PETROLOGY OF THE BASALTIC

ACHONDRITE METEORITES

Thesis by

Michael B. Duke

In Partial Fulfillment of the Requirements

For the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1963



ABSTRACT

Mineralogical and textural evidence indicaztes that the basal-
tic achondrites originated in one or more magmatic episodes in a
variety of cooling environments that resulted in textures ranging
from gabbroic to diabasic. Chemical compositional and mineralogical
variations are consistent with a common origin for the basaltic
achondrites by magmatic differentiation. The characteristics of
the mineralogical, major element and trace element variations are
similar to those of the Skaergsard intrusion, but the basaltic
achondrite magmas started from different compositions and crystal-
1ized under much lower partial pressures of oxygen(in the stability
field of metallic iron) than did the magmas of the Skaergaard
intrusion. The differentiation trends shown by the basaltic achon-
drites indicate that the starting material had calcic plagioclese
and was depleted in alkalis with respect to chondritic meteorites,
in which the plagioclase is secdic.

Brecciation is a conspicuous feature of most bassltic achon-
drites, which can be most satisfactorily subgrouped on the basis of
breccia type as brecciated eucrites(monomict breccias), eucrites
(unbrecciated), and howardites(polymict breccias). Petrographic
evidence suggests that some textural metamorphism and brecciation were
produced by shock effects that accompanied impact events on the surface
of the psrent body. The abundances of basaltic achondrite falls are
consistent with 2 surface-sampling mechanism such as meteorite impact
ejection. A preponderance of near-surface samples and the distinct
differences between the basaltic achondrites and chondrites suggest

that the moon is the probable parent body of the basaltic achondrites.
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I
INTRODUCTION

Definition 3£ basaltic achondrites

The basaltic achondrites are a chemically and texturally diverse
group of meteorites which have general similarities of mineralogy and
textures in common with terrestrial basaltic rocks. They are com-
posed primarily of calcic plagicclase and pyroxene and have magmatic
textures ranging from gabbroic to basaltic.

Previous classifications have divided the baszltic achondrites
into M"eucrites™ and "howardites", which Mason(l) has combined in a
group called pyroxene-plagioclase achondrites. The basaltic achondrites
as defined here differ from the basaltic-type achondrite group of Urey

(2) (3)

and Craig and the calcium-rich group of Prior in that the calcium-
rich pyroxene achondrites Angraza dos Reis, Nakhla and Lafayette are not
includeds The silicate phase of mesosiderites, which was recognized by
Prior(h) to be similar to the basaltic achondrites, is included in the
basaltic achondrite classification in this work.

Previous investigations

Many of the major features of the basaltic achondrites have been
described by previous investigztors. Summaries of the earliest work
on these meteorites are contzined in Wahl(S) and Michel(é). It had
been recognized at that time that the magmatic textures of the basaltic
achondrites were similar to terrestrial diabases and Wahl's work on the
pyroxenes established the presence of low calcium clinopyroxene (pigeon-
ite) in the basaltic achondrites., Michel studied the plagioclase of
meteorites and contributed useful information on the petrography of the

basaltic achondrites. Chemical analyses had shown some of the basaltic
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achondrites to be saturated with respect to silica and Berwerth(7) des-
cribed the occurrence of tridymite and quartz as minerals of these meteor-
ites. It had been noted that the majority of known basaltic achondrites
were brecciated and the early workers concluded that they resembled
terrestrial volcanic tuff-breccias.

No petrological study of the basaltic achondrites as a group has
been carried out since 1912, but some good descriptive papers on individ-
ual metecrites have been published. Among these are LaCroix(S) on the

(9)

Bereba meteorite; Foshag
(10)

on the Pasamonte meteorite; and Henderson
and Davis and Hess and Henderson(ll) on the Moore County meteorite.
Hess and Henderson argued for a process of magmatic crystal accumulation
on the basis of preferred orientation of plagioclase and pyroxene grains.

A paper by Game(lz)

reported a detailed investigation of the plagioclase
of the Juvinas meteorite. Zavaritskii and Kvasha(13) gave some infor-
mation on meteorites that have fallen in the USSR, A compilation of
chemical analyses of basaltic achondrites was given by Urey and Craig(z).
More recently, a number of the basaltic achondrites have been
analyzed by newly developed techniques for minor and trace elements and
for a variety of isotopic systems, Absolute age czlculations have been
made from some of the isotope relationships, while other elemental and
isotopic data has been considered in theories of the origin and evolution
of the meteorites and the solar system. The lack of closely correlated
detailed petrographic and chemical data has made the interpretation of

many aspects of the minor element and isotopic data difficult.

Scope of this work

The intent of this work is to provide the detziled textural, mineral-
ogical and chemical data necessary for the formation of an adequate model

for the origin and history of the basaltic achondrites. WNew bulk chemical
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analyses, analyses of co-existing minerals, optical and structural

data for minerals, trace element analyses and petrographic observations

are combined with older data, mainly chemical, to outline reascnable

magmetic histories of the achondrites. Isotopic data has been compiled

from the literature and discussed in the context of the present work.

Petrogravhic evidence on the nature of post-magmatic events is presented.

The paper is divided into eight sections:

(I) Introduction

(II) Textures and Structures - A meteorite by meteorite description

of the microscopic and macroscopic physical features of these achon-
drites, with a discussion of the principal events in the histories

of the metecorites as inferred from textural observations.

(II1) Chemical Composition of the Basaltic Achondrites and some of

their Constituent Minerals - Older and new bulk chemical analyses

and analyses of mineral separates. Systematics of compositionzl
variations among the achondrites.

(IV) Mineralogy - A description of minerals, including composition
and crystal-structure data, observations on sub-solidus transfor-
mations in pyroxene and observations on polymorphic variations of
plagioclase and silica,.

(V) Petrologic Trends - A discussion of compositional and miner-

alogical variations in these basaltic achondrites based on obser-
vational and experimental data on differentiation of terrestrial
basaltic magmas.

(VI) Trace Elements - New determinations of trazce elements in meteor-

ites and mineral separates. Trace element variations are compared

to the variations shown by rocks of the Skaergaard intrusion. The

relation of achondrites to chondrites is examined.
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(VII) Nuclear Data - A compilation of absolute age calculations,

cosmic ray exposure ages and primordial isotopic abundances, with
discussion based on the chemical and textural cobservations made in
this work,.

(VIII) Summary and Conclusions - From a summary of the principal

features of the basaltic achondrites, aspects of their origin and
history are considered, Limits are placed on the nature and
identity of the parent body of these meteorites.

Samples and Thin Sections

Table 1 gives a list of the meteorite samples available for this
work. Meteorite samples avzilable only for non-destructive analysis
are indicated. Table 2 gives an indexed list of all thin sections
available for study and gives the repository for each thin section., This
collection of thin sections of basaltic achondrites is probably the most

comprehensive collection ever studied by a single investigator.



TABIE 1
SPECIMENS STUDIED IN THIS WORK

Specimens available

for
Meteorite Macroscopic study Source
Bialystok Fragment, 0.8g E.P. Henderson, U.S.Nat.Mis.
Binda Fragment, 5g J.F. lovering, Aust. Nat.Univ.
Crab Orchard Fragment, 40g B. Mason, Am Mis. Nat.Hist.
Estherville Fragment, 1g C.B. Moore, Ariz. State Univ.
Juvinas Stone, 50g B. Mason
Stone and fragments, 30g W.v., Engelhardt, T#bingen Univ,
Moore County Powder, 4g E.P, Henderson
Cut slab C.B. Moore
Nuevo laredo Original stone, 250g
Pasamonte Two stones, 40g C.B. Moore
Pavlovka Fragment E.P. Henderson
Petersburg Cut slab C.B. Moore
Serra de Mage Complete stons, 30g B. Mason
Shergotty Cut stone E.P. Henderson
Fragments, 30g Roy, Geol. Survey of India
Sioux County Fragment P. Gast, Univ, of Minn.
Fragment E. Anders, Univ. of Chiecago
Stone C. B. Moore
Stannem Fragment and powder W. v. Engelhardt
Fragment C. B. Moore
Fragment B. Mason

Yurtuk Stone, 70g E.P. Henderson



Meteorite

Bholghati
Bialystok

Binda

Crab Orchard
Estherville
Frankfort
Jonzac
Juvinas

Kapoeta
Moore County
Nuevo lLaredo
Pasamonte
Pavlovka
Petersburg

Serra de Mage
Shergotty

Sioux County
Stammem

b

TABLE 2

THIN SECTIONS STUDIED IN THIS WORK

Label Source

BM-1915,140 M, Hey, Br. Mus. Nat. Hist.
BM-96257 M, Hey

CIT-Bial-1,2

CIT-Bin-1

CIT-Cb0-1,2

CIT-E-1

BM-43055 M. Hey

BM-19974 M, Hey

CIT=Juv-1,2,3,4

BM-45845 M, Hey

UCLJ-1,d K. Keil, Univ. Calif. La Jolla
CIT-MC-1

CIT-NL-1,2

CIT-Pas~-1

BM-55255 M. Hey

BM-32053(3) M. Hey

CIT-Pet-1

CIT-SdM-1

U.S.N.M, =321 E.P. Henderson, U.S, Nat. Mus,
BM=41020(2) M. Hey

CIT-Sh-1

CIT-SC-1,2,3

CIT-St-1,2,3

BUw6970(4) M. Hey
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II
TEXTURES AND STRUCTURES

Introduction

Textures observed in the basaltic achondrites can be ascribed to
two different genetic types, those related primarily to the crystalliza-
tion histories and those related to the mechanical fragmentation histories
of these meteorites. The development of the chemical compositional fea-
tures of the meteorites can be seen in magmatic and metamorphic textures
and some limits on the physical and chemical conditions of the crystal-
lization history can be obtained from study of these textures. Brecciation
is a conspicuous textural feature of most of these meteorites and analysis
of the fragmental textures can lead to some understanding of the post-
crystallization history of the basaltic achondrites. Some meteorites
show evidence of post-accumulation chemical effects and clasts in some
brecciated meteorites may have undergone magmatic crystzllization,
metamorphism, fragmentation, and recrystallization processes before their
final fragmentation and accumulation. Following the final accumulation
of the fragments, the brecciated materials were compacted enough to sur-
vive as meteorites.

This section gives descriptions of the textures observed in a2 number
of basaltic achondérites along with an interpretation of the manner in
which they developed. The origin of some of the textures can not be a
matter of much controversy. In some cases, however, there may be more
than one possible interpretation of the genesis of a texture and in a
few cases only speculative interpretations can be made. The texturzl
descriptions are given on a meteorite by meteorite basis, but most of the

interpretation is reserved for a summary at the end of this section.



-8-

Textural descriptions are not independent of compositional and
mineralogical properties of the meteorites. Where reference is made, in
this section, to mineral composition or to bulk meteorite composition,
the reader can refer to later chapters for supporting detail. Table 3
gives a summary description of the minerzls of the basaltic achondrites

which enter into the textural descriptions.
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Pigeonite;

Hypersthene;

Ferroaugites

Feldspar

Plagioclase;

Maskelynite;
Tridymite
Quartz
Cristobalite

Other Minerals

=G
Table 3

Minerals of the Basaltic Achondrites

monoclinic pyroxene in CaSiOB-MgSiO.%-FeS{O3 system

with low CaSiO3 content. Generally described by

Fe/Fe+Mg content.
orthorhombic pyroxene in MgSiOB-FeSiO3 system with

less than L% CaSiOB.

monoclinic pyroxene in CaSiOB-MgSiO -FeSiO3 system

3

with high CaSiO, content, high Fe/Fe+Mg.

3
feldspar with composition primarily described by
the proportion of albite NaAlSi.O, and anorthite

378
CaAlZSizos.
In these meteorites the plagioclase generally has
greater than 80% anorthite molecule.

amorphous plagioclase

Metallic iron, troilite (FeS), ilmenite, chromite, whitlockite

(phosphate),

magnetite.



<10~

METEORITE DESCRIPTIONS

Nuevo Laredo

The first complete petrographic and textural description of Nuevo
Laredo is presented as part of this study.

Except for a corner which had been broken off and lost, the original
500 gram stone had a complete fusion crust. The crust is greenish black
and filled with spherical cavities up to .03 mm in diameterj the cavities
apparently represent bubbles of volatiles which were formed during the
fusion in atmospheric flight (Plate 1a). Rills of glossy black glass
which flowed over the fusion crust have fewer spherical cavities. The
fusion crust consists of three portions (Plate 3a)., An outer zone, about
0.05 mm thick, is composed of dense brown glass in which the spherical
cavities are conspicuous. An intermediate zone, generally about 0.05 mm
thick, is primarily colorless glass into which a few plagioclase laths
extend from the interior. The intermediate zone grades into an interior
zone of darkened crystalline material which appears to mark the limit
of the chemical effects of the fusion process.

In the hand specimen (Plate 1b), dark lithic fragments make up about
fifty percent of the surface. The largest dark fragment has a maximum
dimension of about five centimeters. At some point in the spectrum of
fragment sizes, an arbitrary distinction must be made between fragments
and matrix, because there is an apparent continuum of fragment sizes from
the coarsest lithic fragments to the finest fragmental material in the
matrix. Also, crystal fragments vary in dimensions and an arbitrary
cutoff must be made between groundmass and crystal fragments. In Nuevo
Laredo, it is convenient to call fragments larger than 1 mm lithic or
crystal fragments, and smaller fragments are included in the category of

matrix. Fragments greater than 1 mm make up approximately forty percent
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of the surface area of the meteorite, and fragments greater than 10 mm
make up ten to fifteen percent of the meteorite (visual estimate).

When 2 sample of the meteorite was crushed for mineral separation
purposes, it was noted that some fragments were very resistant to
crushings A retained 38 mesh fraction of resistant fragments was
separated for special study. The fragments were of two types, dark
gray lithic fragments and light gray fragments composed primarily of
matrix material (Plate 3b). Most of the fragments are equant or sub-
spherical. Some shaping may have been produced by abrasion during
crushing of the meteorite. However, on the broken surface of the
meteorite and on many of the resistant dark lithic fragments there are
some very smooth surfaces, The smoothness of these surfaces, which occur
primarily on black pyroxene grains, causes some fragments partially ex-
posed on the surface of the meteorite to appear as smooth hemispheres
which are suggestive of the appearance of chondrules in chondritic
meteorites. They are different from chondrules in that the smooth sur-
faces rarely extend over more than a hemisphere. The composition and
internal textures of these resistant rounded lithic fragments are similar
to those of larger more angular lithic fragments in the meteorite. It
would appear that the rounding which is observed on some fragments is
due to mechanical effects.

At low magnification in thin section, it is difficult to distinguish
lithic fragments from what is more properly called matrix material. In
(Plate 2a) the field contains primarily matrix material, but some lithic
fragments occur in which the crystal size is only slightly greater than
that of the matrix. The matrix consists of fine-grained fragmental

material which in some portions has an average grain size of less than
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ten microns. In these areas the matrix is brown and nearly isotropic.
Between crossed nicols, very small spots of birefringence apparently
represent very fine-grained crystal fragments. Even in portions of the
matrix in which the average fragment size is ten microns to thirty microns,
the overall effect Between crossed nicols is a mass of very low birefrin-
gence, although if attention is focussed on individual grains, they can

be identified as pyroxene or feldspar on the basis of their birefringence.

Because of the fine grain size of many of the lithic fragments and
the identical mineralogy of fragments and matrix, the boundaries may be
indistinct and seemingly gradational as in Plates 2a and 2b. Crystals
apparently do not cross fragment-matrix boundaries. Rather, the indis-
tinct nature of the boundaries appears to be due to overlapping of the
fine-grained matrix onto lithic fragments with irregular shapes.

Fragments of nearly opaque brown "glass" are scattered sparsely
throughout the meteorite. Although the material is optically isotropic,
an X-ray diffraction pattern of an uncrushed globule of "glass" showed
plagioclase and clinopyroxene diffraction peaks, which indicates that
the "glass" is cryptocrystalline. In one place, "glass" fragments form
a discontinuous vein-like feature (Plate ha). Many of the fragments are
separated from one another by fine-grained groundmass, which indicates
that the glass has not been formed in place. Distribution of the "glass"
fragments in the veinlike arrangement is probably due to mechanical
effects related to brecciation,

In one of the "glass" fragments, two clinopyroxene (pigeonite) grains
about 0.8 mm in length are present (Plate Lb). The grains have skeletal
terminations, but sharply defined prism boundaries, and are interpreted

as phenocrysts in the basaltic magma ccoled rapidly to form the "glass",
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This is the only feature observed in this study of basaltic achondrites
which, can be described as porphyritic texture with any certainty. The
basaltic achondrites, in general, show non-porphyritic textures, perhaps
due to the lack of preservation of large fragments in which such textures
could be observed, but more probably due to the nature of the sequence
of crystallization in the basaltic magmas. Both plagioclase and pyroxene
apparently began to crystallize at the same time during the cooling
history of the magmas.

Special thin sections were prepared of a number of the more resist-
ant fragments. The following discussion of the textures of fragments in
Nuevo Laredo is derived primarily from study of the thin sections of
these separated fragments. Most of the textures observed resemble tex-
tures of terrestrial diabasic rocks which occur as shallow intrusive
rocks. Compositional zoning within individual lithic fragments is
further direct evidence that these materials originally crystallized from
liquid phases.

Aside from the "glass" described above, thé textures observed are
holocrystalline and represent average grain sizes from 0.01 to about
1 mme The overall average grain size is about 0.3 mme The finest-
grained fragments have intergranular textures, with anhedral pigeonite
and ferroaugite grains filling interstices between thin plagioclase
plates. Plate 5a shows fragment with an intermediate grain size
composed primarily of plagioclase laths and clinopyroxene grains in
intergranular to sub-ophitic texture. Cristobalite occurs between
plagioclase and pyroxene grains in a relationship which suggests that
it is a primary magmatic mineral. Plate 5b shows a fragment with sub-

ophitic texture in which the pyroxene is as coarse as 1 mm.
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In coarser fragments plagioclase occurs both as laths and as
irregular interstitial grains. The plagioclase laths of Nuevo Laredo
have composition of AnBS’ but the interstitial plagioclase is more
sodic and some grains as sodic as An65 have been observed. The inter-
stitial plagioclase is commonly found in association with accumulations
of troilite, suggesting that both minerals were concentrated in the
late stages of crystallization (Plate 6a).

Pigeonite and ferroaugite are generally greenish brown with many
slight color variations in single grains and between grains. In some
grains, a small amount of inversion of pigeonite to colorless hypers=-
thene causes color variations. Ferroaugite is lighter in color than
pigeonite and may be responsible for some of the variability of color.
Variations of Fe/Fe+Mg have not been detected in the pigeonite, but if
present could produce additionazl variability of color. Both pigeonite
and ferroaugite contain abundant inclusions and the density of
inclusions may affect the color.

Although there is a small amount of partial inversion of pigeonite
to hypersthene, there is little evidence of exsolution phenomena. The
two features are expected to be coupled because the calcium content of
pigeonite is generally greater than the hypersthene structure can hold
and calcium-rich pyroxene must be exsolved before inversion can occur.
Under high magnification fine planes parallel to (001) in both pigeonite
and ferroaugite can be seen., These may be crypto-exsolution lamallae,
but could possibly represent twinning of the clinopyroxene. Ferroaugite
occurs in distinct grains which can be physically separated from pigeon-
ites In thin section the two pyroxenes can be distinguished by deter-

mination of the optic angle.
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Both pigeonite and ferroaugite contain oriented and unoriented
inclusions. In the plagioclase, blebs and rod-like inclusions are
concentrated in the (010) and (110) planes. Bleb inclusions also
occur along curved fractures in the plagioclase. The inclusions are
transparent, with an index of refraction greater than that of the
plagioclase. They are probably colorless, but have a bluish tint as
a result of the index contrast with the plagioclase. Oriented inclu-
sions are common in the plagioclase of the finer-grained basaltic
achondrites. Michel(é) gave a detailed description of oriented inclu-
sions in Stannern and other meteorites. The suggestion by Michel and
other earlier investigators that the inclusions have pyroxenic compo-
sition has not been proved or disproved. Plate 6@ shows a plagioclase
grain with oriented inclusions.

In the clinopyroxenes, rod-like inclusions less than 20 microns
long are concentrated in (110) planes and are elongated parallel to c.
Many of these inclusions are cpaque and have the reflectivity of ilmenite
(Plate 6¢). Inclusions also are concentrated along (001) planes; they
are generally too small to be identified and may be opaque or non-opaque.

Quartz is present associated with troilite and ilmenite in the
interstices of some lithic fragments (Plate 7a). The pyroxene in these
areas tends to be corroded and clouded with opaque inclusions. Cristo-
balite is colorless and inclusion-free (Plate 5a). It does not commonly
occur in areas with large concentrations of opaque minerals. No evidence
of inversion of cfistobalite to quartz was noted.

Ilmenite, troilite and chromite are the opague minerals which have
been identified in the magmatic textures. Ilmenite is most abundant and

chromite is scarce. Ilmenite and troilite occur in grains or aggregates
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of grains up to 0.5 mm, but most opaque grains are less than 0.1 mm in
diameter. The total opague mineral content is 3% or less. Troilite

and some ilmenite are concentrated in the interstices with sodic plagio-
clase. In some fragments, the clinopyroxenes which occur with inter-
stitial plagioclase, ilmenite and troilite (with or without quartz) have
a corroded aspect suggestive of reaction (Plate 7a). Tt is possible
that some corrosion of pyroxene and formation of troilite occurred in

a late magmatic buildup of sulfur vapor pressure.

Metallic iron makes up less than 0.1% of the meteorite occurs in
small amounts in fragments consisting primarily of orthopyroxene and
plagioclase. The pyroxene of these fragments has non-uniform inter-
ference colors (Plate 7b). Because the orthopyroxene appears variable
and because the normal pyroxene of the meteorite is predominantly
pigeonite of uniform optical properties, the metallic iron is believed
to have been produced by reduction of iron-rich pigeonite to produce
hypersthene, free silica, metallic iron and perhaps some calcic pyroxene.
Detailed study of the composition of the reaction products would be
necessary to establish the validity of this hypothesis. The reaction of
pigeonite to form hypersthene, free silica and metal is shown more con-
clusively in a fragment from the Sioux County meteorite.

The textures of fragments in Nuevo Laredo are predominantly fine-
grained textures which are similar to those of terrestrial diabases.

The fine-grained textures, the presence of cristobalite (which probably
formed metastably), the lack of inversion of pigeonite (unstable at

low temperature) and the presence of porphyritic "glass" suggest very
rapid rates of cooling. The textural aspects of some troilite, which

occurs in interstices with corroded pyroxene suggest that some late
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stage magmatic reaction occurred. The overall uniformity of pyroxene
composition suggests that brecciation and accumulation have occurred
with little mixing of diverse chemical systems, z2lthough textural
variations are substantial. The metamorphic effect which has caused
the reduction of silicate to metal cannot be accurately placed in the
time sequence with respect to the brecciation, and could represent a
post-accumulation feature. The meteorite is friable, but it was compact
enough to withstand passage through the eartht!s atmosphere and must
have undergone some post-accumulation compaction.

Sioux County

The petrography of the Sioux County meteorite has not been described
previously. Externally, the meteorite has a dark black fusion crust
similar to that of the Nuevo Laredo. A broken surface shows many lithic
fragments set in a fine-grained friable groundmass (Plate 8a and 8b).
The groundmass is lighter than that of the Nuevo Laredo reflecting an
abundance of very white plagioclase. The lithic fragments are medium-
to coarse-grained equigranular aggregates of black pyroxene and white
plagioclase. The coarse-grained fragment shown in Plate 8b has as
coarse as any texture observed in the basaltic achondrites.

The average grzin size of lithic fragments is much coarser than
those in Nuevo Laredo. Consequently, there are more crystal fragments
larger than 1 mm in Siouwx County than in Nuevo Laredo. The average
grain size of the matrix of Sioux County seems to be somewhat greater
than that of Nuevo Laredo. Plate %9a shows a photomicrograph at low
magnification of a portion of the meteorite which contains a2 medium-
grained lithic fragment surrounded by finer-grained fragmental materizl.
Some portions of the groundmass have overall low birefringence between

crossed nicols, but the abundance of very fine-grained groundmass is low
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in Sioux County. The boundaries between lithic fragments and matrix are
sharply marked in many places, but where the pyroxene of the lithic
fragments has been strongly granulated, it is more difficult to make
the distinction. Plate: 10a and 10b show at higher magnification z
portion of the boundary between the lithic fragment and matrix shown
in Plate %a.

The medium-grained lithic fragment shown in Plate 9a is typical of
Sioux County and is shown in greater detail in Plate 10a. The plagio-
clase grains are tabular rather than lathlike. They show much more
mechanical distortion than the minerals of Nuevo Laredo. The pigeonite
has fine lamellae parallel to (001) which may be exsolution lamellae,
The pigeonite, commonly, is twinned on (100),

Some pigeonite twins have partially inverted to hypersthene in an
irregular fashion. Plate 9b shows a partially inverted pigeonite
grain in which areas within the central portions have inverted, leaving
an irregular rim of pigeonite. The contacts between pigeonite and
hypersthene are irregular and, but for the evidence that the grain was
originally twinned on a clinopyroxene twin law, might be interpreted
as a zonal relation in which hypersthene was first to crystallize. The
geometrical irregularity of the inversion may be controlled by variations
of composition in the pigeonitej if the pigeonite rims were more calcic
than the cores, inversion might proceed from the center outward. No
test of this possibility has been made.

Two fragments, 2 medium-grained fragment shown in Plate 8a and the
coarse-grained fragment shown in Plate 8b were sampled for chemical and
mineralogical analyses. The medium-grained fragment has about equal

proportions of pigeonite and hypersthene the coarse-grained fragment
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contzins some pigeonite, but is primarily hypersthene and plagioclase.
The pigeonite is brown and the hypersthene colorless. They both contain
numerous inclusions. The color of the pyroxene in coarse grains may be
controlled primarily by the inclusions, because both pigeonite-rich and
hypersthene-rich fragments have black pyroxene grains.

The difference of grain size between the two lithic fragments
suggests that the coarser has cooled and crystallized more slowly. The
greater abundance of hypersthene in the coarser fragment is consistent
with the formation of hypersthene by inversion from pigeonite following
magmatic crystallization. More inversion occurs in the fragment which
has the coarser texture and which has probably cooled more slowly.

Tridymite is the most abundant polymorph of silica in the meteorite
and occurs interstitially in the gabbroic textures in grains up to 0.1 mm,
Ilmenite and troilite are the most abundant opaque minerals in the
primary textures; they generally occur interstitially to the plagioclase
and pyroxene in grains that are generally smaller than 0.5 mm.

Corrosion of pyroxene with production of troilite and free silica
is shown by some fragments; the free silica in these textures is quartz.
The proportion of quartz to primary tridymite is small. The corroded
pyroxene is lighter in color and has lower birefringence than the unal-
tered pyroxene. Plate lla shows a fragment with corroded pyroxene.

In some fragments, pigeonite has been replaced by a2 finer-grained
aggregate of colorless to yellow pigeonite. The recrystallized portions
have fewer inclusions and grade into inclusion-filled normal pigeonite.
There is no special concentration of opaque minerals in the recrystal-
lized portions, but the fine-grained material is difficult to study by

optical means. Recrystallization of pigeonite in this manner is shown
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in Plate 1llb. More distinctive examples of this type of recrystallization
are described for the Juvinas meteorite.

Plate 12a shows a pigeonite-rich fragment in which a portion of
the brown pigeonite has reacted to form colorless hypersthene and
troilite. The troilite is concentrated at the boundaries of the hypers-
thene grain, which has a different crystallographic orientation than
the host pigeonite. Plates 12b and 12c show the occurrence of metallic
iron with orthopyroxene in what is interpreted as a post-magmatic
reaction texture.

Mechanical deformation effects are pronounced and, in some cases,
extreme. Thoroughly fractured pigeonite grains and plagioclase grains
with distorted and offset twinning and cleavage lamellae are shown in
Plates 10a and 13a.

Some portions of this meteorite show what may be post-aggregation
recrystallization, especially of matrix material. Plate 13b shows an
area which has an overall fragmental aspect with irregular plagioclase
and pyroxene grains surrounded by very fine-grained matrix material.

At some edges there are sharp contacts between fine-grained and coarser
material, but at one edge the grain size grades from fine-grained to
coarser material. In plane light, it is difficult to see boundaries
between adjacent plagioclase grains within this area. The larger plagio-
clase grains have slightly undulatory extinction, but the smaller grains
do not show undulatory extinction, which is in contrast with plagioclase
fragments immediately outside the area which show strong undulatory
extinction. These features strongly suggest that recrystallization of
fragmental material has taken place after aggregation of the breccia.

Another possible example of matrix recrystallization is shown in

Plates lha and 1hb. In crossed nicols, the area has a fragmental
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appearance, not unlike the matrix material in Plates 10a and 10b. In
plane light the boundaries between adjacent plagioclase grains are
obscure and the plagioclase apparently forms a continuous networke. This
feature suggests that some post-accumulation sintering has occurred.

The magmatic textures of Sioux County are much coarser than those
of Nuevo Laredo and suggest gabbroic rather than basaltic affinities,
The slower rate of crystallization suggested by the texture is consistent
with a larger amount of inversion of pigeonite to hypersthene in Sioux
County. Corrosion of pyroxene with the formation of quartz and troilite
has occurred to a lesser extent than in Nuevo Laredo, but is present as
a2 possible late magmatic reaction. Some pyroxene grains show evidence
of reduction to metallic iron after the original magmatic crystallization,
but at an unknown time with respect to the late stage magmatic events or

with the brecciation and accumuiation history.

Brecciation has produced a much larger amount of mechanical defor-
mation in Sioux County than in Nuevo lLaredo. The coarse-grained lithic
fragments are quite friable due to thorough fracturing of the pyroxene
and plagioclase. This is in contrast to the toughness of the finer-
grained dark fragments of Nuevo Laredo. There is less very fine-grained
matrix material in Sioux County than in Nuevo Laredo. There is some
evidence of post-accumulation recrystallizztion of the finer-grained
matrix material.

Juvinas

The petrology of Juvinas has been discussed previously by Rose(lh),
Wahl(S), Michel(é)and LaCroix(a).

In external appearance, Juvinas is very much like Nuevo Laredo.

The fragmental groundmass is light gray and lithic fragments are dark
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gray to black. Lithic fragments reach as much as 3 cm in maximum
dimension (Plate 15a). The fusion crust is black and contains
spherical cavities as does that of Nuevo Laredo.

The matrix material of Juvinas is similar to that of Nuevo Laredo,
but on the average is coarser.

The difference in average grain size of the matrix may directly
reflect the coarser grain sizes in the magmatic textures of Juvinas in
comparison with Nueve Laredo. Some portions of the matrix in Juvinas
have the sintered appearance described for Sioux County.

The fragments observed in thin section have medium-grained sub-
ophitic and ophitic textures (Plates 15b and 16a). The sub-ophitic
textures are composed of plagioclase laths with a length/width ratio of
about four, intergrown with anhedral pigeonite and ferroaugite. The
plagioclase laths generally have compositions of about An9o, and,
uncommonly, show compositional zoninge. Interstitial plagioclase may be
as sodic as An65. Many of the plagioclase grains have cloudy inclusion-
filled cores and clear rims.

The ophitic textures show randomly oriented plagioclase laths up
to 1 mm in length crowded into equant pigeonite or ferroaugite grains
up to L mm in diameter. It seems clear that much of the plagioclase in
these fragments crystallized before pyroxenes began to crystallize. It
is possible, but has not been shown, that the plagioclase laths in the
ophitic textures have variable compositions.

Pigeonite shows little sign of exsolution, but as in Nuevo Laredo
there are planar features parallel (0Cl1) which may be exsolution lamellae.
In some fragments, pigeonite has partially inverted to hypersthene. The

amount of hypersthene is small, but more is present than in Nuevo Laredo.
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The pigeonite of the sub-ophitic and ophitic fragments co