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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 17% flattening, with mean ellipsoid axial ratios o

1.15;1.00;0.SO, to a minimum strain in Kelly of 3% flattening and

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 XI (shortened) axis of the

magnetic susceptibility ellipsoid in six of the eight samples measured.

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

of strain and susceptibility ellipsoids 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 is

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.
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1. INTRODUCTION

Statement of Problem

Study of the chemical and petrologic characteristics of chondritic

meteorites has historically received much attention, but very little

research on their fabrics has been performed. The deforraational

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.

Physical processing of ordinary chondrites has been observed

previouslv 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
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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 frequenc\

and pervasiveness of fabrics in ordinary chondrites will be discussed.

Second, magnitudes and orientations of chondrule strain and magnetic

anisotropv will be correlated, and third, the relationship between

deformational and petrologic characteristics will be explored to

determine whether the foliations were metamorphically 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 die not,

however, systematically change 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 in 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) performed 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 ordinary 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

gnetic anisotropy for several chondrites, and inferred from the shape

f  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.

ma
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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 raetamorphism experienced. Olivine is the most

abundant mineral in all ordinary chondrites. Clinoenstatite and calcic

orthopyroxene vary in presence and abundance with degree of

metamorphism. Plagioclase, which crystallized from glass during

metamorphism, ranges in grain size from microcrystalline to coarse.

Opaque phases intlude 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 Fe 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 is the most

equilibrated and recrystallized. By ammending appropriate petrologic

types 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 petrologicall}

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 ordinary chondrites of Types 3 and U 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,

unacceptable errors are introduced if chondrule perimeters can not be

easily distinguished and accurately traced. In the following section,

mineralogy, chondrule textures and structural features are considered.

Mineralogy

Olivine is the most common mineral and occurs in chondrules and

as indiyidual grains in matrix. Most grains are euhedral and have a

bimodal range in size of 0.01mm to 0.05mm in porphyritic chondrules and

O.lmn; to 0.5mm 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 - 30%

nonporphyritic chondrules (Gooding et al., 1980). Porphyritic divine-

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,

however, many chondrules are broken.

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 display no apparent foliations or lineations on visual

inspection. Many 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

microporphyry). 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 spnericai or very

slightly oblong.

Veins cut through almost every sample in random criss-crossing

networks. The individual veins vary in width (0.02mm to 0.1mm) and

pass through chondrules and matrix. The veins .composed predominantly

of hematite, are presumably terrestrial weathering features



Brecciation

A  brief review of brecciation is presented, because of its

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 62%, 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 licKinney, Barratta, and Grady (Rubin et al., 1983), Kelly

(Bunch and Stoffler, 197A), and Mezo-Madaras (Van Schmus, 1967).

Rubin et al. (1983) speculated that the high proportion of genom.ict

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.

10



III. 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 Rf/^

graph for three faces on each sample (Rf// Program, Appendix I). These

graphs enable the determination of axial ratios of the mean finite

strain ellipse (Rs) imposed on each face. The symmetrical distribution

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 KcKinney represent the maximum deformation and Adrian

and Kelly 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 (0), indicating a strong preferred

orientation of chondrules. The aspect ratio of 1.39:1 measured on the

ca face, is the greatest deformation recorded in any of the samples.

McKinnev (rig. Id-f) is the second most deformed sample in the group of

chondrites measured. Values of Rs ranging from 1.3A:1 to 1.11:1 and the
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Figure 1. Rf/0 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/0 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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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 orientation of chondrules indicate that this sample has been

deformed as well.

In contrast, Adrian and Kelly exhibit the least amount of strain.

All three Rf/0 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/0 data for these four samples (Mezo-

Nadaras, McKinney, Adrian, . and Kelly) are listed in Appendix I, Rf/0

Data. Rf/0 graphs for the twelve samples whose Rs values fall in

between the range of deformation discussed are presented in Appendix

XL.

Spherically shaped chondrules have been defined as those whose

axial ratios b/a and c/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

15



final strain ratio and orientation of chondrules (Rf and /)) and their

intial shape and orientation (Ri and 9). A progression of emperically

derived Rf/?- curves (Dunnet, 1969) are generated for individual Rs

values for each sample face. The curvature of the Rf/0 curves is a

function of Rs, therefore, a set of Rf/^ curves are uniquely generated

for each Rs value. Each Rf// curve encloses values of Ri which

progressively increase as the different Rf// curves move up the Rf

axis. By superimposing Rf// curves on the Rf// data, an approximate

mean ratio of initial 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)

16



(Figs. 1 and 2). All other plotted Rf//^ data have Rf/0 curves

superimposed and are presented in Appendix II.

The onl}' face from every sample in which Rs exceeds Ri is the ca

face of Mezo-Madaras (Fig. Ic). The data are best fit with a closed

Rf/^ curve and the amplitude of the other superimposed Rf/^i 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/;5 curves varying in amplitude

with degree of preferred orientation.

Exclusive analvsis of the very low magnitude of strain measured

compared to the higher values of initial shapie, leads to suspicion Oj.

the small finite strain values. The question arises as to whether

chondrites really have been deformed or if only the initial ellipticit

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/0 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
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(R(s)) on each deformed chondrule (Rf//). The direction perpendicular

to the maxiraum 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 check the hypothesis that the mean

predeformational orientation of the long axis (theta) calculated for

each face represented a sample from a population of chondrules Viith an

isotropic orientation.

In samples of low strain, <1 is difficult to define accurately

because the deformed particle shapes are only slightly different from a

circle. Because it is from the most isotropic orientation that the

destraining value of Rs is determined, the destraining analysis has

been recommended only as a check for samples with strains greater than

Rs = 3.0 (Borrdaile, IQSA). 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-Hadaras,

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 line),

indicating that the corresponding destraining ellipse (R(s)) may be
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Figure 3. Chi-square vs. reciprocal strain ellipse graph for
three orthogonal faces measured for Mezo-Madaras and McKinne}.
curves extend beyond the 5% significance level (dashed line) indicating
validity of the Theta program as an independent internal check on Kt/^
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.
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Figure 4. Chi-square vs. reciprocal strain ellipse graph for the three
orthogonal faces measured for Adrian and Kelly. All curves extend
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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 sample from

Rf/0 data (as shown by correlation coefficients in Appendix II, Table

7  ). This objective test thus validates the more subjective

determination of Rs from Rf/0 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 bt 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=l). Figure P 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/o shortening,

all plot within the "flattening-type" deformation field, indicating

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/0 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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loK 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 initial shape ratio (Ri) values and

reciprocal strain ellipsoids generally correlate with those from Rf/0

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 c = 1.07, amounting to a A% shortening along the

principal minimum axis. The shape of tliis 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 A% 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 4% absolute analytical error involved in the chondrule

measurements may be accounted for in several ways. The most obvious

cause for error in the chondrule measurment is operator error. The

fairly v;ide 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 deforaation,

subjective or objective, are drawn from the ELLIPSE-TRACING data set,

thus perpetuating possible operator error. Another potential error is

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 M/1)

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

Methods of Magnetic Measurements

All magnetic susceptibility anisotropy measurements were made by

K. 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 magnetometer 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

+/-3T 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 b\ Sugiura

et al. (19S3).

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 (XI).
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Table 3. Principle axc-s of magnetic susceptibility ellipsoids.

Meteorite XI X2 X3

Barratta

McKinney

Broken Bow

Parnallee

Grady
Faucett

Adrian

Kelly

0.006550

0.005090

0.013180

0.001910

0.017530

0.012690

0.006080

0.000515

0.010010

0.007200

0.018850

0.002780

0.023700

0.015820

0.006550

0.000544

0.010360

0.007570

0.019320

0.002870
0.024260

0.016580

0.006790

0.000565

= emu/gOe

Comparison of Fabrics

Ellipsoid Axial Magnitudes

To facilitate correlations in magnitude of deformation, strain

ellipsoid axial ratios and susceptibility ellipsoid axial magnitudes

were plotted in Figure 6. The parameters Rl, representing intensity 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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Figure 6. Shape (R2) vs. Intensity (R^) graph comparing gradation in
relative intensity of foliation developement with respect to the shape
of each ellipsoid for both chondrule-strain and magnetic susceptibility
measurements.

29



As the two different sets of strain data are not strictly

comparable, an exact agreement between them is not expected. The

gradation of intensity (Rl), within each data set correlates well.

Figure 7 displays the relationship in intensity between Rl magnetic and

Rl strain. A linear regression for this relationship is given by;

Rl magnetic = 1.A78 Rl strain - 0.A06, (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 analysis and the procedure is very time consuming, '.iagnetic

susceptibility is a rapid and non-destructive measurement. By 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 orientation 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
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Figure 7. R| magnetic vs. R'j strain graph displaying the relationship
in relative intensity of foliation development for the strain and
magnetic susceptibility ellipsoids.
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of the principal shortening axes of the strain ellipsoids (c) align

subparallel to the shortened axes of the magnetic susceptibility

ellipsoids (XI) 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 (XI) are reported

on Table 4. McKinney, Barratta, Parnallee and Adrian show the closest

correspondence between all principal axes of both types of ellipsoids.

a//X3; b//X2; c//Xl. Grady and Broken Bow have the same subparallel

correspondence, but the angular deviations between corresponding planes

from each ellipsoid are greater.

Kelly 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

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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McKinney Borratta Broken Bow Porno I lee

*7

"3

Grody Foucett Adrian Kelly

Figure 8. 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 (X2) and Parnallee (X3) which are plotted in the
upper hemisphere.
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Table A. Angular deviation between strain
ellipsoid minimum axis (c) and susceptibility
minimum axis (XI).

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 it 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.
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PetroloRic and Physical Co:r,parisons

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

ordinary chondrites of low petrologic type. The most highly strained

samples are consistantly L-group chondrites. This greater degree of

deformation may be an inherent property of L-group chondrites. The L-

group parent bodies formational history may have been more dynamic than

the H- or LL-groups parent bodies, or the impact event that liberat.ec

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 development of these fabrics is

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

established. The classification scheme of Dodd et al. (1979) could not

be directlv applied to the samples in this study. The range o^ shock

deformation 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 study 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 divines are as well.

The optical criteria of shock used to define the three shock

facies are as follows; 1 = fractured olivine and minor undulatory

extinction; 11 = fractured olivine and extensive undulatory extinction;

and 111 = fractured olivine, extensive undulatory extinction and

presence of mosaicism. Each sample was assigned to one of the shock

facies (Table 5). Figure 10 shows that deformational features in

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

37



Table 5. Shock facias modified from Dodd et al., 1979

Mezo-Madaras (K) II Kesen T
X

Mezo-Kadaras (S) II Grady I

McKinney III Ankober I

Barratta III Clovis I

Farmington III Faucett I

Broken Bow II Hammond Downs I

Parnallee II Adrian I

Menow II Kelly I

reported a depletion in the volumetric abundances of 4He and AOAr,

corresponding v.'ith the first appearance of shock—induced melt pockets.

This elemental depletion is gradational and correlates with their

increasing shock facies a-f (Dodd et al,, 1979).

Abundances of 4He and AOAr 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 AO used by

Dodd et al. (1979).

The AHe-AOAr 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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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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tlie diffraction pattern imaged in reciprocal space). Thus, from the

orientation of dislocations with respect to the Burgers vectors, the

type 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

dislocations are of the "screw" type. When the Burgers vectors are

perpendicular to the dislocation line, the dislocations are of the

"edge" type. 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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} revious \'ork

It is important to identify dominant mechanisms of deformation

thiOugh, because this Qeterraines hcv 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

divines in naturally deformed ordinary chondrites. Their results

Indicated that slip systems were crystallographically controlled, and

they varied with temperature and strain rate. Ashworth (1975) compared

experiment-all V deformed terrestrial olivine substructures with

naturally deformed meteoritic olivine. Parameters of strain rate,

temperature, and dislocation densities varied with substructure type

and orientation 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 TEM

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) performed an extensive study of arciiicially

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+9 c:ri-2. The relationship between stress and dislocation density

has been extensively documented in terrestrial olivine analyses.

Dislocation densities of 10+9 to 10+10 (long, straight [001] screvs)

were observed in experimentally deformed olivine at 800 C, 10-5 sec-1,

while densities of 10+6-10+7 (b=[100]) were observed at 1000°to 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

experim,entally shocked chondrites (Sears et al. 198A) 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.
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Thin section preparation methods of landless et al. (19&6) were

emploved. Doubly polished, demountable thin sections (25-30 microns)

were examined in detail under the petrographic microscope to identif}

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 X with

an argon plasma discharge until electron transparency was attained.

Ilicrophotographic comparison was made before and after thinning to

facilitate 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 used to identify intracrystalline deiormation

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. Id-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 ̂  values of 020 and 010

and out of contrast for 102. Thus the slip regime observed for hcKinney

is (h01)[010]. In McKinney, [010] screws are overwhelmingly the

predominant type of dislocations, although some edge and mixed

components are present. When the ̂  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 includes

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.

ADRlAiN: The strain analysis performed on Adrian shows it to be

one of the least deformed ordinary chondrites in this study (Fig. 2d-

f). Optical]'.-, the divine 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. Tne 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 £= 001, 002 and Oil and out of contrast for 010, thus defining

the slip regime for Adrian to be {hk0)[001]. [001] screws are

overwhelmingly the most abundant type of dislocation, although a few

edge and mixed components are observed. When dislocations with _g=010

and Oil were in contrast and out of contrast for £_= 001 f ^ 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= Oil 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 [Oil], although it has been

suggested that [Oil] is simply a combination of [001] and [010]. A

total then of three Burgers vectors are observed in Adrian; however,

only two are probably unique.

Subgrains overprinted by long, straight dislocations were also

observed in Adrian. Ko 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 curl}

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+7-10+9 over only 3

microns indicate their heterogeneous distribution (Fig. 13b). 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., 19/6). This explanation is dependent

on attenuation of shock waves occurring primarily at crystalline

discontinuities. Thus, in the lunar 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 CKONDRITES

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 vould promote the differential segregation of

chondrules as a function of the degree of flattening. Instead, they

almost surely developed by deformation in situ during or after

accretion.

Cain et al. (1956) 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, is 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 rnegabar range (Christie et al., 1976). Out 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 McKinney

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., 1986). 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 Adrian, indicating that the deformational

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 (low-temperature/high-strain-rates) are compared

to dislocation densities in the samples, the inference of deformation

by shock processes is suggested. Dislocation densities on the order of

10+9 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+9 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 oi

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, is exemplified

in Adrian, where dislocation densities vary from 10+7-10+9 cra-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 in

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, ,'Ickinney is comparativel} highl\

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. Lo\.-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 (LA) and Adrian (HA)

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, pov.-er-law creep was probably a minor component in

the deformation as well.

The TEM analyses suggest, therefore, that the deformation of

chondrule divines by dominantly low-temperature plasticity was caused

by a progression of shock intensities affecting different samples as

evidenced by dislocation densities.

Noble Gases

Figure 10 displays the gradation in deformation based on shock

facies (defined by optical shock criteria similar to Dodd et al.,

]^Q79), This gradation correlates to the gradation of percent flattening

quantified in the strain analysis for each sample. Because percent

shortening is the numerical description of the degree of foliation

development observed in the samples, this gradation in foliation is

therefore caused by deformation.

The concentrations of AKe and AOAr 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 AHe and AOAr 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 AHe-AOAr

depletion, it is concluded that the strain observed is shock-induced.

The TEI j 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 tiiese samples, peak pressures can be calibrated usin^

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.

Korz, 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 similar

to the essentially undeformeo samples in this study, bsing the same

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 grains. A

fourth shock facies was therfore established for the experimental

samples because of the unique nature of this sample. Two thin sections

were m.ade 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 study. Considering

intracrystalline properties observed in McKinney and Adrian, and

opLical 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 divine 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 ordinar}' chondrites; Uhy

are foliations not obvious in some of the most severly shocked

meteorites? A possible answer is that severe shc/ck deformation .is

accompanied by brecciation and broken chondrules. The combination of

these constituents might obscure any shock-induced foliation. Many of

the samples in this 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

m.easured are apparently shock-induced.
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APPENDIX I

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 Kligfielc et al.

(1982). 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 instantly. 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 is 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

68



cilondrules is unknown, they can still be used as strain markers

fDunnet, Lisle, 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/Z and THETA programs. Optimal sample

sizes for the Rf//^ and TKETA programs were investigated by Borradaile

(1981). Ke found a marked improvement in sensitivity as sample sizes

approached 50 markers but improvement beyond 75 markers became less

pronounced. Between 20-90 chondrules were used on each photograph

impending upon the size of sample available and degree of textural

integration.

The Rf/A method of strain analysis is outlined by Ramsey (1967)

and described in 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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value along one of two horizontal scales, depending on the

fluctuation of ? vith respect to the vertical scale. The negat ive of

the "original zero" parameter gives the value, in the o: r^inal

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

by 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 Rfmax is the product of Rs and Ri (Lisle, 1985). The

symmetrical distribution of data points in four quadrants, defined b\

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 symmetry: A/B:C/D, where A=B,C=D or A=C,B=D. Also, a lo\\
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concentration or lack of data points around the center Rf Ox the

scatter indicates an absence of initially spherical strain markers

(Lisle, 1985).

The hyperbolic curve dictates how and where Rf/2 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/® 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 exam.ple, 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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Fluctuation

0
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No preferred orientolion

Moderate strain
Cood preferred orientation
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' * Week (yet definite) preferred
orientation

^  High strain
Very good preferred orientation

Figure 15. M/<b example graph explaining significance of different
Rf/1) curve geometries.
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distribution of symmetry, an independent internal check is necessary to

enable measurement of these values. Lisle (1977) recommended the use of

Theta curves when applying 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 Rf/® 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

destraininu the elliptical markers. The increment of destraining that,

gives the most random distribution of marker orientations is R(s). Ihe

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 chondrule,

the reciprocal strain is altered in magnitude in increments of 0.05

(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 a sar.iple fro: 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 generally 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, perpendicular strain ellipse data used in the PASE 5

procram is acquired from both the and Ri/6 files. Through a

series of three by three matrix transformations, this program

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 ordinary chondrites is unknown,

values of 0°strike and 0°dip were used as defined by the arbitrary

reference frame previously established. The operator then provides Rf

and ^ or Ri and 6 from the ellipse data for the ab, be, 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 diagram whose

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 line 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 K 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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B

Figure 16. An oblate ellipsoids principle radii.

c = minimum

b = intermediate

a = maximum
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Rf/lJ Data

Rf and % data for Mezo-Madaras, McKinney, Adrian, and Kelly

Sample faces are presented in the order: ab, be and ca.
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