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PETROFABRIC TECHNIQUES FOR THE DETERMINATION 

OF PRINCIPAL STRESS DIRECTIONS IN ROCKS 

* Melvin Friedman 

Introduction to Petrofabrics 

PETROFABRICS (from Gefugekunde der Gesteine(l» is an important geo

logical discipline which can provide knowledge on the state of stress 

associated with naturally deformed rocks. According to Turner's 

interpretation (Ref. 2, p. 149) of "Gefiige" (fabric), petrofabrics is 

the study of all structural and textural features of a rock as mani

fested in every recognizable rock element from the configuration of 

the crystal lattices of the individual mineral grains up to and in

cluding large-scale features which require field investigation. The 

fabric of a rock, therefore, is extremely complex, is seldom completely 

specified, and is developed throughout the entire history of the rock. 

An undeformed sedimentary rock, for example, has a fabric which relates 

to its depositional and diagenetic histories. For instance, the long 

axes of detrital grains, flute casts on bedding planes, and cross beds 

are fabric elements related to current directions during sedimentation. 

Permanent deformation of this rock (Ref. 3, p. 3) modifies the initial 

fabric and introduces many new fabric elements. These may range in 

size over at l~ast 15 orders of magnitude from changes in the crystal 
-9 0 

lattices (10 m = 10 A) to deformation of the rock into great folds 
6 and faults of mountain ranges and basins (10 m). Although many kinds 

of elements can be distinguished, in practice a few easily measured 

ones are chosen which are thought or are known to be critical to the 

problem at hand. Those recognized as criteria of deformation include 

a variety of crystallographic parameters, deformation lamellae, kink 

* Shell Development Company, Houston, Texas. 
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bands, lineations, fold axes, fractures, faults, and other planes of 

mechanical discontinuity. The spatial array . of anyone of these 

elements is called a "subfabric" (Ref. 4, p. 863), and the measurements 

that specify their orientation and distribution are termed "fabric 

data." Petrofabrics consists, therefore, of a descriptive phase in 

which the fabric elements are recognized, measured, and illustrated, 

and an interpretive phase in which the rock fabric serves as a basis 

for explaining the deformation history either kinematically or 

dynamically (Fig. 1). 

Tectonically significant fabric elements have been recognized and 

the techniques - for their study. perfected primarily through the efforts 

of Professors Sander and Schmidt,their co-workers, and students in 

Germany and Austria, and Professors Knopf, Turner, Ingerson, Phillips, 

and Weiss, their co-workers, and students in the United States and 

England. The subject has evolved from the study of complexly deformed 

terrains for which normal field mapping methods did not provide struc

tural resolution. In recent years several commonly occurring fabric 
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elements have been given dynamic significance by comparisons between 

experimentally and naturally deformed rocks. 

In the interpretive phase, the fabric elements are used to specify 

the nature of the deformation from two viewpoints, kinematic and dynamic 

(Fig. 1). Kinematic inferences concern the displacements that have 

transformed the initial fabric into the observed fabric. Dynamic in

ferences concern the nature of the stresses in the rocks at the time 

of deformation. In principle, all fabric elements that are significant 

criteria of deformation should lead to the same dynamic or kinematic 

interpretations even though they may be of different origin or scale. 

The kinematic approach is favored by Sander and the Innsbruck 

school because "to correlate fabric with internal movements is less 

doubtful than is the more tenuous correlation with forces responsible 

* for such movements" (Ref. 5, p. 2). Symmetry is the basic criterion 

** for correlating fabric with movement. It is assumed that the symmetry 

of the rock fabric reflects the symmetry of the movement responsible for 

the evolution of that fabric. The principle is illustrated by the bend

ing of wheat stalks and the rippling of the surface of water by wind. 

There is support for the validity of the principle in physics(4) and 

with regard to experimentally deformed rocks as discussed by Turner.(5) 

A second aspect of kinematic analysis involves unrolling ("Ruckformungenlt) 

and levelling (ltHorizontierunglt ) proposed by Sander (Ref. 7, pp. 170-184) 

to derive an observed structure from an assumed earlier structure by the 

minimum amount and simplest possible kind of displacement consistent 

with the movement picture. 

The kinematic viewpoint will not be considered further because it 

*** does not lead to the determination of the state of stress in rocks. 

* The forces referred to here are those of the "geriera1 tectonic 
situationlt (Fig. 1). 

** See Refs. 1, 2, and 4-14. 

*** There are vast amounts of excellent descriptive data on a 
variety of fabric elements, which to date have been only kinematically 
interpreted. These may eventually be amenable to dynamic analysis as 
the genetic relationships between the fabric elements and stresses in 
the rocks become known. 
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Moreover, usually only intensely deformed rocks exhibit fabrics with 

sufficiently clear symmetry for kinematic analysis. This excludes 

slightly and moderately deformed rocks from this form of petrofabric 

analysis. 

The dynamic approach is an outgrowth of experimental and theoret

ical studies of deformation. The mechanisms by which common fabric 

elements are formed are systematically worked out by study of experi

mentally deformed single crystals, of monomineralic aggregates of 

these, and finally of polymineralic rocks. In addition, the relation

ships between these elements and the known stresses across the bound

aries of the laboratory specimens are established. These specimens 

are then compared with their naturally deformed counterparts to deter

mine statistically the orientation and relative magnitudes of the 

principal stresses in rocks at the time of deformation. This procedure 

is based on the assumption that the mechanisms of deformation observed 

in the laboratory are identical to those in nature. The dynamic ap

proach is applicable to all deformed rocks irrespective of the inten

sity of deformation. 

The limitations of the dynamic approach are as f~llows: (1) At 

present the mechanisms of deformation are known for only a relatively 

few fabric elements. (2) The orientations and relative magnitudes of 

the principal stresses can be determined statistically in a given 

volume of rock, but absolute magnitudes cannot be estimated from data 

of short-time laboratory experiments. (3) Although in principle it is 

possible to distinguish between two or more stress systems reflected 

in a given fabric, in practice it is difficult and often ambiguous. 

Certain difficulties arise in petrofabric analysis because of the 

cumulative aspect of rock fabrics, the heterogeneity of stress and 

strain in rocks, and the scale on which a given fabric element may be 

sampled. Since the fabric develops throughout the history of a rock, 

distinction between the initial fabric and the modifications superposed 

by subsequent deformation(s) is a serious problem. For example, in 

deformed sedimentary rock it may be difficult to determine whether a 

given dimensional orientation of the grains is relict from the initial 

sedimentation or is a stable copfiguration in the strain field of the 

• 
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deformed rock. The states of stress and strain within different parts 

of a rock are rarely homogeneous with respect to direction and/or 

magnitude. Although these tend to be statistically homogeneous, stress 

sensitive fabric elements sometimes show large variations in their 

orientations and/or frequency. Accordingly descriptions of orientation 

patterns of the elements are necessarily statistical, as are any in

ferences drawn from them. Finally, it is important to keep in balance 

the scale of the fabric element and that of the field on which it is 

sampled in order to correctly evaluate the fabric. It is helpful, 

here, to consider the penetrative nature of a fabric element. For a 

fabric element to be penetrative the feature must be repeated statis

tically so that it effectively pervades the body and is present in the 

same average orientation in every sample. If the body is sampled on 

a scale smaller than the average spacing of the element, or if it is 

sampled on a scale larger than that pervaded by the element, the ele

ment becomes nonpenetrative (Ref. 4, p. 861). Hence, the fabric can 

be correctly evaluated only if penetrative fabric elements for a given 

size domain are studied. 

Scope of the Paper 

The primary purpose of this paper is to review dynamic petrofabric 

techniques now available for mapping principal stress directions in 

naturally deformed rocks. It is necessary to begin with the descriptive 

methodology employed in petrofabric analysis. This is discussed in 

some detail for the convenience of those readers not familiar with this 

subject. Included are sections on sampling and measuring, stereographic 

and equal-area projection, and the construction and statistical evalua

tion of petrofabric diagrams. This is followed by discussions of five 

important processes: fracturing, faulting, gliding flow, rotation, 

and recrystallization. As each process is discussed, the associated 

fabric elements are described and the literature is cited to demonstrate 

their usefulness in dynamic analysis. 
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Descriptive Methodology 

Sampling and Measuring 

Generalizations from observations on samples of the whole are 

merely statistical inferences, and the confidence within which a given 

statement can be made is related to the representative significance of 

the observations.(15,16) Systems are designed to facilitate and ensure 

sampling that will be representative of the features to be examined. 

The systems include consideration of the number and location of sta

tions where the rock is sampled, as well as the number of measurements 

and the manner in which they are made at each station. In petrofabrics, 

such schemes are a function of the type and scale of the fabric element 

* under consideration, the degrees of homogeneity and development of the 

subfabric, and the purpose of the investigation. Sampling of macroscop

ic elements is obtained by standard field mapping techniques. Any 

microscopic petrofabric analysis begins with the collection of a geo

graphically oriented specimen, i.e., one that is related to some fixed 

three-dimensional coordinate system. Oriented thin sections are cut 

from the hand specimen, so that the final results can be placed back 

into the geographic and geologic framework (Fig. 2). Various plans for 

sampling thin sections are discussed by chayes.(17) 

Poor sampling schemes can influence the observed orientation pat

tern for a fabric element. For example, one type of problem is the 

preferential sampling of a given fabric element because it is more 

easily measured in certain orientations than in others. If macro

fractures are being measured along a road cut, for example, those 

fractures intersecting the long trend of the outcrop at high angles 

will tend to be preferentially sampled over fractures that trend more 

nearly parallel to the outcrop surface. Or on the microscopic level, 

a common bias in universal-stage work is to preferentially sample 

* The orientation pattern of any fabric element varies between two 
end points: randomness and total alignment. The relative strength of 
a fabric increases as the state of total alignment is approached; and, 
conversely, the relative weakness of a pattern increases as it ap
proaches randomness. 

• 
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Fig. 2--Diagrams illustrating orientation convention commonly used to 
mark hand specimens and thin sections. (a) Hand specimen shows strike 
and dip directions marked on T (bedding) surface. Faces 1, 2, 3, and 
4 are arranged in clockwise order with the 1 surface in the dip direc
tion. (b) Cube shows relationships between different faces and the 
use of the orientation symbols. (c) Thin sections are taken from 
cylinders cored from the T surface of the block. 

planar features inclined at high angles to the plane of a thin section 

at the expense of those inclined at lower angles. One can eliminate 

errors of this type by recognizing that they may exist and by designing 

a sampling plan that will eliminate or at least test for the effect . 

Most measurements deal with the determination of the orientations 

of lines and planes in space. The choice of instrument one might use 

depends upon the scale of the fabric element, e.g., aerial photographs, 

a variety of telescopic instruments such as the theodolite and range 

finder, pocket transit (Brunton compass), petrographic microscope and 
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universal stage, or the X-ray diffractometer. Detailed discussion of 

microscopic and X-ray measurement techniques are found in Refs. 2, 

7-13, and 18-20. The accuracy of strike and dip measurements on 

aerial photographs varies with the topography and the scale of the 

photographs, but, in general, azimuths of lines can be determined to 

± 3 degrees and dip angles to ± 5 degrees for angles> 60 degrees, 

± 3 degrees for angles 45 to 60 degrees, and % 1.5 degrees for angles 

< 45 degrees. Linear and angular measurements from telescopic instru

ments are very reliable (%0.1 per cent and < % 0.1 degree, respectively). 

Errors in the measurement of macroscopic fabric elements or in the mark

ing of oriented specimens with the pocket transit can usually be held to 

% 3 degrees. Universal-stage measurements of crystal optic axes are 

usually reliable to ± 2 degrees. Planar features can usually be located 

to ± 1 degree when they are inclined to the plane of the section at angles 

greater than 70 degrees. For inclinations of 30 to 70 degrees the error 

* may be % 3 degrees. 

Stereographic and Equal-area Projection 

Petrofabric analysis involves spacial relationships between lines 

and planes and their illustration . The stereographic projection repre

sents the surface of a sphere on a plane surface and provides an effec-
** tua1 means for both analytical and illustrative purposes. Only those 

aspects needed to comprehend fabric orientation diagrams are reviewed 

here. 

Consider a reference sphere cut by meridional or equatorial planes 

(Fig. 3), both passing through the center of the sphere. Either can 

serve as the reference plane of the projection, but the meridional is 

*Recent1y, Kamb{2l) has discussed the nature of the corrections 
needed in universal-stage work to compensate for differences in index 
of refraction between the mineral under observation and the glass hemi
spheres of the stage. He points out that the true corrections are 
negligible for cases where the ratio of the mineral refractive index 
to that of the hemispheres is between 0.95 and 1.05. As this condition 
is usually obtained by use of s~itable hemispheres, refraction correc
tions are seldom applied to fabric data. 

** See Refs. 11, 18, 22, and 23. 
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Fig. 3--A sphere or globe on which are drawn meridians or longitude 
circles separated by equal angles and parallels or latitude circles 
separated by equal angles (from Higgs and Tunell, Ref. 23, Fig. 2b). 

used in petrofabrics. Next, consider any other plane of given attitude 

which is made to pass through the center of the sphere (Fig. 4(a». A 

perpendicular to the plane is projected from the center of the reference 

sphere to the lower hemisphere of the sphere (P), in accord with petro

fabric convention. From point P a line is projected to the zenith of 

the reference sphere. This line intersects the meridional plane at 

point pi, which is the lower hemisphere stereographic projection of 

point P--i.e., the normal to the shaded plane (Fig. 4(a». If the view

point is changed such that the eye is at the zenith point and sights 

directly normal to the meridional plane, one sees the point pi as in 

Fig. 4(b). The plane itself rather than its normal can be drawn by 

tracing onto the meridional plane the line that marks the intersection of 

the shaded plane and the meridional plane, and the great circle which 

marks the intersection of the shaded plane and the lower hemisphere. 

Similarly, the azimuth and plunge of a line can be plotted by 

passing the line through the center and surface of the reference sphere 

(a point comparable to P). Then projection of P to the zenith inter

sects the meridional surface at another point (comparable to pI), 
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Fig. 4--Diagrams illustrating lower hemisphere stereographic projec
tion. On the left is the reference sphere with a plane (strike N-S, 
dip 50oE) passing through center of sphere and intersecting the 
meridional plane along the N-S line. On the right, the normal to the 
plane (P~ is plotted in lower hemisphere stereographic projection. 

which is the lower hemisphere stereographic projection of the line. 

Clearly, if the meridional surface is considered to be horizontal, a 

horizontal line will be represented by a point at a given azimuth on 

the periphery of the meridional plane, and a vertical line will appear 

as a point at the center of the meridional plane. Similarly, the 

normal to a vertical plane will appear on the periphery, and the nor

mal to a horizontal plane will fall at the center. 

The stereographic plotting of lines and planes is facilitated by 

the construction of polar or meridional nets (Fig. 5(a». These 

represent the stereographic projection of points of different azimuths 

and vertical angles (circles of longitude and latitude). On 10-cm

and 20-cm-diameter nets the meridians and parallels are drawn at 2-

degree intervals and on 40-cm nets at I-degree intervals. The general 

formula for projection of any point stereographically is r = R tan ~/2, 

where r is the distance along the equator from the center, R is the 

radius of the reference sphere, and ~ is the inclination from the 

zenith on the surface of the sphere. This generates a stereonet with 

true angular relationships (an equal-angle or Wulff net). 

In plotting, a piece of tracing paper is usually pinned to the 

net so that it is free to rotate about the center of the net. A 

• 
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Fig. 5--Equal-angle or Wulff stereographic net on the left and an 
equal-area or Lambert-Schmidt net on the right. 
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reference point is marked on the paper over a corresponding point on 

the periphery of the net. Azimuths are read clockwise from north on 

the periphery, an4 angles from the vertical or horizontal are read 

along the equator. To plot the attitude of a line in space, the azi

muth of the line is noted on the tracing paper. The paper is then 

rotated until the azimuth of the line coincides with the equator of 

the net. The plunge of the line from the horizontal or its deviation 

from the vertical is then marked off along the equator. Rotation of 

the paper back to its initial position permits one to visualize the 

attitude of the line in space. To plot the attitude of a plane, its 

strike line is noted on the tracing paper. The paper is rotated until 

the strike line coincides with the north-south diameter of the net. 

The dip is then plotted along the equator with respect to the lower 

hemisphere by either tracing the plane (a great circle) or plotting the 

normal to the plane. By working backward one can determine the azimuth 

and plunge of any line or the strike and dip of any planar element on 

a stereographic diagram. 

Many other operations and graphical solutions are facilitated by 

use of the net--e.g., the determination of (1) the azimuth and plunge 

of the intersection of two planes, (2) the angle between two planes or 

two lines or a line and a plane (read along a great circle by rotating 

the tracing paper until the two corresponding points lie on the same 

great circle), and (3) the orientation patterns of many planes or lines 

that are plotted on the same diagram. Another important use of the net 

is to facilitate the rotation of fabric data from one plane of reference 

to another.(ll) 

Fabric orientation diagrams are amenable to statistical analysis 

only if the areal distribution of the data points at different locations 

on the diagram (different orientations) can be compared. The areal 

distortion inherent in the equal-angle or Wulff net is excessive. For 

example, a region bounded by 10 degrees of longitude and latitude 

near the center of the equal-angle net occupies a much smaller area 

than a 10-degree region near the periphery (Fig. 5(a». To correct 
. (24) 

for this an equal-area or surface true net was devised by Lambert 

for map projections and selected by Schmidt(25) for petrofabric analysis 

, 

• 
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(Fig. 5(b». With this net, constructed from the formula r = JrR sin 

a/2, a unit area at any location on the projection corresponds to a 

unit area on the reference sphere, although somewhat distorted in shape. 

Equal subdivisions of the total area (e.g., 1 per cent area) can be 

chosen to illustrate concentrations of points projected onto the net 

from anywhere on the sphere. 

The manipulation of the equal-area net in plotting lines or 

planes is identical to that previously described for the equal-angle 

net. Similarly, the equal-area net can be used to measure the angular 

relations between lines and planes. Moreover, rotation of data is more 

satisfactorily performed because the meridians are much more nearly 

equally spaced than on the equal-angle net. For these reasons the 

equal-area net is used almost exclusively in petrofabric work. 

Petrofabric Diagrams 

Petrofabric diagrams are the trademark of fabric studies. They 

illustrate as no other type of diagram can the three-dimensional 

orientations of fabric elements in a complete and concise manner. By 

convention these orientations are shown with respect to a specific 

plane of reference (the plane of the diagram) in lower hemisphere equal

area projection. Diagrams used in this review are of three types, as 

follows: (a) point or scatter diagrams (Fig. 6(a» contain data from 

a number of measurements of a given fabric element, (b) contoured dia

grams (Fig. 6(b» show the same type of information as (a) except that 

the orientation pattern is emphasized by density contouring, and (c) 

stereograms (Fig. 6(c» show the angular relations among relatively few 

lines and/or planes. 

A partial petrofabric diagram illustrates data from one given 

field of observation or only part of the available data. Composite 

diagrams contain data from more than one field of observation on the 

same sample, e.g., elements measured in three mutually perpendicular 

thin sections cut from the same sample. Data from two of the sections 

are rotated into the plane of the third, or data from all three are 

rotated into some fourth plane of reference. Synoptic diagrams are 

summary in nature and show fabric data for a number of different 
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(0) 

(b) 

(c) 

Fig. 6--Three types of petrofabric diagrams. (a) Point diagram illus
trates the orientation of normals to 100 planar features or axes. 
(b) Contoured or density diagram of the points in (a); contours are 
at 1, 2, 4, and 6 per cent per 1 per cent area, 10 per cent maximum. 
(c) Stereogram shows two planes intersecting at 70 degrees. All dia
grams are in lower hemisphere equal-area projection. 

samples. In these, the data from the individual samples are rotated 

to a common plane of reference. 

Petrofabricdiagrams are easily read if the reader understands 

how lines and planes are plotted in lower hemisphere equal-area pro

jection and if the writer has supplied a sufficiently informative 

caption. This should include at least the following: (a) sample 

designation, (b) type and number of data being illustrated, (c) 

orientation of the plane of the diagram, (d) location of geographic 

and/or geologic reference coordinates, and (e) nature of the contours 

and their values (if the diagram is contoured). The accuracy within 

which any point is located on a petrofabric diagram is a function of 
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errors arising from original measurement and, for microscopic elements, 

from the collection of the hand specimen and the preparation of oriented 

thin sections. Small plotting errors included, this may be as large as 

± 5 degrees, is usually ± 3 degrees, and with extreme care can be held 

to ± 1 degree. 

Several techniques are used to contour diagrams in order to em

phasize the orientation pattern. In general the contour lines are 

based on the number of points per unit area of the net, and the con

tour levels are selected with respect to the concentrations exhibited 

by the population of data points. A sufficiently accurate and rapid 

method, particularly suited to. diagrams containing less than 200 points, 

is used by the author (Fig. 7). A contouring tool (Fig. 7(a» for a 

20-cm diagram is constructed with two circles scribed 20 cm apart. Each 

circle has a diameter of 2 cm so that its area is 1 per cent of the area 

of the diagram. Tapered holes are drilled at the center of each circle 

to accommodate a pencil point, and a slit is milled along the central 

portion of the tool to permit free rotation and translation about a 

pin through the center of the diagram. 

To generate a contour line based, for example, on 3 points per 

1 per cent area, the 1 per cent circle of the tool is placed on the 

diagram such that 2 points are within and 1 point is on the circle 

(Fig. 7(d». The tool is then moved (pencil in contact with the paper 

through the center hole) such that 1 point is always on the circle and 

2 are within. As new points are encountered by the circle, old ones 

are left behind. This is continued until the contour line is closed. 

Thus wherever one places the 1 per cent circle on or within the closed 

3-point contour line, the circle will always be observed to contain at 

least 3 points. Points at the periphery are handled as illustrated in 

Fig. 7(e). The contour is expressed in terms of the percentages of the 

total number of points per 1 per cent area. 

In practice, the contour line about 1 point is generated with a 

compass. In fact, the compass can be used throughout the procedure by 

drawing a 1 per cent circle about each point on the diagram and noting 
(26 27) 

the areas of overlap. ' Thus where two circles overlap, a 2 point 

per 1 per cent area is defined; and where three circles overlap, a 3 
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(a) (b) 

(c) ( d) 

( e) 

Fig. 7--Photographs illustrating a method for contouring points plotted 
in equal-area projection. Shown are (a) the contouring tool; (b, c, d) 
the method used to contour 1, 2, and 3 points per 1 per cent area, 
respectively; and (e) the procedure used to contour 2 points which lie 
on opposite sides of the diagram. 
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point per 1 per cent area is defined; etc. The author has found that 

searching for more than three overlaps consumes more time than contour

ing with the tool. The grid or Schmidt method is particularly useful 
. (11 18 25) in contouring large numbers of po~nts. ' , 

Kamb (Ref. 28, p. 1908) has prepared contoured diagrams by a novel 

procedure such that statistical inferences can be drawn directly from 

the diagrams. The area (A) of the contouring tool is so chosen that, 

if the population is randomly oriented, "the number of points (E) ex

pected to fall within a given area (A) is three times the standard 

deviation of the number of points (n) that will actually fall within 

the area under random sampling of the population .... Observed densi-

ties that differ from E/A by more than two or three times the standard 

deviation 0 (for random orientation) are then likely to be significant .•.. 

The observed densities are therefore contoured in intervals of 20 at 

values 0, 20, 40, etc., the expected density = E/A for random orientation 

* being 30." 

For a random population in which the distribution of n values for 

random samples of size N is binomial, 

o 
E 

/ (1 - A) 

'" NA 

where E = NA, A is a given area expressed as its fraction of the total 

area of the diagram, and N is the total number of points on the scatter 

diagram. By setting olE 1/3, one computes the appropriate area A of 

the counter to be used in preparing the diagram. Once A is obtained it 

is used to contour the point diagram by the Schmidt method. Kamb states 

that diagrams prepared in this way have a smoothed appearance in com

parison with conventional contours because most of the irregular detail 

of the latter is of no statistical significance, the conventional A = 
** 0 . 01 being usually much too small. 

* Here 0 is used to designate both the standard deviation and 
stresses in accordance with conventions in statistics and stress 
analysis, respectively. 

** All three contouring techniques contain a common source of 
error. Although the contoured points are plotted on an equal-area net, 
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Statistics 

The orientation of fabric elements as illustrated on petrofabric 

diagrams can be treated in a purely statistical manner to determine 

whether the observed distribution significantly deviates from one which 

is randomly oriented. This implies statistical, but not necessarily 

geological, significance. Pincus(29) fully discussed the application 

of statistical methods to the analysis of aggregates of orientation 

data. Little can be added to his treatment here. Flinn(27) re

examined several of the more popular tests of significance as applied 

to petrofabric diagrams and found them generally unsuitable. He sug

gested that fabric diagrams should be compared to artificially prepared 

"random" diagrams and significant differences attributed to the rock 

fabric. 

The contouring method of Kamb(28) allows statistical inferences 

to be made directly, but one possible drawback may be that the contours 

based on areas considerably larger than 1 per cent could tend to aver

age or mask two or more closely spaced concentrations which may be 

geologically significant. 

Another means of utilizing a contoured diagram as the basis for 

statistical inference has been employed by the author with some success. 

The probability of obtaining concentrations on a point diagram which 

deviate from a random distribution is approximated by the Poisson ex

ponential binomial limit.(30) This has been confirmed by the author 

from tests of goodness of fit between this distribution and apparently 

random diagrams of fabric elements in rocks. The probability of ob

taining at least a given number of points in any 1 per cent area of a 

fabric diagram is given by the following equation: 

there is an unavoidable, progressive distortion of the equal areas on 
this net from the center outward. Fully accurate contouring, therefore, 
would require continual changes in the shape of the contour from circu
lar at the center to elliptical at the periphery as recognized by Mellis 
and Strand (in Flinn, Ref. 27, p. 532). This error is considered to be 
negligible in light of the accuracy with which any given point is 
plotted and the nature of the interpretation of contoured fabric 
diagrams. 

• 
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x=ro 
-Np x 

P L e NE 
x! 

I x=x 

where P is the probability, N is the total number of points in the sam

ple, p is the probability that 1 point will occur in a given 1 per cent 

area (here, 0.01), and x equals the number of points per 1 per cent 

area. When Np = 1, the probabilities of finding at least x points in 

any 1 per cent area are as follows: 0 points, 1.00; 1 point, 0.63; 2 

points, 0.26; 3 points, 0.08; 4 points, 0.02; 5 points, 0.004; 6 points, 

0.0006; and 7 points, 0.0001. Thus in a sample of 100 points (Np = 1), 

the chances of obtaining a 6-point (6 per cent) concentration from a 

random distribution are 6 in 10,000, and a 7-point (7 per cent) con

centration, 1 in 10,000. 

Statistical tools should be used prudently--only to guide inter

pretations, not to dictate them. For example, none of the tests known 

to the author takes into account the locations (specific orientations) 

of the points on the diagram whose orientations are analyzed collective

ly. For instance, an orientation pattern may be characterized by points 

distributed within a band (girdle) along small or great circles. There 

is little doubt that this pattern would have geological significance, 

although statistical tests might show that the distribution was random. 

The role of statistics here should not be to dictate against reason that 

the pattern was random but rather to suggest that no significance should 

be attached to any concentrations within the girdle. 

Deformation Mechanisms and Criteria for Dynamic InterEretations 

Fracturing and Faulting 

General. Many classifications of fracturing, faulting, and related 

phenomena are found in the engineering and metallurgical literature, (31) 

but none is generally applicable to geological problems. The types of 

failure pertinent here are extension fracturing and faulting (including 
. (32 33) (34) shear fractur1ng). ' Brace has recently found that these types 

may be gradational under certain states of stress. 
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Fracturing is regarded as a process involving separation into two 

or more parts after total loss of cohesion and resistance to load, and 

release of stored elastic strain energy. Extension fracturing is 

separation of a body across a surface oriented normal to the least 

* principal stress (a
3
). There is no offset parallel to this surface . 

Macroscopically the least principal stress may either be negative 

(tensile) or positive (compressive). Tensile fracture (a
3 

negative) 

is regarded as a special case of extension fracture. Correlation be

tween extension fractures (the feature) and the principal stresses 

follows from the criterion of no offset. The fracture surface is 

parallel to the plane of vanishing shear stress normal to a
3

, and con

tains a
1 

and a2 (Fig. 8(a». 

Faulting is defined as offset parallel to a more or less planar 

surface of nonvanishing shear stress. There is no restriction on the 

magnitude of offset. Faulting mayor may not be accompanied by loss 

of cohesion and resistance to load, actual separation, or release of 

stored elastic strain energy. When these events do occur, it is proper 

to speak of shear fracturing. In the laboratory it is usually possible 

to distinguish between shear fracturing and faulting. In nature, how

ever, it is rarely possible to observe the process and determine whether 

it is actually accompanied by a loss of cohesion, etc. Clearly, those 

features which have inherently maintained cohesion should be called 

faults. On the other hand, the fact that a feature exhibits no cohe

sion across its surface at present can not be used to infer that it 

formed as a result of shear fracturing . That is, the loss of cohesion 

may have occurred after the feature initially formed. Accordingly, 

there is a problem when dealing with naturally deformed rocks as to what 

to call the features that result from these processes. The usage 

adopted here is as follows: The term "shear fracture" will be used to 

designate features along which the shear displacement is less than an 

arbitrary amount (1 m), and the term "fault" will refer to features 

* By the convention often adopted in geology, compressive stresses 
are positive, tensile stresses are negative. The greatest principal 
compressive stress is designated a

1
, the intermediate principal stress 

is a
2

, and the least principal stress is a
3

• 



.. 

471 

(a) (b) 

(e) 

Fig. 8--Idealized geometric relationships between the principal stresses 
and fractures. (a) Two shear fractures (FSL and FSR) are illustrat~d 
with the enclosed extension fracture (F~). (b) A relaxation fracture (FR) 
is added to the configuration in (a) . . (c) An additional extension frac-
ture (Fe) is added to the geometry in (a) in folded beds only. 

along which the shear displacement is greater than about 1 m. These 

terms are then descriptive within the bounds of shear failure and do 

not necessarily imply distinction between the shear fracturing and the 

faulting processes. 

The correlation between faults (including shear fractures) and the 
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principal stresses has been established by a wealth of empirical data. 

In homogeneous, isotropic materials in which crl > cr2 > cr3 , a fault may 

occur along one or both of two equipotential surfaces, each inclined 

from 45 degrees to a few degrees to the direction of cr
l

• When faulting 

occurs along both surfaces, cr
l 

is the acute bisector; cr2 lies in the 

plane of the faults (parallel to their line of intersection); and cr
3 

is 

the obtuse bisector (Fig. 8(a». For rocks that do not have pronounced 

planar anisotropy, the angle between cr
l 

and the fault (9) varies within 

narrow limits. In 70 short-time triaxial compression tests on a variety 

of dry sedimentary rocks at room temperature and 0 to 2-kb confining 

pressure, 9 ranges from 25 to .35 degrees in 65 per cent of the cases 

and from 20 to 40 degrees in 95 per cent of the cases.(3) Subsequent 
(35) 

work by Handin and Hager at elevated temperatures and in the pres-

ence of pore water(36) has confirmed the earlier results. In fact, one 

of the outstandingly consistent observations from all properly designed 

short-time experiments on a wide variety of rock types is that faults 

tend to occur at less than 45 degrees to cr
l

.(3,33-59) This holds also 

for sandstone, Solenhofen limestone, and diorite deformed at strain 
-1 -5 -1 (60) 

rates from 10 to 10 sec, and for Solenhofen limestone, gran-
-7 ite, diabase, dunite, and quartzite deformed at strain rates to 10 

-1 (61) sec . 

In rocks with strong planar anisotropy the value of 9 is dependent 

upon the orientation of the foliation, schistosity, or cleavage (s

planes) with respect to the load axis (Fig. 9).(62-64) For rocks ex-

perimentally deformed at room temperature and under confining pressures 

up to 2000 bars, faults tend to develop parallel to the s-planes for 

inclinations up to 60 degrees to the direction of maximum principal 

stress. When the s-planes are at 60 and at 75 degrees to the load 

axis, e tends to be between 40 and 60 degrees; and when the s-planes 

are at 90 degrees to the load axis, 9 is again at about 30 degrees. 

Moreover, in all except the 90-degree orientation the strike of the 

fault tends to parallel that of the s-p1anes in the test specimens.(63) 

No entirely ·satisfactory theory of shear fracture or faulting is 

yet available. This is not to say, however, that there are no criteria 

which qualitatively describe shear failure in rocks. The Coulomb-Mohr 
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Fig. 9--Effect of cleavage on the angle of faulting, 
Martinsburg slate (Donath, Ref. 64). 

and Griffith theories, for example, have been discussed by Brace earlier 

in these proceedings. (34) It is significant that all current theories 

and experimental observations show that e is less than 45 degrees, and 

the relationships shown in Fig . 8(a) are essentiall y valid. 

That naturally deformed rocks fault at less than 45 degrees to 

01 is demonstrated by the attitude of normal faults in regions where 

it is logical to assume that 01 was nearly vertical at the time of 

faulting. Hubbert(65) points out that in areas of relatively uncom

plicated structure normal faults occur with dips consistently greater 

than 45 degrees. He cites Sax's(66) study of the dip of 2102 individ

ual underground faults in the coal measures of the Netherlands, which 

shows that 1651 of these were normal faults and had a well-defined 

preference to dip 63 degrees (the remaining were reverse faults with 

dip preference at 22 degrees). Moreover, the average dip of normal 

faults (from United States Geological Survey Folios published to 1913) 

is 78 degrees.(67) Anderson(68) has generalized these relationships 

by calling attention to the orientation of the principal stresses with 

respect to normal, reverse, and wrench faults (Fig. 10). 
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CROSS SECTION VIEW CROSS SECTION VIEW MAP VIEW 
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Fig. lO---The orientations of the principal stresses 
associated with the common fault types (after 
Anderson, Ref. 68). 

Empirically the processes of faulting and of shear and extension 

fracturing are independent of scale down to at least the microscopic 

domain (10-5 m). Thus one may consider microfractures in individual 

grains of a rock as essentially identical genetically and geometrically 

to fractures and faults of outcrop scale and larger. This is a useful 

concept in petrofabrics as it leads to predictions of large-scale fea

tures from statistical inferences drawn from the study of smaller-scale 

features. 

Dyna~ic Interpretation of Fractures and Faults. Suppose that a 

given domain contains extension and shear fractures which for the pur

pose of this discussion have no distinguishing characteristics other 

than their attitude in space. That is, extension fractures can not be 

distinguished by any physical feature from shear fractures. The frac

tures within a given size range are collectively regarded as a fabric 

element, their orientations are measured, and their subfabric is illus

trated by the distribution of their normals on a petrofabric diagram. 
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This orientation pattern can be used to position the principal stresses 

if it is characterized by groups or concentrations of normals which de

fine planes that can be related to patterns expected from previous 

experience. 

For example, if e is 30 degrees, the geometric relationships be

tween shear and extension fractures for the general state of stress 

are shown in Fig. 8(a). By comparison to this configuration all three 

principal stresses can be located from the observed subfabric orienta

tion pattern (a) if it exhibits three planar sets intersecting in a 

nearly common line and inclined at 30 and/or 60 degrees to each other, 

or (b) if it shows two sets of features intersecting at about 60 de

grees (two conjugate faults). Frequently, partial geometries are en

countered, perhaps in part because all elements of the basic geometry 

(Fig. 8(a» do not always form. Accordingly, the pattern observed at 

anyone locality may consist of any or all parts of the basic config

uration. Indeterminate cases occur if the pattern consists of two 

elements intersecting at about 30 degrees or if a single concentration 

results. In the former case, it is not clear whether one is dealing 

with two conjugate shear fractures of small dihedral ang1e(69) or a 

set of extension fractures and a set of one of the potentially conju

gate faults. At best, one can state only the orientation of O2 
(parallel to the line of intersection) and, therefore, define the 

plane containing 0
1 

and 0
3

. In the case of a single concentration, 

one can not determine whether the concentration is related to a set 

of shear fractures or to a set of extension fractures. Ambiguities 

in the subfabric for a single locality can frequently be resolved by 

comparison with fabric data from other neighboring localities in 

similar structural positions where the pattern is unambiguous. 

Similar comparisons of observed fracture orientation patterns with ex

pected patterns for the states of stress 0
1 

> O
2 

= 0
3 

and 0
1 

= O
2 

> 0
3 

lead to determinations of the unique principal stress only. 

Along with the orientation data, information is sometimes available 

on the sense of shear along faults or shear fractures. Shear criteria 

permit reliable determination of principal stress directions provided 

the observed offset occurred at the time of faulting, the slip direction 
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* of the movement is known, and the value of e is known or can be deter-

mined experimentally. Given these facts one can determine (1) that a2 
lies in the plane of the fault at right angles to the slip direction, 

(2) that a
1 

is inclined at e degrees to the fault in the direction ap

propriate for the observed sense of shear and lies in the plane that 

is normal to the fault surface and contains the slip direction, and 

(3) that 03 lies in this same plane at 90 degrees to 01' Valid sense 

of shear criteria also permit resolution of the pattern consisting of 

two elements intersecting at a small dihedral angle. Observations of 

a consistent sense of shear displacement along one of the features 

and none along the other implies that the former is a fault and the 

latter an extension fracture set, provided the extension fracture set 

is disposed appropriately with respect to the observed sense of shear 

on the fault. Similarly, if consistent and opposite senses of shear 

are observed on each of two sets of features they can be recognized as 

two conjugate faults of low dihedral angle. Once the fractures and 

faults have been recognized, the derivation of the principal stresses 

follows from the basic relationship in Fig. 8(a). 

Certain morphological features on the surfaces of macrofractures 

and faults have been investigated by a number of workers as possible 

criteria for the distinction between extension and shear failure. 

Three types of features have been recognized: slickensides, plumose 

structure, and conchoidal structure.(70-78) Unfortunately the genetic 

implications of these features are not well understood. 

Clearly, slickensides (polished and striated surfaces) indicate 

offset parallel to the walls of the fracture or fault. They can not, 

however, be regarded as generally reliable criteria because they record 

only the last movement along the surface. Conceivably the surface of 

an extension fracture (initial movement normal to the fracture walls) 

may be slickensided as a result of later movements parallel to the 

walls. Plumose structure consists of grooves and ridges on a rock 

surface. There is a central axis into which barbs or plumes converge 

* Direction of slip along a fault is needed only if one fault or 
one set of faults is present. For those cases involving intersecting 
conjugate elements, the line of intersection is parallel to 02 and 
normal to the slip direction. 
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in featherlike form. Conchoidal structure consists of concentric 

grooves and ridges which usually center about one or two points on the 

surface. It is not clear whether conchoidal structure is merely a 

part of a larger plumose structure or a separate phenomenon with dis

tinct genetic implications. The only certain fact about these features 

is that where they occur there has been little shear movement along the 

surface in question. Hodgson (Ref. 7~, p. 29) implies that plumose and 

conchoidal structure are not diagnostic criteria. On the other hand, 

Parker (Ref. 74, p. 397) and Roberts (Ref. 78, p. 486) find that 

plumose structures are apparently restricted to shear fractures or 

faults. This would imply at least some shear displacement at the 

time of formation. Further analysis of these features, perhaps ex

perimentally, would seem justified as it might lead to diagnostic 

criteria. 

Field Examples--Microfractures. To the writer's knowledge there 

are only a few published studies in which the subfabrics of microfrac

tures have been used to derive the orientations of the principal stress 

in rocks at the time of deformation. On the microscopic scale, frac

tures occur in the individual grains or crystals of the rock. They 

mayor may not cross grain contacts. Their size, therefore, is somewhat 

dependent upon grain size. Though they may be visible to the unaided 

eye, they are best studied in thin section with the aid of the petro

graphic microscope and universal stage. The microfractures are often 

essentially planar features such that their dip and strike can be meas

ured by one setting of the universal stage. Commonly they are developed 

in sets of two or more parallel individual features. They are fresh 

clean breaks in all experimentally deformed rocks and are commonly 

healed or filled in naturally deformed rocks. 

That micro fractures can be valid dynamic fabric elements has been 

demonstrated by studies of experimentally deformed, dry, unconsolidated, 

quartz sand aggregates and calcite-cemented sandstones.(58,59) Results 

show statistically that the grains tend to fracture with respect to the 

principal stresses across the boundaries of the whole specimen rather 

than with respect to local stress concentrations at grain contacts 

(Fig. 11). That is, even though the stresses must be transmitted 
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Fig. 11--Photomicrographs of microfractures in quartz and feldspar 
grains in an experimentally deformed calcite-sand crystal (from 
Friedman, Ref. 59, plate 2). The orientation of the principal 
stresses across the boundaries of the whole specimen is shown; 
extension fractures predominate. 

through grain boundaries, the individual grains tend to fracture as 

if each grain were loaded in the same manner as the whole aggregate. 

This is a statistical statement, but reference to the photomicrographs 

in Fig. 11 shows that the phenomenon is quite pronounced. Moreover, 

the phenomenon in quartz grains is essentially independent of the 
*(59) crystal structure of quartz. 

* This result for quartz sand aggregates is in marked contrast to 
recent data on quartz single crystals deformed at very high pressure. 
In such specimens the fracturing and faulting is controlled by the 
anisotropy of the crystal structure. 
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Bonham(79) studied both macrofabric and microfabric elements 

associated with the Pico anticline and syncline, which are located 

some 35 mi northwest of Los Angeles, California. The structure lies 

along the southern margin of the Ventura basin. Three Tertiary forma

tions are encountered, the Modello (Miocene), the Pico (Pliocene), and 

the Saugus (Pliocene). These are composed of a poorly indurated tur

bidite sequence of interbedded arkose and graywacke sandstones, silt

stones, and shales, with an aggregate thickness of nearly 15,000 ft • 

The anticline is 9 mi long and is folded tightly, showing an almost 

chevron cross section. The axial plane of the fold is nearly vertical 

and has a strike of about N-6so-W in the eastern and central parts and 

about N-7s o-W in the western part. Dips on the flanks are commonly 

over SO degrees with some overturning on the northern flank. The anti

cline plunges both east and west. Several normal faults, with as much 

as sao ft of stratigraphic separation, cut the structure and tend to 

strike NE-SW and NW-SE. Bonham characterizes the anticline as a 

flexural slip fold with three mutually perpendicular axes of folding 

(Fig. 12) . 

Fig. l2--Idealized block diagram of the Pico 
structure showing three axes of folding (from 
Bonham, Ref. 79, Fig. 3). 

Bonham's data on orientation of microfractures and macrofractures 

(joints) are given in Fig. 13. For convenience, he refers his dia

grams to three axes--a, b, and c. The b direction is parallel to 

the fold axis; the a axis lies in the bedding plane and is normal to 

the fold axis; and the c axis is normal to bedding. Accordingly, the 
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Fig. l3--Diagrams showing orientation of microfractures and macrofrac
tures associated with the Pico structure (from Bonham, Ref. 79, Figs. 
4 and 5). The plane of each diagram is parallel to bedding (ab). 
(a) Normals to 200 quartz microfractures. Contours are at >2, 4, 6, 
8, and 10 per cent per 1 per cent area. (b) Normals to 200 quartz 
microfractures. Contours are at >1, 2, 4, 6, and 8 per cent per 1 per 
cent area. (c) Normals to 210 sets of macrofractures. Contours are 
at >1, 2, 3, and 4 per cent per 1 per cent area . 

ab plane is parallel to the bedding plane, and the ac plane is normal 

to the fold axis (b = B). In diagrams with a single concentration 

(Fig. l3(a», the microfractures are preferentially oriented in the ac 

plane of the fold. In diagrams with two concentrations (Fig. l3(b», 

the microfractures are oriented in two planes which intersect in a line 

normal to bedding. The acute angle between these planes is bisected by 

the ac fabric plane. Macrofractures (Fig. 13 (c» also te.nd to lie in 

the ac plane. Stereograms showing the major plane(s) defined by the 

microfractures at each of 28 stations on the fold (Fig. 14) indicate 

• 

• 

• 
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Fig. 14--Stereograms showing the orientation of major sets of micro
fractures associated with the Pico structure (from Bonham, Ref. 79; 
Fig. 7). The reference plane of each stereogram is horizontal. 

that most are vertical and lie in the ac plane of the fold. Bonham 

points out that those near the western end of the structure reflect 

the westward plunge of the fold about the B'-axis. 

Bonham does draw a dynamic inference from the ac fractures. He 

attributes them to tension parallel to the fold axis during deforma

tion. Further inferences are possible from examination of the micro

fracture subfabrics. Consider first the diagram illustrating two 

concentrations (Fig. 12(b». These define planes which intersect at 

about 75 degrees along a line nearly normal to the bedding plane. 

This configuration suggests that the fabric maxima define two sets of 

conjugate shear fractures (9 = 38 degrees) for which 01 is parallel 

to the bedding plane and normal to the fold axis, 02 is normal to the 

bedding plane, and 03 is in the bedding plane and parallel to the fold 

axis. In Fig. 14, there are four stereograms (marked "I") that con

tain two sets of planar features intersecting at 50 to 80 degrees. By 

correlating the line of intersection of the two sets with the probable 

dip of the beds (see fold axes), one concludes that at each station, 

sets comprise a pair of conjugate shear fractures that intersect in a 

line normal to bedding. In each case the orientations of the derived 

stresses are as stated above. Next, consider the many stereograms in 
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Fig. 14 that contain a single set of features oriented in the ac plane 

of the fold. These not only parallel the ac macrofractures, but also 

tend to bisect the acute angle between the conjugate shear fractures 

at nearby stations. By reference to the basic configuration (Fig. 

8(a», the ac features are recognized as extension fractures. Finally, 

at two stations (marked "II" in Fig. 14), it . appears as though one set 

of ac microfractures and one set of shear fractures occur in the grains 

of the rock. That is, the lines of intersection are at high angles to 

bedding, the shear fractures nearly parallel those at other stations, 

and the small dihedral angle between the ac set and the shear fracture 

set is in each case about 20 degrees. 

Thus, Bonham has mapped microfractures and macro fractures that 

(1) exhibit consistent orientations throughout the fold, (2) are geo

metrically related to the fold in a meaningful way, and (3) can be 

interpreted as genetically related to the same state of stress. These 

principal stresses appear to be uniformly oriented with respect to the 

bedding planes and to be independent of the dip of the beds. Unfolding 

brings principal stresses mapped at each station throughout the struc

ture into congruency. Accordingly, one can conclude that the fractures 

occurred either throughout the folding process or early in the history 

of folding in response to a horizontal greatest principal stress 

oriented roughly N-2So-E, a vertical intermediate principal stress, 

° and a horizontal least principal stress trending roughly N-6S -We The 

first alternative requires that 01 remain nearly parallel to the bedding 

throughout folding. 

Field Examp1es--Macrofractures and Faults. The literature is re

plete with purely geometric descriptions of macrofractures and faults. 

In most cases, the authors have referred to these features as joints 
-1 3 (10 to 10 m in observed length) and related them to larger-scale 

folds and faults. Some workers have attempted to associate the joints 

genetically with the regional state of stress, but few have had an ade

quate understanding of the problem. Good examples of enlightened in

vestigations are available, however. Several of these are reviewed by 

De Sitter (Ref. 80, pp. 122-142), and Schmidt (Ref. 81, pp. 10-17) 

gives a comprehensive review of the literature. Additional significant 

• 

• 

• 
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dynamic interpretations of fracture and fault assemblages are t~ be 
. (82) (83) (84). (85) 

found ~n Cloos, Dawson-Grove, Price, Harr~s et al., 

Muehlberger, (69) and Donath.(86) 

Melton's reconnaissance study of the fracture systems in the 

Ouachita Mountains and Central Plains of Oklahoma(87) can be used to 

illustrate how dynamic inferences are made from geometric data. The 

geology of the area is sketched in Fig. 15. In general the intensity 

of the deformation decreases northwestward from the Ouachita Mountains 

through the Open Fold zone to the nearly flat-lying strata of the 

Central Plains. Melton measured the attitudes of fracture sets in 

outcrops distributed throughout this r~gion (Fig. 16). He concluded 

PERMIAN BASIN 

. .. .:;,-" ... {'-') 
o 10 40'--' ,"" ' 
~----=- MILES r ... 
MAP SCALE -

Fig. l5--The major structural units of Oklahoma. The Arbuckle 
Mountains (A)j the Ouachita Mountains, the Permian (Anadarko) Basin, 
the Mississippian rocks of the southwestern part of the Ozark Dome, 
and the "belts" of en echelon faults in the Central Plains are shown 
(from Melton, Ref. 87, Fig. 1) . 
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Fig. 16---Fracture trends in southeast Oklahoma shown with the bedding 
at each station unfolded to the horizontal position (from Melton, Ref. 
87, Fig. 3). The length of each line is proportional to the number of 
fractures at that station with the indicated strike. 

that (1) the prominent systems in the Central Plains radiated in a fan

like manner from the Ouachita Mountains and originated from the forces 

of the Ouachita orogeny, (2) the Ouachita Mountains were probably formed 

after the Middle Permian, and (3) the short faults of the en echelon 

belts east of Oklahoma City (Fig. 15) correlated closely in strike with 

the dominant fracture set in the Central Plains, thereby tying their 

genesis to the Ouachita Mountain orogeny more closely than was thereto

fore recognized. 

If the fracture array at each station (Fig. 16) is examined 

closely, one can distinguish individual elements of a four-set pattern 

(Fig. 17). This pattern is repeated throughout the region, even though 

• 
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Fig. l7--The average fracture patterns in the Central Plains, Open Fold 
zone, and Ouachita Mountains (obtained from Melton, Ref. 87, Figs. 6, 
8, and 10, respectively) • 

all four sets are rarely developed at anyone station. Moreover, the 

pattern tends to rotate with the change in strike of the beds in the 

Ouachita Mountains and Open Fold zone. Each set is oriented normal to 

bedding. When beds in the Ouachita Mountains and Open Fold zone are 

unfolded, the fracture-fault sets become congruent with those in the 

Central Plains. Sets A and B (Fig. 17) intersect at 90 degrees. Sets 

C and D intersect at about 40 degrees and are about equally disposed 

on either side of set B. Set C is the best developed of the four. 

The configurations of sets B, C, and D suggest that they represent an 

extension fracture and two conjugate shear fractures, respectively. 

From this pattern, 01 is placed horizontal and everywhere normal to 

the strike of the Ouachita Mountain trend, 02 is vertical (normal to 
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* bedding), and 03 is horizontal and normal to 01. The fourth element 

of the pattern (set A) needs further explanation. In the Ouachita 

Mountains and Open Fold zone it tends to parallel the strike of the 

beds (Ref. 87, p. 741) and therefore occupies an orientation similar 

to that of the often mentioned "tension" fractures that develop during 

folding (Fig. 8(c), and Ref. 80, p. 100; Ref. 82, p. 185; Ref. 88, p. 

150; Ref. 89, p. 102; and Ref. 90, p. 118). It is unreasonable to ex

tend this explanation for set A into the unfolded strata of the Central 

Plains. In the writer's view set A is there a relaxation fracture 

(Fig. 8(b», i.e., an extension (or tensile) fracture formed upon re

lease of stored elastic strain energy. Finally, the belts of en 

echelon faults (Fig. 15) are interpreted as near surface features re

lated to wrench faults at depth, which would be left-lateral and would 

trend N-lO-15 0 -E. The principal stress directions derived from these 

wrench faults are in good agreement with those derived from the regional 

joint pattern. It is significant that the fracture-fault pattern giving 

rise to these dynamic interpretations extends more than 100 mi into the 

Central Plains from the Ouachita Mountains. 

An even-larger-scale example is afforded by the fault trends in 

the Great Basin of the western United States. Donath(86) compiled 

fault-strike frequency diagrams (Figs. l8(a) and l8(b» for a 420-sq-mi 

area in south-central Oregon. The faults tend to strike in two main 

directions (N-35°-W and N-200 -E). The evidence indicates that the 

first movement on these faults was strike-slip and that this was fol

lowed by dip-slip displacement. Donath (Ref. 86, p. 1) states " •.. the 

intersection angle of approximately 550 and the nearly vertical dips 

indicate that the faults originally developed as conjugate strike-slip 

shears in a stress system characterized by a north-south maximum prin

cipal stress and an east-west minimum principal stress." The subsequent 

dip-slip movements on these planes reflect a redi&tribution of the 

surface forces acting on the individual fault blocks. 

This same fabric is even more strikingly demonstrated by range

edge trends in a 50,000-sq-mi area in Nevada. On the assumption that 

* 

• 

Dynamic inferences by Friedman. • 
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Fig. 18--Fau1t-strike fr~quency diagrams for areas in the Great Basin 
of western United States. (a) Strikes of 625 faults or fault segments 
plotted at 1-degree intervals. Radius of diagram equals 18 faults or 
fault segments. (b) Same data replotted for 5-degree class intervals. 
Radius of diagram equals 62 faults or fault segments {from Donath, 
Ref. 86, Fig. 4). (c) Strikes of 410 range-edges in over 50,000 sq mi 
in Nevada, as measured from 1:250,000 USGS topographic sheets (from 
Conger, Ref. 91) . 
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these are delineated by faults, conger(9l) compiled the trends of 410 

segments (Fig. l8(c». North-south, N-309-E, and N-30o-W trends are 

prominent, and comparison with Fig. 8(a) suggests a north-south great

est principal stress and an east-west least principal stress. Donath's 

explanation would seem to apply to Conger's data, with the exception 

that the initial movement on Conger's north-south set would have to 

have been normal to the walls of the fracture. The same stress orienta

tions derived from these faults are also appropriate for the right

lateral strike-slip movement associated with the San Andreas wrench 

fault system in California. 

The consistent fracture fault patterns in Oklahoma and in the Great 

Basin serve to illustrate that macroscopically uniform states of stress 

can be transmitted through large portions of the earth's crust. 

Intracrystalline Gliding 

General. Intracrystalline gliding flow (the "plastic" flow of 

metallurgy) takes place by the relative displacement of atomic or ionic 

layers over one another. The true nature of gliding seems to have been 

first recognized by Reusch(92) in halite and calcite. During the late 

nineteenth and early twentieth centuries mineralogists worked out the 

morphology of most of the known gliding systems. Since then metallur

gists have much improved our physical understanding of the gliding 

(= slip) process. 

In gliding, the strain can be regarded as a simple shear with no 

volume change. Displacement is restricted to a gliding (or slip) plane 

(T), a definite gliding direction (t) within that plane, and sometimes 

to a particular sense of shear parallel to the gliding line. These 

constitute the gliding system, which is determined by the crystal 

structure and is independent of the loading condition. Gliding is 

initiated when the shear stress along t exceeds some critical value 

(T ), which is essentially independent of the normal stress across 
c (93-95) 

the gliding plane and of the orientation of the load relative 

to the gliding system. Accordingly in an aggregate or in a single 

crystal, gliding takes place most readily for systems of low T and 
c 

high resolved shear stress coefficient (S). (See Fig. 19.) 
o 

• 

• 

.. 



• 

• 

489 

Translation gliding involves displacement through an integral 

number of interionic distances so that after slip the configuration 

of the crystal lattice is unchanged across the slip plane (Fig. 20). 

The slip need not be equally distributed throughout the deformed 

crystal, and the shear strain is not fixed. Although no general 

theory relates the translation gliding system to a particular crystal 

structure, in metals the gliding plane is usually one of high atomic 

Fig. 19--Diagram showing nature of the 
resolved shear stress coefficient (S ). 

o 
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'CRYgr~ 
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C=~'- 3) 
/ !LOAD 

ELASTICALLY BENT CRYSTAL 

GROSS EFFECT OF SLIP 

SLIP LINES 

BEND-GLIDING 

Fig. 20--Models of translation gliding . 



490 

or ionic density and of simple crystallographic index. The gliding 

direction is usually the densest atomic row (Ref. 93, p. 86). Bend 

gliding (Fig. 20) is a special form which occurs when planes are ini

tially oriented parallel or normal to the load axes and are bent 

elastically before slip occurs. A compilation of translation gliding 

systems in 80 crystals is given by Handin.(96) 

In mechanical twin gliding each ionic layer moves through a fixed 

fraction of the interionic distance so that the shear is fixed and the 

twinned portion of the crystal is in the proper symmetrical relationship 

to the original untwinned structure. The physical discontinuity between 

the twinned and untwinned portions of a crystal makes twin lamellae 

conspicuous in thin section (Figs. 21 and 22). The morphology of 

TWIN GLIDING 

Twinned 

Untwinned 

Untwinned 

Untwinned ------- Twinned --
Twinned 
~ ----

Fig. 2l--Diagrammatic illustration of twin gliding and the development 
of a twin lamella. The movement along anyone ionic layer (gliding 
plane) is a fixed fraction of the unit interionic distance, e.g., ion 
at A moves to B. As a result, a symmetrical relationship exists across 
the twin plane . A twin lamella is formed if twinned material is bounded 
on both sides by untwinned structure. 

• 

• 
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twinning has been discussed by Bell(97) and Pabst(98) and the metal

lurgical literature includes reviews by Cahn(99) and Hall. (100) 

It is adequate for our present purpose to consider the model of 

twin gliding illustrated by the hypothetical structure shown in Fig. 23. 

If the relative displacement (sense of shear) of the upper layers is 

Fig. 22---Photomicrograph of e[0112} twin lamellae in calcite grains 
of a Pre-Cambrian (7) marble, Schell Creek Mountains, near Ely, Nevada. 
Diameter of the specimen is 1/2 in. 

Fig . 23---Section through a hypothetical lattice illustrating different 
movements of the ions for different senses of shear in twin gliding 
(after Higgs and Handin, Ref. 55, Fig. 4). The plane of the paper is 
normal to the gliding plane and contains the gliding direction • 
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from left to right, the ion at position 1 (initial position) moves to 

position 3. I The angle between lines x and x is the angle of shear 

(V), and the shear (s) is given by 

s = 2 tan f . 

If the displacement of the upper layers is from right to left, the ion 

at position 2 (initial position) moves to position 3 and the angle of 

shear " is between y and y'. Actually, twin gliding on a particular 

gliding plane is restricted to movement in only one direction, presum

ably that requiring the least energy. The proper sense of shear is 

indicated by the arrows. This qualitative picture of twin gliding in

volving only initial and final states of the ions is useful even though 

the actual paths of the ions may be unknown. Twin gliding systems for 

some 70 minerals have been compiled by Higgs. (96) 

pynamic Inferences from Gliding Systems. Twin and translation 

gliding is initiated for a given system when the resolved shear stress 

along the gliding direction and in the correct sense of shear exceeds 

a critical value TC. As gliding is largely independent of the normal 

stress, TC is reached most effectively when the resolved shear stress 

coefficient (S ) is maximum (0.5). Accordingly, the most favorable 
o 

state of stress in the crystal is characterized as follows: (1) O2 is 

parallel to the gli~ing plane (T) and normal to the gliding direction 

(t); (2) 0
1 

is inclined at 45 degrees to T in the plane normal to T 

that contains t and is oriented so as to produce the correct sense of 

shear; and (3) 0
3 

is inclined at 45 degrees to T in the plane contain

ing t and 0
1

• Clearly, if the gliding system(s) for a given crystal 

is known and if T and t can be recognized and measured, then one can 

derive the orientations of the principal stresses within the crystal 

that would best produce gliding. Petrofabric techniques are employed 

to locate these stresses in a number of individual crystals in poly

crystalline aggregates, to plot them in fabric diagrams, and then to 

evaluate the average local state of stress in the rock at the time of 

gliding. 
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Dynamic Interpretation of Twin Lamellae in Calcite and Dolomite. 

Although in principle it is possible to make dynamic inferences from 

any known gliding system, in nature only a few common rock-forming 

minerals show the diagnostic features required in practice. Twinning 

in calcite and dolomite has received most attention in the laboratory 

and in the field. Knowledge of the deformation mechanisms in calcite 

has evolved from Brewster's observations(lOl) of mechanical twins in 

1826 to the comprehensive experimental studies of deformed calcite 

* single crystals and marbles, together with their petrofabric analyses. 

As a result, gliding flow in calcite can be adequately accounted for by 

three gliding systems (Fig. 24): 

(1) Twin gliding parallel to e(0112} with [e
l
:r

2
] as the gliding 

"(~'c 
direction, and with a positive sense of shear, effective throughout 

the temperature range of 20° to 800°C. 

(2) Translation gliding on r[lOll} with [r
l
:f

2
] as the gliding 

direction, sense of shear negative, effective over the temperature 

° ° *** range 20 to 800 C. 

(3) Translation gliding on f[022l} with [f
l
:r

3
] as the glide 

direction, sense of shear negative, effective at 20°C and at 500° to 

800°C, where it predominates over r translation. 

Turner(lll) has developed a technique for dyriamic interpretations 

of twin lamellae in naturally deformed rocks by locating the mutually 

perpendicular directions of compression and extension that most favored 

development of the observed twin lamellae. The geometry of these re

lationships was initially set forth by Handin and Griggs (Ref. 105, 

pp. 866-869). 

* 

If a maximum S value (0.5) for twinning is assumed, 
o 

See Refs. 43, 95, and 102-110. 

** Arbitrarily, relative displacement of the upper layers of the 
lattice upward toward the optic axis (or c axis, or c as used here) is 
called gliding in the positive sense; relative displa~ement of the upper 
layers downward from the upper end of the c is called gliding in the 

. v 
negat~ve sense. 

*** Direct visual evidence of translation (e.g., slip lines) is rare. 
Accordingly, translation gliding systems will not be utilized here, but 
will be discussed in the section on intragranular rotation phenomena. 
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Fig. 24--Diagrammatic representation of the calcite structure. Section 
is drawn normal to the a2 axis. The structure is twinned on el, with 
the gliding direction and sense of shear for the twin gliding indicated. 
Translation gliding systems along r l and fl are also shown. 

the position of the load axis can be uniquely defined, because Xo and 

AO must be 45 degrees (Fig. 19). Accordin'gly, ai and a; are fixed 

* for twin gliding when S = 0.5 (Fig. 25(a». The compression axis 
o 

a{ is inclined 45 degrees to e l or to the normal to e
l

, and 71 degrees 

** to C
v 

(the c axis). The extension axis a~ is inclined 45 degrees 

to e l or the normal to e l , and 19 degrees to 

* 

c • 
v 

For any calcite grain, 

Primes are used to denote principal stress axes derived from any 
one crystal. 

** By convention, the three twin planes in each calcite crystal 
are designated as el' e2' and e3; el is identified as the plane along 
which the twin lamellae are best developed, i.e., most densely spaced 
or widest, and e3 is identified as the plane along which they are the 
most poorly developed. In a calcite crystal in which at least one set 
of twin lamellae is developed (el), the positions of the other potential 
sets can be determined from the crystallography of calcite. 

• 



• 

495 

e 

I a' I b) 

Fig. 25--Diagrams illustrating the orientation of the axes of compres
sion (ol) and extension (a]) that would be most effective in causing 
twin gliding on efOl12} in calcite . (a) The plane of the diagram is 
perpendicular to the gliding plane and contains the gliding direction, 
the c v ' and the normal to the gliding plane (e). (b) Lower hemisphere, 
equal-area projection of the relationships in (a) are shown for two 
differently oriented cases. 

therefore, the positions of o{ and 0; for 

(Fig. 25(b» by measuring and plotting e
l 

S = 0.5 can be determined 
o 

and c . 
v 

Twinning can, of course, 

as long as 1" 
c 

is exceeded and 

be initiated for S values less than 0.5 
o 

the correct sense is maintained. For 

example, the average S value is 0.27 for the twinned calcite cement 
o 

of an experimentally deformed sandstone.(59) Turner's technique 

utilizes S = 0.5, however, because this value allows unique location 
o 

of the principal stresses. (There are an infinite number of possible 

orientations for the stress axes for S < 0.5.) Moreover, there is a 
o 

good empirical relationship between the amount of twinning and S 
o 

values. In experimentally deformed Yule marble and Hasmark dolomite, 

the greatest amount of twinning occurs on that set of twin gliding 

planes for which the resolv~d shear-stress coefficient was highest 

(Fig. 26).(52,106) 

The technique using calcite twin lamellae to derive the orienta

tions of the principal stresses in a rock consists of the following 

steps. (1) The orientation of the best developed set of twin lamellae 

and the host c in each grain are determined by universal-stage 
v 
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Fig. 26--Plots illustrating the relationship between el and fl twin
lamellae spacing indices and So values for these planes as calculated 
from the known stress orientations in experimentally deformed Yule 
marble and Hasmark dolomite, respectively (from Turner and Ch'ih, Ref. 
106, Fig. 6; and Handin and Fairbairn, Ref. 52, Fig. 6, respectively). 
Tw1n-lamellae spacing index is defined as the number of lamellae per 
millimeter when viewed on edge. 

measurements. (2) These data are plotted in equal-area projection, 

and the compression and extension axes are located for each grain as 

outlined above. (3) The data measured in two or more mutually per

pendicular thin sections are combined into a composite diagram, and 

the resulting orientation pattern is interpreted as reflecting the 

average orientation of C\ and 0
3 

in the rock at the time twinning took 

place. Friedman(59) has found good agreement between the derived posi

tion of 0 1 and the known orientation of 0 1 in experimentally deformed 

calcite-cemented sandstones (Fig . 27). 

A readily visible example of this technique is described by 

Friedman and Conger.(112) Calcite crystals within the walls of a 

naturally deformed fossil shell (Fig. 28) exhibit in thin section a 

systematic development of e twin lamellae. In transverse section the 

walls are elliptical and the crystals along two opposite sides of the 

ellipse (each encompassing 120 degrees of arc) are profusely twinned, 

whereas those along the two remaining 60-degree arcs are sparsely 

twinned. Calcite c are oriented radially. Fig. 29(a) shows that the 
v 

preferential development of twin lamellae probably depends on favorable 

-- ---- ---

.. 
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2 

3 

4 

Fig. 27--Diagram of 50 compression axes derived from sets of el twin 
lamellae in 50 calcite-cement crystals from an experimentally deformed 
calcite-cemented sandstone (from Friedman, Ref. 59, Fig. l6c). 
Specimen was shortened 9.2 per cent under 2-kb confining pressure at 
300°C . Plane of the diagram is normal to the long axis of the deformed 
cylinder with the known position of 01 at the center of the diagram. 
Contours are at 2, 4, 6, and 8 per cent per 1 per cent area . The de
rived position of 01 is 10 to 15 degrees SE of the center. 

or unfavorable orientation for twinning of a given crystal with respect 

to an assumed east-west 01' Moreover, compression and extension axes 

derived from C
v 

and e
l 

lamellae in each grain are strongly oriented 

parallel to bedding and trend N-75°-W and N-15°-E, respectively, when 

the beds are unfolded (Figs. 29(b) and 29(c». These results are in 

good agreement with the geologic framework because these directions 

are within 15 degrees of being perpendicular and parallel, respectively, 

to a series of nearly parallel north-south fold axes located where the 

sample was collected some 7 mi south of Drummond, Montana. 

Twin lamellae in complexly deformed metamorphic rocks have been 

studied in considerable detail. Turner(lll) applied his technique to 

the study of three marbles and concluded that the visibly twinned e 

lamellae developed during the last stages of deformation. McIntyre 

and Turner(113) employed the same methods in a study of three different 

marbles from Scotland and also concluded that twinning in calcite was 

the expression of minor postcrystallization deformation, probably 

compression transverse to the regional fold axis. Gilmour and 



" N 

498 

Fig. 28--Photomicrograph of a transverse section through a gastropod. 
Plane of the photomicrograph is also parallel to bedding. North is as 
indicated after the bedding is rotated to the horizontal. East-west 
diameter of the gastropod is approximately 4 rom (from Friedman and 
Conger, Ref. 112, Plate 1). 

(114) Carman, taking the same approach, found that the compression axis 

deduced from postcrystallization e twin lamellae confirmed the direc

tion of movement deduced from megascopic structures. Clark(115) 

studied the calcite twinning in still other marbles from the Scottish 

Highlands and found a consistent stress pattern over the 5 sq mi in

vestigated. He concluded that the calcite twinning could best be ex

plained by a compression oriented normal to the trend of the regional 

fold axis, followed by a mild "squeeze" at right angles. Weiss (116) 

investigated the dynamic significance of visibly twinned e lamellae in 

a marble-quartzite complex in southern California. He found that only 
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Fig. 29--Petrofabric analysis of calcite twin lamellae in the gastropod 
shell. (a) Approximate orientations of two e twin planes and the Cv in 
calcite crystals at four points within the gastropod shell . With re
spect to an assumed east-west greatest principal compression, the grains 
along the north and south sides of the shell are favorably oriented for 
twinning because of the sense of shear on the twin planes, whereas those 
on the east and west sides are unfavorably oriented (from Friedman and 
Conger, Ref. 112, Fig. 4). (b) Diagram illustrating the orientation of 
70 compression axes derived from grains with high e1 lamellae spacing 
index. Plane of the diagram is parallel to bedding with north as indi
cated for bedding unfolded. Contours are at 1.4, 2.9, 5.7, 8.6, 11.4, 
and 14.3 per cent per 1 per cent area, 15.7 per cent maximum (from 
Friedman and Conger, Ref. 112, Fig. 8b). (c) Diagram illustrating the 
orientations of 70 extension axes derived from same grains as in (b). 
Diagram oriented same as in (b). Contours are at 1.4, 2.9, 5.7, 8 . 6, 
and 11.4 per cent per 1 per cent area, 14.3 per cent maximum (from 
Friedman and Conger, Ref. 112, Fig. 9b). 
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those twin lamellae formed during the last stages of deformation 

yielded consistent results, and that the lamellae formed earlier were 

disturbed by later differential movement of the grains and so gave 

inconclusive, nearly random stress patterns . 

This brief review emphasizes at least two difficulties encountered 

in applying this technique to metamorphic rocks. (1) The rocks have 

probably undergone recrystallization during deformation such that the 

observed twin lamellae relate only to the latest phase in the deforma

tion history. Clearly, this limits the usefulness of highly deformed 

calcite. (2) In marbles the c of the grains are typically strongly 
v 

oriented at high angles to the foliation. As a result the orientations 

of the derived compression and extension axes are restricted by the 

c sub fabric • 
v 

Only when the grains in a rock are randomly or diffusely 

oriented can one equate the derived compression and extension axes to 

d 
(117) 

the principal stresses 01 an 03' 

The study of calcite twin lamellae in slightly and moderately 

deformed rocks (which are relatively free of the recrystallization and 

the strong c orientation effects) has only recently been initiated. 
v 

Nickelsen and Gross(118) extended the technique to study two low-grade 

metamorphic, sandy textured, carbonate rocks from the Ordovician 

Conestoga formation in Pennsylvania. They found concentrations of com

pression axes in a broad zone whose center was approx imately normal to 

a slaty cleavage. According to the author's this agreed very well with 

the observation that grains, pebbles, and boulders were flattened 

parallel to the cleavage. In addition, the authors positioned the 

axes that corresponded to the bisectors of the acute angles between 

the two gliding lines for grains in which two sets of lamellae were 

developed. This gave a similar compression axis orientation pattern . 

Conel(119) determined compression and extension axes in two speci

mens within a single bed of folded limestone (Fig. 30). His specimens 

were collected from the trough portion of a syncline--one near the top 

of the bed and the other near the bottom. In the former, compression 

axes are strongly grouped normal to the fold axis, whereas in the latter, 

the compression axes are strongly grouped normal to bedding. Conel con

cluded that these orientations were analogous to those expected from 

elastic analyses of bent plates. 
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Fig. 30--Diagrams of compression and extension axes determined from 
calcite twin lamellae in regions I and II of a folded limestone bed 
in the Silurian McKenzie Creek formation of western Maryland (Conel, 
Ref. 119, Figs. lOa and 14). In region I, 114 compression axes are 
grouped about the a reference axis, and the 117 extension axes form 
a wide bc girdle with a tendency to be grouped about the c reference 
axis. In region II, 105 compression axes tend to be grouped about the 
c reference axis, while the 112 extension axes are diffusely oriented 
but show a tendency to lie in an ab girdle. Dynamic interpretation of 
these patterns is idealized at the right. 

Hansen and Borg(120) studied deformed calcite cement in three 

specimens of folded Oriskany sandstone from eastern Pennsylvania. They 

found that the derived compression axes are oriented parallel to bed

ding and normal to the fold axis, while the extension axes are concen

trated normal to bedding. This study will be discussed in more detail 

later in connection with quartz deformation lamellae. 

Nissen(12l) recently described a naturally deformed crinoidal 

limestone in which many of the individual calcite (crinoid) crystals 

exhibit two equally well developed sets of e twin lamellae. Nissen 

modified the Turner technique to locate the compression and extension 

axes that would produce equal S values on each of the two sets of 
o 

twin planes. Thus, his compression axis is parallel to the crystallo-

graphic a axis cozonal with e
l 

and e
2

, and his extension axis is normal 

to the undeveloped or poorly developed third set of twin planes (e
3

) in 
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each grain. In Nissen's specimens these gave essentially the same 

stress pattern as that derived through use of the Turner technique. 

Gliding mechanisms in dolomite have been determined from studies 

* of experimentally deformed dolomite single crystals and rocks. Only 

two gliding systems are known (Fig. 31): 

(1) Translation gliding on c(OOOl} parallel to an a axis in 

either sense is the dominant flow mechanism below 400°C. 

(2) Twin gliding on f(0221} in a negative sense along a line of 

the type [f2:a
3
J begins to occur at 400°C and is the major flow mecha

nism at 500oC.~SS) 

The writer is aware of only two studies in which dolomite twin 

lamellae have been dynamically interpreted by the Turner technique. 

This is in part due to the fact that twin gliding in dolomite is 

-- Original Structure: 

~. Co 

00 Mg 
/ 

,~$ . 
- ... C03 

Twinned Structure: 

() Co :'," 

5.,0---1 0 Mg 

c:m:> C03 Ie, 

Fig. 31---Diagrammatic representatio~ of the dolomite structure. Plane 
of the section is parallel to a3(1120). Gliding direction for transla
tion on (0001} is not in the plane of the section, but is parallel to 
any of the three a axes. The system for twin gliding parallel to f is 
also illustrated. 

* See Refs. 52, 55, 122, and 123. 
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restricted to deformation at high temperatures, which is relatively 

rare in all but intensely deformed metamorphic rocks. Crampton(124) 

studied Cambro-Ordovician dolomite and calcite marbles from the north

west Highlands of Scotland. He determined compression and extension 

axes from f twin lamellae in dolomite as well as from e twin lamellae 

in calcite. Both gave similar results--compression axes oriented at 

high angles to the foliation. Christie(125) studied deformed dolomite 

from the Moine thrust zone. He concluded that the compression and ex

tension axes inferred from twinned f lamellae reflect the final stage 

of deformation. He found the derived compression axes to be oriented 

at high angles to the foliation in the Moine thrust block. 

In general, there are certain inherent limitations in the use of 

twin lamellae to derive principal stress directions. (1) Derived 

compression and extension axes are fixed by the crystallographic 

orientation of the grains in the rock. Accordingly, only when the 

grains are nearly randomly oriented can one equate the derived stress 

axes to the principal stresses 01 and 03.(117) (2) Some of the 

spread in the fabric diagrams of derived compression and extension 

axes results from the assumption that S is always 0.5. In reality 
o 

twinning can occur when the load axes are inclined at angles far from 

45 degrees to the gliding plane and direction, provided T is exceeded 
c 

in the proper sense. The scatter in these patterns can be reduced 

by constructing partial diagrams containing compression and extension 
(112) 

axes from only the best developed e l lamellae. (3) Designation 

of host and twinned lattices (characterized by c and c ' , respectively) 
v v 

is difficult in intensely deformed grains. By necessity the host is 

defined as the dominant lattice of the crystal. As twinning on e
l 

progresses, however, the host lattice gives way to the twinned lattice 

as the predominant structure. In grains which are in reality more than 

half twinned, an observer must select the now dominant lattice as the 

* host. Compression and extension axes located with respect to e
l 

and 

new "host" (c') will depart 90 degrees from the true axes associ
v 

this 

ated with the twinning (Fig. 32). (4) Use of false e
l 

lamellae to 

7< 
Crystals more than half twinned are usually elongated by the 

shear strain of twinning. The dominant lattice of nearly equidimensional 
grains, therefore, is very probably the "true" host. 
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Fig. 32--Diagrammatic section through a calcite grain which is more 
than half twinned by gliding on e(0112). Plane of the section is nor 
mal to the twin plane and contains the gliding direction. (0112) is 
common to both the twinned and untwinned structures, which are desig-

I nated by Cv and cv ' respectively. Orientations of 01 and 03 that 
would best cause the twin gliding are shown at the top and bottom of 
the grain with respect to the true host structure. An observer, how
ever, would mistake the dominant portion of the grain (the real twinned 
portion) to be the "untwinned ~ost." That is, he would measure c~ and 
the observed twin lamellae (0112), and from these measurements would 
position o{ and 0) as indicated in the center of the grain. These 
orientations for the principal s·tresses are 90 degrees out of phase 
with those actually best oriented to produce the twinning. 

position compression and extension axes results in misleading inter

pretations. For example, as twinning nears completion on e
l

, the "true" 

e2 lamellae may appear to be the best developed set in the grain and 

incorrectly designated e
l

; e2 or e
3 

sets may appear to be the best 

developed in a grain because the true e
l 

lamellae are inclined at too 

Iowan angle to the plane of the thin section to be correctly evaluated; 

.. 
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or in highly twinned grains one can easily mistake well developed e 2 
lamellae for e

l 
lamellae. The angle between compression axes derived 

from e
l 

and e
2 

lamellae, respectively, is 70 degrees, while that for 

the extension axes is 32 degrees. Clearly, Turner's technique can be 

expected to give the most meaningful results when applied to slightly 

and moderately deformed rocks (strain less than about 20 per cent), 

for in such rocks, the effects of limitations 1, 3, and 4 are usually 

negligible . 

Rotation Phenomena 

Intragranular Rotations. Gliding in a constrained crystal is 

accompanied by an external rotation of the gliding planes toward the 

axis of extension and away from the axis of compression. Turner(95) 

recognized that this would cause an internal rotation of any inter

secting pre-existing plane to an irrational position within the 

* lattice. He was then able to develop an important new technique to 

identify gliding systems and to compute shear strain (e . g., for calcite, 

Ref. 95; for dolomite, see Ref. 55) and to utilize translation gliding 

systems for dynamic analysis.(125) 

Consider, for example, a lamella P in existence prior to deforma

tion (Fig . 33). This will be rotated to a new position by gliding on 

the set of parallel planes T. In an unconstrained crystal, the lamella 

P has been rotated internally to the position L in the deformed sector. 

In a constrained crystal the gliding plane T and the lamella P in the 

deformed sector have both been rotated externally relative to the load 

axis to T' and pi, and pi has also been internally rotated to L. 

Internal rotation is always opposite in sense to that of external 

rotation. 

The concept of intragranular rotation is applicable to any crystal 

that can be examined in thin section with the petrographic microscope 

* External rotation is defined as rotation of crystallographic 
elements relative to external coordinates (e.g., rotation of the optic 
axis relative to the load axis). Internal rotation is defined as rota
tion of visible elements relative to internal coordinates (e.g., rota
tion of twin lamellae relative to the c of the crystal in the immediate 

v 
vicinity of the lamellae). 
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Fig. 33--Schematic illustration of internal and external 
rotations (from Higgs and Handin, Ref. 55, Fig. 1). 

and universal stage. Visible rotations (Fig. 34) can be utilized even 

though the mechanism by which a pre-existing lamella is rotated through 

a crystal structure is not yet understood • . Of importance here is that 

internal rotation of a visible feature is evidence that translation 

gliding has occurred even though there may be no visible trace parallel 

to the translation gliding plane itself. Once the translation gliding 

system is established, the directions of compression and extension that 

would best cause the gliding can then be determined in a manner similar 

to that employed for twin gliding. Christie(125) has utilized this 

approach and found good agreement between the principal stresses derived 

from internal rotation phenomena and those derived from f twin lamellae 

in dolomite. 

lntragranular rotation phenomena in an experimentally deformed 

dolomite single crystal(55) serve to illustrate how a translation glid

ing system can be recognized and how the stresses that would most 

favorably produce the translation can be derived. A specimen was 
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Fig. 34--Photomicrographs illustrating features characteristic of in
ternal rotation in an experimentally deformed dolomite single crystal. 
The internally rotated lamellae (L) are typically coarse and dark, and 
occasionally serrated. The rational lamellae (r) are straight, narrow, 
and sharply defined lines . X 175. 

extended 12 per cent under 5-kb confining pressure, 24°C, at a constant 

strain rate of 1 per cent per minute. The specimen was extended normal 

to r l (cleavage plane), an orientation favorable for basal (c(OOOl}) 

translation. In thin section, the specimen is characterized by a cen

tral deformed sector bounded on either side by relatively undeformed 

sectors. The orientations of the c and cleavage are mea~ured in the 
v 

undeformed areas (cv and r l ) and in the deformed sector (c~ and r{). 

These are plotted in lower hemisphere equal-area projection (Fig. 35). 

It is apparent from their positions that there has been a clockwise 

external rotation of 12 degrees between the undeformed and deformed 

sectors. Detailed examination of the deformed sector reveals a coarse 
c' 

dark set of planar features (L I) that make a small angle with rl/. 
I r l 

The normals to r
l' 

and L
C 

I lie on the same great circle as c', which 
r
l 

v 

* indicates that c/(OOOl} is the active gliding plane. Moreover, the 

* The active gliding plane and a rotated plane in all positions of 
rotation must be cozonal, i.e., share a common axis of intersection or 
rotation. Hence, the normals to these planes must lie on the same 
great circle. 
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~ glide direction 

Fig. 35--Stereogram showing the internal and external rotation phenomena 
in experimentally deformed dolomite single crystal specimen No. 161 
(from Higgs and Handin, Ref. 55). -The sgecimen was extended 7.5 per 
cent under 5-kb confining pressure at 24 C. The least principal stress 
of the experiment (03) was oriented normal to r l as indicated. External }, , c" rotation of c to c and rl to rl and the internal rotation of rl to L /rl 
are shown. 01 and a) are the stresses derived from translation gliding 
on c' along the ai gliding direction in the sense indicated. The angle 
between 0

3 
and 0; is 31 degrees. 

, 
angle between r

l
' and LC, indicates that a counterclockwise internal 

r
l 

rotation of 12 degrees has occurred. Although c' is established as 

the active gliding plane, dynamic inferences still require identifica

tion of the direction and sense of shear. Basal translation can occur 

along anyone of the three crystallographic a axes in either sense. 
I As a first step, draw the great circle representing c , i.e., the 

great circle normal to c ' (Fig. 35). Because the rational position of 
v 

I " , r
l 

is known, we can locate aI' a2 , and a3 along the active gliding 

plane. One of these must be the gliding direction. This direction can 

be established from the axis of external rotation which must lie in the 

gliding plane and perpendicular to the gliding direction. Accordingly, 
I the normal to the great circle through C

v 
and C

v 
and to that through r

l 
and r{ defines the axis of external rotation. Since this lies on the 

I I, active gliding plane midway between a2 and a
3

, a l at 90 degrees to the 

axis of external rotation must be the gliding direction. Finally, the 

sense 
I r
l 

to 

of shear is fixed by the sense of internal rotation. To bring 
I 

LC
, requires a left-lateral sense of shear along c' (Fig. 35). 

r
l 
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The complete gliding system is now established, the gliding plane is 

c/, the gliding direction is parallel to a{, and the sense of shear is 

consistent with the known principal stress directions . The compression 

and ex tension axes that would best cause this gliding (S = 0.5) are in 
o 

good agreement with the known stresses across the boundaries of the 

specimen during the experiment (Fig. 35). 

Kink Bands . Kink bands are deformation features in crystals 

(Fig. 36) and in aggregates with pronounced planar anisotropy (Fig. 37). 

They were first recognized by Orowan(126) in compressed cadmium crystals, 

* and have since become well known in metallurgy. Current understanding 

Fig. 36--Kink band development in biotite grains in experimentally de
formed Westerly granite (from Griggs, Turner, and Heard, Ref. 43, Fig. 
11). (a) Sketch of kink bands in a single grain of deformed biotite. 
Arrow shows orientation of compression axis. (b) Normals to kink band 
boundaries in 11 biotite grains. Arrows show axis of compression. 
(c) Normals to (001) in biotite grains with kink bands (solid circles) 
and lacking kink bands (open circles) . Arrows show axis of compression. 
(d) Distribution of normals to (001) in 42 biotite grains with kink 
bands, as measured in 5 thin sections. Arrows show the axis of compres
sion, which is also the common axis of reference for the 5 sections. 
(e) Relation of macroscopic surfaces of shear (SS), maximum concentra
tion of normals to kink band boundaries in biotite (K), and sense of 
shear (arrows). 

* See Refs. 93, 94, and 127-129. 
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Fig. 37--Photomicrograph of kink bands in an experimentally deformed 
specimen of slate (from Handin and Borg, Ref. 53). Specimen was 
shortened 27 per cent under 5-kb confining pressure at 500°C. Slate 
cleavage (east-west) was initially oriented parallel to 01' 

of their formation suggests that some kink bands may be dynamically 

significant petrofabric elements. 

Kink bands characteristically form as a result of gliding flow 

along a set of closely spaced parallel planes. The boundaries of the 

bands are nearly planar features formed by an abrupt change in attitude 

of the active gliding plane. Flow is concentrated within the band 

where the structure is externally rotated with respect to the host 

about an axis in the gliding plane and normal to the gliding direc

tion.(94) Kink band formation in a single crystal differs from that 

in an aggregate in that the gliding direction is fixed in the active 

gliding plane of the crystal but is apparently unrestricted in the s

plane of the aggregate. 

Kink banding can result from pure translation gliding in a con

strained crystal (e.g., for calcite, see Ref. 95, Plate 3, and Figs. 

33(d) and 33(e) of this paper). However, kink bands are best developed 

in those crystals or aggregates whose active gliding plane is oriented 

subparallel to the axis of compression (Ref. 126, p. 644; Ref. 127, 

p. 192)--i.e., initially parallel to the plane of vanishing shear stress. 
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Bend gliding (Fig. 20) is presumably initiated after some elastic 

distortion, and the kink band is formed as the material buckles. 

According to Barrett (Ref. 94, p. 375), the kink band boundaries are 

initially planes that are normal to the gliding direction and the glid-

. ing plane. It follows, therefore, that well-developed kink band bound

aries are initially oriented at high angles to the greatest principal 

stress. 

Kink bands developed in biotite crystals of experimentally deformed 

Westerly granite(43) demonstrate their potential usefulness as a dynamic 

petrofabric element. Cylinders of the granite were compressed 15 to 23 

per cent under 5-kb confining pressure at 500°C. Most of the shortening 

was achieved by faulting, localized along a zone of mylonitization. 

Biotite crystals near the shear zone were deformed by kink banding. 

The individual kink bands are described as being narrow and sharply 

bounded by nearly planar surfaces trending at high angles to the basal 

cleavage (001). They are conspicuous because the cleavage is sharply 

deflected through angles of 20 to 50 degrees. Opposite boundaries of 

a kink band typically are nonparallel, so that the band is wedge- or 

lens-shaped. In some grains several subparallel kink bands are present. 

In others there are two sets, symmetrically inclined to (001) of the 

host grain, giving a chevronlike pattern (Fig. 36(a». Normals to the 

kink band boundaries tend to group around the known compression axis, 

01 (Fig. 36(b». Moreover, kink bands tend to develop preferentially 

in grains whose [OOlJ axes (normals to (001» are steeply inclined to 

01 (Figs. 36(c) and 36(d». That is, the (001) cleavages (the active 

gliding plane) are subparallel to 01' Subsequent work by Handin and 

Borg(53) on Fordham gneiss has substantiated these findings. 

Accordingly, if biotite crystals in a naturally deformed rock are 

nearly randomly oriented, it is reasonable to conclude that the center 

of concentration of normals to kink band boundaries can be equated to 

01 in the rock at the time of deformation. On the other hand, as bio

tite in most rocks exhibits a nonrandom orientation, this technique 

can position the greatest compression axis only somewhere within the 

s-plane defined by the basal cleavages. 
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Quartz Deformation Lamellae 

General. Quartz deformation lamellae are here treated independ

ently of anyone mode of origin because the process by which they are 

formed in naturally deformed rocks is still somewhat in doubt. 

Sufficient information is available, however, to utilize these features 

in dynamic analyses. They occur in deformed quartz in a variety of 

rock types. Usually grains with deformation lamellae also show undula

tory extinction. Their physical appearance is variable (Fig. 38 and 

Fig. 42 on p. 521). Most workers agree, however, that their tendency to 

lie at low angles to the [0001} plane in the quartz host is diagnostic 

(Fig. 39). 

Origin. The origin of quartz deformation lamellae has been the 

subject of much speculation since they were first reported 85 years 

ago. According to Griggs and Bell(42)and Ingerson and Tuttle,(130) 

Kalkowsky(13l) first described the lamellae; Boehm(132) identified 

them as planes of liquid inclusions; Judd(133) thought they were 

secondary twin lamellae; and Becke(134) identified them as healed frac -
.. L' (135) d (1). (136).. (137,138) tures. ~ugge, San er, H1etanen, Fa1rba1rn, 

Fig. 38--Photomicrographs of quartz deformation lamellae in grains of 
a naturally deformed calcite-cemented sandstone from the Jurassic Piper 
formation, Park County, Montana. Note two sets of lamellae in one 
grain. Crossed Nicols, X 100, 
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IN SIX SECTIONS 
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Fig. 39--Histograms showing the orientation of quartz deformation 
lamellae with respect to the Cv in host grains (from Hansen and Borg, 
Ref. 120, Fig. 1). (a) Composite histogram compiled from previous 
literature: 775, Christie and Raleigh (1959); 885, De (1958); 102, 
Saha (1955); 373, Ingerson and Tuttle (1945); 336, Fairbairn (1941). 
Sources cited by Hansen and Borg, Ref. 120. (b) Histogram for the 
Oriskany sandstone studied by Hansen and Borg. 

Brace, (139) and Christie and Raleigh(140) have suggested that the 

lamellae are a result of gliding mechanisms. Ingerson and Tuttle 

(Ref. 130, p. 105), on the other hand, concluded that the lamellae are 

not controlled by definite crystallographic planes or zones in the 

quartz structure and that they are "apparently controlled almost 

entirely by the stress pattern which determined the fabric of the 

quartz in the rocks." Riley, (141) Turner, (2) and Weiss(1l6) suggested 

that the lamellae are only partially controlled by the structure of 

quartz and that they are formed late in the deformation history. 

Bailey et al.(142) found that grains with deformation lamellae have 

Laue photograph patterns that are somewhat more disturbed than those 

from grains with no lamellae, but they found no evidence to establish 

whether or not the lamellae represent gliding planes. The controversy 
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seems to center mainly on whether the lamellae are caused by intra

crystalline gliding or by fracture. 

Attempts to produce this feature experimentally have only recently 

been successful. Work on quartz sand and on quartz single crys

tals(143-l46) has produced deformation lamellae and provided a better 

understanding of their genesis. The sand specimens, compressed at 

confining pressures from 12 to 50 kb and temperatures from 25° to 

700°C, contain abundant undulatory extinction, deformation bands, and 

deformation lamellae. Lamellae occur in over half the grains and at 

low angles to (0001}. Their inclination to the load axis indicates 

that they formed in planes of high shear stress with about as many in

clined at < 45 degrees to 0, as at > 45 degrees to 0.(146) All the 

single crystals deformed at confining pressures of about 15 kb and at 

temperatures between 300° and l5000 C contain deformation lamellae. 

The lamellae are almost parallel to (0001} in those crystals compressed 

so that there was a high shear stress on (0001}. In crystals compressed 

along a line parallel or perpendicular to (0001}, the lamellae developed 

at angles from 30 to 60 degrees to (0001}, but always in planes of high 

resolved shear stress. Subsequent studies show conclusively that these 

artificial deformation lamellae result from translation gliding on 

(0001} with an a axis as the glide direction.(145) 

Dynamic Interpretation of Quartz Deformation Lamellae. Even if 

natural deformation lamellae result from translation gliding, they can 

not be dynamically interpreted as, for example, calcite twin lamellae 

because the gliding direction (an a axis) cannot be located optically 

in quartz. Also there would be difficulties in establishing the sense 

* of shear. It is possible, however, to draw dynamic inferences from 

their orientation pattern in naturally deformed rocks based on their 

experimentally determined formation in planes of high shear stress 

*Recently, Carter, Christie, and Griggs(146) have shown experi
mentally that the more deformed parts of kink bands and zones of undu
latory extinction in quartz contain more abundant and closely spaced 
near-basal lamellae (the active slip plane) than the less deformed 
parts. They point out that a sense of shear can be established for 
the lamellae from consideration of the sense of external rotation 
within the kink bands or within zones of undulatory extinction. 
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provided that (a) for situations in which 01 > 02 > 03' one dihedral 

angle between two conjugate sets of lamellae is less than 90 degrees, 

and 01 is unambiguously the acute bisector; or (b) for cases in which 

01 > 02 = 03 or 01 = 02 > 03' the lamellae lie along conical surfaces 

with half-angles of less than 45 degrees and greater than 45 degrees, 

respectively. In this hypothesis they are interpreted in the same 

manner as shear fractures or faults. Some examples of the angle be

tween sets of quartz deformation lamellae and the attitude of the 

acute bisector for these sets in discrete samples are listed in the ta

ble on page 516. This compilation shows that the sets of lamellae inter

sect at an average acute dihedral angle of 74 degrees, and that they, 

therefore, probably formed in planes of high resolved shear stress. 

Moreover, the compilation indicates that in most cases the acute bi

sector, which the writer has equated to 01 as a working hypothesis, is 

related meaningfully to geologic reference lines and planes. These 

relationships, however, do not by any means establish unambiguously 

that the acute bisector parallels 01 in the rock at the time of lamellae 

formation. The hypothesis is strengthened, however, when other fabric 

elements are studied along with the deformation lamellae. 

From studies of the Baraboo quartzite, Riley(141) showed that the 

character and orientation of lamellae could be used as a qualitative 

measure of the intensity of deformation. In addition he differentiated 

between microfractures and deformation lamellae, and found both strongly 

oriented and geometrically related to the major structure. It is instruc

tive to examine Riley's Figs. ll(a) and ll(b) (see Fig. 40) which show the 

orientation of these features in his specimen. Two sets of deformation 

lamellae are defined which intersect at 60-80 degrees, and the normals 

to the microfractures define a single concentration. If the orienta-

tion diagrams for microfractures and lamellae are superimposed, it is 

apparent that the microfractures bisect the angle between the two sets 

of deformation lamellae. This geometrical relationship is identical 

with that of two sets of shear fractures and the enclosed extension frac

ture, i.e., two sets of lamellae are bisected by 01' In this case, 01 is 

* oriented normal to bedding and to the fold axis (Figs. 40(c) and 40(d». 

* Dynamic inferences by Friedman. 



SOME EXAMPLES OF THE ANGLE BETWEEN SETS OF QUARTZ DEFORMATION LAMELLAE AND 
THE ATTITUDE OF THE ACUTE BISECTOR BETWEEN THE LAMELLAE PLANES 

Reference 

Fairbairn, Ref. 138 

Ingerson and Tuttle, 
Ref. 130 

Riley, Ref. 141 

Mackie, Ref. 147 

Rock Type 

Ajibik quartzite 

Ajibik quartzite 

Biotite-gneiss 

Baraboo quartzite 

Specimen No. 9 

Specimen No. 18 

Specimen No. 38 

Specimen No. 47 

Specimen No. 55 

Specimen No. 58 

Quartz-piedmontite 
schist 

a 
Approximate Angle 

between Best Developed 
Sets of Lamellae 

(degrees) 

80 

76 

80 

60 

75 

65 

75 

85 

65 

60 

Orientation of
b Acute Bisector 

(0
1

) 

Normal to s-plane 

Normal to s-plane 

Parallel to s-plane 

Horizontal and at high angles 
to regional fold axis 

Nearly horizontal and sub
parallel to axial plane 
foliation and regional 
fold axis 

Nearly horizontal, normal to 
bedding, and at high angles 
to regional fold axis 

Nearly horizontal, subparal
lel to bedding, and ·sub
parallel to regional fold 
axis 

Horizontal, subparallel to 
bedding, and at high angles 
to regional fold axis 

Horizontal, at high angles to 
bedding and to regional 
fold axis 

Normal to fold axis and to 
s-plane 



Preston, Ref. 148 

Naha, Ref. 149 

Christie and 
Raleigh, Ref. 140 

Hara, Ref. 150 

Hara, Ref. 151 

Hansen and Borg, 
Ref. 120 

Kinahmi and Kuopio 
quartzi tes (3 
specimens) 

Quartz-mica schist 

Quartzites (Orocopia 
Mts., southern 
California) 

Specimen No. 1 

Specimen No. 2 

Specimen No. 3 

Quartzite (Moine 
thrust zone, 
Scotland) 

Calcite-quartz vein 
(Sangun formation, 
western Japan) 

Quartz vein (Sangun 
formation, western 
Japan) 

Calcite-cemented sand
stone 

Specimen E2 

Specimen E4 

67 
76 
81 

78 

90 

88 

76 

76 

72 

67 

74 

76 

High angles to s-planes 

Microfractures in garnet 
grains bisect acute angle 
between sets of deformation 
lamellae 

Subnormal to first generation 
fold axis and axial plane 

Parallel to first generation 
fold axis 

High angles to foliation 

Subparallel to c fabric axis 
and normal to 01 derived 
from calcite twin lamellae 

Subparallel to c fabric axis 

Parallel to bedding, normal 
to fold axis, and subparal
lel to 01 derived from cal
cite twin lamellae 

Subparallel to bedding, nor
mal to fold axis, and sub
parallel to 01 derived from 
calcite twin lamellae 

[continued on following page ] 



Reference 

Hansen and Borg 
(continued) 

Rock Type 

Specimen E6 

a 
Approximate Angle 

between Best Developed 
Sets of Lamellae 

(degrees) 

60 

aDetermined by Friedman if not provided by the author. 

Orientation of
b Acute Bisector 

(0
1

) 

Parallel to bedding, subnor
mal to fold axis, and par
allel to 0 1 derived from 
calcite twin .lamellae 

bAttitude of acute bisector was determined by Friedman if not provided by the author. This 
bisector is equated to 01 by Friedman as a working hypothesis. 

The writer disregards the influence of pre-existing preferred orientations of quartz c on 
the deformation lamellae pattern. He agrees with Turner and Weiss (Ref. 13, pp. 433-434), ~ho 
find that the quartz lamellae pattern, with its characteristic orthorhombic symmetry pattern, can 
be used to reconstruct the stress system (also commonly orthorhombic in symmetry) "because [even] 
in tectonites there is a wide range of orientation of c axes, and because crystallographic control 
of lamellae in any crystal is not rigorous, the influence of the initial orientation pattern of 
quartz axes upon the lamellae pattern is commonly negligible." 
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Fig. 40 ..... Diagrams (11a and 11b) illustrating the orientation of 50 sets 
of quartz deformation lamellae and of microfractures, respectively, in 
a Baraboo quartzite specimen (from Riley, Ref. 141, Fig. 11). 
(c) Stereogram shows the orientation of the principal stresses deduced 
from the deformation lamellae and the microfractures, assuming the 
latter are extension fractures and the former are in planes of high 
shear stress and inclined at < 45 degrees to 01' (d) Stereogram shows 
same data rotated to horizontal plane, with north as indicated. 01 is 
nearly perpendicular to both the synclinal axis and the bedding plane. 

From his studies of quartz deformation lamellae and microfractures 

in garnet grains of a quartz-mica schist, Naha (Ref. 149, p. 120) con

cluded that the normals to "deformation lamellae in quartz ••• show two 

maxima in an incomplete girdle normal to the fold axis [i.e., the 

lamellae intersect in the fold axis] and are symmetrically situated 

with reference to late tension cracks in garnet." Thus the lamellae 

"have formed parallel to the two planes of maximum shearing strain .••. " 

His diagrams (see Fig. 41) show that the two sets of lamellae intersect 

at 78 degrees and that the set of microfractures acutely bisects this 

angle. This combined geometry is similar to that obtained by Riley. 

Here the derived 01 and 03 axes are oriented normal to the fold axis. 
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DEFORMATION LAMELLAE 

Fig. 4l--Diagrams illustrating the orientation of microfractures in 
garnet (a) and deformation lamellae in quartz (b) (from Naha, Ref. 
149, Fig. 2). Plane of each diagram is parallel to the ac plane of a 
fold, i.e., the fold axis is at the center. (a) Normals to 54 micro
fractures in 14 garnet grains. Contours are at 5, 10, 20, 30, 40, and 
45 per cent per 1 per cent area, 52 per cent maximum. (b) Normals to 
158 deformation lamellae in quartz. Contours are at 0.66, 1.3, 3.5, 
7, 9, and 11 per cent per 1 per cent area, 13.7 per cent maximum. 

Additional confirmation of these interpretations is afforded by 

Hansen and Borg(120) who studied both quartz deformation lamellae 

(Fig. 42) and calcite twin lamellae in three oriented samples of 

Devonian Oriskany calcite-cemented sandstone from an Appalachian fold 

in eastern Pennsylvania. Compression and ·extension axes derived from 

the deformed calcite cement are shown in Figs. 43(a), 43(b), 44(a), 

44(b), 45(a), and 45(b). In each case the derived 01 is within 10 

degrees of the bedding and is normal to the fold axis, and 03 is nor-

* mal to the bedding, so that 02 is subparallel to the bedding and to 

the fold axis. The orientation patterns of normals to the quartz de

formation lamellae (Figs. 43(c), 44(c), and 45(c» correspondingly 

show two distinct concentrations connected by an incomplete small 

circle girdle of 52 to 60 degrees half-angle, i.e., the lamellae lie 

along the surfaces of cones with half-angles of 30 to 38 degrees. 

* The girdle of extension axes in specimen E2 is an exception. It 
indicates that 02 ~ 03 in magnitude for this specimen. 

... 
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Fig. 42--Photomicrographs of quartz deformation lamellae in grains of 
Oriskany sandstone (from Hansen and Borg, Ref. 120, Plate 1). On the 
left is a grain with well-developed lamellae subnormal to zones of 
undulatory extinction. Crossed Nicols. On the right are lamellae at 
high magnification inclined at 75 to 80 degrees to the plane of the 
paper. Crossed Nicols. 

Those corresponding to the major concentrations intersect at 60 to 76 

degrees in lines parallel to the fold axis. The small circle girdle 

is best developed in specimen E2, in which the calcite extension ax€s 

also fall in a girdle. The acute bisector between the two major sets 

of deformation lamellae is within 10 degrees of the position of the 

corresponding derived 01 from the twinned calcite; the obtuse bisector 

also agrees with 03 from the cal c ite. This supports the conclusions 

that the deformation lamellae form in planes of high shear stress at 

less than 45 degrees to 01 and so are the significant dynamic criteria. 

A different view of the dynamic interpretation of quartz deforma

tion lamellae is presented by Christie and Raleigh.(140) They 

showed that the poles of lamellae in four quartzite speci
mens are distributed along small circles containing maxima. 
Three of these rocks are from a metamorphic terrain with a 
complex tectonic history, in which two major deformations 
are recognizable [Christie, personal communication]. The 
axes of the small-circles (Al in Fig. 46) are almost paral
lel in the three specimens and are interpreted as the axes 
of maximum principal (compressive) stress in the deformation 
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(a) (b) 

(c) 

Fig. 43--Diagrams showing orientations of compression and extension 
axes (a and b) derived from calcite-cement twin lamellae and of quartz 
deformation lamellae (c) in Oriskany sandstone specimen E2 (from Hansen 
and Borg, Ref. 120, Figs. 4 and 5). The plane of each diagram is par
allel to the ac plane of the fold with the fold axis near the center; 
s is the bedding plane. (a) 118 compression axes derived from well
developed sets of e twin lamellae in 200 grains. Contours are at 0.9, 
2.6, 4.3, and 6.0 per cent per 1 per cent area, 6.8 per cent maximum. 
(b) 118 extension axes. Contours are at 0.9, 2.6, 4.3, and 6.0 per 
cent per 1 per cent area. Great circle indicates the trend of the 
plane containing the extension axes. (c) Normals to 147 deformation 
lamellae in 400 grains. Contours are at 0.7, 2.1, 3.5, 4.9, and 6.3 
per cent per 1 per cent area, 8.4 per cent maximum. The center of the 
small circle defined by the normals to the lamellae is marked by a dot. 

.. 
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Fig. 44--Diagrams showing orientations of compression and extension 
axes (a and b) derived from calcite-cement twin lamellae and of quartz 
deformation lamellae (c) in Oriskany sandstone specimen E4 (from 
Hansen and Borg, Ref. 120, Figs. 6 and 7). Diagrams are oriented 
similar to those in Fig. 43. (a) 49 compression axes derived from the 
well-developed sets of e twin lamellae in 100 grains. Contours are at 
2, 6, and 10 per cent per 1 per cent area. (b) 49 extension axes. 
Contours are at 2, 6, and 10 per cent per 1 per cent area. The great 
circle defines the plane normal to the major concentration of compres
sion axes. (c) Normals to 220 deformation lamellae in 412 grains. 
Contours are at 0.5, 1.4, 2.3, 3.6, and 5.0 per cent per 1 per cent 
area, 7.3 per cent maximum. The center of the small circle defined 
by the normals to the lamellae is marked by a dot. 
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(0) 

Fig. 45--Diagrams showing orientations of compression and extension 
axes (a and b) derived from calcite-cement twin lamellae and of quartz 
deformation lamellae (c) in Oriskany sandstone specimen E6 (from Hansen 
and Borg, Ref. 120, Figs. 8 and 9). Diagrams are oriented similar to 
those in Figs. 43 and 44. (a) 92 compression axes derived from the well
developed sets of e twin lamellae in 134 grains. Contours are at 1.1, 
3.3, 5.5 per cent per 1 per cent area, 7.6 per cent maximum. (b) 92 ex
tension axes. Contours are at 1.1, 3.3, and 5.5 per cent per 1 per cent 
area, 8.7 per cent maximum. Great circle defines the plane normal to 
the major concentration of compression axes. (c) Normals to 92 deforma
tion lamellae in 210 grains. Contours are 1 . 1, 3.3, and 5.5 per cent 
per 1 per cent area, 5.9 per cent maximum. The center of the small 
circle is marked by a dot. 
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Fig . 46--0rientation diagrams for Cv and deformation lamellae in quartz 
of Specimen I, a quartzite from the Orocopia Mountains in southern 
California (from Christie and Raleigh, Ref. 140, Fig. 2). (a) 817 
quartz cv ; contours at 1, 1.5, 2, 3, and 4 per cent per 1 per cent area. 
(b) Normals to deformation lamellae in 195 grains (195 sets of lamellae); 
contours at 1, 1.5, 3, 5, and 8 per cent per 1 per cent area. (c) Cv 
in same 195 grains containing deformation lamellae; contours at 0.5, 
1.5, 3, 5, and 7 per cent per 1 per cent area. (d) Normals to deforma
tion lamellae (point of arrow) and Cv (end of arrow) in a representative 
number of grains from each section. B is the first generation fold axis 
and A.P. is the axial plane of the first generation fold . Al is the 
axis of the small circle defined by the normals of the lamellae and Cv 
in grains containing lamellae. All four diagrams have the same orienta
tion, shown by south (S) and west (W) directions in (a), and are plotted 
in lower hemisphere equal-area projection. 
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which produced the lamellae. This is consistent with the 
stress-field during the second deformation, as inferred 
from macroscopic folds and conjugate shear-surfaces. It 
is worth noting that in these specimens the radius of the 
small-circles of poles of lamellae are 44°,45°, and 52°, 
a fact inconsistent with the claim that the lamellae in 
any samgle should be inclined, on the average, at less 
than 45 to 01' The rocks have moderate preferred orien
tations of quartz dating from the first deformation and 
this anisotropy appears to affect the orientation of the 
lamellae. 

Carter, Christie, and Griggs [Ref. l46J find no sup
port in their experimental work for the hypothesis that 
the lamellae are consistently inclined at less than 45° 
to 01' In sand samples deformed in a simple squeezer the 
lamellae are inclined at angles from 0° to 85° to the 
compression axis and in quartzite samples at angles from 
15° to 85° to the compression axis [Ref. 146, Fig. 10J; 
in both types of samples most lamellae are inclined at 
slightly ~ £E less than 45° to the compression axis. 
In some of their samples the poles of the lamellae lie 
consistently closer to the compression axis than the c
axes of the grains in which they occur [Ref. 146, Figs. 
7 and 9J and it is suggested that this criterion might 
be used to distinguish between 01 and 03 in fabrics con
sisting of two planes of lamellae. Carter et ale also 
suggest that a study of the rotations in kink bands and 
undulatory zones might resolve the ambiguity, since 
lamellae are better developed in more deformed zones and 
the c-axes in such zones are rotated towards 01'* 

Clearly, a unique resolution to the dynamic interpretation of 

quartz defonnation lamellae is not as yet established. Su'pport for 

the experimental findings of Christie, Griggs, and Carter can be found 

in the field studies of Christie and Raleigh,(140) Riley,(14l) and 

H 
(151) ara. While exceptions to their findings and support for the 

acute bisector equals 01 hypothesis can be found in the work of Hansen 

and Borg (Ref. 120, Fig. 5(d» and in Naha,(149) it is the writer's 

opinion that a unique solution will be forthcoming from a study of the 
** sense of shear along the lamellae in slightly and moderately defonned 

* The preceding two paragraphs were written by Dr. J. M. Christie 
at the request of the author. 

** See Ref. 146, p. 10-89 n. 

'~ 
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rocks in which the tectonic history is simple and interfering problems 

of recrystallization and preferred orientations Qf c are minimal. 
v 

Recrystallization 

General. Recrystallization of a given mineral species in a poly

crystalline aggregate can occur below the melting temperature by solu

tion and redeposition and/or solid diffusion. There is a large 

literature on the subject, especially in metallurgy, ceramic engineering, 

and glass technology.(94,152-158) Of concern here is the fact that the 

petrofabric literature abounds with descriptions of preferred crystal

lographic orientations of crystals, which for textural reasons can not 

be explained on the basis of cataclastic or gliding flow. That is, 

there is no visual evidence of grain breakage or intragranular gliding. 

Presumably these orientations have resulted from recrystallization 

during deformation (the paratectonic or syntectonic recrystallization 

of Sander(l», i.e., under conditions of nonhydrostatic stress. Most 

of them have been interpreted only kinematically by means of the sym

metry argument. The same crystallographic orientations, however, 

might be amenable to dynamic analysis if one understood the relation

ships between the orientations of the recrystallized grains and the 

principal stresses. Significant contributions to the problem have 

been made through thermodynamic and experimental investigations. 

Initial results are encouraging and suggest the potential usefulness 

of these approaches. (159) 

Thermodynamic Approach. The thermodynamic principles of the 

behavior of elastically strained solids under nonhydrostatic stress in 

contact with fluids were laid down by Gibbs.(160) Significant depar

tures from the Gibbs treatment were given by Goranson,(16l-l63) 
(164) (165) (166) Verhoogen, and MacDonald. Kamb has reviewed these in 

detail and finds that all are essentially identical with respect to 

prediction of the most stable crystal orientation. Kamb(l67) believes 

that only the Gibbs theory is valid and applies it to the simplest 

possible model of the recrystallization process. Recently, Kamb(168) 

has demonstrated experimentally the validity of the Gibbs approach 
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and the inadequacy of all other theories so far advanced. It is in

structive to compare the MacDonald and the Gibbs-Kamb approaches and 

the crystal orientations they predict. 

MacDonald(165) assumed that the most stable orientation for a 

mineral would be the one for which the potential energy of the external 

forces plus the potential energy of strain was minimized. If the de

formation is isothermal and obeys a linear elastic stress-strain law, 

then the most stable orientation will be the one in which the Helmholtz 

free energy is a maximum. This neglects any permanent strain energy, 

and the nature of the path from the initial to final states of the 

mineral, i.e., the final orientation, is supposed to be independent 

of the orienting mechanisms. 
( 169) Brace, using MacDonald's prediction, calculated the most stable 

orientations for calcite, high and low quartz, and ice for a uniaxial 

stress. His results show that the following crystallographic planes 

should be nearly normal to the load axis: (lOll} in ice and calcite, 

(lOI2} in high quartz, and (022l} in low quartz. Their respective c 
v 

will then tend to lie along small circles or girdles of specific half-

angle about the unique stress axis (Fig. 47). Brace also examined the 

equilibrium orientation in a stress field of three different, nonzero, 

principal stresses. He found that the position of most stable orienta

tion is a function of the confining pressure as well as the stress 

difference. Accordingly, different orientation patterns of grains 

might occur in rocks for which the stress difference was similar but 

the depth of burial different. 

Very different results have been obtained by Kamb(167) from the 

Gibbs theory. He considers that the orientation of a mineral depends 

only on the stress deviators and is therefore independent of changes 

in hydrostatic pressure. When recrystallization takes place by solu

tion and redeposition, the most stable orientation of the crystal is 

that which minimizes the chemical potential across the plane normal 

to the greatest principal pressure. Accordingly, the axis of least 

elastic modulus (e.g., the c of calcite) tends to align itself paral-
v 

leI to the greatest principal stress axis (axes), and the axis of 

greatest elastic modulus (e.g., the c of quartz) tends to become 
v • 
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(a) 

+ 

Fig. 47--Stereograms showing the predicted (a and b) and the experi
mentally determined (c) orientations of Cv in minerals recrystallized 
under a uniaxial state of stress (stereograph~c projection). (a) 
Orientations of Cv predicted by MacDonald(lo5) and calculated by Brace 
(Ref. 169, Fig. 4) for calcite, ice, high and low quartz . (b) 
Orientations of quartz and calcite Cv predicted by Kamb(167J for re
crystallization in the presence of a fluid phase. (c) Orientation of 
calcite Cv produced in experiments as a result of syntectonic, dry 
recrystallization. 

normal to 01 (Fig . 47(b». Moreover, low quartz is considered by Kamb 

to be unique among the common hexagonal and rhombohedral minerals in 

that the theory predicts "intermediate" orientation positions . For 

the case 01 > 02 = 03' the C
v 

will tend to lie along a small girdle at 

about 60 degrees to 01; and for 01 = 02 > 03' the C
v 

will tend to 

develop a small girdle at about 29 degrees to 03' Kamb also extends 

Gibbs' theory to predict orientations under conditions of dry recrys

tallization. He finds that if the initial grain shapes are equant" 

the most stable orientation for most hexagonal or rhombohedral crystals 

is such that their axes of least elastic modulus tend to lie normal to 
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the unique stress axis (whether tensional or compressional). This 

orientation is directly opposite to that predicted for recrystalliza

tion by solution and redeposition. On the other hand, if the dry 

grains are initially much flattened normal to the load axis, the 

orientations would be reversed, and therefore identical wet or dry. 

If Kamb's view is correct, one must know the mechanism of recrystalli

zation before applying his theory. 

Although the thermodynamic approach holds great promise, the pre

dictions of MacDonald and Kamb differ widely. Furthermore, they are 

based on infinitesimal strain. At present, they cannot be applied to 

geologic problems. 

Experimental Approach. A most important experimental resul t has 

been the dry recrystallization of calcite and quartz under simulated 

geological conditions, since previously most geologists had seemed to 

regard the agency of solutions as necessary for metamorphic recrystalli-

* zation. Syntectonic recrystallization occurs during the course of 

triaxial compression or extension tests, i.e., during deformation. 

Annealing recrystallization (familiar in metallurgy) occurs when an 

aggregate is first deformed at low temperature (cold-worked) and then 

held at an elevated temperature to accelerate the process. Presumably 

there is a critical temperature below which annealing recrystallization 

does not take place regardless of the duration of heating.(171) This 

temperature decreases as the initial strain is increased. Syntectonic 

recrystallization appears to occur not only above some critical tempera

ture, but also below some temperature above which strain energy is 

annealed out faster than it can be stored. 

Syntectonic recrystallization of calcite was first observed in 

specimens of Yule marble deformed at 300°C and at 5-kb confining 

pressure. (108) The evidence is intergranular flow and development of 

textures closely resembling those of naturally deformed marble. In 
° 0 (110) specimens deformed at 400 and 500 C the evidence is augmented by 

the development of small lobes and lensoid streaks in which new optic 

axes, differing from those of the host grains, tend to parallel the 

* See Refs. 43, 108, 110, 143, and 170. 
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direction of maximum principal stress in both compression and extension 

regardless of the orientation of the host crystals. Syntectonic re

crystallization reaches a maximum at 600°C (Fig. 48) in short-time 

tests (strain rate about 10-4 per second).(43) At lower strain rates 

the maximum seems to occur at a lower temperature, since the phenomenon 

is common in specimens deformed at 350° to 500°C and at 10-7 sec-
l

.(170) 

In these, recrystallization may be the major mechanism of steady-state 

flow. What is important here is that the recrystallized grains are 

always strongly oriented with their c aligned parallel to the axis 
v 

of maximum principal compressive stress (Fig. 47(c», a result which 

agrees with the Gibbs_Kamb(168) prediction (but in the presence of 

solutions). 

Annealing recrystallization of calcite crystals and aggregates 

has also been produced experimentally.(172) The critical temperature 

of annealing of Yule marble is about 500° C, and the annealing time 

(15-120 min) did not influence the recrystallization. In contrast to 

the syntectonic process, the annealing tends to produce a random 

orientation, although traces of the inherited fabric of the original 

material remain. An interesting exception was noted in specimens of 

powdered Yule marble (fragments 1 to 2 ~) that were compressed between 

steel pistons at 10000C for 30 min. After this treatment the material 

consists of groundmass, nearly uniform grains 10 to 20 ~ in diameter, 

and porphyroblasts, about 0.2 mm in diameter. The c of the porphyro
v 

blasts tend to parallel the axis of compression, i.e., tend to lie 

normal to the piston faces (Fig. 49). 

Crystallographic Orientations as Criteria for Dynamic Interpretations. 

The experimental fact that syntectonically recrystallized calcite crystals 

are oriented with their c parallel to the greatest principal compressive 
v 

stress serves as a working hypothesis for the dynamic interpretation of 

natural calcite fabrics. 

In calcite marbles c characteristically lie at high angles to the 
v * 

major foliation plane (e.g., Yule marble, Fig. 50). According to the 

* For those marbles in which the grains are not highly elongated, 
one can reasonably be sure that the c subfabric has resulted from 

v 
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Fig. 48--Photomicrographs of Yule marble showing effects of syntectonic re
crystallization (from Griggs, Turner, and Heard, Ref. 43, Plate 12). (a) New 
grains developed in marginal clusters in specimen locally elongated 590 per 
cent at 3-kb confining pressure and 600°C. Crossed Nicols. (b) New grains 
(dark) developed at three centers in single host crystal in specimen elongated 
50 per cent at 3-kb confining pressure and 600°C. Crossed Nicols. 
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Fig. 49--Diagram illustrating orientation of calcite Cv in 72 porphyro
blasts that resulted from the annealing recrystallization of powdered 
Yule marble. Contours are at 1.3, 2.7, and 5.5 per cent per 1 per cent 
area. Plane of the diagram is oriented normal to the axis of 
compression. 

3 

2 4 

Fig. 50---Diagram showing orientation of 100 calcite Cv in Yule marble 
(from Handin, Higgs, and O'Brien, Ref. 175, Fig. 12). Contours are at 
1, 3, 5, and 7 per cent per 1 per cent area. The foliation plane is 
parallel to the 2-B-4 plane. 



534 

hypothesis, the greatest principal compressive stress during the latest 

stages of recrystallization should be oriented nearly normal to the 

foliation. An interesting example is afforded by marble fabrics in 

five specimens from a recumbent fold in the Mojave Desert of southern 

California.(116) In three of these (Nos. 278, 161, and 70) the grains 

are nearly equant, and there is little evidence of postcrystallization 

strain. The other two specimens (Nos. 298 and 72) are conspicuously 

deformed and markedly elongated (average dimensional ratio is 1:2:7 

with long and intermediate grain diameters in or near the plane of the 

foliation). Despite these textural differences the c maxima in all 
v 

five specimens are similarly oriented at high angles to the foliation 

(Fig. 51). Weiss (Ref. 116, p. 77) concluded that lIthe preferred 

orientation of c in the calcite marbles dates from the main deforma-
v 

tion, and the direction of maximum concentration in each specimen is 

thought to coincide with the axis of maximum compressive stress immedi

ately before cessation of movements." This statement seems to recognize 

the ability of calcite grains to become reoriented by gliding flow. 

Although the textures of specimens Nos. 298 and 72 suggest that this 

s 

~!~~ 
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Fig. 5l--Synoptic diagram showing the orientation of calcite Cv maxima 
in relation to the foliation (SS) in five marbles from southern 
California (from Weiss, Ref. 116, Fig. 27). 

recrystallization rather than from mechanical reorientation of the 
grains by gliding flow. A nearly similar Cv subfabric can be produced 
by complete twinning and external rotation of grains. This, however, 
produces markedly elongated grains, remanent internally rotated 1ame1-
l~e, and a tendency for the Cv to lie along small circles rather than 
in a distinct maximum (Ref. 43, p. 91) • 

.. ~ ................................................ ~~ 
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might be so, the equant grains in the other three specimens suggest 

that the orienting mechanism is the recrystallization. Weiss may have 

been dealing with a situation in which the effects of recrystallization 

and of gliding flow have both produced essentially the same c subfabric. 
v 

One could cite examples in which recrystallized grains have their 

c distributed in nearly complete girdles, which are related to 
v 

01 > 02 = 03 or 01 = 02 > 03 states of stress, but the technique should 

now be clear. It is important to point out, however, that if preferred 

orientations of calcite c arise from recrystallization under nonhydro-
v 

static conditions, then nearly random patterns would probably imply 

recrystallization under essentially hydrostatic pressures. Although 

published accounts of random calcite c subfabrics are rare, random 
v 

orientations are in fact common in recrystallized sedimentary 

k (59,120,173) d f d h h b d f roc s. In un e orme rocks t is mig t e evi ence 0 an 

essentially hydrostatic state of stress due to simple overburden 

pressure. 

Summary and Conclusions 

Petrofabrics is the study of fabric elements that may range in 

size over 15 orders of magnitude from the crystal lattices to mountain 

ranges. It consists of a descriptive phase in which fabric elements 

are recognized, measured, and illustrated, and an interpretive phase 

in which the rock fabric serves as a basis of inference to the kinematic 

or dynamic aspects of the deformation. The kinematic approach, based 

on the symmetry argument of Sander, (1) provides no knowledge of the 

state of stress. The dynamic approach utilizes fabric elements to 

derive the orientations and relative magnitudes of the principal 

stresses in the rocks at the time of deformation . It is based on an 

understanding of the mechanisms of rock deformation gai.ned largely 

through experiments. 

The current physical understanding of fracturing and faulting, 

gliding flow, rotation, and recrystallization and of the corresponding 

fabric elements often enables one to determine the pr}.ncipal stress 

Ii 
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directions in rocks at the time of deformation. A review of the 

literature shows that laboratory observations on the fabric elements 

are compatible with those from the field and illustrates the types of 

dynamic interpretations that can be made from the fabric data. 

Faults, shear fractures, and extension fractures are viewed as 

phenomena that are independent of scale (down to the microscopic field, 

i.e., >0.01 mm) and that exhibit predictable orientations to the princi

pal stresses in the rock at the time of failure. In naturally deformed 

rocks, fractures and faults are distinguished and identified primarily 

from their combined orientation pattern. Derivation of the principal 

stress directions follows from the genetic relationships--extension 

fractures are normal to the least principal stress, and faults and 

shear fractures are inclined at less than 45 degrees to the greatest 

principal compressive stress. Studies of microfractures in individual 

grains of folded sandstones and of fracture and fault systems in the 

Ouachita Mountains and Central Plains of Oklahoma and in the Great 

Basin of the western United States demonstrate the dynamic interpreta

tions of these elements and emphasize that the elements are independent 

of scale. Consistent fracture-fault trends over large portions of the 

earth's crust suggest that the stress pattern is homogeneous on a 

regional scale. 

Intracrystalline gliding involves mechanical twinning and trans

lation parallel to a definite gliding plane along a fixed direction 

with or without restricted sense of shear. As gliding flow is essen

tially independent of normal stress, the most favorable state of stress 

for gliding is that which gives the maximum shear stress along the 

gliding line (in the proper sense). That is, the greatest and least 

principal stresses are each oriented at 45 degrees to both the gliding 

plane and direction so as to yield the known sense of shear. 

Accordingly, if the gliding systems are known, the principal stresses 

in each crystal can be derived from the gliding evidence (e.g., twin 

lamellae or internally rotated lamellae). From laboratory experience 

it is reasonable to suppose that the stress orientation pattern deter

mined from many grains will correspond to the orientation of the 

principal stresses in the rock at the time of deformation. The dynamic 
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interpretations based on calcite and dolomite twin lamellae and on 

phenomena of internal rotation give the most reliable and meaningful 

results when studied in slightly and moderately deformed rocks. 

Experimental kink banding in biotite crystals provides another 

criterion for dynamic inferences. In biotite the kink band boundaries 

are initially oriented at high angles to the greatest principal com

pressive stress. 

In experimentally deformed quartz crystals and sands, deformation 

lamellae which resemble the natural counterparts lie only in planes of 

high resolved shear stress . This laboratory observation is valid in 

the field as well where the angle between the deformation lamellae and 

the greatest principal stress is evidently less than 45 degrees. 

Principal stress directions derived from the quartz deformation lamel

lae on this basis agree well with those located from extension fractures 

and calcite twin lamellae. 

Experimental syntectonic recrystallization of dry calcite suggests 

that in the most stable orientation the c tend to parallel the greatest 
v 

principal compressive stress. This agrees with the Gibbs_Kamb(167) 

thermodynamic prediction for recrystallization in the presence of solu

tions, but the theory is still controversial. Application of the ex

perimental results to marbles implies that the greatest principal stress 

is characteristically oriented at high angles to the observed foliation 

during recrystallization. The random calcite c subfabrics common in 
v 

recrystallized sedimentary rocks may be evidence that the state of 

stress due to simple overburden pressure is nearly hydrostatic. 

It has been emphasized repeatedly that some petrofabric techniques 

serve to map the principal stresses in rocks at the time of their de

formation. Future research will have to determine the relationship, if 

any, between these stresses and the present state of stress in the rocks. 
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DISCUSSION 

D. COATES (Canada): 

Can you suggest a definition and description of joints so that 

they can be identified on a rock face? It is often difficult to dis

tinguish a joint plane from a plane which has been formed by blasting. 

Some material property aside from bedding provides a preferential 

surface for such breaking. 

M. FRIEDMAN (in reply): 

Certain trivial cases can easily be recognized. For example, 

there is little doubt about the origin of fractures that radiate from 

blast holes or of fractures that are filled with natural vein material. 

However, consider two situations where such obvious features are not 

developed. In the first, let us assume it is possible to move away 

from the blasted face to some structurally similar location where only 

the natural fractures can be observed. In the second, we will assume 

it is impossible to observe an unblasted exposure. 

In the former situation, it is possible to map the natural fracture 

geometry, the average spacing for each of the fracture sets, and any 

markings that might exist on the natural fracture surfaces (e.g., plumose 

or conchoidal structures) in the region unaffected by blasting. These 

can then be traced back into the blasted area and compared with the 

observed fracture array. At the blasted face, one could then detect the 

development of new fracture sets (recognized by their geometry or perhaps 

by the presence or absence of surface markings) or changes in the spacing 

between natural fracture sets. 

In the second situation, where one cannot move away from the blasted 

area, my first inclination is to say that one could not differentiate 

between the natural and the induced fractures. After all, they are 

fractures in rock, and the only difference between them is the energy 

source used to initiate them. However, if you can measure the residual 

strain gradient away from the fracture surfaces you may find that the 

gradients associated with paleo-fractures are different from those adja

cent to induced fracture surfaces. The nature of this difference, if 

any, would have to be determined under controlled conditions. As far as 
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I am aware, the measurement of such gradients has not been attempted, 

but it should be possible by use of resistance foil gages, photostress 

methods, or X-ray diffractometry. 

R. P. TRUMP (USA): 

I have a question for Dr. Friedman. In your talk on the fold, 

you show a rather high amplitude fold having the neutral axis within 

the fold. If this fold is developed by thrusting or buckling, the 

neutral axis is not contained in the fold in the early stages of the 

process. Now, the question is, do you believe that your correlation 

with the neutral axis means that what you are seeing is a late stage 

deformation after the wave length has already been determined and, in 

turn, that the lateral pressure was relatively low at the time of 

initial fold development? 

M. FRIEDMAN (in reply): 

I do not think this question can be answered from study of the 

fractures alone. However, in the course of studying fractures on 

folds we have also investigated the deformed calcite in limestones. 

In many cases the same orientations for the principal stresses are 

derived from the calcite twin lamellae as from the fracture geometry. 

As the critical resolved shear stress to initiate ~in gliding in 

calcite is low (less than 100 bars), I visualize the calcite as begin

ning to deform rather early in the development of the fold. Accordingly, 

as both the calcite and the fractures reflect the same principal stres s 

orientations, I conclude that some fractures also were initiated early 

in the folding history. 
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