3138

To the Graduate Council:

I am submitting herewith a thesis written by Deana Suzanne
Sneyd entitled 'Deformation of Ordinary Chondritic
Meteorites.”" I have examined the final copy of this thesis
for form and content and recommend that it be accepted in
partial fulfillment of the requirements for the degree of
Master of Science, with a major in Geology.

r’xpow‘ MPK}}Y«»—

Harry Y. McSween, Major Professor

We have read this thesis
and recommend its acceptance:

NITASTANIN

Accepted for the Council:

Vice Provost
and Dean of The Graduate School




STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of
the requirements for a Master's of Science degree in
Geology at The University of Tennessee, Knoxville, I agree
that the Library shall make it available to borrowers
under rules of the Library. Breif quotations from this
thesis are allowable without special permission, provided
that accurate acknowledgment of the source is made.

Permission for extensive quotation from or
reproduction of this thesis may be granted by my major
professor, or in his absence, by the Head of Interlibrary
Services when, in the opinion of either, the proposed use
of the material is for scholarly purposes. Any copying or
use of the material in this thesis for financial gain

shall not be allowed without my written permission.

Signature S D r ano igé:z ﬁ

Date FAREESA




DEFORMATION OF ORDINARY CHONDRITIC METEORITES

A Thesis
Presented for the
Master of Science

Degree_

The University of Tennessee, Knoxville

Deana S. Sneyd

March 1987



DEDICATION

To Jim and Charlotte Sneyd,

with love and gratitude

ii



ACKNOWLEDGMENTS

T would like to thank Hap McSween for his undying enthusiasm and
support throughout this project. I am also very appreciative of Nick
Woodwards critique of my text. Many of his suggestions and comments
proved valuable in making this thesis a more complete document. Niogi
Sugiura made all magnetic susceptibility measurements and Ted Lobatka
helped to edit the final version of the text. Gordon Nord and the
U.S.G.S. very generously allowed me use of their transmission electron
microscope and Gordon also supervised and helped me to interpret much
of the TEM data. Manv students in the department deserve recognition as
well, but two in particular stand out. Without the diligence and
persistance of Jonny Lewis, the bugs in the computerized strain
analysis mav never have been worked out. I am especially grateful to
Randy Kath, who not only taught me how to make thin sections and the
slides for this presentation, but acted as a sounding board for hours

on end as I slowly made sense of my data.

iii



ABSTRACT

Chondrule strain and magnetic anisotropy are independent
measurements of deformation. For the first time, three-dimensional
analyses of strain in chondrules and magnetic susceptibility
measurements have been performed on the same ordinary chondritic
meteorites. These data reveal direct correlations in shape and
orientation of the two strain indicators.

Employing computerized strain  analysis techniques, a
continuous gradation of strain in chondrules was discovered in fifteen
ordinary chondrites. Values of strain range from a maximum in Mezo-
Madaras of 177 flattening, with mean ellipsoid axial ratios of
1.15:1.00:0.80, to a minimum strain in Kelly of 37 flattening anc
axial magnitudes of 1.02:1.00:0.96. The mean ellipsoids generated from
the samples predominantly have flattening-type or "pancake' spheroidal
shapes and are aligned to produce foliations.

Magnetic susceptibility anisotropy was measured for eight of the
samples in which the strain was analyzed and magnitudes of the
principal axes of the susceptibility ellipsoids were determined. The
susceptibility ellipsoids generated for each sample also have pancake
spheroidal  shapes. Gradation in degree of magnetic  anisotropy
development was discovered to be directly proportional to gradation of
chondrule strain in the samples. In addition to -correspondence in
ellipsoid shape, orientation of the c (shortened) axis of the strain
ellipsoid aligned subparallel to the X1 (shortened) axis of the
magnetic susceptibility ellipsoid in six of the eight samples measured.

A range 1in the degree of shortening in ordinary chondrites 1is
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indicated by these new strain and magnetic measurements. The shapes the

of strain and susceptibility ellipscids are consistent with the
hypothesis that deformation was caused by shortening along the
principal minimum axes.

Chondrule deformation was discovered to be due to shock processes
using several methods. First, each sample was assigned to a shock
facies,> based on optical criteria, and plotted against its respective
percent shortening. These two variables were shown to correlate.
Second, noble gas concentrations were noted to have been depleted with
increasing strain. Because depletion of noble gas concentrations 1is
also a function of shock, it is assumed that the strain measured was
shock-induced. Transmission electron microscopy analyses of a high-
strain and a low-strain sample allowed observation of substructures in
olivine grains. The density and distribution of dislocations discovered
in both samples provided further evidence for shock deformation. Based
on these three shock indicators, it is believed that the chondrule
strains and magnetic anisotropies quantified and correlated in this
study were formed by dynamic compaction during impacts on chondrite

parent bodies.



TABLE OF CONTENTS

SECTION PAGE

I—' INTRODUCTION ID"..QII.'.0....l'.l'l.....‘l..l.......ll'..'..ll

Statement of Problem ...... e evecevessasesrasesesaareseanse
Previous WOTK ceeeesccocescsssscseoncssososasoscssssscceccce

II. PETROLOGY OF CHONDRITES ll'l...I..l..I.IQI.l..‘...'....."...".

Review of Ordinary Chondrites .ececececcensrcencccnconssee
Petrographic Description of Samples seeeeccscecencanccenes
Mineralogy sesesseescosesssacosersscrsnsnsncasossccnces
Chondrule TeXtUTES .cesssssasesessccasnsosssorasnacccscane
Structural Features eeiesecesecrsssrssenrsssssacsreccnns
BreCCialtiOn eeseecvecscessesessssessossvssonscassacssneos

III. MEASUREMENTS OF STRAIN IN CHONDRITES seveeecocanccccncccansences

Chondrule Strain AnalysSis cieevescccasersascnsosscacccasnne
ODSETVALIONS cevoccscsossssssssssassssasstvssososessscastoce

Magnetic ANiSOLYODPY secesennvesssscssscnoocssrccosssancane
Methods of Magnetic Measurements e.ecececsccococsvcnces
ODSEIrVALIONS sevessssoaseessesnnsstssssssasscsssscsontss

Comparison of Fabrics .eveeerieercraricennenenceaseneenes
Ellipsoid Axial Magnitudes ceeeecevesscscreneannnaccnes
OTientatiONS seevecsssssssesoosssosscansssoosaassssessans
Petrologic and Physical Comparisons .eeececeacccss PN

IV. SHOCK EFFECTS IN CHONDRITES sevuiveescecaoacnscscacsncnacnncoccns

Optical Deformation Features ...... Cresestsscseanacnnns coe
Noble Gas Contents as Shock Indicators ...eeeeeesccecccns .
Transmission Electron MicroSCOPY sseecececessanssoccaccces
Review of DislocatiOnNs seseeesscccososcescscosorssacocaccncs
Previous WOTK seeeeeccecosasssectsossassesssscssssccccocs
Experimental Techniques ..iececeeccccereionrocnnacneccenns
ObSETVALIONS teveseresssssacsossossassassarsstsasssssssscsce

-

V. ORIGIN OF STRAIN IN CHONDRITES sucereveccecacacnccncroscocnaacs

Evidence For Shock Deformation ceeececsecesesoosransccancss
TEM FEC IR B R B B I B B A l.l....'....'.....'.....l.‘l.........'l..

Micro-Deformation Mechanisms .eeeseseceecoesccsncrosennn
Noble Gases C.'.l...........‘lll.'.....‘.......‘....'l'.
Pressure Calibration .seeeeeseescorsassacsverassersasssescas

REPFERENCES s et 000 e PP e R IO BC I IR BRI A B BN B L L A L L S

vi

37

37
37
41
41
43
44
45

52

52
52
55
56
57

60



SECTION PAGE
AAPPENDICES .l.l..‘...l...l....l..‘..l.lll"'.."...".Il‘l'..l lllll 76

APPE‘NDI\: I' ".Il.'l."l'."ll'Q.....'....'Ol!.l.."!....‘ 67
APPENDIY TT. tvevevvversseosassssnssscosssansscssonnssecsos 92

VITA -ouc.o.o.-ooooool-.oo.--oo-c"o-ttou.ootn'oo'-ononootoooocouooalof)

vii



LIST OF FIGURES

FIGURE PAGE

10.

11.

12,
13.

14,

15.

Rf/¢ graphs for the three orthogonal faces measured for Mezo-
Madaras (H) and McKinney are displayed .cieveveeecccacoccaconns 13

Rf/® graphs for the three orthogonal faces measured for
Adrian (a-c) and Kelly (d-£f) seeeeneeeeen A

Chi-square vs. reciprocal strain ellipse graph for the three
orthogonal faces measured for Mezo-Madaras and McKinney .... 19

Chi-square vs. reciprocal strain ellipse graph for the three
orthogonal faces measured for Adrian and Kelly ....eveenvenn. .. 20

Flinn diagram plotting all mean strain ellipsoids ....... ceves 23

Shape (R9) vs. intensity (Ry) graph  comparing gradation in
in relative intensity of foliation developement with respect to
the shape of each ellispoid for both chondrule- strain and
magnetic susceptibility measurements .eceeececersescesssccccecns 25

R1 magnetic vs. Rl strain graph displaying the relationship in
relative intensity of foliation development for the strain and
magnetic susceptibility ellipsoids..... P )
Equal-area stereonets comparing orientation of the principal
axes of the mean strain and magnetic  susceptibility
ellipsoids siveevannenns P PP K

Photomicrographs displaying the physical relationship of
chondrules and metal grains in ordinary chondrites .eceveeens. 35

Optically defined shock facies vs. percent flattening plot .... 39

He vs. Ar plot showing relationship between noble gas depletion
and increasing deformation intensity ...oceceviececnccanens eves 40

Transmission electron micrographs of McKinney ......... ceesaees 47
Transmission electron micrographs of Adrain ..eeeeeeeeeeecsssee 49
Rf/® example graph showing symmetry, fluctuation, original zero,
Rs, Ri, 1logmean Rf, and hyperbolic and Rf/® curves that best

flt the data © 8 € 0 5 00 00 S P TGN SN N0 O GLLLINSNISITIESSISENINCEEIEICOTTEOETTTYS 70

Rf/? example graph explaining significance of different RE/®
CUrve geometries ..eeeescssssesnsasas ceiescecnasras tecesvessses 73



16.

An oblate ellipsoids principle radii

ix




LIST OF TABLES

List of meteorites used in this Study seeeececeeerstnssssanccncnes

Axial magnitudes and percent flattening of mean strain and
reciprocal strain €1lipsoidsS .ceeeevecrsossssctrsssnocrssonees

Principle axes of magnetic susceptibility ellipsoids ...eeoe.ses

Angular deviation between strain ellipsoid minimum axis (¢) and
susceptibility minimum axis (X1) ceveveicuiieienireneenenonnanses .

Shock facies modified from Dodd et al., 1979 .icieeveeeeraranees
Peak pressures for experimentally shocked chondrite [ETT 83213].

Rs and Ri values from Rf/Phi and Theta data with their

28

34

38

corresponding correlation coefficients .......... creessaenan 105




1. INTRODUCTION

Statement of Problem

Study of the chemical and petrologic characteristics of chondritic
meteorites has historically received much attention, but very little
resecarch on their fabrics has been performed. The deformational
histories of asteroidal bodies can only be estimated from study of
chondrite microfabrics.

Ordinary chondrites, the focus of this study, are composed of
chondrules, matrix, and metal grains. Chondrules are millimeter-sized
spherules composed primarily of silicates, usually olivine and
pyroxene, and glass; and these objects show evidence for formation as
molten droplets., Matrix refers to material that consists of fine-
grained silicates, sulfides, graphite, and other components. Iron-
nickel metal grains range from spheroidal to ameboidal-shaped and occur
as inter-chondrule material or as chondrule rims.

Physiéal processing of ordinary chondrites has been observed
previously in the form of brecciation and optically recognizable shock
features. Chondrule- and metal-defined foliations may also be the
products of deformation. Quantification of deformation necessary to
produce these foliations in chondrites should provide two independent
measures of strain; however, the chondrule-strain and magnetic
anisotropy measurements have not been quantified or correlated
previously within a single chondritic sample. The only quantitative
measurements of these two foliations in the same samples have been

performed by Kligfield et al. (1982) for terrestrial rocks. For the



first time, three-dimensional analyses of strain in chondrules and
magnetic susceptibility have been performed in the same chondritic
samples. Chondrites are appropriate materials for such an analysis
because chondrules can be used as strain markers, due to their presumed
initial spherical shapes (Martin et al., 1976).

Chondrule deformation has been quantified in fifteen ordinary
chondrites by computerized strain analysis techniques. Separate
measurements of magnetic anisotropy were performed by Sugiura and
Strangway (1986) in eight  samples to quantitatively determine the
relative magnitudes and orientations of the principal axes of the
susceptibility ellipsoids. The type of petrofabric (foliation vs.
lineation) can be defined for each sample based on the shapes of the
strain and susceptibility ellipsoids.

Three aspects of the two petrofabrics defined by strain and
magnetic anisotropies are discussed in this study. First, the frequency
and pervasiveness of fabrics in ordinary chondrites will be discussed.
Second, magnitudes and orientations of chondrule strain and magnetic
anisotropy will be correlated, and third, the relationship between
deformational and petrologic characteristics will be explored to
determine whether the foliations  were metamor phically or

deformationally induced.

Previous Work

Anisotropies have been previously described in chondrites by
measurement of magnetic susceptibility in bulk samples, and by
microscopic  analysis of chondrule shape and alignment. These

measurements of chondrule shapes and orientations produced only



; qualitative descriptions of the petrofabrics. Dodd (1965) e:amined
' twenty ordinary chondrites and described a gradation in preferred
alignment of elongate chondrule axes. The anisotropy noted did not,
however, systematically chaﬁge with thermal history. Based on these
observations, Dodd (1965) postulated that the foliations were not due
to metamorphism, but must be a relict depositional feature imposed
during accretion of the chondrules. Martin et al. (1975, 1976, 1978,
1980) also performed various two-dimensional analyses of chondrule-
defined foliations 1in chondrites. They believed that  the
correlation of fabric orientation with chondrule shape resulted from
compaction due to overburden pressure in the meteorite parent body.

Cain et al. (1986) pefformed an extensive analysis of the shape
and orientation of chondrules in the Leoville carbonaceous chondrite.
They postulated that chondrule shape and alignment resulted from
deformation in situ, due to accretionary overburden.

Another fabric in ordinéry chondrites, defined primarily by the
shape and orientation of metal grains, is reflected in anisotropy of
magnetic susceptibility. The magnetic anisotropies and porosities of
eight chondritic meteorites were first measured in one plane by Stacey
et al. (1961). Porosity was noted to be inversely proportional to
magnetic anisotropy. The correlation between metal grain anisotropy
and degree of compaction as a function of porosity led to the
hypothesis that deformation and volume reduction were principally a
result of overburden pressure within the parent body. Weaving (1962)
performed a three-dimensional analysis of magnetic susceptibility
anisotropies in several chondrites and discovered that each sample

3




could be described by a susceptibity ellipsoid whose shape described
the type of petrofabric in each meteorite.

Links between petrographic anisotropy observations (Dodd, 1965;
Martin et al., 1975; Martin et al.,, 1980) and magnetic anisotropies
have recently been recognized (Brecher, 1977; Hamano et al., 1982;
Sugiura et al., 1983) but not quantified. Hamano et al, (1982) and
Sugiura et al. (1983) independently reported a foliation type of
magnetic anisotropy for several chondrites, and inferred from the shape
of the susceptibility ellipsoids that uniaxial compression  was
responsible for the anisotropy. Both sets of data supported Dodd's
(1965) observation that degree of anisotropy did not correlate with the
thermal history of chondrites. Based on their measurements, Hamano et
al. (1982) and Sugiura et al. (1983) both proposed that dynamic
compression (shock-impact) during initial‘accretion of the parent body

was the dominant orienting mechanism for the metal grains.




II. PETROLOGY OF CHONDRITES

Review of Ordinary Chondrites

Ordinary chondrites are chemically most analogous to ultramafic
terrestrial rocks (i.e., peridotites). They vary mineralogically with
the degree of thermal metamorphism experienced. Olivine is the most
abundant mineral in all ordinary chondrites. Clinoenstatite and calcic
orthopyroxene vary in presence and abundance with degree of
metanor phisn, Plagioclase, which crystallized from glass during
metamorphism, ranges in grain size from microcrystalline to coarse.
Opaque phases in¢lude sulfides, oxides, and Fe-Ni metals.,

Matrix and chondrules are the main textural constituents of
ordinary chondrites. Two separate types of matrix, based on chemical
differences, have been observed in ordinary chondrites: a fine-grained
silicate or "Huss" matrix (Huss et al., 1981), and a graphite-magnetite
matrix (Scott et al., 1981). Chondrules in ordinary chondrites have
been classified according to different textural characteristics as
porphyritic and nonporphyritic (Gooding and Keil, 1980).

The classification of ordinary chondrites is based on chemical
and metamorphic variations. All have very similar Mg/Si ratios, but
vary in total Fe content and oxidation state (reflected in the
distribution of TFe between silicates and metal). The ordinary
chondrites are subdivided into three compositional groups: H, L and
LL. The metal-silicate fractionation responsible for these samples must
have occurred prior to or during their accretion.

Ordinary chondrites also display a variation in degree of



textural integration. Some samples have diffuse chondrule boundaries,

" indistinguishable from an overall granular texture, whereas others have

distinct chondrule perimeters in a fine-grained matrix. Degree of
textural integration parallels mineralogical variations such as
increasing homogeneity of olivine and pyroxene, ‘and recrystallization
of glass to form plagioclase. Van Schmus and Wood (1967) proposed a
petrologic sequence for chondrites based on these textural and
mineralogical variations. Ordinary chondrites are therefore described
in terms of four petrologic types, (representing the degree of thermal
metamorphism experienced) : 3, 4, 5, and 6. Type 3 is the most
primitive and unequilibrated type, whereas Type 6 1is the most
equilibrated and recrystallized. By ammending appropriate petrologic
tvpes to H, L, and LL chondrites, Van Schmus and Wood (1967) thus
defined the two-fold classification presently in use.

Ordinary chondrites have been physically as well as petrologically
processed. Dodd and Jarosewich (1979) developed a classification for
equilibrated chondrites based on petrographic observations of shock
features. Six classes, a-f, describe increasing intensity of shock.

The three chemical groups of ordinary chondrites, H, L and LL,
are commonly believed to represent distinct asteroidal parent body
types. Genomict breccias consist of fragments of different petrologic
type but of the same chemical group. The preponderance of these
genomict breccias in ordinary chondrites indicates that there was very
little, if any, mixing among the groups during brecciation (Rubin et
al., 1983). This observation supports the hypothesis that different

classes of ordinary chondrites originated on separate parent bodies,



and that these contained a range of petrologic types formed by thermal

metamorphism.

Petrographic Description of Samples

Fifteen ordinarv chondrites of Types 3 and 4 and one of Type 5
were obtained from various museums for this study (Table 1). Samples
of low petrologic type were selected because chondrites that have
experienced extensive textural integration make petrofabric analyses of
this type impossible. In the strain analysis techniques utilized,

nacceptable errors are introduced if chondrule perimeters can not be
easilv distinguished and accurately traced. In the following section,

mineralogv, chondrule textures and structural features are considered.

Mineralogv

Olivine is the most common mineral and occurs in chondrules and
as individual grains in matrix. Most grains are euhedral and have a
bimodal range in size of 0.0lmm to 0.05mm in porphyritic chondrules and
O0.lmz to O0.5mm as phenocrysts in porphyritic and barred chondrules.
Ortho- and clinoenstatite occur as long, tabular grains and
polysynthetically twinned needle-like grains, respectively.
Clinoenstatite commonly encloses euhedral olivine phenocrysts or is
intergrown with orthopyroxene. Troilite occurs as large, irregularly
shaped grains in the matrix, and as small equant grains within and
rimming chondrules and metals. Chromite, the predoeinant oxide, occurs
as blebs enclosed by troilite. Fe-Ni metal grains (kamacite and

taenite) range from spherical to ameboidal in shape. They display a

wide variation in size but are commonly distributed between chondrules
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or are found rimming chondrules in a manner similar to troilite.

Chondrule Textures

Ordinary chondrites contain 70 - 85% porphyritic and 15 - 307
nonporphyritic chondrules (Gooding et al., 1980). Porphyritic olivine-
pyroxene chondrules are by far the most abundant chondrule type,
generally displaying a circular to oblong shape. Whole barred olivine
and radial .pa pyroxene chondrules are nearly always spherical;

hovever, many chondrules are breken.

Structural Features

The more highly deformed samples (1-6 in Table 1) show a vague
foliation defined by chondrules and metal grains; however, most
specimens displav  no apparent foliations or lineations on visual
inspection, lMany samples contain lithic breccia clasts composed of
broken barred olivine, radial pyroxene, and porphyritic olivine-
pyroxene chondrules enclosed in a fine-grained matrix. Other lithic
clasts consist entirely of equigranular, equant olivine (olivine
microporphvry). The clasts occur in a variety of sizes and shapes and
do not appear to display preferred orientation. The  unbroken
chondrules within the clasts tend to be nearly sphierical or very
slightly oblong.

Veins cut through almost every sample in random criss-crossing
networks. The individual veins vary in width (0.02mm to O.lmm) and
pass through chondrules and matrix. The veins ,composed predominantly

of hematite, are presumably terrestrial weathering features



Brecciation

A brief review of brecciation 1is presented, because of 1its
potential significance in determining deformation mechanisms. The
general abundance of H, L and LL genomict breccias were determined by
Binns (1967) as 25%, 10% and 627, respectively. However, it has
recently become evident that almost all ordinary chondrites are
probably fragmental genomict breccias at some scale (Keil, 1982).
Samples from this study that have been described as fragmental breccias
are McKinnev, Barratta, and Grady (Rubin et al., 1983), Kelly
(Bunch and Stoffler, 1974), and Mezo-Madaras (Van Schmus, 1967).
Rubin et al. (1983) speculated that the high proportion of genomict
breccias documented by Binns (1967) and Keil (1982) may have resulted
from several episodes of parent body disruption and reassembly after
metamorphism had produced the different petrologic types.

The breccias observed in this study contain relatively few clasts
and average from 1-2 centimeters in diameter. Breccia clasts that are
large enough to constitute the entire cubic sample from which the thin
sections are made have not been found. The breccia clasts observed in
this study are minor parts of each sample; therefore, dominant
fabrics defined by chondrules in the host are not obscured during

brecciation and thus, can be measured.
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111. MEASUREMENTS OF STRAIN IN CHONDRITES

Chondrule Strain Analysis

Strain measures the changes in lengths, angles, or relative
dimensions. Strain markers are needed to record the changes in shapes,
line lengths, or angles (Lisle, 1985). Strain measurement involves
comparison of the initial shapes of strain markers with their deformed
states. Strain is usually expressed in three-dimensions by a strain
ellipsoid. Strains are classified according to the change in the
strain ellipsoids shape from its inferred prestrained shape (Means,

1976).

Observations

The four strain analysis techniques used in this study are
extensively described in Appendix I. Chondrites are appropriate
materials for strain analysis because chondrules can be used as strain
markers, due to their presumed initially spherical shape (Martin et
al., 1976). Lithic clasts from brecciated meteorites and broken
chondrules were omitted from the analysis.

When determining the total strain in chondrites, the shape and
orientation of the deformed chondrules do not necessarily represent the
shape and orientation of the strain ellipsoid in the chondrite. Several
factors may influence a chondrule's final shape and orientation,
including the chondrule's initial shape and orientation and the strain
intensity and orientation. Total strain may also include matrix strains
which are not reflected in chondrules at all,

Fifteen ordinary chondritic samples have been examined for

11



deformation by measuring two-dimensional strain on three orthogonal
faces for each sample. To determine the amount of shape change that the
chondrules underwent, maximum and minimum dimensions of chondrules on
each face were measured to obtain deformed particle axial ratios
(Rfinal). @, the angular orientation of the maximum Rf axes with
respect to an arbitrary reference line was also measured (ELLIPSE-
TRACING program, Appendix I). By tracing the perimeters of individual
chondrules, values of Rf and @ were measured and plotted on an RE/P
graph for three faces on each sample (Rf/® Program, Appendix 1). These
graphs enable the determination of axial ratios of the mean finite
strain ellipse (Rs) imposed on each face. The symmetrical distributior
of data points in four quadrants is defined by the hyperbolic function
curve whose minimum point of curvature is Rs (Figs. 1 and 2). The
greatest degree of symmetry is used as a guide in determining the
finite strain ellipse ratio (Rs)(Dunnet, 1969).

From the fifteen chondrites analyzed for strain, the meteorites
Mezo-Madaras and MNcKinney represent the maximum deformation and Adrian
and Xelly represent the minimum deformation as indicated by Rs values
(Figs. 1 and 2). Mezo-Madaras exhibits the largest strain (Rs) and the
most pronounced foliation. Rf/§ plots for all three faces (Fig. la-c)
display a general clustering of data points around a maximum Rf over a
small range of fluctuation (%), indicating a strbng preferred
orientation of chondrules. The aspect ratio of 1.39:1 measured on the
ca face, is the greatest deformation recorded iﬁ any of the samples.
McKinnev (Fig. 1d-f) is the second most deformed sample in the group of
chondrites measured. Values of Rs ranging from 1.34:1 to 1.11:1 and the

12
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Figure 1. Rf/@ graphs for the three orthogonal faces

measured for Mezo-Madaras (H) and McKinney are displayed. The smallest
Ri of 1.25:1 is indicated by the inner most dotted Rf/@ curve, the
largest Ri of 1.75:1 is represented by the outer most dotted curve, the
middle dotted curve corresponds to an Ri of 1.5:1 and the solid curve
indicates the best fit mean Ri for the data. (a) Rf/@ curve displays
very low strain with a weak preferred orientation of chondrules; (b and
c) Rf/® curves display moderate strain with a preferred orientation
that is well pronounced; (d) Rf/® curves display moderate strain with
a preferred orientation of chondrules that is well defined; (e and f)
Rf/® curves display low strains with weak preferred orientation of

chondrules.
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Figure 2. Rf/@® graphs for the three orthogonal faces measured for
Adrian (a-c) and Kelly (d-f). Rf/® curves display very low strains with
weak preferred orientation of chondrules for each face of both samples.
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preferred orientat:on of chondrules indicate that this sample has been
deformed as well.

In contrast, Adrian and Kelly exhibit the least amount of strain.
A1l three Rf/9 plots for Kelly (Fig. 2a-c) and Adrian (Fig. 2d-f)
display a large fluctuation of § and a lack of data points clustering
at a maximum Rf. This type of broad scatter of points of low Rf value
shows that the chondrules in Kelly and Adrian have very little
preferred orientation. The low Rs values range in Adrian from 1.05:1 to
1.08:1 and range in Kelly from 1.02:1 to 1.05:1, indicating a lack of
penetrative deformation. Rf/$ data for these four samples (Mezo-
Madaras, McKinney, Adrian, and Kelly) are listed in Appendix I, RE/¢
Data. Rf/¢ graphs for the twelve samples whose Rs values fall in
between the range of deformation discussed are presented in Appendix
11.

Spherically shaped chondrules have been defined as those whose
axial ratios b/a and ¢/b were less than 1.5:1 (Martin, 1976). 98% of
the 342 chondrules measured by Martin (1976) fall into this "spherical
class". Although the assumption of initial sphericity is made for the
chondrules in this study to qualify them as strain markers, this
assumption must be tested to allow a more lucid interpretation of the
low Rs values calculated.

It is critical to determine whether the finite strain ellipse (Rs)
previously calculated has a higher or lower ellipticity than the
initial shapes of chondrules. A relationship therefore can be
determined between the final strain than the initial shapes of
chondrules. A relationship therefore can be determined between the
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final strain ratio and orientation of chondrules (Rf and p) and their
intial shape and orientation (Ri and 8).- A progression of emperically
derived Rf/¢ curves (Dunnet, 1969) are generated for individual Rs
values for each sample face. The curvature of the Rf/P curves is a
function of Rs, therefore, a set of Rf/§ curves are uniquely generated
for each Rs value. FEach Rf/§ curve encloses values of Ri which
progressively increase as the different Rf/¢ curves move up the RE
axis. By superimposing Rf/@# curves on the Rf/$ data, an approximate
rean ratioc of initiel shape (Ri) can be determined from the curve that
qualitatively best fits the data.

Four Rf/¢ curves have been superimposed on the plotted Rf/¢ data
for each sample face (Figs. 1 and 2). The smallest Ri of 1.25:1 is
indicated by the innermost dotted Rf/¢ curve, the largest Ri of 1.75:1
is represented by the outermost dotted curve, the middle dotted curve
corresponds to an Ri of 1.5:1, and the solid curve indicates the best
fit mean Ri for the data. In cases where the mean Ri for the sample
corresponds with one of the dotted curves, the solid curve is
superimposed on that dotted curve. Values of Ri greater than Rs are
indicated when the best fit curve is open and fluctuation (#) is
greater than 90 . When Rf/@ curves that best fit the data are closed,
Rs values exceed those of Ri.

A set of Rf/§ curves were superimposed on the endmember samples,
Mezo-Madaras, McKinney, Adrian, and Kelly. Values of Ri range from less
than 1.30:1 to less than 1.50:1 in the samples with higher Rs values
(Mezo-Madaras and Mckinney). Ri ranges from less than 1.25:1 to less
than 1.30:1 on the samples with lower Rs values (Adrian and Kelly)
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(Figs. 1 and 2). All other plotted Rf/¢ data have Rf/P curves
superimposed and are presented in Appendix 1I1.

The only face from every sample in which Rs exceeds Ri is the ca
face of Mezo-Madaras (Fig. 1lc). The data are best fit with a closed
Rf/¢ curve and the amplitude of the other superimposed Rf/P curves is
very high. The high amplitude of these curves indicates that data are
clustering at a maximum Rf across a small range of fluctuation;
therefore, higher amplitude curves describe more strongly pronounced
preferred orientations of chondrules. The data on every other face
however, are best fit with open ended Rf/§ curves varying in amplitude
with degree of preferred orientation.

Exclusive analysis of the very low magnitude of strain measured
compared to the higher values of initial shape, leads to suspicion of
the small finite strain values. The question arises as to whether
chondrites really have been deformed or if only the initial ellipticity
of chondrules is being measured. Despite the low magnitude of the
finite strains measured, the geometry of the high amplitude curves
along with the symmetrical distribution of data along the fluctuation

(§) scale, indicates a deformationally induced preferred orientation of

“chondrules.

To some extent the choice of Rs is subjective and relies on a
visual best fit. As an independent internal check on the choice of Rs
from Rf/P data, the reciprocal strain ellipse or "destraining ellipse"
was fitted for each sample face, using computerized methods described
by Peach and Lisle (1979) (THETA Program,‘ Appendix I). Each sample was
successively destrained by superimposing a reciprocal strain ellipse

17



(R(s)) on each deformed chondrule (Rf/$). The direction perpendicular
to the maximum chondrule axes was used as the destraining direction. To
destrain each chondrule, the reciprocal strain ellipse was altered
incrementally until the most isotropic distribution of chondrule
maximum axes was achieved., After destraining, the chi-square
statistical test was applied to chéck the hypothesis that the mean
predeformational orientation of the long axis (theta) calculated for
each face represented a sample from a population of chondrules with an
isotropic orientation.

In samples of low strain, ¢ is difficult to define accurately
because the deformed particle shapes are only slightly different from &
circle. Beczuse it is from the most isotropic orientation that the
destraining value of Rs is determined, the destraining analvsis has
been recommended only as a check for samples with strains greater than
Rs = 3.0 (Borrdaile, 1984). Despite the fact that the greatest strain
measured on any of the samples in this study was Rs = 1.39, the
destraining method tested for applicability.

The statistical chi-square test applied to Mezo-Madaras,
McKinney, Adrian, and Kelly (Figs. 3 and 4), involves the division of
theta values for each chondrule into classes of similarity defined by a
progression of Theta curves. A graph of chi-square vs. reciprocal
strain ellipse (R(s)) is generated for each face, allowing the goodness
of fit of the theta curves to the data to be evaluated. In each face of
Mezo-Madaras, McKinney, Adrian, and Kelly, the lowest chi-square value
exists beyond the 5% significance level (denoted by the dashed 1line),
indicating that the corresponding destraining ellipse (R(s)) may be
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Figure 3. Chi-square vs. reciprocal strain ellipse graph for the

three orthogonal faces measured for Mezo-Madaras and McKinney. All
curves extend beyond the 5% significance level (dashed line) indicating
validity of the Theta program as an independent internal check on Ri/®
data for these samples. The maximum point of the curve extending beyond
the 5% significance line corresponds to the mean reciprocal strain

ellipse for that face.

19



Adrian * Kelly
ob face ab face
: R, =102 R, =1.08
i
-— ! -—
PO =
x| P
]
)
t
[ | — -
15—, 1 ettt 700
chi-square chi-squore
be face be foce
! Ry=z1N ! Ry 1.04
! :
| ]
=| =]
= ' - '
] ]
t ]
1 i
X R
1 e —4—+ +—t A —t—t + +
¢ chi-square 100 ° chi-square 100
co face ca face
' Ry =104 ! R £1.09
| X
s =
x| ®|
] 3
] )
¢
, i
[} ‘ 1
L s S e ame e e + A + + +
chi-square 1o ° chi-square 100

Figure 4., Chi-square vs. reciprocal strain ellipse graph for the three
orthogonal faces measured for Adrian and Kellv. All curves extend
beyond the 5% significance level.

20




taken to be the axial ratio of the provisional strain ellipse.
Destraining ratios statistically determined for each face of the four
samples presented ‘nearly approximate Rs values for each sampie from
Rf/@ data (as shown by correlation coefficients in Appendix 1II, Table
7 ). This objective test thus validates the more  subjective
determination of Rs from Rf/¢ data.

Axial ratios, representing values of Ri, were also measured for
the chondrules in their statistically most isotropic orientation. The
arithmetic mean Ri for each face in its destrained state displays a
good correlation with Ri values determined from the visual best fit of
Rf/{ curves superimposed on the deformed data (as shown by correlation
coefficients in Appendix II, Table 7)

In light of these observations, the initial shape of chondrules
can be described more precisely as being subelliptical. In addition,
adherence to Martin's (1976) definition of a sphere (axial ratios of
1.5:1) would cause minor amounts of, deformation in chondrites (like
that described in the samples from this study where Rs ranges from
1.02:1 to 1.39:1) to be overlooked.

After a two-dimensional strain ellipse has been measured on each
orthogonal face, the three-dimensional strain ellipsoid for each sample
can be determined. Using the axial ratio and orientation of the two-
dimensional strain ellipse from each face, a computerized series of
three by three matrix transformations was used to calculate the axial
ratios and true orientations of the principal planes of the three-
dimensional strain ellipsoid (PASE 5 Program, Appendix I). The shapes
of the strain ellipsoids measured for the fifteen samples are
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qualitatively depicted on a Flinn diagram (Fig. 5). The type of
deformation, constrictional or flattening, experienced by each
ellipsoid may be determined from its position relative to the plane
strain line (K=1). Figure 5 also enables a qualitative determination of
the amount and gradation of deformation from the distance each
ellipsoid plots from the coordinates (1,1). All samples cluster near
the origin of the diagram, graphically depicting the low amount of
deformation experienced. The relatively higher strained samples
samples, representing a gradation in deformation of 8-17% shortening,
all plot within the "flattening-type" deformation field, dindicating
deformation by shortening along the principal minimum axes (c). Samples
with deformation of 7% or less plot near the plane strain line or just
within the "constrictional-type" deformation field. Table 2 lists the
axial ratios for each three-dimensional ellipsoid generated and their
corresponding percent flattening along the minimum principal axis (c).
A three-dimensional analysis of each sample was also made, using
the reciprocal strain ellipse ratios (R(s)) generated from the
destrained state, to calculate the reciprocal strain ellipsoid. Axial
magnitudes and percent flattening of the destrained ellipsoids
(calculated from theta data) correlate with those of the deformed
ellipsoids (calculated from Rf/® data) for all samples within
analytical error (Table 2). The reciprocal strain ellipsoid has a
greater degree of flattening in twelve of the fourteen samples, so the
mean strain ellipsoids used in this study may be conservative
estieates. Although Borrdaile (1984) questions the reliabilty of data

acquired from the destraining method of strain analysis for samples of
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low strain, this exercise demonstrates that the analysis in this case
is consistent with other methods, even for low strains, because the
destraining ratio (Rs) and dinitial shape ratio (Ri) values and
reciprocal strain ellipsoids generally correlate with those from RE/Q
data.

To determine the degree of analytical error involved in this
analysis, the same computerized strain analysis methods were used on
perfect spheres traced from a template. A strain ellipsoid was
generated with relative magnitudes of the principal axes being a =
0.96; b =0.97; and ¢ = 1.07, amounting to a 4% shortening along the
principal minimum axis. The shape of this ellipsoid plots in the
"constrictional-type" deformation field on a Flinn diagram. Because the
minimally strained samples generally are described by the same
ellipsoidal shape as the sphere measured in the experiment, samples
that fall within this analytical error are assumed to be essentially
undeformed,

Other experiments tested reproducibility of digitizing the same
chondrules and achieving similar results (ELLIPSE-TRACING program,
Appendix I). In the first experiment, the photographs from which
initial measurements were made were remeasured for one highly strained
and one low strained sample. The new results were within 4% of the
first measurements, thus supporting reproducibility of data. Another
experiment involved testing reproducibility of results on two different
samples of the same meteorite. One cube of Mezo-Madaras (H) was
obtained from Harvard University and a second was obtained from the
Smithsonian Institution (S). Axial ratios for the mean strain
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ellipsoids for both samples describe "flattening-type" spheroids. The
percent flattening fell within analytical error (Table 2).

The 47 absolute analytical error involved in the chendrule
measurements may be accounted for in several ways. The most obvious
cause for error in the chondrule measurment is operator error. The
fairly wide spacing of the grids on the digitizing tablet used leads to
degradation in reproducibility. A fair amount of bias may be involved
as well, because the operator selects each object to be measured in the
ELLIPSE-TRACING program. All subsequent determinations -of defcramstion,
subjective or objective, are drawn from the ELLIPSE-TRACING data set,
thus perpetuating possible operator error. Anotﬁer potential error 1is
involved in fitting the Rf/¢ curves to the data. An arbitrary value of
60% of the data points was used to fit each set of data with an Rf/®
curve. A method for determining the statistical errors involved in the
subjective choice of these curves unfortunately has not yet been
formulated for this strain analysis technique. The most probable cause
for error however, is the low amount of strain in the samples. Despite
the fact that these are non-spherical particles, the strain analysis
techniques used are not sensitive enough in very low-strain data sets

to distinguish true deformation.

Magnetic Anisotropy

liethods of Magnetic Measurements

A1l magnetic susceptibility anisotropy measurements were made by
N. Sugiura and D.W. Strangway at the University of Toronto. The

magnetic anisotropies were measured on the same cubic samples used for
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the strain analysis with a Princeton Applied Research  spinner

magnetometer, Bulk initial susceptibility was measured with a
vibrating sample magnetcmeter designed for small samples. From the data
on bulk and anisotropic susceptibility, susceptibility tensors were
calculated. Three principal components of  intrinsic magnetic
susceptibilities and their orientations relative to the coordinate
system used for strain analysis measurements were also calculated. A
+/-37 relative analytical error was determined based on the effects of
irrecular sample shape and error in the  bulk susceptibility
measurement. The procedures employed are described in detail by Sugiura

et al. (19&6Z).

J
/

Observations

Magnetic susceptibilities were measured in eight of the fifteen
samples analyzed for strain. Maximum, minimum, and intermediate axial
magnitudes of the three principal axes of the susceptibility ellipsoids
are listed in Table 3. A gradation in anisotropy is evident, with
Barratta and Kelly bracketing the range of deformation. The magnetic
susceptibility ellipsoid for each sample is described by a "flattening-
type" spheroid. Such susceptibility ellipsoids indicate progressive
foliation development and therefore deformation by shortening along the

minimum principal axes (X1).
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Table 3. Principle axes of magnetic susceptibility ellipsoids.

Meteorite X1 * X2 * X3 *

Barratta 0.006550 0.010010 0.010360
McKinney 0.005090 0.007200 0.007570
Broken Bow 0.013180 0.018850 0.019320
Parnallee 0.001910 0.002780 0.002870
Grady 0.017530 0.023700  0.024260
Faucett 0.012690 0.015820 0.016580
Adrian 0.006080 0.006550  0.006790
Kelly 0.000515 0.000544  0.000565

¢ = emu/g0e

Comparison of Fabrics

Ellipsoid Axial iagnitudes

To facilitate correlations in magnitude of deformation, strain
ellipsoid axial ratios and susceptibility ellipsoid axial magnitudes
were plotted in Figure 6. The parameters R1, representing intemsity of
deformation, and R2, representing dominant type of anisotropy, were
plotted for all meteorites for which magnetic and strain measurements
were made. Magnitudes of the three principal axes of the susceptibility
ellipsoids were used to determine Rl and R2 values for the eight
samples measured. Rl and R2 were also calculated, using the principal
axial ratios generated for the mean strain ellipsoids that had
magnetic measurements. The two possible types of anisotropy, foliation
and lineation, are defined by oblate or flattening-type and prolate or
constrictional-type spheroids, respectively. The amount that each
sample deviates to the right of the pure foliation curve indicates the
relative magnitude of lineation in the samples.
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of each ellipsoid for both chondrule-strain and magnetic susceptibility
measurements.
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As the two different sets of strain data are not strictly
comparable, an exact agreement between them is not expected. The
gradation of intensity (R1), within each data set correlates well.
Figure 7 displavs the relationship in intensity between R1 magnetic and

Rl strain. A linear regression for this relationship is given by:
R1 magnetic = 1.478 Rl strain - 0.406, (1)

with a regression coefficient of +0.88. From this equation, the
relative intensity of the mean strain ellipsoid can be determined from
magnetic susceptibility data. This is useful because it is difficult
to obtain three orthogonal thin sections of chondrites necessary for
strain analvsis and the procedure is very time consuming. Hagnetic
susceptibility is a rapid and non-destructive measurement. Bv  using
this relationship between strain and magnetic susceptibility, magnetic
susceptibility anisotropies can be used in the future to determine

directly the general strained state of ordinary chondrites.

Orientations

The physical orientations of the strain axes are inconsequential
to the strain analysis technique because of the arbitrary choice of
reference system. The orientation becomes important, though, when the
orientation of the magnetic susceptibility ellipsoid an the same sample
is compared with the orientatién of the strain ellipsoid. Correlations
between these data are possible when the same reference system is used
for each sample for both measurements.

In addition to correlations between axial magnitudes, orientations

30



—
(o o]
]
1

2 arratta
= 1
e Parnallee /° McKinney
o % L
O roken Bow
E T

—
(o4

1.2+

3
| L 1 1

1.0 R] strain 1.6

Figure 7. Ry magnetic vs. Ry strain graph displaying the relationship
in relative intensity of foliation development for the strain and
magnetic susceptibility ellipsoids.

31



of the principal shortening axes of the strain ellipsoids (c) align
subparallel to the shortened axes of the magnetic susceptibility
ellipsoids = (X1) in all samples except for Faucett and Kelly.
Orientations of the principal axes of the strain and susceptibility
ellipsoids are plotted on equal area stereonets in Figure 8. The
angular deviations betweenthe minimum axis of the strain ellipsoid (c)
and the minimum axis of the susceptibility ellipsoid (X1) are reported
on Table 4. lMcKinney, Barratta, Parnallee and Adrian show the closest
correspondence between all principal axes of both types of ellipsoids:
a//X3: b//X2; «¢//X1. Grady and Broken Bow have the same subparallel
correspondence, but the angular deviations between corresponding planes
from each ellipsoid are greater.

Kellv and Faucett are the anomalous samples. The correspondence of
all principal axes of both ellipsoids differs from all other samples.
One possible cause for the discrepancy in orientation is that magnetic
anisotropy may be controlled by tetrataenite, which has very strong
crystalline anisotropy (N. Suigiura, Per. Comm., 1986). However, Grady

1

- and Adrian are H chondrites and probably do not contain large amounts
of this metallic phase. Also, a prolate anisotropy is expected if it is
due to tetrataenite; thus, the magnetic anisotropy is believed to be
determined by shape anisotropy of the kamacite-taenite grains. The lack
of correspondence of principal axes thus, are probably due to the low
amount of strain measured in these samples.

In samples with low strain, the long axis orientation of

individual strain markers may be difficult to define accurately when

the deformed particle shape approaches that of a circle; therefore,
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Figure &, Equal-area stereonets comparing orientation of  the

principal axes of the mean strain and magnetic  susceptibility
ellipsoids. All measurements are plotted in the lower hemisphere with
the exception of Grady (X9) and Parnallee (Xg) which are plotted in the

upper hemisphere.
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Table 4. Angular deviation between strain
ellipsoid minimum axis (c) and susceptibility
minimum axis (X1).

McKinney 0.20
Barratta 3.32
Broken Bow 37.88
Parnallee 11.76

Grady 32.16
Faucett 4,74
Adrain 13.29
Kelly 28.00

incremental errors in accurate determination of an ellipsoid's long
axis could lead to an anomalous mean strain ellipse for each individual
face. The orientation of this strain ellipse along with two other
orthogonal ellipses is subsequently used to calculate the orientation
of the mean strain ellipsoid's principal axes. In samples of very low
strain, it is thus easy to visualize an interchange of principal axes.
These strong correlations of axial magnitudes and orientation are
somewhat suprising, because the independent strain indicators are only
indirectly linked. Figure 9 shows the common physical relationship of
chondrules and metal grains in chondrites. Petrofabric strain analysis
is based on chondrules, and magnetic anisotropy is controlled by the
shapes of metal grains, which are commonly situated between chondrules.
Because chondrules may be more rigid (competent) than the maleable
metal grains, the metal grains would presumably accomodate more strain
than the chondrules. This may account for the fact that the magnetic

anisotropy tends to be more strongly defined than the chondrule strain.

34



Figure O. Photomicrographs displaying the physical relationship of

chondrules and metal grains in ordinary chondrites. (A) This

transmitted light photomicrograph shows oblong chondrules with a

preferred orientation. (B) Metal grains are commonly found situated

between or rimming chondrules as evidenced by the same photomicrograph

taken in reflected light. The field of view in these photos is 3.0mm.
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Petrologic and Physical Comparisons

Of the fifteen samples analyzed, there were two LL, five L, and
nine H chondrites. These samples range in petrologic type from Type 3
to 5 and range in deformation from 3-17% shortening along the principal
minimum axis c¢) (Table 2). These strain and magnetic susceptibility
measurements document the low to moderate deformation experienced 'by
ordinarv chondrites of low petrologic type. The most highly strained
samples are consistantly L-group chondrites. This greater degree of
deformation mav be an inherent property of L-group chondrites. The L-
group parent btodies formational history may have been more dynamic than
the H- or Ll-groups parent bodies, or the impect event that liberated
the L-group chondrites may have been greater or more dynamic than those
events in which the others were affected.

It has previously been shown that cevelopment of these fabrics 1is
independent of the thermal history of the meteorites (Dodd, 1965). The
data presented here support this lack of correlation in that increasing
strain is not accompanied by an increase in thermal metamorphism  in
the samples.

Quantification and correlation of these two different types of
strain  measurements suggest something about their deformational
history. The pancake shaped spheroids of the most deformed strain and
susceptibility ellipsoids are consistent with the hypothesis that
deformation was caused by shortening along the principal .pa minimum
axes. This type of deformation could be due to either static or

dynamic processes.
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IV. SHOCK EFFECTS IN CHONDRITES

Optical Deformation Features

In order to understand the cause of deformation in chondrites,
optical criteria of shock modified from Dodd et al. (1979) have been
ectahlished. The classification scheme of Dodd et al. (1979) could not
be directly applied to the samples in this study. The range of shock
defornation discovered in this study is not very broad; therefore, a
more  sensitive set of criteria are necessary for unambiguous
delineation of shock facies. In addition the three shock facies defined
for this studv are based entirely on petrographic observations of
olivine, because of its abundance and because of the unmeasurable
amount of plagioclase in chondrites of low petrologic type. Because
olivine is the most abundant mineral in chondrules, it is assumed that
if chondrules are deformed, then the olivines are as well,

The optical criteria of shock used to define the three shock
facies are as follows: I = fractured olivine and minor undulatory
extinction; II = fractured olivine and extensive undulatorv extinction;
and III = fractured olivine, extensive undulatory extinction and
presence of mosaicism. Lach sample was assigned to one of the shock
facies (Table 5). Figure 10 shows that deformational features 1in
olivine grains attributed to shock (Dodd et al., 1979) correlate with

chondrule deformation.

Noble Gas Contents as Shock Indicators

Dodd et al. (1979) noted a relationship between depletion of
noble gases and shock intensities in L-group ordinary chondrites. They
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Table 5. Shock facies modified from Dodd et al., 1979

Mezo-Madaras (H) Il Kesen I
Mezo-Nadaras (S) 1II Grady I
McKinney II1 Ankober I
Barratta I11 Clovis I
Farmington 111 Faucett I
Broken Bow 11 Hammond Downs I
Parnallee 11 Adrian T
Menow 1I Kelly I

reported a depletion in the volumetric abundances of 4He and 40Ar,
corresponding with the first appearance of shock-induced melt pockets.
This elemental depletion 1is gradational and correlates with their
increasing shock facies a-f (Dodd et al., 1979).

Abundances of 4He and 40Ar were available for twelve of the
samples from this study (Shultz and Kruse, 1978). Figure 11 shows that
samples of higher shock facies are consistently depleted in noble
gases. The linear regression calculated for the noble gas data in this
study corresponds closely to that in the work of Dodd et al. (1979).
The most probable cause for variation is the difference in number and
types of samples. This study used 12 samples, as opposed to 40 used by
Dodd et al. (1979).

The 4He-40Ar plot used by Dodd et al. (1979) is also restricted to
L-group chondrites, whereas this study used H-, L- and LL-group

chondrites.
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Figure 11. He vs. Ar plot showing relationship between noble gas
depletion and increasing deformation intensity. lLine A represents the
linear regression through the shock facies data from this study. Line B
represents the linear regression through the data of Dodd et al.

(1979).
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Transmission Electron Microscopy

Analysis of microscopic deformation provides further insight into
the mechanism of chondrule deformation. Transmission Electron
Microscopy (TEM) analyses of a severely strained and an essentially
undeformed sample were performed to observe dislocation substructures
in olivine grains within chondrules. Orientation, Burger's vectors,
density, and geometrical relation of the dislocations were determined.
Because dislocation glide systems and densities are dependent upon
pressure, temperature, deviatoric stress, and strain rate (Gueguen,
1977), dislocation measurements in chondritic olivine samples should
improve our knowledge of these parameters and allow a more constrained

interpretation of the mechanism which deformed the chondrules.

Review of Dislocations

Generation and propagation of dislocations in olivine play a major
role in its plastic deformation (Green and Radcliffe, 1972).
Dislocations are described in terms of translation vectors which
represent the displacement of atoms from their regular positions in the
crystallographic lattice planes (Hull, 1975). These translation vectors
are called Burgers vectors [b]. Identification of Burgers vectors
allows complete definition of the type and orientation of dislocations
imaged. When dislocations are imaged, they are said to be in contrast
or are visible. Burgers vectors for individual dislocations are
determined using the well documented invisibility criterion: for g*%b=0,
there is no contrast and dislocations in that orientation are invisible

(g is defined as the reciprocal lattice plane vector as determined from
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the diffraction pattern imaged in reciprocal space). Thus, from the
orientation of dislocations with respect to the Burgers vectors, the
tvpe of dislocation visible can be determined. A complete description
of Burgers vector analysis methods may be found in Hirsch (1965) and
Boland (1977).

When Burgers vectors are parallel to a dislocation line, the
dicslocations are of the "screw" type. VWhen the Burgers vectors are
perpendicular to the dislocation line, the dislocations are of the
"edge" tvpe. In the most general case, a dislocation line lies at an
arbitrary angle to its Burgers vector and the dislocation line has a
"mixed" srew and edge character (Hull, 1975). The g*b=0 criterion for
invisibility has been experimentally tested, proving its validity for
determining Burgers vectors for screw and edge dislocations (Radcliffe
et al., 1970).

Kohlstedt and Goetz (1974) established that deformational strain
in olivine crystals is associated with dislocation motions. The two
basic types of dislocation movement are glide and climb. Movement of
dislocations at low temperatures, where diffusion is difficult, is
limited almost entirely to glide along closest packed atomic planes.
Climbing processes require mass transport by diffusion and therefore a
higher thermal activation energy is necessary. Higher temperature
conditions thus allow dislocations to climb out of their slip planes
(Hull, 1975). Structures indicative of climb, and thus higher thermal

energy, are curved dislocations, loops and "helical-like" dislocations.
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P revious Work

It is important to identify dominant mechanisms of deformation
though, because this determines how measurable strains are related to
deviatoric stress, temperature, and strain rate. Olivine is one of the
most common minerals in ordinary chondrites. Substructures produced in
olivine grains by deformation are easily observable compared to the
complex nature of those in pyroxenes.

Carter et al. (1968) optically described the plastic deformation of
olivines in neturally deformed ordinary chondrites. Their results
indicated that slip svstems were crystallographically controlled, and
they varied with temperature and strain rate, Ashworth (1975) compared
experimentally  deformed  terrestrial olivine  substructures with
naturally deformed meteoritic olivine. Parameters of strain rate,
temperature, and dislocation densities varied with substructure type
and orientatiorn in meteoritic olivine in the same manner as the
terrestrial olivine substructures., This study confirmed two ideas
previously established by Blacic and Christie, (1973) Green and
Radcliffe (1972) and Phakey et al., (1972c): 1) slip parallel to [100]
dominates at relatively higher temperatures, lower stresses, and slower
strain rates, whereas slip parallel to [001] dominates at relatively
lower temperatures, higher stresses, and faster strain rates; 2)
principal Burgers vectors in olivine are [100], [001], and [010]. The
collective results of the terrestrial studies indicated that the
transition from [100] to [001] occurs at approximately 1000°C for a
strain rate of 1x10-5, s-1 but the boundary is tenuous. These TENM
studies also report a dominance of screw dislocations of both [100] and
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[001] Burgers vectors in the dislocations in experiments at all
temperatures.

Sears et al. (1984) perfcrmed an extensive study of ariificially
shocked chondrites over a range of pressures. Pressures of 70 to 270
kbar generated long, straight [001] screw dislocations with a few edge
segments. Increasing shock pressure was paralleled by an increase in
density of the same types of dislocations, with a maximum density of
3x10+4C cum-2. The relationship between stress and dislocation density
hac beer extensivelv documented in terrestrial olivine analyses.
Dislocation densities of 1049 to 10+10 (long, straight [001] screws)
wvere observed in experimentally deformed olivine at 800°C, 10-5 sec-1,
while densities of 10+46-10+7 (b=[100]) were observed at 100C° te 1100°C,
10-7 to 10-11 sec-1 (Gueguen, 1977). This correlation supports the
hypothesis that overall dislocation density decreases with decreasing
stress.

Ashworth et al. (1985) studied the natural, relatively severe
effects of shock in ordinary chondrites. They compared their results to
experimentally shocked chondrites (Sears et al. 1984) and favorably
tested applicability of experimental shock data in interpreting natural
phenomena. They concluded that deformation and recovery effects of

olivine justify the use of this phase as a good indicator of shock.

Experimental Techniques

All transmission electron microscopy measurements and
interpretations were made under the supervision of G. Nord at the

United States Geologic Survey in Reston, Virginia.

44



TS

Thin section preparation methods of Wandless et al. (1960) were
emploved. Doubly polished, demountable thin sections (25-30 microns)
were examined in detail under the petrographic microscope to identify
phases and to select crystals for analysis. The selected areas were
detached from the sample and fixed to a copper washer-type mount (3.0
mm diameter). These samples were then ion-beam thinned to 50-100 % with
cn argon plasma discharge until electron transparency was attained.
Microphotographic comparison was made before and after thinning to
facilitaete identification of selected analysis areas in the electron
microscope. The specimens were carbon-coated and mounted in a high-
voltage (200 Kv) JOEL transmission electron microscope. A double-tilt
stage was used so that minerals and their orientations could be
identified using electron diffraction patterns. Two-beam diffraction
conditions were wused to identify intracrystalline deformation
structures. Burgers vector analyses were performed to more completely
characterize substructure type and orientation. The study was
restricted to olivine in porphyritic olivine-pyroxene chondrules,
because thev are by far the most abundant type of chondrules found in
ordinary chondrites. Barred olivine chondrules were avoided because
their formation under a higher temperature regime may have induced

substructures that were unrelated to the deformation in question.

Observations

McKINNEY: The strain analysis performed on McKinney shows it to
be one of the most deformed samples (Fig. 1d-f). Optically, the olivine

grains in this chondrite show multiple fractures, extensive undulatory
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extinction, and mosaicsm, indicating a " moderately-shocked" condition
as defined by Carter et al. (1968).

Deformation substructures are very common in all samples observed.
The dislocations predominantly have long, curved segments of relatively
complex character that are aligned parallel to a [010] Burgers vector
(Fig. 12a). The [010] lines are in contrast for g values of 020 and 010
and out of contrast for 102. Thus the slip regime observed for McKinney
is {h01}[010]. In Dckinney, [010] screws are overwhelmingly the
predominant type of dislocations, although some edge and mixed
components are present. When the g vector is placed in the 1 position,
dislocations with Burgers vector [001] are inferred. Although
orientation of the sample prohibited contrast analysis for g=001,
dislocations where g=102 were in contrast, allowing inference of
b=[001] by the invisibility criterion g*b=0. The dislocations viewed in
this orientation are parallel to [001], thus characterizing screw-type
dislocations. Dislocation densities of 5x10+9 cm-2 are distributed
homogeneously throughout the grains. The density is so high that some
areas are completely black with dislocations; therefore, the density
could not be ascertained,

The complex character of dislocations previously mentioned imcludes
presence of curved lines, loops, jogs, and curly or '"helical-like"
dislocations imprinted on subgrains (Fig. 12b). The occurrence of
curved dislocations and loops is indicative of olivine that has
experienced high enough temperatures for the diffusive process of

dislocation climb to have been important. The minor presence of jogs
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and "helical-like" dislocations also indicates motion out of the slip
plane.

Misorientation along the subgrain boundaries is small, thus
inhibiting  identification by optical microscopy. The complex
substructures displayed in Figure 12b are also observed overprinting
the subgrains.

ADRIAN: The strain anaiysis performed on Adrian shows it to be
one of the least deformed ordinary chondrites in this study (Fig. 2d-
f). Optically, the olivine grains are fairly clean in terms of
fractures and show an uneven distribution of undulatory extinction.
These petrologic features classify Adrian as "lightly-shocked"
according to Carter et al, (1968).

Deformation  substructures are fairly common in all samples
observed. Trie dislocations predominantly have long  straight segments
of simple character that are aligned parallel to a [001]) Burgers vector
(Fig. 13a). In two-beam experiments, the dislocations were in contrast
for g= 001, 002 and Oll and out of contrast for g= 010, thus defining
the slip regime for Adrian to be {hk0)}[001]. [001] screws are
overvhelmingly the most abundant type of dislocation, although a few
edge and mixed components are observed. When dislocations with £=010
and 011 were in contrast and out of contrast for g= 001, a second
Burgers vector [010] was defined. The character of dislocations was the
same as for b=[001], except the density was much lower and edge
segments were dominant. When contrast conditions of g= 011 were applied
to observe dislocations, structures seen in both [001] and [010]

orientations were visible, as well as some new dislocations that were
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previously invisible for [001] and [010]. These new dislocations
possibly define a unique Burgers vector [011], although it has been
suggested that [011] is simply a combination of [001]) and [C10]. A
total then of three Burgers vectors are observed in Adrian; hovever,
only two are probably unique.

Subgrains overprinted by long, straight dislocations were also
observed in Adrian. No noticable gradation in terms of degree of
subgrain development was noticed when comparing Adrian and McKinney.
The character of dislocations observed in McKinney is very complex and
indicative of partial recovery. The straight, simple character of
dislocations in Adrian have apparently undergone a lesser degree of
recovery. The deformational event, imprinting the straight dislocations
then, must have been under much cooler conditions than the
deformational event that affected McKinney. Dislocation glide dominates |
in most samples, except in a few cases where loops and curly
dislocations appear to be trying to climb out of the lattice plane.

Dislocation densities are inhomogeneous throughout all of the
samples of Adrian. Densities that range from 10+7-1049 over only 3
microns indicate their heterogeneous distribution (Fig. 15b). The
comparatively low density and the simple, straight character of
dislocations in Adrian allowed easier measurement of density than in
McKinney.

Heterogeneous distribution of dislocations in subgrains seems to
show a higher density in smaller subgrains and a lower cluster in the
larger subgrains (Fig. 13c). This type of observation was explained in

analogous material in shocked lunar samples, as the heterogeneous
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effects of shock (Lally et al., 1976). This explanation is dependent
on attenuation of shock waves occurring primarily at crystalline
discontinuities. Thus, in the 2lunar dunite sample examined, shock
primarily occured at grain boundaries. The larger clasts in the lunar
study were much more transparent to the shock, allowing many of the
shock waves to pass through without .pa noticable affect. Consequently,
fewer dislocations accumulated in the larger grains than in the smaller

ones.
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V. ORIGIN OF STRAIN IN CHONDRITES

Three hypotheses have been proposed to explain foliations
observed in ordinary chondrites: sedimentary accretion, deformation due
to overburden pressure, and shock deformation. It is unlikely that the
rock fabrics measured in this study are primary sedimentary accretional
features as proposed by Dodd (1965). It is difficult to envision a
nebular process that would promote the differential segregation of
chondrules as a function of the degree of flattening. Instead, thev
almost surely developed by deformation in situ during or after
accretion,

Cain et al. (1986) proposed static deformation to have occured as
a result of compaction due to accretionary overburden. In light of
the new observations and correlations in this study, it will be shown
that reliance on the deformation model proposed by Cain et al. (1986)
is not necessary for the samples examined. The idea of Ashworth et al.
(1975b, 1977) that most meteorites have suffered shock to some degree,
during and after disaggregation of their parent body, 1is the most

commonly accepted mechanism for chondrite deformation.

Evidence For Shock Deformation

TEM

Despite the fact that the mechanics of shock as it effects
chondrites are not completely understood, many characteristics of shock
behavior have been described. Shock deformation occurs generally at low

temperatures, very high strain rates (10+7-10+9 sec-1), and stresses in
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the mepabar range (Christie et al., 1976). Qut of the 53 L-group
chondrites studied by Dodd et al. (1979), only four were found to be
essentially devoid of shock effects. In the TEM analyses of licKinney
and Adrian, shock effects seem to be responsible for the deformation
of olivine in chondrules.

The remarkably different character of dislocations observed in
McKinney versus Adrian allows inference of their thermal state during
deformation. Both samples contain subgrains overprinted by dislocations
of varying character. The subgrains are interpreted to have formed
during primary igneous crystallization of olivine grains (G. Nord, per
COmM. , 1686). Subgrains with rectangular and sharp corners are
indicative of formation during crystallization. Apparently the
lattice planes were strained during crystallization and dislocations
subsequently recovered into subgrain boundaries while the olivine was
still hot. The dislocations overprinting subgrains in McKinney are much
more complex than those in pAdrian, indicating that the deformatiocnal
event that imposed the substructures, occurred while McKinney was
still relatively hot.

Because the dislocations overprinting the subgrains are the ones
that have been deformationally induced, they are the substructures of
interest to this study. [001] screw dislocations form in a
relatively  low-temperature, high-strain-rate, and  high-stress
environment in experimentally and naturally deformed olivines. The
transition boundary between [001] and [100] slip systems varies as a
function of stress and is poorly defined. [001] screw and edge

components are the predominant types of dislocations found in both



McKinney and Adrian. The presence of these types of dislocations allows
the inference to be made however, on the mechanism of deformation i.e.
shock  deformation. When the qualitative parameters related to
deformation by shock (1ow—temperature/high—strain—rates) are conpared
to dislocation densities in the samples, the inference of deforzation
by shock processes is suggested. Dislocation densities on the order of
1049 cm~2 and greater in some areas can only have formed at very high
strain rates and under an extreme stress. Shock strain rates of 10+7
to 10+4¢ sec-1 (Christie et al., 1976) correspond most closely to
dislocation densities of the magnitude found in this study (G. Nord,
per. comm., 1986). Therefore, despite the ambiguity in constraining
deformational conditions by use of Burgers vectors, the density of
McKinney and Adrian substructures can be used as an indicator of a
shock deformational history.

The heterogeneous distribution of dislocation densities in Adrian
further suggests substructure generation by shock. Unequilibrated
chondrites are composed of large, solid chondrules and large grains of
silicates, sulfides, and metals, enclosed in a porous, fine-grained
matrix. In such an inhomogeneous medium, shock waves are reflected and
refracted at grain boundaries, creating areas of energy concentration.
Shock can thus result in heterogeneous mechanical deformation of a
chondrite and mav be responsible for the observed heterogeneity in
dislocation densities over short distances (Scott and Rajan, 1981).
This variation in intensity, due to shock deformation, 1is exemplified
in Adrian, where dislocation densities vary from 10+7-1049 cm-2 over a

distance of less than 3 microns.
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The gradation of strain, quantified by the chondrule strain and
magnetic anisotropy measurements is consistent with the range 1in
degree of dislocation densities observed using TEM. Adrian shows an
overall lower density of dislocations, while McKinney has a
homogeneously high dislocation density. Adrian has been shown to have
essentially the least strained chondrules and most poorly defined
magnetic anisotropy. Conversely, McKinney is comparatively highly
deformed, as evidenced by its well defined chondrule and magnetic

foliations.

Micro-Deformation Mechanisms

The dominant mechanism of olivine deformation, based on these TEM
results, appears to be low-temperature plasticity. Lowv-temperature
plasticity is a plastic deformation involving the gliding motion of
dislocations (Ashby and Verrall, 1977). This type of plasticity is
observed at low temperatures and high stress, with slip systems varying
from [001] to [010] to [100] with increasing temperature. Power~law
creep is a non-linear flow involving both the climb and glide motion of
dislocations (Ashby and Verrall, 1977). The two samples analyzed fall
within the low-temperature plasticity deformational field; however,
effects of dislocation climb are evident. Presence of curved
dislocations, dislocation loops, and "helical-like" dislocations demand
higher temperatures for diffusion of dislocations. There is a limit on
maximum temperatures experienced by McKinney (L4) and Adrian (H4)
though, ranging ‘from 600°C to 700°C (Dodd, 1981). This limitation

essentially constrains the mechanism of deformation to low-temperature
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p asticity; however, pcwer-law creep was probably a minor component in
the deformation as well.

The TEM analyses suggest, therefore, that the deformatien of
chondrule olivines by dominantly low-temperature plasticity was caused
by a progression of shock intensities affecting different samples as

evidenced by dislocation densities.

Figure 10 displays the gradation in deformation based on shack
facies (defined by optical shock criterie similar to Dodd et al.,
1979). This gradation correlates to the gradation of percent flattening
quantified in the strain analysis for each sample. Because percent
chortening 1is the numerical description of the degree of foliation
development observed in the samples, this gradation in foliation 1is
therefore caused by deformation.

The concentrations of 4He and 40Ar for twelve samples were shown
to correlate with shock facies in Figure 11. Because the depletion of
noble gases is directly proportional to the gradation in shock facies,
it can be assumed that the noble gas depletion is also related to
increasing strain.

Concentrations of 4He and 40Ar are sensitive indicators of shock
intensity (Dodd et al., 1979). Increasing shock intensity, as defined
by optical shock criteria, is related to the depletion of these light
noble gases. Because increasing strain is accompanied by 4He-40Ar
depletion, it is concluded that the strain observed is shock-induced.
The TE* data support this dynamic mechanism gf deformation for
chondrites as well.
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Pressure Calibration

Assuming shock has been established as the mechansim of
deformation for these samples, peak pressures can be calibrated wusing
optical shock criteria in comparison with experimentally shocked
samples. An ordinary chondrite [EET 83213] has been experimentally
shocked at impact velocities ranging from 1.184 to 1.775 km/sec in an
attempt to calibrate pressures experienced by samples in this study (F.
Borz, per. comm., 1986). Peak pressures were subsequently determined,
ranging as a function of projectile material density and target
container material from 49 to 199 GPa (Table 6). The mineralogy and
type of chondrules present in the unshocked chondrite are very similer
to the essentially undeformed samples in this study. Using the sarme
optical shock criteria, these experimentally shocked samples were
assigned to their appropriate shock facies (Table 6).

Sample 1352 experienced the highest peak pressure (199 GPa) and
was the only sample that displayed extensive mosaicism of graims. A
fourth shock facies was therfore established for the experimental
samples because of the unique nature of this sample. Two thin sections
were made from each sample: a plan view and a cross-section. It would
have been interesting to attempt to measure any foliation that the
shock deformation created. Unfortunately the cross-sectional views
were too narrow to enclose whole chondrules, thus prohibiting optical
observation of increasing chondrule deformation with increasing peak
pressure,

By considering optical properties and their correlation with peak
pressures from Sears et al. (1984), Dodd and Jarosewich (1979) and the
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experiment above, extrapolations can be made to this stucdy. Considering
intracrystalline properties observed in McKinney and Adrian, and
cptical properties of the other samples, the peak pressures experienced
can be constrained from <70 to 177 GPa. Samples experiencing peak
pressures of greater than 199 GPa develop mosaicism of olivine grains
as well as b=[100] dislocations (Sears et al., 1984). Samples
experiencing peak pressures of less than 70 GPa generally have little
(if any) undulatory extinction, and that only in a few grains.

One question remains when considering shock as the deformation
mechanism necessary to create foliations in ordinary chondrites: Why

are foliations not obvious in some of the most severly shocked

m

[N

meteorites? A possible answer is that severe shock deformation
accompanied by brecciation and broken chondrules. The combination of
these constituents might obscure any shock-induced foliation. HMany of
the samples in thies study have planar fabrics that are not immediately
evident. Without the strain analysis procedures utilized in this study,
the deformation now quantified may have gone undetected.

The two independent, correlatable types of strain measured in each
sample have therefore provided evidence for the physical processing of
ordinary chondrites. The chondrule- and metal-defined foliations

measured are apparently shock-induced.
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APPENDIX 1

Methods of Strain Analysis

Many methods for analyzing finite strain in rocks have been
developed (Cloos, 1947; Dunnet, 1969; Fry, 1979; Siddans, 1980; Lisle,
1977; Ramsey, 1967; Borradaile, 1984). An array of strain analysis
software based on these techniques has been edited by Kligfield et al.
(19582). The Tektronix hardware specifically suited for these programs
consists of the following: 4052 Microcomputer with 64K memory and
interactive graphics; 4956 (20x20 inch) Graphics tablet (digitizer);
4611 Hard copy unit for producing copies of whatever is on the screen
of the 4052 instantlv. The software used in this study, written in
Tektronix basic, includes a set of four programs equipped to analyze
two— and three-dimensional finite strain. This array of strain analysis
programs from the Kligfield et al. (1982) package relies on initial
assumptions of naturally deformed, homogeneous, and strained passive
(no ductility contrast) markers.

The initial step of the strain analysis was utilization of the
ELLIPSE-TRACING program on each face. This program generates a data set
for each face of the sample from which the other programs base their
interpretations. Acquisition of cubic samples 1is necessary in
determining the three-dimensional strain imposed on each meteorite.
Three mutually perpendicular thin sections from each cube were placed
directly in an enlarger to make photographs for measurements (Dunnet,
1969). These photographs were arbitrarily oriented in a right-handed

"up" orthogonal reference system. Although the pre-strained shape of
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chondrules is unknown, they can still be used as strain markers

23

(Lunnet, 1005, Licle, 1

3y, By digitizing the perimeters of
chondrules, the ellipse-tracing program generates a best fit ellipse
for each chondrule. From each ellipse, values of Rf, ® and a
correlation coefficient, showing the amount that the shape of the
digitized perimeter deviates from a perfect ellipse with the same
dimensions are calculated. This program is applied to three orthogonal
photographs from each sample and the data are stored on a magnetic tape
cartridge for input to the Rf/? and THETA programs. Optimal sample
sizes for the Rf/# and THETA programs were investigated by Borradaile
(1984). He found a marked improvement in sensitivity as sample sizes
approached 50 markers but improvement beyond 75 markers became 1less
pronounced. Between 20-90 chondrules were used on each photograph
¢epending upon the size of sample available and degree of textural
integration.

The Rf/) method of strain analysis is outlined by Ramsey (1967)
and described 1in detail by Dunnet (1969) and Dunnet et al. (1971).
Although this technique imposes no restrictions on the initial shape of
the strain markers (Ri), it does assume that initial shapes were
lacking in preferred orientation (Lisle, 1977). The Rf/®  computer
program provides two-dimensional strain analysis of individual sample
faces, utilizing values of Rf (final deformed partical axial ratio) and
@ (angle from the Rf long axis to the maximum principal strain
direction) generated by the ellipse tracing program (Fig. 14). The Rf
data is shifted about its median value and centered around a vertical

logarithmic Rf scale. The data are then shifted about their median
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90 Data Points
Fluctuation = 167
Logmean R¢=1.472
Original Zero = -18.025
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Figure 14. Rf/® example graph showing symmetry, fluctuation, original
zero, Rs, Ri, logmean Rf and hyperbolic and Rf/® curves that best

fit the data. The arrow beneath the fluctuation axis denotes the
position of the original zero.
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value along one of two horizontal scales, depending on the
fluctuation of @ with respect to the vertical scale. The negztive of
the "original zero" parameter gives the value, in the ninal
reference frame, of the median about which the data are shifted. This
parameter thus is taken as the provisional direction of strain. The
harmonic mean is taken from final axial ratios (Rf) of each chondrule
to produce a mean final axial ratio for each face. The program allows
the operator to progressively choose Rs (finite axial ratio of
chondrules) and Ri values until a pair generates a hyperbolic curve
that qualitatively best fits the data. The hyperbolic  curve generated
bv Rs and Ri is defined by Rs occupying the minimum point of curvature
and the length of the curve being a function of Ri. The log mean Rf
value provided by the program may initially be used in determining Rs.
The log mean Rf will nearly approximate Rs but will always take a
slightly higher value than Rs becauses. The log mean Rf will nearly
approximate Rs but will always take a slightly higher value than Rs
because Rfmex 1is the product of Rs and Ri (Lisle, 1985). The
svmmetrical distribution of data points in four quadrants, defined by
the vector mean @ and the Rs value, is also used as a guide in
determining Rs and Ri, The program computes four symmetry values for
each Rs value chosen, based on the number of data points in each
quadrant. These quadrants should have equal points: A/B:C/D, where
A=B=C=D. An asymmetrical distribution of data points, numerically
describing a skew in the data, indicates lack of an initially random
orientation of markers prior to deformation. These quadrants should

have a skewed symmetryv: A/B:C/D, where A=B,C=D or A=C,B=D. Also, a low
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concentration or lack of data points around the center Rf ¢f the
ccatter indicates an absence of initially spherical strain markers
(Lisle, 1985).

The hyperbolic curve dictates how and where Rf/? curves plot on an
Rf/® graph. Because Rs defines the position of the hyperbolic curve
along the Rf axis and Ri determines the length of this curve, the shape
of Rf/® curves is thus dictated by the value of Rs, and the curves'
position along the Rf axis is controlled by Ri. Once the value of Rs is
determined for each sample face, the value of Ri can be varied. As Ri
is successively increased, Rf/® curves plot progressively higher along
the Rf axis, thus enclosing more data points. The Ri value that
produces an Rf/D curve that best fits (i.e. encloses greater than 60%
of the data points) is taken to be the mean Ri for that face.

Different geometric shapes of the curves provide information on
varying degrees of strain imposed (Rs) and preferred orientation of
strain markers. Figure 15 graphically depicts the variation of curve
geometry and general interpretations can be made. Points that show a
large fluctuation of @ , for example, and do not cluster about a
maximum Rf are fitted with the straight-dashed curve, indicating that
the sample has unmeasurable strain and no preferred orientation. Points
the show a small fluctuation of ® and cluster about a maximum Rf are
fitted with the dash-square curve, indicating the sample has high
strain and preferred orientation that is well pronounced.

To some extent the choice of Rf/® curves, and thus the choice of
Rs and Ri, are subjective and rely on visual best fit (Lisle, 1985).

Because a range of Rs and Ri values can generate an identical
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Figure 15. Rf/® example graph explaining significance
Rf/® curve geometries.
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distribution of svmmetry, an independent internal check is necessary to
cnable meacsurement of these values. Lisle (1977) recommended the use of
Theta curves when applving Dunnet's (1969) Rf/® technique as a more
objective procedure for fitting theoretical curves to find Rs and Ri.
Application of Theta curves also provides an internal check against
misapplication of the RE/@ proceedure (Lisle, 1977). An ammendment
to the Rf/® program, the Theta curve method has been developed and
" computerized to compensate for previous shortcomings (Lisle, 1977;
Peach and Lisle, 1979; Borradaile, 1984).

The THETA program objectively determines Rs by successively
destraining the elliptical markers. The increment of destraining that
gives the most random distribution of marker orientations is R(s). The
unstraining process consists of the superposition of a reciprocal
strain ellipse on each deformed strain marker (Rf/®), the pre-strain
marker then being a product of the superposition (Peach et al., 1979).
The direction perpendicular to the principal extention direction (i.e.
vector mean of the long axes of the strained particles) is used as the
unstraining direction (Borradaile,1984). To destrain each chondruie,
the reciprocal strain is altered in magnitude in increments of 0.05
from (H = +0.6) to (H = -2.0), where H is the harmonic mean of the
deformed marker Rf values (Peach et al., 1979). At each stage of
destraining, the chondrules are statistically analyzed for the presence
of a still present preferred orientation (Peach et al., 1979). The
strain that imposes the most isotropic distribution of strain marker
orientations is taken to be the reciprocal strain ellipse for that

face. After destraining, a statistical test is applied to check the
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hypothesis that the mean Theta value (predeformational orientation)
calculated for each face represents @ sauple fror a population with
random orientation. The chi-square (X2) test involves grouping Theta
values for each chondrule into classes of similarity defined by a
progression of theta curves. A graph of chi-square versus the
destraining ratio (Rs) is generated allowing the goodness of fit of the
theta curves to the data to be quantified. A vertical line on this
graph denotes the 5% significance level of chi-square. Beyond this
line, the lowest chi-square value corresponding with the strain ratio
(Rs) of the reciprocal strain is taken to be the axial ratio of the
provisional strain ellipse. A minimum chi-square value greater than the
5% significance level indicates a probable predeformational fabric.
Once each sample face has been successively destrained, the axial
ratios of chondrules in their "destrained state", are measured. The
arithmetic mean of these ratios is taken to be the mean Ri for each
face.

Three-dimensional analysis of finite homogeneous strain from
deformed objects has geperally required two-dimensional sections to be
cut in principal planes of the finite strain ellipsoid (Ramsey, 1967;
Dunnet, 1969; Dunnet and Siddans, 1971). Siddans (1980) developed a
mathematical model that enables determination of a finite strain
ellipsoids' axial magnitudes and principal orientation directions from
three randomly oriented orthogonal faces on non-principal planes. The
PASE 5 program based on Siddans (1980) utilizes ratio and orientation
of the apparent strain ellipse on three perpendicular sections to

calculate the best fit mean ellipsoid for the sample. The two-
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dimensional, perperdicular strain ellipse data used in the PASE 5
rrogram is acquired from both the Rf/® and Ri/6 files. Through a
series of three by three matrix transformations, this progranm
generates a best fit finite strain ellipsoid and a best fit pre-strain
ellipsoid. The axial ratios and orientations of these two ellipsoids
should be the same if they succeed in providing independent internal
checks for one another. The PASE 5 program initially requests
specification of strike and dip of the planar section (ab) (Fig. 16).
Because the initial orientation of orainary chondrites 1is unknown,
values of O%strike and 0°dip were used as defined by the arbitrary
reference frame previously established. The operator then prevides Rf
and @& or Ri and € from the ellipse data for the ab, bc, and ca
planes. The  program provides six independent three-dimensional
combinations of the two-dimensional strain data. These possible
solutions are used to compute the best fit finite mean strain and pre-
strain ellipsoids axial magnitudes and orientations. The shape of the
ellipsoids are qualitatively depicted on a Flinn dciagram vhose
abscissa is defined as the ratio of the intermediate to minimum axes
B/C and ordinate as the ratio of the maximum to intermediate axes A/B.
The K 1line identifies plane strain and divides the diagram into two
fields of strain. An ellipsoid in the field above the K line has its B
axis shortened, thus it is described as a prolate spheroid. An
ellipsoid plotting in the field below the X line has its B axis
extended, thus it is described as an oblate spheroid. The program also
plots axial orientations of the possible solutions on an equal area

stereonet,
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Figure 16. An oblate ellipsoids principle radii.

¢ = minimum
b = intermediate
a = maximum
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Rf/@ Data

Rf and @ data for Mezo-Madaras, McKinney, Adrian, and Kelly.

Sample faces are presented in the order: ab, bc and ca.
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APPENDIX 11




MEZO-MADARAS (S)

MEUME

e Datm bPuliol.
FLuCTunTlun = 178
LOCHERN #§ = 1. 400
OKIGINAL JERD = -e.Tud

1By AN fs ESTIMATE.....
Rs R, o 1.28.1.2%

SYRRETRY.
12 16
18 13

Ward copy nov
Press <RETURM) when reedy

LOLHER: k4 = 1,747
OF JoINRL JEFC = LRI R

TRY AN Rs ESTIMATE.....
Ps Ry » 1.2741.2

mT"Y. Tere
o ou
16 8

LI

59 [alm Fulnle
FLUCTUART IO = 17
LOGHEAH K+ = .2
ORIGINAL JERU = <

-

17
S.

oo

TRY AX ks ESTIMATE.....
Rs R1 s 1.15,1.3

SYMRETRY. ., ..
|1 Y
117

Werd co: now
Press ¢ ZWIN) whes resdy

R I amaassesnasss e sy -
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ORIC 2ERO

F3

t
ORIC 2ERO




Flun Tt - 14
LOGHERN kv = [P
OF 1§ JEFU = ERE L

TPV AN Rz ESTIRAIE. ...
Rs Py o= 1,27.0.47

SYMETRY. ...

6 47

[ . 14

BNBCI .

NP IR I

fLus TURTY e T
LOGHE &N P = [P
OFlulHmL JEMU S S

TRy AN Fs ESTIMRTE.....
Re R1 3 1.22740.3

SYMMETRY, ...
18 1
11 18

BECAL

b el Bt
FLUCTUGTIU - 104
LOCHEwWY k¢ = 1,514

OFIGINAL JEFC = e ovs

TRY fN Pg ESTIMATE. ...,
Rg P1 = 1.9%.1.35

SYNETRY. ...,
K 17
ir 2

BARRATTA be

-2

F3
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FRPH Unb

38 (ule POTHIS
FLUCTURTIUN = §26
LOGMERN K+ = 1.41
ORJGINGL 2EFD = l

N

ver

TRY AN Ps ESTIBATE., ...
s Ry » 1.2841,3%

SYMMETRY.....

FARM EEBC

40 DRTR POIKTL
FLUCTURTION = 1¢4
LOGHEMN R¢ = 1.41%
ORPIGINAL ZEKU = 19,842

TRY #M ks ESTIMRTE.....
Rs R1 » 1.07,1.4

SYWETRY.....
s 11
12 3

FARM NCRA

20 DATA FOINTS
FLUCTURTION = 14%
LGGHERN F¢ = 1.424
OPIGINML 2ERQ = -iw.zZit

TRY AN Ps ESTIMRTE.....
Rs R1 ® 1,151,495

SYWRETRY. ...
3 4
s 3

FARMINGTON

£

-3

—4—0—0—0—0-4-0';‘—‘0'

t
ORIG 2ERO




BEEART S

U DATh FUlNYL
FLUCTURTICH = Lo
LOCHERN K¢ = H
Ok1CTNm. 2ERD =

TRY AN Rs ESTIMAIE.. ...
Rs R1 = 1,21.1.33

SYMETRY. ...
3 3
“ u

esusC:

Le T
Priwdeeidony e
LOCHERY R -
OFIGINAL Jhkoe =

TRy AH R ESTINRTE. ...
Rs K1 o= 1.24,1.3
SYMETRY. ..y

6 9

s 15

Bf Rl S

&C [mim PoilT:
FLUCTURTION = 15%¢
LOGHERK F¢ = 1,347

OF1GINAL TEFU = -id.cuy

TR N Rs ESTIMATE.....
s ki = 1.87,1.35

SYMRETRY. . ...
12 14
3 a0

t
ORI 2ERQ

t
OKIC 2ERO
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PERAE PARNALLE .
90 GaTe FOINTE E b
FLUCTUATION = 185
LOGHERH Rf = 1,3¢2
ORIGINAL CERD » -39, 105 »

TRY AM Rs ESTIMATE.....
Rs Ry @ 1,85,1.4

SYRMETRY. ...
L 2 I
12 2

t
ORIC 2ERO

PrRBC
8 Dale PUINTE

FLUCTURTION = 167 be
LOGMERN &1+ = 1478
ORICINAL ZEFO = -le.wzt

F4

TRY AN Rs ESTIMATE.....
Rs Ri = 1,23,1.4%

SYWATRY., ...
FEI S |
F XS 5 Y

PHRCA
8% [RTA FOINTL

FLUCTURTION = 172 t4

LOGHERH #f = 1.2
ORIGINAL JEFD = 7

TPY AN Rs ESTIMMTE..... 2
Rs Ri » 1.11,1.38
*
SYRETRY. ... b2
'o’,——-‘
6
[ Y3
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Metow unb

59 Tle PULNTE MENOW
FLUCTURTION = 1€1 M
LOCHERI R§ = 1.2
ObIGInAL 2ERO » -}

£~
S

. oecn
Vot

TRY AN Rs ESTIMATE.....
Rs k1 = 1,19, 1.4

SYMMTRY.....
13 12
12 12

Mencw EEC

40 LaTa POINTL
FLUCTURTIC, = 17®
LOGNERN K¢ 3 oz
ORIGIMAL ZERD = -4.934

TRY Al Bs ESTIMATE.....
Rs Ry ¢ 1.03,1.3

SYMETRY.. .. .
y 1
PRI

Mehuw Hel

50 LAla PUlNTL
FLUCTURTION = teu
LOCHERIE Ft = 1.t
OF1GINAL JEFC = Ul

TRY AH Rs ESTIMATE.....
s B2 s 1.13,1.25

SYNNETRY. ...
1113
14 11

Hard copy now
Press (IZWIM when ready
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XES EAB
Ll
FLucTumllus - e
LOSHEMN B 1. 308
OFICINAL 2EFU = 37.547

TRY A4 ks ESTIMATE.....
Rs R1 = 1.09,1.3

SYMETRY.....
1n u
14 13

- -KES Nec

Ay [mim B 0T

FLUCTORT 1ot 6§
LOCHE RN b+ 2 1.307
Ok IG1nL JERFG = 32.293

19 WN Rz ELTIHeTE.....
Rs K1 s 1.42.1.2

SYMRETRY. .. ..
FEU
y 1

KES Uca

20 DATA FOINTS
FLUCTUWTION = 168
LOGMEAI Ké a 1.34¢
OFICIMAL 2ERD = ~2.64¢

TRY @M Rs ESTIMATE.....
fs Ri = 1.93,1.43

SYEIRY.....
S5 s
s &

KESEN
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CEmbliL

6% [wlIn FUlnly
FLULTURTIUN & 72
LOCHEAI k1 = i
OkIGINAL 2EF0 = 2¢. 30t

TRY AH ks ESTIMATE.....
Rs Ry s 1.11,1.25

SYMRETRY ... «0
13 18
17 16

Nard copy Wow
Press (Izluﬂﬂ> when resdy

CNBLDS

8¢ Lalh FOINTL
FLUCTURTION = 18
LOGHE M Rt = e
OkIGIMAL 2EFU = 3. 1oy

-

TRY #N ke ESTINATE..oun
Rs Ri1 = 1.14,1.4

SYMRETRY. ...
U ]
15 ¢

GURCDS

ST ORTA PUINTY
FLUCTURTION = |71
LOCHERN R¢ = 1.3z
ORJLINAL 2ERD = 7. 24

TRY @K K3 ESTIMATE.....
Rs Ry = 1.67,1.45

SYMETRY ., .. ..
13 1e
15 14

GRADY

-3

3

t
QRIC ZERO
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ANV URE

22 DATA FOINTE
FLUCTURTIOR = te%
LOGMERN F§ = L 294
OF1GINAL 2ERD = 31,516

Y AN ks ESTIMATE.....
Rs R; = 1.88.1.3%

SYIMETRY, ...
6 4
s ¢

ANK HEL

45 OnTs FOINTS
FLULTURTION = fe2
LOGHERI Fb = HE
ORIGIHM JERU = 2%

TRY #H Rs ESTIMATE...
Rs Ri = 1,87y1.2

SYMMETRY. ...
10 12
12 10

Ank ERC

42 [ali POINTS
FLUCTURTIOR = 175
LOGHEAN B¢ = 1.37%
ORIGINAL JEFC = .¢20

TRY AR Rs ESTIMATE.....
Rs Ry = 1.07,1.45

SYWETRY.....
11
s 12

ANKOBER

1
OR(G Z2ERO
4
F3
*
. + ;2
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CLOITS untE CLOVIS

60 [aTé FOINTL
FLUCTURTION = 154
LOCMERN k¢ = 1.2¢e
ORIGIMAL JERD = 1E.13¢

TRY AN Rs ESTIMATE.....
Rs ki = §,15.1.25

SYMMETRY..,..
18 12
12 W7

Herd copy ®ow
Press <RETURN) when reedy

CLONIS EEL

60 DRTh FOINTC
FLUCTURTION = 141
LOGMER" F§ = 1,275
ORIGINAL ZEFO = 13,82

TRY AN Rs ESTINATE.....
Rs Ry = L04,1.25

SYRRETRY.. ...
12 18
s 11

CLOVTSHR

64 fiThm FOINT,
FLUCTURTION = 179
LOCMERI RE = 1.2%
ORICINAL ZEFD = 29, 2ed

TRY AN Rs ESTIMATE.....
fs Ry = 1.14,1.3

SYMNETRY. ....
16 16
16 19

Hard copy nov
Press <RETURN> vhan resdy
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FDABDS FAUCETT
€5 DATA POINTS re
FLUCTURTION = 138
LOGNEAN Rf = 1.269 .
ORIGINAL 2ERC =  44.463
k3

MY AN ks ESTIMATE.....
Rs R = 3.0635. 128

SYWMETRY.....
12
2 1t

Mard copy wow
Prass (RETURN) whes resdy

LOGHER .297
ORIGINAL 2ERO =  37.340

TRY AN Rs ESTIMATE.....
Rs Ri » 1.06,1.4 3

SYMRETRY eoe e
14 1
114

Hard copy
Prass (IE’HRN) when reedy

7. Dﬂh\ POINTS
FLUCTUATION =13 s
LOGRERN R¢ 1.305

RICINAL ZERD = 49.399

4

TRY m Rs lstlnﬂi.....
Rs R 1,441,258

. -3
SYWETRY. ..o

. .
18 16 ¥4 .
17 19 s _.="F"><
Nerd ¢ BOY pted L
Press CRETURN) whes reedy /,— ‘4_3 o~

- 3 .. —~————
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HAMMOND DOWNS

HIURE

SS [alw POINTL
FLUCTUATION = 15¢
LOGHEAH Pé = 1,247
Ok 1CIWAL 2ERG = 2.384

TRY AK ks ESTIMA

TEivusn
s Ry = 1.07.1.29

+3

SYMMETRY.....

16 16

1 2

Werd co.= nov

Press <RETURN) whew reedy

MINBC ré
85 [Tk PUINTS
FLUCTUATION = 194
LOCHERY Fé = 1,277
ORICINAL 2EKO = §.237
H3
TRy aN Rs ESTIMATE.....
Rs B3 * 3.13,1.3
L2
-q-~
SYMKTRY. . ... L .
13 3 ¢ N
i 4T s & &
-’ s \~
1e 14 - e ~. o Sveen
P - .
kN
HEECR

8% DATe POINTS
FLULTURTION = 1€%

LOGHERN ¥é = 1.43% 3
OPICIMAL CEFD = 2.13%
TRY aH Rs ESTINATE.....
pios 1.03,1.3
2
SYWETRY. ... T
14 44
n oo B R
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Table 7

Rs and Ri values fram Rf/Phi and Theta data with their corresponding correlation coefficients

Corr. Coeff.

Rs, Ri

Theta Inta

RE/Phi Data: Rs,Ri

Meteorite

Rs

CA

AP

CA

0.95

] .24,] .34 0.95
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1.39,1.35

28 BRREEZRE
S8 Soococdcooo
58 SERRERES
-0 oSS~ caa
Nmmqmﬁm?’sggm
P‘iP“‘v—(P—(r-!r—-(v—'Ir—'iv—iv-(F-(
ml\go mgag&:q

FAINEXHA

KE
S — F'i!—(l—-ir-—‘v-—lv—-il—tv—l
o ggx-rm\-r\-rso

.
— v—dv—(r—-‘—‘v—ir—ﬁv—lv—l

I

9%989%

._._4,_»,....,_

Lﬂ

.—.—4—1

,mQ“

P'—"“-(!—"!—'

et e ]
. . - .
=i v—-‘v—d-—-(

1.09,
9,
2,
1,

[T Tal LN 'a) L’“mm
AR 84

‘v—1!-—1'—1v—|!—1v—t

885829

1.15,1.30
1
1.3
1
1
1.11,1.35

v—iv—(w—\r—dv—tv—ﬁ

q& =

ééé

— et

84®

r—(-—r—'

m@b

v—<v—t—-1

1.30,1.30
1.27,1.30
1
1
1
1

gmmm

1.4’3

f—iv-(v—iv-ﬂc—!

EERLE

g e ] |

=2
2 g
$3y:88
zggﬁ-é
NlHt—ﬁ
2088 K

105

1.23,1.45

KRIVKQIKLY

v—(-—(v—'v—-i-—lv—(v-!v—('—*

9598 agg

[
P-lv—il—ir—'(l—iv—‘r—‘l—!r—(

IIRLKLALKSG

r—J-—(-—Ir—-!v-lv—!v—lv—(—ir—l

Sggissgs

!—!v—it-dr—iv—iv—iv-ﬁv—{r—(!—t

Parmnallee
Menow

Hammond Downs
Adrian

Kelly

Kesen

Grady

Ankober
Clovis

Faucett




VITA

Deana Suzanne Sneyd was born in Peoria, Illinois on May 4, 1961.
She attended elementarv school, Junior High and was graduated from
Warren Travis White Senior High School, in May 1979. The following
September she entered the University of Texas, Austin, and in August
1984 she recieved a Bachelor of Science degree in Geology. In the fall
of 1984 she was accepted at the University of Tennessee, Knoxville and
began to study toward her Master's degree. This degree was awarded in

March 1987,

106



