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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.
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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
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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-ric<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>