Calcium-rich {(Continued)

Px-Plag
Ho 8 - 7.09 Urey & Craig, 1953
Eu 13 5.10 "

ATUIINGMY
Calcium-poor

Cc 11 1.16 Mason, 19563a
Ca L 0.93 "
Pec 7 1.53 "
Pa 2 0.20 Wocd, 1963a
He 68 1.33 Mason, 1965
Ha 5 0.80 Mason, 1953d
Be 36 1.Lk1 Mason, 1G65
Ec 11 1.0k Mason, 1966
Ea N 0.35 ‘Wood, 1953a
Celcium-rich 4
Di-0l 1 Nakhla 0.392 Prior, 1912
Au 1 Angra L.69 Mason,. 1962a
Px-Plag -
Ho 8 0.53 Urey & Craig, 1953
Eu 13 0.69 "
SILICOH
Calcium-poor _
Ce 11 ' 13.28 Mason, 1863a
Ca i 10.36 "
Pc 7 15.39 "
Pa 2 18.13 Wood, 1963a
He 68 : 18.58 Mason, 1965
Ha 7 2L .62 Mason, 1963d
Be 36 16.93 Mason, 1965
Ee 11 18.05 Mason, 1966
Ea L - 25.17 Wood, 1963a
Calcium-rich
Di-01 1 Nekhla 22.81 Prior, 1912
Au 1 Angra 20.77 Mason, 1962z
Px-Plag
Ho 8 22.96 '~ Urey & Craig, 1953

Eu 13 22.18
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APPENDIX I Contirued

Meteorite Number of Meteorite Weight Reference
class meteorites name percent
IRON
Calcium-poor
Ce 8 FeS 5.46 Wiik, 1956
FeO 15.59 Mason, 1963a
Metal 0.15 (Est. D.P.E.)
11 Total 22.13
Ca 3 FeS 10.7 Wood, 1963a
Fel 8.02 Mason, 1963a
- Metal 0.11
L Total 18.24
Pe 5 FeS 3.87 Mascn, 1663a
Fel 18.50
Metal 2.34
7 Totzl  2L.7L4
Pa 2 FeS --- Wood, 1963a
Fe0 9.89 '
Metal - 8.13
Total 18.02
He 68 FeS 3.86 Mason, 1665
Fed 11.39
Metal 6.28
Total 21.53
Ha Y FeS 0.71 Urey & Craig, 1953
Fel 12.47
Metal 0.79
Total 13.97
Be 36 FeS 3.35 Mason, 1965
‘ Fe0 7.47
Metal 16.79
Total 27.61
Ec 8 FeS 6.81 Wood, 19632
: FeO 1.31
Metal 19.82
Total 27.94
Ea L FeS .0.80 Wood, 1963a
FeO 0.75
Metal 2.29
Total 3.8k
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Meteorite Number of  Meteorite Weight
class metecrites name percent

IRON (Continued)

Calciwn-rich

Di-0l1 1 Nakhla FeS 0.11
FeO0 16.19

Metzl ———
Total 16.30

Au 1 Angra FeS 0.80
FeO 7.92

Metal -——-

Total g.72

Px-Plag

Ho 8 Fes 0.38
FeO 13.25
Metal 0.35
Total 13.98
Eu - 13 FeS 0.36
' Fe0 12.83
Metal 1.18

Total 15.37 -

NICKEL
Calcium-poor

Ce 8 Nio 1.23
Metal C.16
Total 1.39
Ca 3 Nio 0.92
Metal 0.02
Total C.o4
Pc 5 : Ni0 0.26
Metal 1.08
Total _—it§ﬂ
Pa 2 Metal 0.15
He 68 Metal 1.10
Ha L Metal 0.03
Be 36 Metal 1.63
Ec 11 1.64
Ea i Nio C.20
Metal 0.17
Total 0.37
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Reference

Prior, 1912

Mason, 1962a

Urey & Craig, 1953

Urey & Craig, 1953

Wiik, 1956

Wiik, 1956

Wiik, 1956

Wood, 19632
Mason, 1965

Urey & Craig, 1953

Mason, 1965
Mason, 1665
Wood, 1963a
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feteorite Number of Meteroite Weight Reference
class meteori name percent
NICKEL (Continued)
Caleium-rich
Di-01 1 Nakhla -—- Prior, 1912
Au 1 Angra -—- Mason, 19%52a
Px-Plag .
Ho - 8 Metal 0.10 Urey & Craiz, 1953
Eu 13 Metal -——- "
SCANDIUM Parts per
Calcium-poor million
Cc 2 Mighei, Murrzy  9.95 Eev, 1656
Ca 2 Ivunz, Orgueil 5.55 "
Pe 5 10.k42 "
Pa - - : ——
He L 8.59 "
Ha 2 Johnstown, 11.¢0 !
Shalka
Be 18 9.66 "
Ec 6 7.75
Ea 1 Norton County 9.00 "
Calecium-rich
Di-01 2 Nakhla, 66.00 "
‘ Lafayette
Au 1 Angra - Mason, 1962a
Px-Plag
Ho 1 19 Duke, 19652
Eu 6 30.90 Duke, 1965a, Hey,
196
LANTHIUN
Calciun-poor
Ce 2 Mighei, Murray 0.3k Hey, 195
Ca 2 Ivuna, Orgueil 0,19 "
Pc 2 Felix, Mokoia 0.L0 "
Pa - - _—
He L 0.35 -
Ha 2 Johnstown, 0.03 "
Shalka
Be 3 : 0.31 "
Ec ' 2 Abes, Indarch 0.23 "
Ea 1 Norton County 0.21 "
Calcium-rich
" Di-01° 2 Nakhla, 1.67 "
Lafeyette

Au -
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Meteorite Number of Meteorite Parts per Reference
class meteorites name million

LANTHIUY (Continued)
Calciun-rich (Continued)

Px-Plag
Ho - -- -—- :
Bu L 3.66 Hey, 1966
YTTRIUM
Calcium-poor
Ce 1 Mighei 1.77 "
Ca 2 Ivuna, Orgueil 1.56 "
Pc 2 Felix, lokoia 2.43 "
Pa - -- ——
He b 2.08 "
Ha 2 Jonnstowmn, 0.72 ‘ "
Shalka
Be 1 Miller 2.09 "
Ec 2 Abes, Indarch 1.24 "
Ea 1 Norton County 2.09 "
Calciwn-rich
Di-01 2 Wakhla, 3.78 "
Lafayettie.
Au - -- -
Px-Plag
Ho - -- -—--
Eu 6 21.8 Hey, 1966; Duke,
19652
CERIUM
Calcium-poor
Cc 2 Mighei, Murray 0.87 Hey, 1966
Ca 2 Ivuna, Orgueil 0.62 . "
Pec 2 Felix, Mokoia 1.07 "
Pa - -- _——
He L 1.36 "
Ha - -- -—
Be 3 0.63 "
Ec 3 0.58 B
Ea 1 Norton County 0.81 "
Calcium-rich
Di-01 2 Nakhla, 5.83 ;
Lafayette - '
Au 1 Angra - 20.6 Schnetzler & Phil-
potts, 1967
Px-Plag
Ho 1 L.02
Eu I 7.32 Philpotts & others,

1967



APPENDIX IT

Notes and References for Table 20

1. Carbon, water, and rare gases appear to have been derived either
from little-retamorphosed chondritic materials of the same genetic group
(restricted volymict), or introduced from carbonaceous meteorite (comet-
ary?) material (compound polymict). Fractionated rare gases are
associated with little-metamorphosed, unbrecciated chondrites (such 2s
the pigeonite chondrites and uneguilidrated ordinery chondrites), and
thus may reflect gas loss during mild metamorphism. Unfractionated raxe
gases occur in some breccizted meteorites and ircas, and are associsted
with shock effects (see discussion by Anders, 1964, v. 673-679). It is
here irferred thalt the unfracticonated rare gases are cometary in origin,
and were intrcduced during comet-asterold collisions.

2. Association of chondrite, =2 X s ny-iro
roposed genetic classification of the meteorites (tzble 2).

D

3. Mokoia, Kzroonda, and Vigerano are unbrecciated. Carbon, water, and
rare gases are thus intrinsic to the component 1 matrix of theses. All
pigeonite chondrites show fractionated rare gas (Anders, 1S6kL, table 8),
This suggests that no carbonaceous ncsteorite material has intruded
members of this class. :

E. Dyalpur, Goalpara, and Novo Urel contain carbon and associlated dia-
mond (Vinogradov and Vdovykin, 1963); water (Wood, 1553a, table 10), and
fractionated primordial rare gases associated writh shock effects
(Stauffer, 1961a) are reported for two of these. Anders (196L, p. 67h4)
has suggested a collision event to explain the introducticn of carbo-
naceous material and primordial rare gas. The fractionated character of
the rare gases suggests that they and the hydrated carbonacsous material
may have been derived from unmetamorphosed (crustal) pigeonite chondrite
materizls during an interasteroidal collision. Metal is assocliated with
structurally discordant diemond-bearing carbonaceous material in Novo
Urei (see Carter and Kennedy, 196L, fig. 7). Relations indicate that a
source of metal, either from the pigeonite body or from another aster-
oidal body, was availzble for injection during brecciation., . The
ureilites are restricted polymict, 2nd may be compound polymict breccias.

5. Fractionated primordial rare gas and shock effects are reported for
a single hypersthene chondrite, Mezo-Madaras by J. Geiss (personal
communication to Anders; 196k, table 8). This chondrite is one of the
least metamorphosed of the hypersthene chondrites (I-3 of Van Schmus and
Wood, 1967; Fu-2 of the proposed mineralogic-petrologic classification,
table 9). The specimen of Mezd-Madaras in the Arizona State University
Collection displays an essentially unbrecciated assemblage of

208
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components 1, 2, and 3. Jarosewich (1967) reports carbon and water in
YA Mada:as. The primordial rare gases (and water) probably reside in

1ponent 1 material, which was 1ncorporated in the material at the time
si accretion.

é. Carbon and rare gases that are associated with the dark parts of
light-dark structure, and in one case, diamond have been reported. Rare
gases, both fractionated and unfractionated, are associated with carbon
and shock effects (Anders, 1964, table 8, flg. 25, and p. 677-678). The
unfractionated rare gases suggest cometary impact.

7. Achondrite fragment in Breitscheid compound polymict bronzite chon-
drite (see Wlotzka, 1963; Anders, 196h4).

8. Weekeroo Station is a rare gas-rich, brecciated octahedrite that
contains high ArHO concentrations for which an age of about 1010 yr has
been calculated (Rancitelli and others, 1967). Washington County is a
rare gas-rich, nickel-rich ataxite (all nickel-rich ataxites are in
Ga~Ge group IV; see Lovering and others, 1957). Washington County con-
tains unfractionated rare gases associated with shock effects (Anders,
1964, table 8, and p. 678). Unfractionated rare gases suggest cometary
impact.

9. All enstatite chondrites contain fractionated primordial rare gases
and carbon (Zahrlnger and Gentner, 1960; Signer and Suess, 1963;
Z&hringer, 1962a; Anders, 1G6L, table 8). Of the ten enstatite chon-
drites known at least one (Indarch; specimen in the Arizona State
University Collection) is essentially unbrecciated. It is relatively
unmetamorphosed (E-4 class of Van Schmus and Wood, 1967; E-3 class of
the proposed mineralogic~petrologic class111cat10n, table 9), and
displays components 1, 2, and 3. Indarch is water-bearing (Wiik, 1956).
The carbon, rare gases and water thus apparently are intrinsic to the
component 1 matrix material of Indarch, and by extension to the compo-
nent 1 metrix of the other enstatite chondrites. The lack of
unfractionated gases suggests no invasion by carbonaceous meteorite
(cometary) material. )

10. Three aubrites are included here (Khor Temiki; Norton County;
Pesyanoe), which contain large amounts of trapped "solar" (unfraction-
ated) rare gases (Eberhardt and others, 1965). Water (Wood, 1963a,
table 10) and carbon (C. B. Moore, personal communication, 1967) have
been reported for some aubrites. The unfractionated rare gases in
Pesyance (Anders, 1964, fig. 25) are inferred to have been derived from
carbonaceous meteorite (cometary) material. A fourth carbon-bearing
aubrite, Shallowater, contains a large amount of trapped fractionated
rare gas (Zberhardt and others, 1965). Shallowater may contain rare
gases and carbonaceous material derived from llttle-metamorphosed
(erustal) enstatite parent body materials.
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11. The Bencubbin (Lovering, 1962) and Weatherford (Mason and Nelen,
1967) mesosiderites have silicates that are compositicnally similar to
the enstatite chondrites and achondrites, and they contain dark admixed
materials of possible carbonaceous meteorite or enstatite chondrite
origin. Weatherford contains fractionated rare gases (Stauffer, 1962)
and carbon and water (Mason and Nelen, 1967). The fractionated rare
gases suggest that Weatherford was invaded by enstatite chondrite
material and is a restricted polymict breceia. Bencubbin contains ad-
mixed hypersthene chondrite material (eCall, 1967) and is a compound
polymict breccia. Possibly related mesosiderites are listed in

table 19.

12, High Ar'O contents (Fisher, 1965) occur in Canyon Diablo and
Toluca irons (Ga-Ge group I; Iovering end others, 1957; Wasson, 1957b).
The rare gzses, and the carbon and troilite nodules (which locally are
diamond-bearing; see Carter and Kennedy, 196Lk) are inferred to have bezsn
emplaced by the impact of a2 carbonaceous meteorite (cometary) bodv. See

table 19 for possibly related materiesls.

13. Danville and Parnallee are described by Wahl (1952) as polymict
breceias that contain fragments of "white chondrite". Preliriinary
examination of Parnallee (specimen No. 93a, Arizona State University
Collection) reveals that it provably is not a polymict breccia, but
rather that it is a coarse accretionsry aggregate; component 3. materials
in it appear to consist both of hypersthene and enstatite (iron-poor or
iron-free) silicates, the duality being somewhat analogous to the two
apparent component 3 materials observed in the pigeonite chondrite,
Vigarano. Danville was not exemined. Xelley, a white to gray
brecciated hypersthene chondrite (Hey, 1966), contains wvhite (ensta-
,tite?) fragments in a hypersthene chondrite matrix. It may be a
brecciated version of Parnallee, and thus a monomict brecciaj however,
it could be a compound polymict breccia that correlates with other
enstatite-hypersthene mixtures.

‘14, Three chondrites (Bandong; Jelica; Manbhoom) are reported by Wahl
11952) to contain fragments of amphoterite (hypersthene achondrite?)
embedded among smaller fragments and splinters of olivine and bronzite,
and to also contain fragments of several kinds of chondrites. Homestead
is classed as a hypersthene chondrite by Mason (1963c) and a bronzite
chondrite by Keil and Fredriksson (1964), who raised the question of a
mixture. Ness County (1894) was classed as a hypersthene chondrite by
Mason (1963c) and a bronziie chondrite by Knox (1563); a mixture is
possible. Plainview, classed as a polymict brecciated veined inter-
mediate bronzite chondrite by Hey (1966), is reported by Wahl (1952) to
contain black chondrite and rodite (hypersthene achondrite?) fragments.

15. Hainaut is reported by Wahl (1952) to contain white chondrite
Tghstatite?) fragments, black fragments of chondrite and ophitic tex-
ture; white fragments may be analogous to those in Parnallee
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(Appendix II, footnote 13), and this meteorite may be a polymict
bronzite-eucrite mixture. ZIeighton is reported by Wahl (1952) to con-
tain angular fragments of white {enstatite?) chondrite. Pulsora is
reported by Wahl (1952) to contain white (enstatite?) fragments, eucrite
fragments, and gray fragments; white fragments may be analogous to those
in Parnallee (Appendix II, footnote 13), and the presence of eucrite
fragments suggest that this may be a bronzite-eucrite mixture.

16. Most of these are polymict breccias as listed by Hey (1966), many
of which were described or listed by Wahl (1952). In Arriba, Wahl
observed achondritic fragments of basic volecanic rock and crystalline
igneous rock ("diogenite"); mzy be a hypersthene chondrite-eucrite
mixture, or a hypersthene chondrite-achondrite mixture. Chandakapur is
noted as a complex polymict breccia (Wahl, 1952). Harrison County,
Ottawa, and Shelburne -are reported to have a "diogenite" (hypersthene
achondrite?) matrix (Wahl, 1952). : :

17. Most of these are polymict breccias as listed by Hey (1956), many
of which were described or listed by Wahl (1952). FPleming and Ochansk
contain fine grained microerystalline fragments of basic volecanic rock
(Wahl, 1952); may be bronzite-cucrite mixtures. Hugoton contains frag-
ments of black chondrite (Wahl, 1952).

1@. Cumberland Falls enstatite achondrite contains fragments of black
chondrite material reported by Lovering (1962) to be metamorphosed
hypersthene chondrite. Anders and Goles (1961) and Binns (1967) report
inclusions of enstatite chondrite. Both may be present (see Appendix II,
footnote 11). :

19. The hypersthene achondrites, which nominally are monomict breccias
and consist of large crystals of pyroxene in a finely crushed groundmass
of pyroxene, are here considered to be restricted(?) polymict on the
basis of accessory metal and troilite (see Mason, 1963d) in the
breccias. Angular fragments of metal occur in the matrix of Johnstown
(Arizona State University Collection) indicating a disruption and an
injection of metal 2t the time of brecciation. Mason (1563d) notes that
in Tatzhouine, the only diogenite which. shows an apparently uncrushed
structure (but which.is friable and which broke into innumerable pieces
at the time of fall), that metal was observed to occur as thin plates on
the surfaces of the pyroxene grains. The metal may have been derived
from nearby core material,

20. All nine aubrites are tentatively included here. Metal appears to
be a minor constituent in the brecciated parts of several (all?) au-
brites, including the carbon-bearing aubrite, Norton County (Arizona
Stete University Collection). The sparse metal appears to have been
injected at the time of brecciation. It may have been derived from



212
APPENDIX II Continued

disrupted metalliferous enstatite(?) chondrite materials, from core
material of the enstatite body, or from the impacting materials.

21. See table 19; and Appendix II, footnote 11.
22. Bondoc Peninsula mesosiderite; see table 19.
Budulan and Iujan(?) mesosiderites; see table 19.

‘Admire pallasite (University of Arizona.Collection, specimen
8370; Eagle Station pallasite (Mason, 1G62a, fig. L5).

B oER |

See table 19.

26. Classification as 4o howardites and eucrites is from lason (1567b).
A11 howardites and eucrites technically may be compound polymict breccias
if the metal and troilite that they contain are derived from calcium-
poor meteoritic materials and were intruded during brecciation. As a
generalization, the howardites appear to have undergone more extensive
brecciation, probably as the result of multiple events, than the
eucrites. The brecciztion in eucrites commonly appears explainable as
the result of a single brecciation event. In howardites and eucrites
that appear to have undergone multiple brecciation, metal that may be
inferred to have been introduced during earlier brecciation has under-
gone deformetion in the later event.

27. Bununu is water-bearing (Jarosewich, 1967; Mason, 1967b); Frank-
fort is carbon-bearing (Mason and Wiik, 1966b); Jodzie contains
primordial rare geses (lfazor and Anders, 1667); Kapoeta contains rare
gases, carbon, chondrules and layer lattice material (Zahringer, 1962b;
Signer and Suess, 1963; Miller and Zahringer, 1966, and P. Ramdohr

cited in foregoing). Miller and Zahringer (1966) suggest that Kapoeta
was invaded by carbonaceous chondrite material. Jodzie also appears to
have been invaded by a "carrier" of carbonaceous chondrite composition
(Mazor and Anders, 1957).

28 Haraiya contains 0.25 percent C (C. B. Moore, personal communi-
catlon, 1968), which is not megascopically apparent and is very Ilnely
disseminated through brecciated material.

29. Australasian tektites, which are tentatively correlated with the
formation of the lunar crater Tycho by cometary impact.

30. Ie Teilleul (includes Ie Vivionnere) contains euecritic fragments,
"bronzite" fragments, and fragments not seen in other meteorites (Wahl,
1952). Pavlovka contains eucritic fragments and fragments of "bronzite"
(Wahl, 1952). Yurtuk contains olivine of a fayalite composition
(Kolomenskiy and Mikeyeva, 1963) that is found in the low-iron group of
pallasites.
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31. Juvinas -locally contains tiny spherules of white achondrite (ensta-
tlte?), bordered locally by black fusion crust and clear glassy rims of
plagioclase; the spherules occur in breccie with disseminated metal, and
shock-melted and transformed plagioclase (Polished thin section of M. B.
Duke, U. S. Geclogical Survey). Luotolax contains unaltered to altered
fragments, fragments of enstatite grains, and fragments of bronzite or
"diogenite” (Wahl, 1952). Petersburg contains pieces of eucrite in
dense matrix (Wahl, 1952). Two brecciation events are recorded by
shocked metal that encloses brecciated pyroxene (see Duke, 1955a).
Stennern contains metal that appears to have been intruded at the time
of brecciation (see fig. 25g, h in text).

32. M#ssing contains pieces of eucrite in dense matrix (Wahl, 1952).
33. The American, European and African textite fields, and their re-
Jated terrestrial craters, are tentatively correlated with the
formation of the lunar craters Thneophilus, Langrenus and Copernicus,
respectively, from the impact of asteroidal materiels.

3L4. See table 19.

35. Except for Mount Padbury, inferred from Fs contént of pyroxene (see
table 19). .

36. Inferred from Fa content of olivine and Fs content of pyroxene (see
table 19). :

37. Arriba; see Appendix II, footnote 16.

38. Fleming(?); Ha1naut(7), Ochansk(?); Pulsora(?); see Appendix II,
Tootnotes 13 and 17.



APPEFDIX IIT
Iist of Brecciated Meteorites Arranged in Genetic Groupingsl/

CLASS I. CAICIUM-POOR METEORITES

A, Carbon, water and rare gas-bearing breccias
1. DPigeonite association

a. Chondrite (None)
b. Achondrite

Dingo Pup Donga(?)g/ North Haig(?)g/
Dyalpur Novo Urei
Goalpara

2. Hypersthene association (Mone)
3. Bronzite association

a, Chondrite

Breitscygia Pultus}?/
Carcote3 Pantar
Fayetteville&/ Tabor.

b. Achondrite
Fragment in Breitscheid
c¢. Pallasite (lone?)
d. Iron
‘ Weekeroo Station
Washington County

4, Enstatite association

a. Chondrite (None?)
b. Achondrite
Khor Temiki . Pesyanoe
Norton Countyd/ Shallowaterd/
c. Mesosiderite .
Bencubbin
Weatherford
~d. Iron
Canyon Diablo
Toluca

21k
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CIASS T.

CAICTIUN-POOR IMETEORITES

215

B. Breccias that apparently lack carbon, water and rare gases

1. Chondritel®/

a.

Compound polymict breccias

1). Hypersthene-enstatite mixture
Danville Parnallee(?)
Kelley ,

2). Hypersthene-bronzite mixture
Bandong Manbhoonm
Homestead Ness County (1894)

, Jelica Plainview

3). Bronzite-enstatite mixture ‘
Hainaut Pulsora
Ieighton

Restricted(?) polymict breccia

1). Pigsonite (None?)

2). Hypersthene
Aleppo Mauritius
Arriba rasll,12/
Assan New Almelo
Bremsrvorde .Norcateur
Borgo San Donnino Orvinio
Chandakapur Ottawa
Chantonnayll/ Oubari
Drake Creek Oviedo
Ensisheim Rush Creek
Farmingtonggzlg/ St. Mesnin
Harrison County Santa Barbara
Hedjaz Sevilla
Holman Islandzi/ Siena
Johnson Cityll.12/ Shelburne
Knyahinya Shytal
Krzhenberg Soko-Banja
Ladder<CreeklE/ Vavilovka
Lalitpur Waconda
Mangwendi

3). Bronzite
Akbarpur Hugoton
Canellas Miller
Cangas de Oris Monroe
Cashicnlg/ Ochansk;&/
Coldwaterit/ Sitathali
Cullison Stalldalenll/
Fleming Tulia
Gerona Tysnes Island
Gnadenfrei Weston
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CIASS I. CAICIUM-POOR METECRITES
B. Breccias that apparently lack carbon, water, and rare gases
I.  Chondrite
b. Restricted(?) polymict breccia
4). Enstatite (None)

2. Achondrite

a. Compound polymict breccia
1). Enstatite-hyparsthene mixture
Cumberland Falls
b. Restricted(?) polymict breccia
1). Pigeonite-metal (ureilite) mixture
See list of ureilites, Class IAlb
2). Hypersthene-metal mixture

Ellemeet Roda
Garland Shalka
Ibbenbuhren Tatahouine
Johnstowmn
Manegaon

3). Enstatite-metal mixture
Aubres Norton County
Bishopville Pena Blanca Spring
Bustee ' Pesyanoe,

Cumberland Falls Shallowater
Khor Temiki '

3. Stony-irons

a. Mesosiderites (calcium-poor)
1). Compound polymict breccias
a). Enstatite-hypersthene mixture
Bencubbin '
2). R§stricted(?) polymict brececia
a). Enstatite-iif7l mixture

Bencubbi Udei Station
Enon Weatherfordl2
Mount Egerton Winona

b). Hypersthene-metal mixture
Bondoc Peninsula
¢). Unclassified
Budulan
Iujan(?)
b. Pallasites ‘
1). Restricted polymict breccia (None?)
2). Monomict
Admire
Eagle Station
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CIASS I, CALCIUM-POOR METEORITES
B. Breccias that apparently lack carbon, water, and rare gases

L, Irons with silicate inclusions

a. Compound polymict breccia
1), Metal (hypersthens)-silicate (enstztite) mixture
a). Brecciated hexahedrite (Ga-Ge group II)
Kendell County
b. Restricted or compound(?) volymict breccia

1). FEnstatite association (Ga-Ge group I)
Campo del Cielo . Odessa
Canyon Diablo Toluca

2). Hypersthene association (Ga-Ge group IT)
Four Corners
Pitts

3). SBronzite association (Ga-Ge group III and IV)
Bishop Canyon
Weekerco Station

LY. Inferrsd enstatite or hypersthene association
Copiapo : Pine River
Linwood Woodbine
Persimmon Creek

5). Inferred bronzite association
Colomnera Netchaveo
Kodaikanal |

CLASS II. CALCIUM-RICH METEORITES

A, Cerbon, weter, and rare gas-tearing breccia

1. Pyroxene-plagioclase achondrite

a. Howardite

Bununu(?) : Jodzie

Frankfort Kapoeta
b. Eucrite

Haraiya

2. Texktites(?)

B. Breccias that apparently lack carbon, water, and rare gases
1. Pyroxene-plagioclase achondrite

a. Compound polymict breccia
1). Howardite
Ie Teilleul : Yurtuk(?)
Pavlovka
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CIASS II. CAICIUM-RICH METECRITES

B. Breccias that avparently lack carbon, water, and rare gases

1. Pyroxene-plagioclase achondrite
a. Compound polymict breccia
2). ‘Eucrite
Juvinas
Tuotolax
b. Restricted(?) polymict breccia
1). Howardite
Bholgati
Binde
Brient
Chaves
¢. Monomict breccia .
1). Eucrite and shergottite(s)
Adalia
Bareba
Bialystck
Cachari
Chervony Kut
Emmaville
Haraiya
Ibitira
Jonzace
Kirbyville
Lakanzaon
Macibini

2. Tektites(?)
3. Mesosiderites (calcium-rich)

a., Compound polymict breccia -

Petersburg
Stannern

Massing
Washougal
Zmenj

Medanites

‘Yoore County

Nagaria
Hobleborough
Huevo Laredo
Padvarninkai(S)
Pasamonte
Peramiho

Serra de Magé
Shergotty(S)
Sioux County
Zagami (3)

1). Enstatite-metal-evcritic mixture (None?)
2). Hypersihene-metal-cucritic mixture

Hainholz(?)
Mount Padbury
Patwar

Vaca luerta
Veramin

3). Bronzite-metal-eucritic mixture

Dalgaranga

Estherville
k). Unclassified

‘Barea

Clover Springs

Crab Orchard

Dyarrl Island

Iowicz
Morristown

Mincy
Pinnaroo
Simondium

218
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CIASS II. CAICIUM-RICH METEORITES -
B. Breccias that zpparently lack carbon, water, and rare gases

L, Chondrites with eucritic inclusions

&, Compound polyrmict breccia
‘1). Hypersthene chondrite-eucritic mlxture

Arriva(?)

2). Bronzite chondrite-eucritic mixture
Fleming(?) Ochansk(?)
Hainaut (?) Pulsora(?)

References cited here supplemsnt those given in table 20 and listed
in Apperdix II.

MeCall and Cleverly (1967).

Diamond reportad by Sandberzer {1889).

}Miller and Zzhringer (1063).

See Anders (1964, p. 677).

Signer and Suess (1003), otzka (1963).

Sizner and Suess (1S53). '

Wlotzka (1S63). :

Norton County contains 0.0L0 percent carbon; Shallowater contains
0.135 percent carbon (C B. Moore, personal communication,
1967). -

Classification into hypersthene and bronzite classes are based on
Fe content of olivine as listed by Mason (1$63c).

Fredriksson and others (1S63).

Buseck and others (1986).

Miller and Zahringer (1S66).

Knox (1963),

Also listed under Class IAkc
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APPENDIX IV

Ages of Selected Stones and Irons used for Estimating the
Ages of Collision Events outlined in Table 21.

Hypersthene Body (Ga-Ge group IT iron; hexahedrites and Ni-poor ataxites)

Stone
Zaborzika

Khohar (dark)

St. Michel

Bruderheim

Moces

Dhurmsala
Arriba

Mezel

Bluf?
Iron
Ponca Creek

Stone
Iong Island
Lissa

Harleton

Peace River
New Concord
Walters
Iron

Ainsworth
Arispe
Bendego
Carbo §

% Ages are in 106 yr. For stones,

Age¥ Reference
4010; 2040 1
---3 1980 (L4k0) 2
4000; 1900 3, 1
1850 (1650, 1850, 1900); 1830 (1100,
1270) 1, b
3750 (L4300); 1750 (2320, 2L400) L
--=3 1600 2
-==3 1550 2
3100; 1300 5
---; 1220 2
1205, 1180 a
---3 1110 2
1970; 1100 1
-=-3 1050 2
1000, 960; ~-- 6, 7
--=3 920 (1000) 2
---3 910 (light and dark) 2
920 a
905 : a, b
910 a
850; 895 a, b, ¢

the ages are K-Ar; U, Th-hHe, res-

pectively. Tor irons, ages are uoK/hlx, except where otherwise noted.
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APPENDIX IV Continued

Hypersthene Body (Ga-Ge II iron; hexahedrites and Ni-poor ataxites)

Age . Reference
Stone
Alfianello . TT70; 800, 840 1, 8
Zemaitkiemis ==3 TT70 2
La Lande 1650; 74O ' 9, 2
Farmington 830; 710 1
Oberlin -==3 700 2
Pervomaisky (gray) 650; 630 10, 11
(black) 640, 1800; 630, 940 1, 10
Hayes Center 650, 650; 600, 450, 780 1, 2, 4
Bondoc Peninsula  =--3 600 2
(mesosiderite)
Taiban --=3 530 ‘ ' 2
Goodland -~=~3 500 2
Iron _
Union (h)= 500 (YHe) a
Stone
Potter 720; 470 1
Barratta ---; 460 2
Iron
Iredell (h) 450 d
. Stone
Kunashek 530; LkoO 1
(720-gray, 1200-black; 550-gray, 560-black) 12, 1
(McKinney 2320; 450, 320 1, 3)
Ergheo -==; 4Lo 2
Kingfisher -==3 44O 2
Ramsdorf k20, 370; 430, 40O 1, 2, 13
Iron
Cedartown (h) 430 d
Stone
Chantonnay (light) ---3; 380 2
Iron 6
Sikhote-Alin 355 (310, 3101/36Ar) _ a, e
Mount Joy (h) 350 (36¢c1/%1ve) £

= Hexahedrite
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Hypersthene Body (Ga-Ge IT iron; hexzhedrites and Ni-poor ataxites)

Age : - Reference
Stone
McKinney . 2320; 320, L50 . 1, 2
Chateau Reynard 510; 300 ' 1
Iron
Sao Juliso (II- 270 (30c1/2lye) b, £
(anomalous)
Santa Rosa 260 (Yge) b, d
Lombard (h) 260 (3 c1F1Ne), 205 (200, 41x/40k) c, £
295£200 a
Coya Norte (h) 250, 220 (hHe) b, 4, g
Tocopilla (h) 250 g
Keen Mountain (h) 220 (“He); 200  120(36c1/21ve) a, g, £
Sandia Mountains (h) 210 (36c1/2lwe); 140 (“He) v, h, d
Stone
Paragould --=3 200 2
Iron
Rio Loa (h) 160 ("g 4
Seelidsgen(?) 160 Cl/elNe) f
Sierra Gorda (h) 110 (hHe) d
Forsyth County 75 (Ar) b, i
Negrillos (h) sk (YHe); 30 b, 4, g
Braunau (h) 8 (ar); 4.5 (36c1/2lye) i, £
Bronzite Body (Ga-Ge group III, IV irons)
Iron
Deep Springs 1, 2 (IV) 2250, 2 75 j, a
Williamstown (III) 2200 (36c1 35Ara i
( v 1, 2 640, 660, 760 (*1k/40k) a
Stone ' .
Pultusk 3750, 3740, 3930; 1750, 1800, 3420, 13, 1k,

3870 1, 2
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APPENDIX IV Continved

B-onzite Body (Ga-Ge group IIT, IV irons)

Age Reference

Iron

Clark County 2 1k4o J, &
(IIT aromalous)
Stone
Breitscheid 3330; 1350, 1530, 2500 15, 16, 2,

1k
Texline -==3 1330 ‘2

Iron
Klondike (IV) , 915 a
Tlacotepec (IV) 915 ’ a
Mungindi (III) 820 . a
Pinon 3, 2, 1 790, 780, 660 3, a

(III anomalous) )
Delgate (III) 775 a
" Maria Elena 1, 2 (IV) 745, ThO a
Wiley (Ni-rich 740 a
ataxite)

Santa Apolonia (ITII) 730 a
Mount Edith (III) 710 a
Cowra (III) 710...1400 i, &
Norfork (III) 700 a
Puente d'Zacate (III) 690 a
Grant 2, 3 (III) 675, 715 a
Anoka (III) ‘ 685 a
Norfolk (III) 685 a
Thunda (IIT) 680 a
Williamstown 1, 2 (III) 640, 660, 760 a
Cape of Good Hope (IV) 630 a
Grundaring (III) 630 a
Carlton 2, 1 (III) 625, 605 a
Treysa 4, a (III) 625, 615 a
Merceditas (III) 600 a
Sanderson (III) 590 a
Tamarugal (III) 585 a
San Angelo (III) 580 a
Trenton 1, 3 (III) 580, 565 a
Washington County (Ni-rich 575 a

ataxite)



APPENDIX IV Continued

Bronzite Body (Ga-Ge group III, IV irons)

Stone
Seres
Iron
Descubridora 1, 2
(111)

Stone
Bath

Iron
Bristol(IV)

Moonbi (III-
anomalous)

Hill City
Huizopa (IV)

Butler (anomalous)
Putnam County (IV)

Stone
Beddlegert

Iron

Age

---3 530, 510

505, 515

1170; 470
k70
LL0...900
435
L30

420...850
410

2780; 400

Weaver Mountains (IV) 385

Yanhuitlan 2 (IV)
Iron River (IV)
Cambria(?)

370
360
350...700

Casas Grandes (III) 350 (36c1/21ve)

Charlotte 1, 2, 3

Hoba (IV)

(Iv) 3L0, 355, 320
300

Tawallah Valley (IV) 245
(Sacramento Mountains (III) 235 (th/hOK); 185 )

Glorieta Mountain

Duchesne 2, 1 (IV)

Dayton (III-
anomalous)

tone
Rose City

(111) 230
220, 175
215

10L0; 200

2L

Reference

13, 2

Js @

Js

P EE P

13 2
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APPENDIX IV Continued

Bronzite Body (Ga-Ge group III, IV irons)

Iron

Age

Sacramento Mountains (III) 185,235

Santa Catherina (III)
(anomalous)

Admire (III-pallasite)

Wedderburn (III)
(anomalous)

Chinga (Ni-rich
ataxite)

Smithland (Ni-rich
ataxite)

Stony-iron
Colorera (pallasite)

Mesosiderite
Estherville (lunar
impact?)

Iron
Tucson (Ni-rich
ataxite)

166
160 (“He), 150
100. . .200
110 (“He)
110

75 (36¢1/21Ne)

6L (3601/21Ne)
62 (39Ar/3

20 (Ar)

Enstatite Body (Ga-Ge group I iron)

Stone
Norton County

Iron
Aroos, 1, 2, 3
Mt. Ayliff(?)
Odessa
Bischtube 1, 3a, 3b

Canyon Diablo
Toluca

Osseo

Stone
Norton County

2720 (4680-5090); 1330 (1910-1920)

935, 905, 910
920
890
805, 840, 835

650, 610
620 (3%Cl/2z§e)

L90

220 (4He)

225

Reference



APPENDIX IV Continued

Enstatite Body (Ga-Ge group I irons)

Age

Stone
Pena Blanca Spring 53 (3He)
Curberland Falls (13) "
Bishopville I S
Bustee hs ¢
Pesyance -
Khor Temiki 1 "
Shallowater 20 "
Aubres (6) "

1. Xirsten and others (1953).

2. Hintenberger and others (196L4).

3. Geiss and Hess (1958).

L, Hintenberger, Vilesek, and
Winke (1964).

5. Geiss and others (1540).

6. Baadsgeard and others (1964).

7. Taylor (1954).

8. Reed and Turkevich (1957).

9. Stauffer (1961v).

Qe

C.
d.
(=
f.
ge
ho
i.
Je
k.
1.

Voshage (1967).

Iovering and others (1957).
Voshage and Hintenberger (1963).
Bauer (1963).

Schaeffer and Feyman (1965).
Vilcsek and Winke (1963).
Signer and Nier (1962).
Lipschutz and others (1965).
Fisher and Schaeffer (1960).
Wasson {1967a).

Wasson (1966).

Wasson (1967b).

10,
11.
12,
3.

14,
15.
16.
17.

226

Reference
38 (2lye) 17
h9 1t 17
k3 oom 17
l‘l; 11 17
b3 17
k3" 17
14 " A 17
i1 " 17

Gerling and Ievski (1956).
Heide (1957/15647).
Gerling and Rik (1955).
Hintenberger, Konig, and
Wanke (1962).

Anders (1963).

Paneth (1959).

Keil (1960).

Eberhardt and others
(1965).
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