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INTRCDUCTION
"Tu choc des esprits jaillit la Jlumitre"

The modern geologist tends to limit his activities to an ever nar-
rower field of observations. This may be the price to pay to unravel the
great complexity of our science, but by the same token, this creates insuper-
able obstacles between disciplines.

To obwviate such obstacles in a modest and limited way,
D.K. Norris conceived the idea of this conference. It was to bring fogether
a dozen or so specialists in the field of brittle failure and of kink bands, and
to choose these people about evenly among laboratory men and field men., By
bringing these specialists together and leaving them ample time for discus-
sions, it was hoped that cross-pollination would operate to everybody's
advantage. Enthusiasm of the participants and promise of similar future
meetings were to justify these hopes.

An organizing committee comprised of D, K., Norris, A_.J. Baer,
P. Clifford and W. K. Fyson was formed, and the National Advisory
Committee on Research in the Geological Sciences in Canada accepted to
sponsor the workshop, Canadian universities were invited to send discus-
sants who would agree to read preprints of papers presented at the confer-
ence, and to participate in discussing them,



- vl -

This volume follows fairly closely the prograrn of the
caonference, which is contained in Appendix III. Discussions
following individual papers are taken from taped records and,
whenever possible, from written versions submitted by the parti-
cipants, Questions raised about specific papers during pericds
of general discussions have been regrouped following papers to
which they refer. Remarks have been edited te varying degrees
and discussants have had an opportunity to examine the edited
version,

The cornrnittee wishes to thank speakers, session
chairmen and participants who were the 'raison dfatre' of the
meeting; the Natiocnal Advisory Committee which supplied the
financial backing; and the University of Ottawa and Dr. D.D.
Hogarth, acting chairman of the Department of Geology., We
are especially grateful to Dr. Y,Q. Fortier, Director of the
Geological Survey of Canada, for his support and participation,
as well as for authorizing publication of these proceedings as
a Survey report.

Dr. P, Harker, Chief Scientific Editor, acted as
editorial consultant for the layout and design of the volume
which was completed by Mrs. L. R. Mahoney and Miss D. Snowden;
the final typescripts were prepared by Mrs, B-. Richard and
Mrs. H. Ainsworth.

Qur gratitude goes also to all those who operated the

equipment, tape recorders, slide projectors or copying machines
so efficiently as te make themselves invisible,

The Organizing Committee,



CONFERENCE ON RESEARCH IN TECTONICS
KINK BANDS AND BRITTLE DEFORMATION

OPENING REMARKS

Y.0. Fortier
Director
Geological Sarvey of Canada

As Chairman of the National Advisory Committee on Research in the
Geological Sciences and Director of the Geological SBurvey of Canada, I have the honour
and pleasnre of welcoming you to this workshop on "Brittle Deformation and Kink
Folding in Rocks'". My Canadian colleagues join me in extending friendly greetings to
our visitors from the United States and the British Isles. You are most welcome in
Ottawa which, especially for the occasion, greets you with a fresh mantle of snow.

Nearly 20 years ago several prominent Canadian geologists including the
late Dr, J.E. Hawley of Qneen's University, the late Dr. J.B. Mawdsley of the
University of Saskatchewan, Dr. H.C. Gunning of the University of British Columbia
and Dr. J.E. Gill of MecGill University were inatrumental in forming the National
Advisory Committce on Research in tho Geological Sciences. It was decided to
associate the Committee with the Geological Survey, the focns of federal government
geological activities, It was also decided to have as permanent Chairman, the Director
of the Survey - perhaps mainly because it was thought at that time that through the
Survey, funds might be obtained for more fundamental research in the geological
sciencea. At the Committee’s urging, funds werc made available by the Survey but
once the need was shown the National Research Council stepped in and has become the
main source of research grants to our universities.

We continue to experiment in ways and means by which the many disciplines
of the geological sciences may be assisted in their development. For many years the
various subcommittees of the National Advisory Committee assembled the material for
their annual reports by correspondence instead of round-table discussions and work-
ahops. Within the last few ycars it has become financially poasible for the sub-
committees to mect to discuss projects and suggested projects, and to prepare annual
reports advising the main Committee on fruitful lines of research and the means of
carrying them out. This workshop is a further development aleng this line; we are
drawing on the best national and infcrnational talent to cxplore a highly specialized
field of tectonics.

This workshop iz not an exploration of the whole realm of structural
geology but is confined to the discussion by a relatively small group of specialists
of brittle failure and the mechanics of folding; it is a new venture and we expect
much of it. The only stipulation we make ia that the proceedings are published. The
Geological Survey will be pleased to publish them on behalf of the National Advisory
Committee, but you are free to publish them where you please as long as your findings
are made available to scientists at large.
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Last evening I had the good fortune to meet a number of you and could not
help but be excited at learning of the barriers you are breaching. You are moving
from observation of structural phenomena in the outcrop to mechanical and mathemati-
¢al modelling in the laboratory, and back to the field to test your models and mea sgure-
ments,

You have two days to diseuss and test your ideas against those of your
colleagues; to sharpen your wits and to be stimulated by the clash of conflicting
hypotheses. I hope this will prove enjoyable and profitable to each of you personally,
and later, when the proceedings are published, to the scientific community at large.

I know you will want me to thank the originator and the organizers of this
workshop, The concept shows originslity; with such a gathering of talent so full of
optimistic enthusiasm, the workshop cannot help but be a success. Good Luck!

Ottawa,
March, 1968,
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MECHANICS QF NATURAL EXTENSION FRACTURING
AT DEPTH IN THE EARTH'S CRUST

Donald T. Secor, Jr.
University of South Carolina, Columbia

Abstract

In a previous paper (Secor, 1965) the writer proposed that some
joints are natural hydraulic fractures developed perpendicular to the least
principal stress direction. Mechanical considerations indicate that this kind
of jointing can occur to depths of several thousand feet when the ratic of fluid
pressure to overburden weight is hydrostatic., At greater depths abnormally
high ratios of fluid pressure te overburden weight are required for jointing.
The present paper is essentially an elaberation of this hydraulic fracturing
hypothesis for jointing,

By using the results of Sneddon {1946} it is possible to calculate
the volume of fluid contained in a crack or flaw just before it begins topropa-
gate and develop into a joint. Energy considerations indicate that the forma-
tion of a macroscopic joint is a slow process consisting of numerous short
quick episodes of fracture propagation interspersed with longer periods of
quiesence during which pore fluid from the surrounding rock percolates into
the crack and wedges it open, The growth rate of a joint is controlled by the
rate that pore fluid seeps into the joint. The length of a single joint fracture
is probably limited both by ductile behavior of the rock at the crack tip and by
the development of other nearby joints.

The fluid volume needed to wedge open a systematic array of
joints comes from both the elastic expansion of the ambient pore fluid and
from the closure of other non-propagating cracks and flaws. Calculations
indicate that most rocks contain sufficient pore fluid to produce the joints
observed in them, The porosity necessary for the formation of a particular
joint set of assumed geometry is fixed by selection of appropriate material
parameters, but given a particular value of porosity it is not presently pos-
sible to determine which of the many possible joint geometries will actually
develop. For example, a joint set containing a few long fractureg may
require the same porosity as another set of short closely spaced fractures.
The geometry {fracture length, longitudinal and lateral separation) of a par -
ticular joint set is probably related to rock permeability and to the rate of
decrease of the least effective principal stress at the time of fracturing. In
a rock sequence of uniform porosity, a slow rate of stress decrease and high
‘permeability would favor the development of a few long joints, whereas a
rapid rate of stress decrease and low permeability would favor the develop-
ment of numerous short joints,

INTRODUCTION

The ultimate objective of any science is to understand as thor -
oughly as possible the collective phenomena on which it is based. Scientific
inquiry normally begins with the ohservation of some fundarental facts of
either a natural or experimental nature and then proceeds to the developmment
of a number of working hypotheses explaining the observationa. Thbese hypo-
theses in turn may suggest additional experiments or observations that ulti-
mately result in the confirmation, modification or rejection of the original
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ideas. The various working hypotheses are continually and impartially
assessed and modified as the work progresses. The successful hypotheses
which survive the final judgement are added to our general bedy of knowledge
and may then be used to assist in the solution of related problems. However,
even a successful hypothesis should remain tentative in the sense that it must
periodically be evaluated in the light of new knowledge {Chamberlin, 1897},
The sciences of chernistry and physics have made great progress in this man-
ner because many of the fundamental laws are relatively simple and involve
only a few variables. Geology has also made great progress, but it has been
more difficult to establish reliable working hypotheses because of the com-
plexity and inexact nature of its fundamental phenomena.

During the last two centuries, the majority of geologists have been
concerned with collecting the basic facts of earth history, In structural geol-
ogy one begins with data on the attitudes, ages and distribution of rock types,
and then proceeds to determine the deformation pattern using the method of
multiple working hypotheses along with geometric methods. It is now clear
that the local deformation of a considerable portion of the earth's crust canbe
expressed in terms of a few simple types of geologic structures such as folds,
faults, cleavage, joints, or their combinations, which have been repeatedly
generated in timme and space. It is apparent that an understanding of the phys -
ical processes -responsible for generating geologic structures might be useful
in establishing the environment of deformation. For this reason structural
geologists have attempted to set up simple mechanical models {or working
hypotheses) for the formation of geologic structures. In some instances the
initial attempts to do this were unsuccessful, because the mechanical con-
siderations indicated that it would be impossible to form the structures under
the assumed conditions, Mechanics has therefore led us into such paradox-
ical problems as the movement of broad thin thrust plates (Hubbert and
Rubey, 1959, pp. 122-129; Lawson, 1922; Longwell, 1945; Oldham, 1921), the
generation of deep focus earthquakes (Reid, 1911; Orowan, 1960; Griggs and
Handin, 1960} and the origin of alaty cleavage {Maxwell, 1962, pp. 281-311),
In recent years there has been renewed interest in the mechanics of geologic
structures coupled with laboratory experiments in rock physics, and some of
the long standing problems have been resolved, at least in part, by the appli-
cation of more rigorous methods of analysis using experimental data on the
physical properties of rocks,

No completely satisfactory mechanical model has yet been pro-
posed for the phenomenon of rock jointing, although considerable progresa has
been made in understanding certain aspects of the mechanics {Price, 1966,
pp. 110-164), As used in this paper, the word "joint" is a field term applied
to matural fractures which show little or no lateral displacement, Almost all
consolidated rocks are jointed to some extent, and in some places joint sets
are systematic over broad areas and through considerable thickness of strata
Because of the abundance, apparent simplicity, and systematic nature of
joints, geologists have long sought to use them as indicators of the paststress
and strain history of rock masses, Consequently, a great quantity of data on
joint geometry and orientation from many parts of the world have accumu-
lated. In some instances the interpretations made from this data are contro-
versial and uncertain, hecause the phyaical processes responsible for jointing
are not generally understood. The purpose of this paper is to propose a
mechanical model which logically explains the origin of at least some kinds of
joints. It is hoped that the interpretations of field data can thereby be made
more reliable and useful.
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In all likelihood the joints studied by field geologists have multiple
origins (Price, 1966, p. 127). Some may be natural shear fractures of small
lateral displacement {(Parker, 1942; Muehlberger, 1961), whereas othersmay
be natural extension fractures (Nickelsen and Hough, 1967). It may be pos-
sible for natural extension fractures to form normal toc compressive least
effective principal stresses, whereas others may form normal to tensile least
effective principal stresses {Griggs and Handin, 1960, pp. 347-352). Natural
tension fractures may form near the earth's surface wherc tensile total prin-
cipal stresses are possible (Anderson, 1951, p. 159; Hubbert, 1951, p. 367y,
or they may form at depth where only effective tension is possible and where
the pore fluid is important in fracture genesis (Secor, 1965). The mechanical
model presented in this paper is applicable only to jointas in thislastcategory.
It is presented in the spirit of a tentative working hypothesis which needs
much testing by field and experimental geologists. The model does seem to
explain many of the puzzling geometric characteristics of natural joint pat-
terns.

GROWTH OF A TENSION FRACTURE
AT DEPTH IN THE EARTH'S CRUST*

The Griffith Theory

One of the fundamental problems in engineering mechanics has
been to understand the facturs which control the strength of seolid materials.
Calculations based on the known sirengths of melecular cohesive forces have
indicated that solid materials ought to be 10 to 100 times stronger than they
really are (Griffith, 1921; Cottrell, 1959). This discrepancy between the
thecretical and actual strengths of materiats led Griifith (1921) to postulate
that solids are greatly weakened by the presence of internal or surface
cracks, and that premature failure is caused by high stress concentrations at
crack tips. Griffith (1925) derived expressions for the tensile strength and
failure envelope of a two dimensional elaatic material containing an array of
randomly oriented cracks. In the terminology of the present paper the
expressions for tensile strength are as followa:

-y 2 _JE-,;'E_EZ (for plane stress), {1)

—w o= —= Jucli— 3 ** (for plane strain), {2}

where —K is the tensile strength {tension considered negativc), E is Young's
Modulus, p is Poisson's Ratio, ¥ is the specific surface energy of the
material, and C is the half length of the cracks, Griffith also derived the
following failure criteria for a two dimensional elastic material:

* A major revision was received after the text of this volume
had been typed. These changes were best made by using the
author's typescript. - The editors.

** This expression is incorrectly given as -K ==JeE¥{) —)F}}wc

by Griffith (1925). The correct expression shown above is
taken from Sack {1946} and Sneddon (1946)
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if § < +3K

1f §2 +3K, (5-5F-8KIS+S) <0, ()

where S, and S, are the greatest and least principal stresses respectively,

y Bgr~K (3)

with tension considered nepative. The tensile stremgth of a brittle material
is therefore a constant, as long as the greatest compressive princlpal stress
{ Su) 13 less than three times the tenslle strength as glven In equations (1)
or (2). When 5, exceeds +3K , the strength of the materlal 1s a functicn of
both 8 and S, a8 specified by equation (4),.

The Griffith theory has been extended to three dimensions by Sack (1946)

and Suneddon (1946}, both of whom derlved the following equation:

-K = — [zcli-a (3

for the theoretical tensile strength of a three dimensional eldstic sclid
contalning a pemny-shaped erack of radius ¢ perpendicular te the tension
direction. .

In recent years there has been considerable research on the applicabilicy
of the Griffith theory to fracturing problems 1n rocks. Almost all rocks
contaln cleavage or graln boundary cracks that might be expected to behave as
Griffich flaws durlng deformation. Most recent research has been directed
toward the application of the Griffith theory to the phenomencn of shear
fracture in response to compressive affective principal stresses (Brace, 1961,
1964 ; Brace, Paulding and Scholz, 1966). McClintock and Walsh (1962) pre-
sented a modification of the Griffith theory that included the effect of
frictional stresses developed along the walls of cracks clesed iIn compression.
Brace and Bombolakfs (1963) and Bombolakis (1964) found from photoelastic
studles of unlaxlal compressico that & critically oriented crack will propagate

out of its initlal plane into a position of parallelism with the dlrectlon of

compression., They concluded that a macroscoplc shear fracture could develop
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by the coalescence of special en echelen arrays of critieally orlented
cracks. The experiments of Brace, Paulding and Scholz (1966) have shown
that crack opening and/or growth begins well below the stress necessary
for the formation of a macroscoplc shear fracture. The failure criterion
for crack growth must therefore differ from the criterion for shear
fracturing.

In the present paper the three dimensfonal Griffith theory is applled
only to tension fracturing, and the difficulties encountered in applying the
theory to compressive stress states are avolded. In tension fracturing the
critically stressed cracks are oriented perpendicular to the tensile dir-
ection. At the point of inciplent fracture the cracks are open, because
the normal stress across them Is temsile. Frictlonal stresses on crack
walls are impossible both because the cracks are open and because they are
in a principal plane. When the plane of azn elliptical crack i1s perpendicular
to a tensile principal stress direction, the polnt of greateat tensile stress
concentration occurs on the major axis of the ellipse at the tip of the
crack (Inglis, 1913). Tenslon cracks therefore propagate in thelr initial
plane, and the fallure criterion for crack growth and for macroscoplc
tenslon fracturing are ildentical.

A number of experimental studies have Indicated that the presence of
a pore fluid pressure in rock has a profound effect on stremgth. Hubbert
and Willis (1957), Hubbert and Rubey (1959) and Jaeger (1962) have.predicted
on theoretical grounds thar critical principal effective stresses should con-
trol rock strength, and this prediction fa verified by the experimenta of
Handin, Hager, Friedman and Feather (1963), Jaeger (1963) and Brace (this
conference}. An effective principal stress is defined as the corresponding

total princilpal stress less the pore pressure:

o2y Sum— P {6)
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The effactlve stress does not correspond to any physically tangible fractien
of the total stress, however the theoretical and experimental studies cited
above indicate that the fallure criteria for rocks with pore pressure should
be expressed in terms of crittcal effective stresses as defined by equation
{6). Henew the fallure criterta for tenslen fracturing of rocks with in-

ternal pare pressure Is:

wEY
Oy = —-K = — ec{1-)*) . €]

Yolume Equations

Equations (6) and (7) indlcate that a crack orlented normal to the least
principal stress will become unstable and spread whenever the pressure of the
pore fluld ( p ) exceeds the total least princlpal stress { S5} by an
amount equal to the tensile strength of the rock. Sneddon (1946) proved that
the shape of a crack containing pressurized fluid in a three dimensional
elastic medium L8 that of a oblate ellipsoid, and he found that the component
of surface displacement at the center of the crack { € , the semi-minor axis)
was Telated to the elastic properties of the solid medlum, the crack radius
and the fluld pressure as follows:

8
e . 4u—¥pc 8
TE

Combining this result with the formula for the volume of an oblate ellipseid:

veafsTec® (9)
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an expression for the volume of fluid in the crack is obtained:

Ve S uy%ipc? . (10)
In deriving equation (8) Sneddon assumed that the stresses at infinity in the
elastic medium were zero. Before Sneddon's results can be applied directly
to the problem of tension fracturing in rocks, it is necessary to consider
the effect of total external principal stresses on the volume of the crack.
In general a crack will be closed (¥=Q ) if the total compressive least
principal stress { $,), acting perpendicular to the crack, is greater than
the pore pressure ( p ). Conversely the crack wlil be wedged open by the
pore fluid £f p exceeds 55 . Only that fraction of p which exceeds
Sy will be effective in opening the crack. The quantity P in equation
{10) should therefore be replaced by (P53 )1

Vo= %E—{:—y*}(p—s,l ¢, (11)

Combining this result with equation (&):

V-8 n-pige? (12)

it is seen that the crack volume is directly proportional to the magnitude of
the least effective princlpal atresa. It is importent to remember that it is
not possible for a crack to have negative volume, and so the applicabllity of
equation (12) is limited te the case where O3 1s tensile and hence negative.

The upper limit of applicabllity of equation {12) 1is governed by the tenslle
strength of the rock. When O reaches the critical limit specified by

equation (7), the crack will begin to propagate, and the actual volume will

be greater than that glven by equation (12). Substituting equation (7) 1in (12},

we obtaln an expression for the critical crack volume just prior to propagation:

TR s 1P Vi N
v -8 o c%2, 13)
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Crack Propagation

Introduction

Theory developed thus far does not predict how far a crack will propagate
once the critical conditions specified by equations (7) and (13) are attained.
The rapid pvopagation of a fracture can only occur when there is a net decrease
in the various forms of potential energy stored in the rock. The potential
energy lost during the fracturing process is converted into kinetle energy of
rapld crack growth:

Decrease in Potential Energy = Kinetic Energy (14}

There are four kinds of potentlal energy associated with fluld saturated rocks
that could concelvably undergo major change during the fracturing process:

1. Potential of external forces.

2., Straln energy of the rock.

3. Compressional fluid energy.

4. Surface energy of the crack.

In order to determine the amaunt of crack propagation that is likely to aceur in
any particular case, It is necessary to estimate the changes in the four potential
energy terms resulting from the introduction of a fluid filled crack into a

stressed medium,

Potentlal of External Forces and Strain Energy

The change In the sum of the first two potentlal energy terms in the above
1ist, resulting from the introduction of a fluid filled crack ioto a rock mass,
can be calculated by determining the amount of work done on the crack walls by

the pressurized fluid as the crack 1z opened up., Imagine a penny-shaped crack
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of radius ¢ , orlented perpendicular to the $; direction, which is opened
up by an increase in Internal fluld pressure so that the pressure and volume
just before crack propagation are p, and V¥, tespectively (Figure la). The

work mecessary to open the crack will be given by:
Yo (15)

Wian ® _/—Ip) av .

[
Solving equation (11) for p , and substituting the result in equation (15}:

o Yo (16)
Wiez © __/_ I—lﬂy__ﬁl—))ﬂca dv +_/?S‘]dV '
) o
: an
Weiwas ® 2l -vejgs T SYe

The first term on the right side of equation (17} represents the change in
rock strailn energy, whereas the second term represents the increase in pot-
ential of the least principal stress ( $,). When VY, reaches the crirical
limit specified by equation (13}, the crack will become unstable and propagate
distance AC (Figure 1b). After crack growth the final pressure ( P, ) will be
less than the original pressure ( % }, and the final volume ( ¥, ) will be
greater than the initial volume ( Vo }. The change in the sum of the first
two potentlal energy teyms that would result from the introductlonm of a fluld
filled crack of radius ¢, = € +AC into the same rock mass can be calculated as

before:
w' . _3EV
2 ° TR —v8) ¢ + 5V (18)

The net lncrease in the sum of the potential of external forces and the strain

energy after propagation will be:

2 2z
1 3E V) ¥
B h2® Woga — Wiaay® a2{] — v} ( clz - Cg) + S5lv - Yol (19)
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Figure 1. (A) Crack configuration just before an episode of propagation.

(B} Crack conflguration just after an episode of propagation.
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The first term on the rlght side of equation (19), representing the change in
gtraln energy, could be either positive or negative depending on the sign of
the gquantity in parenthesls. The second term, representing the change in
potential of the least principal stress, will be positive because ¥V > V, .

Energy release during fracturing could occur only if:

Ve eV, (20)
FOHE > v e AL Y

and the amount of energy released (AW, ,,) must be less than the ex-

presslon:
3EVE 21
AW g < 3z(1-99) © - 21)
At cthe time of inciplent propagatlion the volume of fluld in the crack (v, }
will be given by equation (13):

I N e as)

Substituting in expression (21}:

2
32!?—_;:'31'” i 4/73TYC* > AW, 4y oD

In the case of an ideal incompressible fluid:

V, = ¥
| 0 1 (23)

and equatlon (19) reduces to:

2
¥, | |
Aare® a0 ( T cf) ; (24)

It is apparent that strain energy would be released even in the case of an ideal

incompressible fluld because C, >C,
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Fluld Compressional Energy

As a crack propagates and opens up, the fluld inside the crack is permitted
to expand, and the potemtial energy stored in the compressed fluid decreaszes.
The energy released by fluld expansion inslde the craeck 1s avallable for con-
version ta the other kinds of potential energy or kinetic energy assoclated
with erack growth. In most places the pressure and temperature of underground
water are such that there 18 an approximate linear relatlonship between pressure

difference ( dp } and voelumetric strain ( %* }:

dp = — Jk_ (-ﬂvy-) . (25)

where k 1s the fluld compressibility. Integrating we obtain:

p:—-ll;lnv + ¢ (26)

The constant of integration ¢ can be evaluated by applylng the boundary

condition:

ot p o Py s Yry, *

(27
Substituting in equation (26}:
Q1 p+ Linv, (28)
Therefore!
pr——tv + inv, +p,. (29}

The potential energy released by fluid expansion inside the crack as it grows
will be glven by:

v

ﬂ\\';,!_/f_p} T (30)

Yo
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or: ]

AW, = ﬁ— -V + vy + PoJdV €31)

Vo
Where V, and v, are the fluld volumes before and after propagation res-
pectlvely. If equaticn (30) is integrated, and if ¥, 1s expressed in terms
of V, s p, and p, from equation (29), the equation for the released cow-

presslonal energy becomes:
(32)

oW, = ekpnly by - et )

where ¢ 18 the natural logarithmic base. The quantity { P, ) in equation
(31) 1s not known, but it is unlikely that P; could decrease below the
magnltude of the total least stress ( Sa ), because the crack would be com-
pletely closed under these stress conditions. Therefore an estimate of the
maximum possible compressional energy available for crack propagation ( AWa )

can be obtained by replacing P, by Sa in equation (31):

- (33)
o O S v (s k) < o)

Potential Surface Energy

The potentlal surface energy of a crack will be given by the product of
the area of the crack times the specific surface energy ( ¥ J):

W, = 2TCY . (34)

If C 1s the crack radius prior to propagation and AC 1s the increase in
length of the crack radius after propagaticn, then the increase in potentiel

surface energy ( AW, ) will be:

awe: 2y [c+acy - = 2myizcac +ad) (35)



- 16 -

If AC 1is small:

aw, = att¥cac (36)
Qr:

aC | aw S

C ATy C2

The Enerpy Balsnce

The foregoing discussion has indicated that during the short period of time
in which a crack is propagating, the potential of external forces and the pot-
ential surface energy both Increase, whereas the potential strain energy In the
rock around the crack and the potential compressional energy in the crack fluid
both decrease. The net decrease in potential energy ls converted inte kinetic
energy. ILf equations (21) and (33) are added, an equation for an energy quantity
{ AW ) that must exceed the increase 1n surface energy potential (ﬂwh ) is

chtalned:
AW > AW, (38)

2
aw = 32ﬁ—v>'=)c3 + oMhs 53]"0(93+Ju') = Vol p+ +) G2

In order to estimate the maximm amount of crack propagation that could
occur from equatlon (39), it {s necessary to assume some values for the physical

parameters and constants which appear in equations (12), (13), (33) and (35):

k = 1.94 x (1078 fe. %/1b. ac 10,000 ft. depth
kK =1.72 X (10”8 fr. %/1b. at 20,000 ft. depth
k = 1.63 X (1079 fr. 2/1b. ac 30,000 ft. depth
¥ = .0687 1b./f¢.
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£ =720 X (10% 1bs./fe.?

Y = .250
Three different depths (10,000, 20,000, and 30,000 feet), and six initial crack

lengths (.001, .01, .1, 1, 10, 100 feet) at each depth were chosen for analysis.
It was assumed that the original flaw lengths prior to the initiatlom of fract-
uring were .0D1 feet and that the original tensile strength of the rock con-
taining the flaws was 288,000 lbs-fft.z. The listed value of § can be cal-
culated from equation (7) assuming the above tenslle strength and flaw length.
This value of surface energy 1s near the upper limit measured for quartz (Brace
and Walsh, 1962), but is less than the surface energles measured for sandstone
by Perkins and Bartlett (1963). Average values of E and ¥ were chosen from
data tabulated by Blrech (1966). The initial fluld pressure 1n unfractured rock
was taken af the minimum value necessary for tenslon fracturimg at the depth
considered (Secor, 1965), and S3; was calculated from equation (6) assuming that
O, was -288,000 lbs.fft.z. The internal pressure ( p, ) iu the longer cracks,
that had undergone prevlious episodes of propagaticon, was assumed to exceed §;
by an amount equal to the tensile strength of the rock containing flaws of the
same length as the longer cracks. The fluld compressibility ( k ) was estimated
from the data of Holser and Kennedy {195B) and Kennedy, Knight and Holser (1958}
as tabulated in Sharp (1962), assuming a normal geothermal gradient (Birch, 1955).
Crack volumes just prior to propagation ( V, )} were calculated from equation (13).
Values for AW have been calculated from equation (39) for a varilety of
depths and initial crack lenpths, using the physical constants and parameters
previously listed. The results are shown in Flgure 2a. For comparison pur-
poses, equation (35} has been plotted in Figure 2b for a variety of initial

crack lengths., Remembering that:

(38)
AW > AW,
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A graph showing the relatlonship between an energy quantity
{ AW ) that must exceed the energy available for crack
propagation, and initial crack length. 1/ depth 30,000
feet, 2/ depth 20,000 feet, 3/ depth 10,000 feet.
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('sq1-4) Ymv

(AW, } as a function of propagation distance (AC ), for

A graph showing the increase in surface energy potentilal
various initial crack lengths.

(B)

Figure 2,
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it 1s apparent from comparison of Figures 2a and 2b that the amount of energy
dvailable for crack propagation, during any single episode of propagaticn, will
only be sufficient for the crack to be extended a small fracticn of its initial
length.

In light of this conclusion, one might wonder how it is possible for a
single tension fracture ten or cne hundred feet lomg to originate from the
growth of a small grain boundary flaw. At the end of any particular eplsode
of crack growth, the final pressure ( P, Y 15 less than the initial pressure
( R, ), because the crack volume has increased and the contained fluid has
expanded. The crack fluid will therefore be at a lower potential than the
fluid in the pore spaces of the surrounding rock, and the pore fluid will be
driven down the potentlal gradient into the crack. The pressure of the fluld
in the crack will therefore gradually increase and the crack will be wedged
open. FEventually the critical volume specified by equation {13) will again
be reached, and another episode of propagation will cccur. The growth of a
macroscople tenslon fracture must be the result of numerous episodes of short
propagation interspersed wich longer perieds of quiesgence during which the
pore fluid in the surrounding rock percelates into the crack. The macroscopie
rate at which a natural tension fracture grows therefore depends on the por-
osity and permeability of the surrounding rock. The rate of growth must de-
crease rapldly as the crack becomes longer, because the volume of fluld needed
to wedge the crack open increases as the 5/2 power of the radius, whereas the
surface area of the crack, across which the incoming fluid must percolate,
lncreases as the square of the radlus.

Field observatlons have Iindicated that most joints are relatively short,
extending for a few feet or yards before being replaced by another fracture of

the same attitude In offset position., It is Interesting to conslder the question
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of why a particular tension jJolnt wight stop propagating. It is theoretically
possible for a tension fracture in an ideal elastic medlum to continue prop-—
agating Indefinitely, and given enough time it might attain s length of hun-—
dreds or thousands of feet. However two natural mechanisms operate to liwit
the extent of natural tension fractures. As a crack gets longer and as its
growth rate decreases, a limit is eventually reached where the extreme tensile
stresses at the crack tilp are relieved by ductile creep more rapidly than they
are Increased by opening of the crack. Thils mechanism would tend to limit the
extent of crack growth even in the sbsence of other factors. It is also un-
likely that only one tensfion fracture would develop In a critically stressed
rock mass. In all likelihood numerous tension cracks will begin to develop
throughout the rock mass when a critical value of O3 1s attained. Each crack
will have only a limited amount of fluid avalilable to it, and when the ambient
pore pressure had decreased below the cricical limit specified by equations (&)
and (7), all of the cracks will cease propagating. Therefore, both ductile
creep at crack tips and the development of multiple fractures in a rock mass,

will limit the length of any one fracture.
Summary

The foregoing analysis has Iindicated that the growth of a tenslon fracture
at depth in the earth's crust is macroscopically a slow process, consisting in
detalil of numerous short quick episodes of crack propagation interspersed with
longer periods of quiescence during which the pore fluids from the surrounding
rock percolate into the crack and wedge it open. Energy considerations have
indicated that the increase in crack length, durlng any single episode of crack
propagation, 1s a small fraction of the initial length. Equatiem (13) can
therefore be used, with only small error, to calculate the volume of fluid in

the crack during any stage of its growth.
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RELATIORSHIP BETWEENM JOINT GEOMETRY AND POROSITY

Introduction

The model for natural tension fracturing proposed in the preceeding
gection predicts that the fluid volume necessary for the development of

a fracture of radius €, will be given by:

2
Vs -lsﬁ. ]T_EEHE:LL . cls/z a3

This fluld volume may originate from elastic expansion of the ambient

pore fluid in the rock, or from compaction and porosity reductlon during

the fracturing eplsode, or from closure of other non-propagating cracks.

The question of whether a particular rock can supply enough fluid to generate
the jolnt pattem observed in it is a test which the proposed model must pass
if 1t 1s to be generally accepted. In order to answer this critical question,
it is firat necessary to develop a quantative way of expressing the geometry

of a joint set,

Quantificacion of Joint Geometry

Tmagine a rectangular block of rock with edge lengths X, Y and Z
(Figure 3), contelning an array of clrcular fractures parallel to the front
face of the block. The fractures are assumed to occur in a series of planes
separated by distance d . Within any one plane the fractures have diameter 2¢,,
and are separated from other fractures in the seme plane by distances A and B
{(Flgure 3). In & plane parallel to the Front of the block there are L Joints

in each vertical row and N joints in each horizontal row. There are M plane



R

X {L joints

N joints

Z

Figure 3. A block of rock containing a regular array of jeint fractures.

groups of joints between the frout and back of the block.

of the block:

L

L{2¢,+ A)

di

N{2C,+ B)

The total volume of the rock will be:

xXYZ =

LMN{2C+ &) {2C,+B) (d)

From the geometry

(39)

(40)

(41)

(42)

The total volume of fluld in 2ll of the jolnts in the block will be equal to

the number of jolnte (LMN ) multiplied by the volume of one joint:

Total volume of all jotnts = LMN & (T U= | cop (43)
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O = 2ci|-v=l N

where C is the Initial flaw radius. At the end of an eplsode of jolnting O3

will be just slightly less than the critical magnitude necessary for additional

Os » - \Jac.ll-.b!'.i 6

where €, 1s the finmal radius of the jolnts. The change in 3 must therefore

joint growth:

be:
1

! !
80 » - -a‘?lli“%r(c‘ﬁ—) (50)

Substituting in equation (49):

TE & | __]_)
¥ .1 = —_— —
P ® /209 ( ¢, Je! - (51)
Substituting in equation (46):

AV * ~kfap = ki [—OEd (..L - _L)
P a-v) A\ /. (52)

The volume of fluid accommodated within the joint fractures must be equal to
the volume of fluid resulting from elastic expansion of the pore fluid.

Equating equations (52} and (44):

16 fIry(1-») a2 (53)

T ( 4o ) . 3N 2 ' G
AR AW T (dY2CF ANZEFB)

Solving for f:

TR (IR )
§f = 2k VE ) G —vC 52
(d){2¢+Aa)2C+B)

(54)
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Equation (54) can be used to caleulate the original constant porosity { § )
necessary for the formation of any Jolnt pattermn of assumed geometry, 1o an
environment where the total least stress ( Sa) remalns constant durlng the
jointing episode. In Figure 4, the required porosity iz plotted as a function
of fracture spacing ( d ) for a variety of fracture geometry and imitilal crack
lengths ( € ), essuming the following rock and fluld propertries:

1.72 (10”8 £e. 2/ 1b.

k =
E =720 (0% 1. / £.2
» = .250

The results 1llustrated ln Flgure 4 show that the porosities normally encountered
in sedimentary rocks (1-10%) are adequatée for the development of jolnt sets in
which the fractures are short and widely spaced, but excessively high porosities
are required for jJoint sets iIn which the fractures are long and closely spaced.
The derlvation of equation (54) wes based on the assumption that the joint-
ing occurred in an environment where the total least stress ( $; ) remained
constant (the "constant stress case"). It is also possible for jointing to be
initiated by the development of high pore pressures in an environment where mo
reglonal extension occurs in the Sy direction (the "constant volume case').
In this case, the volume Increase inside the Joint fractures must be balanced
by elastic shortening of the rock slabs between the jolnts. Referring to Figure 3,
the lengthening of the rock block ( AY ) caused by the development of the joint
set will be equal to the total volume of all of the jeints divided by the ares

of the front of the black.

T -V 2 (55)
2E !

I
, L.MN(T
aY XZ
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Figure 4.

A graph showing the fractiomal porosity { ¥ } required for the
formation of various fracture geometries, assuming constant
porosity and constant least total principal stress.

1/ c=A=B=1",C=.001"; 2/ C,=4=38=5",C = .0005";
3/ c=A=3B=5",C=.001"; 4/ C,=A =8B =10", ¢ = .001';
5/ ci;=A=B=20",0=.001"; 6/ C,=A=B=50', c=.001".
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If the Poisson effect 1s neglected, this lengthening caused by the development
of the jolnts must be balanced by the elastic shortening of the block due te an

increase in $, ¢

_ (Asy}Y
AY = -t (56)

where E is Young's Modulus, and 4§y is the increase in the total least prinm-

clpal stress. Equating equations (55) and (56) and solving for aASy
wz
‘ (5D
(E]LMN( )
XY2

Substitutlng equations {39), (40) and (41):

as,s E N (” - cp/ 8

5 d{ec, +Auac+_f

AGg*

An expresslon for the change In pore pressure, during jolnting in an en-
vironment where ne crustal extension can occur, is obtained by substituting
the expressions for 48, and A(; from equations (58) and (50) respectively into

equatlon (47):

s+ ELSN . N o - A (59)
AN (JF. ,j?)

dizc,+ ajlac,+8)

Whea equaticons (59), (46) and (44) are combined an expression involving porosity

{ ') as the only unknown 1s obtained:

. 52
£ - L\E )v*_-J‘ Ci (60)

d{2c+A)l(zc+ B)

){I +kEH}

Comparison of equatlon (60) with equation (54} reveals that the bracketed term

is the expression for the porosity 1n the conshant stress case. Therefore the
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original porosity required to produce a particular joint geometry in the constant
volume case ( # ) is a simple function of the original porosity required to produce

the same geometry in the comstant stress case ( f ):
t = {1 +kEF') (61)
Solving for ' :

(62)

Equations (62) and (54) can be used to calculate the required porosity for

any desired joint geometry, assuming constant bulk volume of the rock during

the jolnting eplsode. The results of such calculations are shown in Figure 5.
Apparently, very closely spaced jolnts are Impossible under the assumed conditioms

in rocks of normal porosity.

The Variable Porosity Model

Most rocks contaln some crack-shaped pores and in crystalline rucks of low
porosity almost all of the fluld Is contained in grain boundary and cleavage
cracks. It has been shown that a tensile least effectlve principal stress of
considerable magnitude (equation 5) is necessary for the initlation of a mac—
roscoplc tension fracture from a small pre-existing flaw. At the time of
fracturing there must therefore be a considerable range of directlons, sub=-
parallel to the O3 directlon, along which the effective stress is tensile. If
a flaw is perpendlicular to the Oa direction, equation (12) can be used to

calculate its volume:

v — %g-{l—)f) 03 G 2
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Figure 5. A graph showiung the fractional perosity { f' ) required for the
formation of various fracture geometries, assuming constant
porosity and constant bulk rock volume. 1/ C=A=B=1", ¢ = .001L";

2/ C=A=B=5",C=.0005"; 3/ c,=A=B=5", C=.001";
4/ C,= A=B=10', C=.00l"; 5/ ¢,=A=3=20", ¢c=.00l";
6/ C,=A=B=150",C=.001".
-IJ
10
.
-2
IOW
N | 2345 6
lo 1 r 1 L
Ol A | 10 100

d (feet)



- 32 -

R(d{)
Rsin{i(de)

Flgure 6. Coordinate systems used In projecting poles of cracks to a reference
sphere of radiws (A ),
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If the crack is not perpendicular to the ¢ direction, equation (12) can still

be used to calculate its volume providing:

1. That the term ( %) is equation (12) is replaced
by ( T ), the component of effective stress per—
pendicular to the plane of interest:

ve-opioec (63)
2. That thls normal effective stress is tenslile.
3, That the component of shear stress parallel to the

plane of interest does not have a major effect on
the volume of the crack.

Recent compression experlments on rocks with pore pressure by Brace {this con-
ference) have indicated that rocks become dilatant when the differential stress
is about one half the value necessary for the formatlion of a shear fracture.
Apparently crack opening can be caused by high shear stress even when the mac~
roscopic effective principal stresses are all compressive, The experimental
results of Brace suggest that shear stress will tend to increase the volume
of cracks, and so crack volumes calculated from equation (63} will be too low
because the shear effect is neglected. The use equation (63) to estimate crack
parosity changes during jolnting will therefore glve a conservative estlmate of
the amount of fluid available for the jointing process.

Imagine a spherical element of rock of unit volume located at the center
of an x, ¥, z coordinate system (Figure 6). The radlus of the element is
assumed to be large with respect to the flaw lengeh ( € ), but small with
respect to the radius ( R ) of an enclosing reference sphere, The orientaticn
of the radius { B ) of the reference sphere is fixed by the angular spherical
coordinates @ and * . If infinitesimally small variatiouns (d© ,d# ) ere permitted
in @ and ¢ , the radivs R will scribe an infinitesimal area on the reference
gphere having edge.lengths H[qu} and F15h1¢ (d® ), 1If che spherical element

of rock at the center of the coordinate system contain n randomly oriented
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cracks, a small fraction of the cracks will have poles located inside the Infinites-

imal area on the reference sphere. This fractlon will be given by:

Total number of cracks _ ¢ Area of element ) = nasSinddide (64)
with poles in element \alf area of sphere 2
The volume of fluld ( 4V } contained in the cracks that have poles in the

infinitesimal area will be given by:

av = - (2SP4Pd0 y (I8 (1 g () (65)

(66)

v « —ﬂﬂ_;iﬁ-r'%ej—ca—- o sinb afde

The component of effective normal stress in the direction of R will be given by:

0 = sifPcodod; + Sinjsine0; + Coso; (67)

where O, , O0,, and (; are the principal stresses in the x , ¥y, and 2z directions

regpectively. Substituting in equation (66} and Integrating:

. - Qn(l-—pf}ga ( .3 2 3, . ® 2z {(68)
v Sinlj Cos8 0y + Sinj 5in0 05 + Sin Coso &} do
T;/e]-

3TWE

In performing this integration It 1lg important to permit the direction of the radius
R to vary only in those directions where the normal stress is tensile, because
the applicability of equatlon (63) 1s limited ta the casa where O 1s tensile. 1In
the special case where Oz, Oy and Oz are all teneile, the limits on @ and Y

are (2W, © )} and (Tl'k,o) respectively, and equation (68) reduces to:

-16nl1-¥0 ¢

v SE

G+ 0+ G ) (69)

In the speclal case where () and (0, are equal and compressive, the limits on ©

and § will be:

[ &
(em,0) , (Arccos GG Q)

L3 z
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respectively, and equation (68) reduces to:

(70)

. _ leali-vAg 0%

v oF (/55 -20u + 20 + 0:)
In the special case where i 1s compressive and where Ox and Oy are equal and
tensile, the limits on & and § will be:

G_ )
G-0;

(e, 01, {Tl'/z, Arccos

Tespectively, and equation (68) reduces to:

3
v = — lGnll-vjc "‘;E”a Clagy /2

G- 71

Equationa (69}, (70) are mutually compatible in the sense that they both con-

verge to the same Tesult:

_ 1eal1=y% ¢? (72)
Vo2 = 2E {o,)
when g, =@, =0 - Likewise equatlions (69) and (71) converge to the result:
2, 3
. o 1en{[=¥T} C
¥ °E {edr) a3

when 0,0 and when 0= . Mathematical diffieulties have so far precluded che
derivation of a general equation for the case where the principal stresses all
have different magnitudes, and where at least one of the principal stresses is
compressive. The fluid volumes calculated from equations (69), (70}, and (71)

are equal to the Eractiomal crack porosity if the small spherical rock element

in Figure 6 13 considered a unit volunme.

Equations (69), (70) and {71) comprise a theoretical model for the fraet-
ional crack porosity of a rock, and can be used to estimate porosity changes
induced by changes in the effective principal stresses. In the present paper
these equations will be used to estimate the quantity of fluid squeezed out of

erack shaped pores Iinto opening jolnt cracks, during an eplsode of Jolnting.
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In a rock with crack porosity:

Fluid volume = Volume from elastie Volume from porosity
cccupying joints expansion of the -+ reduction of the
pore fluid. rock. (74)

The fluid volume occupying jolnts can be calculated from equation (44):

T -9 52
2y R ()

Fluld volume occupying jolnts = "-'IZC,+A)(20+B}

In an environment where the least total principal stress remains constant during
the jointing episode, equation (52) will give the fluid volume available

from elastic expansion of the pore fluid:

Volume from elastic
expansion of the pore = } I- (—-—- - —.-) (52)

fluld
Just before the begimning of a jointing episode, the fractional porosity { )

wlll be given by equatioms (69), (70) or (71). 1If the jolnting 1s cccurring in
an environment where O and O; are compressive and equal:
(70}

oo - legli-y) ¢ (
SE G

(-20:) + 20x + ¢3)

golving for n :

n =
TieoE f = - (-207) + 203 + 03 ) (75

The fractional porosity ¢ ﬁ') of the roek after the jointing episode has been

completed will be given by:

_ (76)
- lemiohic = .t‘zcr.)+acr:+0:)

vhere O , O and O, are the new values of effective priocipal stress. The

volume of fluid available from porosity reductlon of the rock will be given by:

Volume from poTrosity _ n__ o
reduction of the rock f fi {77
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Substituting equation (75} and (76) into (77):

Volume from porosity _ P f'(
reduction of the rock

( 0':_—'6';(_20;] +20:+ 0,

(=207 + 207 +0';') ) (78)
Sample calculatlons for typical jointing episodes has indicated that there is

very little residual temsile stress left in the rocks after fracturing has occurred:

0’;—’0 (79)
When equatlon (79) is substituted in equatlon (78), the bracketed term in (78)

approaches zero!

/o ! '+ Oy
( ( ﬁ{—zml +2C +0'z_1) -0 (80)
(

X

o, (-20y) 420, + ;)

o
and equatien (78) reduces to:

VYolume from porosicy
reduction of the rock

= f" (81}

Apparently the near ellmination of effective tensile stress from a rock mass
during & jeinting episode results in the closure of all non propagating flaws,
50 that all of the original fluid contained in grain boundary cracks is
available for jointing.

When equations (44), (52), and (8l) are substituted in equation {74),

we obtain:

16 /TFUFL 5
3V 2E » ! | ,
aGe+alzere) ([k\f Iu-%’l (= - J'CT)] * ') (82)

The bracketed term on the right side of (82) may be neglected because it is a

small fraction much less than one. Therefore:

—12
16 /Tgii-p® ok
fll = 3 2E

a(2C,+A)(2C,+B) (83)
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The initial crack porosity ( 1" ) necessary for the formatlon of a joint pattern
of any assumed geometry can be calculated from equatiom (83). In Figure 7,
the required porozity is plotted as a function of fracture spacing ( d ) for

a varlety of fracture geometries, assuming the following parameters:

.72 1079 £, %7 w.
2

720 (10 %) 1bs./ fe.

.3
E
¥ = 250
¥

.0687 1bs. / ft.

The resulta show that an extremely small initial crack porosity could produce
most commonly observed joint patterms.

In the constant volume cage:

.ﬁp = ﬁsa" ﬂU’s (47)

where:

TE t I _l_)
2090 \Jg, " J¢

(50)

and where:

16 (p [TEND) 572
A5, = 3 (E) 2 E c, (58)
3

d(2zc+aM2cH+B)

The volume of fluld avallable from elastic expansion of the pore fluld will be

given by:
Volume Erom elastic
expansion of the = —kf"8p = —kf“(a5-40), (46)
poere fluid

where ( " } 1s the Inltial crack porosity cof the rock. Substituting equatlons

(50) and (58) in (46):
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Figure 7.

A graph showing the fractiomal porosity ( f" ) required for the
formation of various fracture geometries, assuming variable crack
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Equation (81) will give the volume of fluid avallable from porosity reduction

during an eplsade of jolnting:

Volume from porosity _ g

reduction of the rock {al)

Substituting (81}, (84), and (44) in (74):

16 /T80 sz fI[HEl
3V — PE C? . fll( J-ﬁ-kE > CI TEy ( ~ ___l_) )
diz¢c+a)2C,+8) d(z¢,+ a}(2C+A) 201D\ I, .fc_

{85)

The bracketed term 1s a small fractien mwuch less than one so that:

16 /Tx =Y 5r2
3V Ize G

d(2C,+4}(2C,+B)

f“l -

which is identical with (83). The calculated results 1llustrated in figure 7
therefore are applicable also in the case of yarlable porosity and constant
bulk volume.

The results f1luatrated in figures (4), (5) and (7) suggest that most rocks
contain sufficlent pore fluld for the formation of the joint patterns commonly
reported by field geologists. The constant porosity model predicts that jolnts
one hundred feet long and spaced one foot apart could form in & rock of 10Z porosity.
The crack porosity model predlcts that porosities much less than one percent will

be required for the formation of most commonly observed joint patterns. Almost

all rocks contaln some crack-like pores, and in igneous and metemorphic Tocks
most of the fluid 1s contalned in grain-boundary and cleavage cracks. It is
concluded that most rocks contaln sufficient fluld for the formation of the joint

patterns observed in them.
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DISCUSSION

When a geclogic phenomenon is analyzed using the methods of physics and
mathematics, the results tend to have an aura of precision and elegance which
1s not justified. It must be remembered that rocks are extremely complicated
systems, and the epplication of physical equations to characterize rock behavior
is at best a crude approximation and a poot substitute for emphirical data on the
behavior of rocks in the envireoment of interest. However, theoretical con-
sideration of jointing mechanics is presently justifiable, because the results
will be useful in guiding future field and laboratory investigations., The
numerical results presented in the preceeding sectlon are only crude approxi-
mations to reality and should not be taken sSeriously beyond the first sign-
1ficant figure. However, even with this qualification in mind, the following

conclustions seem justified:

1. When natural tension fracturing occurs at depth in the
earth's crust, in the presence of high pore pressures,
macroscoplc fracture growth in 2 slow process consiscing
in detail of numercous short, quick episodes of fracture
propagation Interspersed with longer periods of quilesence
during which pore fluid from the surrounding rock per-
colates into the crack and wedges it open.

2. Both ductile ¢reep of rock at crack tips, and the deve-
lopment of multiple fractures in the same rock mass will
tend to limit the length of any one jeint fracture.

3. Most rocks appear to have porosities adequate for the
development of the joint patterns observed in them.

The development of equations relating poresity and fracture geometry has
revealed that tension fracturing at depth in the earth's crust is an incredibly
complicated process. Inspection of equations (44}, (52), (78), (79), and
{B83) indicated that the porosity required to produce a particular fracture geo-
metry 1s functionally dependent on the following parameters: E, Y, ¥, k, C,

a . O, and 0; . HMoreover the required porosity depends on whether the pores
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are spherical or crack-shaped, and whether the fracturing is occurring in a "constant
stress" or a "constaht volume" environment. The variety of rocks and pore fluids
available in nature permit comslderable 1latitude in the cholce of E, ¥ , C and k ,
and this could result in an order of magnitude variation in the calculated porosity.
Varlations in pore geometry and stress environment have an even greater effect on
calculated porosity. An obvious extension and improvement of the work presented
here would result from machine computation of required porosities over a wider
range of values for the envirommental stresses and rock and fluid properties.

The volume of fluid available for jolnting is fixed by selection of app—
ropriate materizl and environmental parameters. However, inspection of equation
{54) reveals that an infinlty of different fracture geometries are possible from any
glven fluid volume. It is possible to calculate the porosity needed for the for-
mation of a fracture set of assumed geometry, but given a particular value of
porosity, it presently 1s not presently pessible to determine which of the many
posgible fracture geomebtries will actually develeop.

Some qualatative considerations may be useful in understanding natural
fracture geometries. Equation {13) indicates that the fluid volume needed for
the growth of a particular fracture is proportional to the 5/2 power of the crack

radius. The final length of a fracture 1s dependent on how easy it 1s for pore

fluids from the surrounding rock to meowe into the fracture. In an environment
where subjacent permeable and impermeable rock masses are being jointed under
identical stress conditions, one would predict that fractures in the impermesble
rocks would be short and closely spaced, whereas the fractures in the permeable
rock would be long and widely spaced. This may explain the commonly observed

wlde spacing of joint fractures in massive sandstones as compared with the close
spacing in enclosing shales and siltstones. The rate at which the least effective
prinelpal stress changes during the beginning of an episode of fracturing may also

be fimportant in controlling fracture geometry. If the critlcal stress condition
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for jointing results from a very slaw decrease in the least effective principal
stress, tension fractures would be initiated at a few particularly long flaws
before the stress became small enough for the {nitiation of fractures at more
nuperous shorter flaws. However, 1f the stress decrease was rapid, numerous
rencgion fractures would be Initlated at about the same time throughout the
rock mass. Changes 1n the magnitude of the least effective ptincipal stress
could result from elther changes in the pore pressure or changes in the total
least principal stress. The rate at which OF changes will therefore depend
on the rate at which §, and p change in the local enviromment. A slow de-
crease in Oy would result In a few long Joints, whereas a rapid decrease in (J;

would result in more numercus shorr joints,

It 15 important to remember that the mechanical model proposed in this
paper is applicable only to joints that orlginate as natural tension fracrures
in rocks wlth pressurized pore fluid. The model is not applicable to jolnts
forming near the earth’s surface where tensile total stresses are possible,
nor is it applicable to the development of "shear" joints {if shear jolnts
de indeed exist).

Fleld observations in metamorphic terranes often indicate that the jolnt
pattern is symmetrlically oriected with respect to fold axes and linear structures.
This symmety may be a consequence of rock anisotrepy; 1t may also be a consequence
of residual stresses remaining in the rock after the maln phase of the deformation.
These facts are not basically incowmpatible with the hydraulic fracturing hypothesis
proposed here. The present model could be extended inm include a degree of
anlsotropy and/or residual stress in a rock mass undergolng jointing.

Studles of fleld examples of jointing have always been handicapped by the
lack of adequate criteria for recognizing the various kinds of joints. How can
tension joints formed in a surficial environment be differentiatad from natural

hydraulic fractures fofmed at depth in the earth’s crust? The presence of
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mineral druses indicative of metamorphic conditions might be useful but such
fi1llings are relatively rare and indicate only that the fracture was cpen at
depth. How can natural tension fractures be distingulshed from natural shear
fractures of small lateral displacement? The presence of two acutely intersecting
fracture directlons have often been used as a criterion for a shear origin.
However, a pair of acutely intersecting fracture directlons could have originated

as two sets of tension fractures formed ¢ different times. Slickensides are

{indicative of shear, and yet a set of tenslon fractures could suffer shear
dieplacement during a later deformation. It 1is also wvery difficult to establish
the relative ages ¢f a uumber of Intersecting jolut sets because such sets often
indiscriminately cut each other without spparent lateral displacement.

It appears that we have made a beginning in understanding the origin of some
kinds of joints, but the traditional goal cof using joiInts in structural interpretation

seems a5 elusive as ever.
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DISCUSSIQON

D,F. Coates asked the speaker to elaborate somewhat on basic
criteria concerning the necessary condition of his theory, and asked inpartic-
ular what the limitations on the principal stresses were.

The author replied that one has of course to consider a brittle
material containing some type of cracks. The value of the tensile strength
can be figured out mathematically. As to limitations onthe principal stresses,
if tension fractures are to form, the least effective stress has to equal the
tensile strength and the greatest effective compressive stress cannot be
greater than three times the tensile strength or else the workwillfail in shear,
This is a consequence of the Griffith theory of brittle fracture, and has been
demonstrated experimentally by W.F. Brace.

P.5, Simony asked for some more details concerning the second
model developed by the author, and in particular about the walls of the cracks
which, at one time appeared impermeable, and at another time appeared
permeable,

The author explained that if a crack propagates, its volume
increases and therefore the fluid pressure inside the crack decreases. As a
consequence, fluid in the rock around the crack will tend to flow into the crack
again, The wall of the crack is probably permeable at all times but the dif-
ference between the rate of propagation of the crack {possibly the speed of
sound) and the rate of seepage of fluid into the crack (possibly measured in
tens or hundreds of years) explains that during crack propagation, effects of
seepage are negligible,

G.R. Stevens asked if splubility of the rock in the pore fluid might
play any role.

The author said that he had always felt that when a fluid flows
from a higher pressure environment into a lower pressure environment, some
of the matters in selution in the fluid might precipitate and that one oftenfinds
jeoints filled with mineral matter.

J.B. Currie asked what would be critical field re¢lationships that
could help to test the theory developed by the author.

The author suggested that investigations of joint peometry including
a large number of joints in rocks of different permeabilities might be useful,
hut he also warned that there might not be enough geometric variables to
determine the origin of joints. The difficulty was, he said in the large number
of variables on which joint geometry depends, namely Young's medulus,
Poisson's ratio, the surface energy, o], 03, 03, the nature of the porosity,
permeability, and the way the stress field changes during jointing,
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A DYNAMIC MECHANISM FOR THE DEVELOPMENT OF
SECOND ORDER FAULTS

N. d, Price
Department of Geology, Imperial College
University of London, England

Abstract

The initiation and development of second order faults cannot satisfactorily
be cxplained by analyses based on a study of the static stress fields before and after
movement along a first order, strike-slip fault. However, increments of displacement
on faults commonly occur so abruptly that vibrations of the rock masses ere generated.
In certain ¢ircumstances, the frequency and emplitude of the shock waves and the
Btresses assgociated with these vibrations can so alter the static stress field that the
orientation and intensities of the principal stresses are momentarily such that small
aecond order fractures may develop. These small fractures, it is suggested, propa-
gate and extend with the passing of every shock wave and during subsequent increments
of movement of the first order fault, until these small fractures eventually attain the
magnitude of second order faulta. The angle which the second order fault makes with
the first order structure, and whether the movement on the secondary fractures is
strike slip or dip slip. depends upon a number of factors which include the value of the
vertical pringipal stress, the pore—water presgure and the intensities of the inertial
stresses aggoclated with the rock vibrations.

INTRODUCTION

Relatively small scale shear struetures which are associated with main,
or 'first order', faults in the manner indicated in Figure 1 have been termed secondary
oT 'second order' faults. When these subsidiary fractures occur near the end of the
first order structures they are sometimes referred to as splay faults. The movement
gense along the aecond order fault i@ such that they are obviously not complementary
to the first order structure.

The posgible origin of thege second order shears has been discussed by a
number of euthors. Anderson {1951) presented an analysis of siress distribution
around a vertical, strike-slip fault which, in the analysis, was represented in plan as
an open, elliptical fracture. He concluded that although, in general, fault movement
reduced the stress intensities in the vicinity of the fault plane, in small areas near the
ends of the fault, the siresses actually increased. Moreover, the orientation of the
pringcipal stresses changed so that splay faults with the orientation and movement
sense indicated in Figure 1 might in fact develop near the ends of first order faults.
Elsewhere along the first order fault, according to this analysis, stress levels are
insufficient to promote second order shears.
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Figure 1. Showing typlcal engular relationship and movement sense of first order
and second order faults

Anderson's physical model and his analysis of stresses around a fault may
be criticised from a number of viewpoints. However, the most obvious one is that the
faulte are not open structures. Conseduently, it is imperative to include in an analysis
the influence of frictional effects along the surface of the fault.

McKinatry (1953) carried out just such an analysis and concluded that if the
axis of maximum principal stress (¢} originally makes an angle of 30° with the first
order fault, then, after movement, the principal stress takes up & new position and
makes an angle of 60° with the main fault plane, so that second order faults may then
form at 80° or 90° to the main fault,

Chinnery {1966) haa recently criticised McKinstry's argument and has
shown that the maximum principal stress, after faulting, rotatos in the opposite sense
from that suggested by McKinstry. Such & reorientation of the stresses is completely
unable to give rige to second order faults with the orientation and movement sense
shown in Figure 1.

Chinnery also presented an analysis of the sireseses before and after fault-
ing along a first order, strike-glip fault and algo showed that splay development is
poseible in the vicinity of the ends of the first order fault. However, the pattorn of
second order fractures is, he predicts, much more camplicated than that suggested by
Anderson. He doea, however, support Anderson's other main conclusion, that the
gtresa levels in the vicinity of the central portion of first order faults, which develop
in homogeneous and isotropic material, are too low to propagate second order fractures.

In all these analyses, the stress change after fault displacement has been
considered from the static viewpoint, that is, two separate states are considered; the
first is the system of stresses which initistes fault movement and the second, which
develops after some ungpecified time-lapse when the displacement and siress changes
are completod. However, analysea using this approach are unable to explain the
development of second order faults in regions which are remote from the ends of the
firet order structures. Nevertheless, despite the conclusions of both Anderasen and
Chinnery, second order faults which are remote from first order fault-ends are
commonly observed in the field.
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It is xnown from earthquake data and from theoretical considerations that
increments of digplacement along a fault are frequently accomplished in a very short
time and that before the final static displacement is attained the system undergoes a
period of transient oscillations. Stresses are generated during these oscillations
which, it is suggested, momentarily modify the orientation and magnitude of the static
streas field to such an extent that, in favourable circumstances, second order faults
may develop. The mechanism envisaged ig outlined in the following sections.

PHYSICAL MODEL

For the sake of enalytical aimplicity, we will follow Anderson, McKinstry
and Chinnery and asgume the primary, or first order, structure to be a vertical,
gtrike-slip fault which develops as a brittle fracture in an unlimited, homopgenecus end
isotropic layer end we will consider only one layer within the medium.

Two conditions of the initial static stress will be considersed, namely, {1)
it will be assumed that these stresses are sufficient to initiate firet order movement
and (2) the first order fault is assumed to be in existence and the streas gystem is
sufficient to cause fresh movement elong the first order fault.

Prior to failure, the homogeneous and isotropic rock mass on either side
of the actual, or ineipient, fault plane is in a state of elastic strain, represented in
Figure 2 by line AA', which on failure ig translated to AA"., Failure is asgumed to be
initiated at some small source and to propagate at high velocity. Thus, for the two
conditions postulated, the thick line in Figure 2 represents in the one instance the
developing fracture while the thin line is its path end indicates the future position of
the firgt order fault, or alternatively, in the case of reshearing, the thin line represents
the existing first order fault while the thick line indicates the developing zone of
reshear along the first order fault.

It is assumed that the unsheared rock faile according to the Navier-
Coulomb criterion of brittle failure, so that the atresses at failure rre given by

T=C, +o,. Tang (1)

where 7 is the shearing stress along and ¢ is the stress acting normal to the plane
which is to become the first order fault, C  is the cohesive strength of the rock
meterial and ¢ ig its angle of friction. However, if a fault plane already exists, the
shearing streas necessary to initiate reshearing is given by

T=0_. Tan¢ (2}

Failure is assumed to take place progressively, but rapidly. The result-
ing sudden displacement (e.g. from AA' to AA™) gives rise to vibrations of the rock
mass adjacent to the fault which, in turn, results in the propagation of elastic waves.
It will be noted that when fracture propagation is rapid there is an accompanying fall
in stress at the instant of failure to some relatively low level. Of course, in the case
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of reshearing, there must be a aubsequent increase in the stress level before further
movement along the first order fault can take place.

From the equations of motion of an elastic solid it can be gshown (Jaeger,
1964) that the vibrations take the form of longitudinal (P) waves or transversal (5)
waves which propagate at the velocities V., and V_ respectively, where V_ ia approxi-
mately one-half the value of V_. The displacement of the type represented in Figure 2
will give rise to a near planer wave front which propagates parallel to the fault trace
ATA"GQ, At some distance from the fault this simple model will not hold, Nevertheless,
near the fault plane 2t point @ (which we assume is sufficiently distant from the
propagating fracture so that the stresses at the tip of the moving 'crack’ and associated
effects can be neglected) one may apply the theory of plane waves to the model. That
ia, one assumes that the stress conditions in any plane perpendicular to the first order
fault, at any instant in time, are uniform. The longitudinal wave is one of dilation.
Hence, movement occurs only in the directiom of propagation of the wave front, 1.e.
paraliel to the fault, which in this anaelysis is chosen rs the x direction, whereas the

&7 WAVE
FRONT

- Em mE ke S R

Figure 2. Diagrammatic representation of a wave front generated by sudden
displacement along the fault from A' to A"
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wave front of the shear waves travels in the x direction, but movement of elements
occurs only in the y direction (normal to the first order fault).

Assuming that viscous damping is insignificant in the early cycles of
vibration and that the movement of the elements, with time, is sinusoidal, then inertial
stresses (¢p,) are generated parallel to the direction of element vibration which are

given by
o= K. 2. u (3)

where f is the frequency of vibration, u is the amplitude of vibration end K is e
constant. These inertinl stresses, for the conditions postulated, will act parallel to
the fault when they are generated by P waves and normal to the feult when they are
agsocinted with 8 waves.

At this stage of the analysie it will be agsumed that these inertial stresses
may attain high magnitudes. A discussion of the values of f and u and the correspond-
ing values of the inertial stresses which are likely to develop during fault movement
will be presented later.

Because the P wave velocity is so much higher than that of the correspond-
ing S weve, P waves will reach an element (Q) adjacent to the fault (see Fig. 2) before
the S wave, Therefore, during the early wave lengths of the P waves reaching point Q,
only the siress component parallel to the first order fault will be affected by inertial
stresses, so that the momentary stress (ﬂx‘} is given by

c. ' =0 0 (4)

where oy is the inertial stress given by equation 3 (and is tensile, i, e., negative, in
the extension phase of the oscillation) and ¢, ig the component of stress parallel to the
fault due to the static principal stresses oy and ¢5. For eny specific value and
orientation of thege principal stresses, the stresses parallel (s,) and normal {ay) to
the fault can be obtained from the expression

2 2

where © is the angle that the greatest principal stress makes with the first order fault
plane. When the fault is being initiated, © ia given by

o or oy = 1+ 3 + % - 93 Cos2e (5

8= 45" - $/2 (6}

The value of the shearing stress {7} on the fault plane is given by equation 1 or 2,
depending upon the ¢ircumstances, and also by

=91 -3 sin20 (7
2

Because ¢, o and v ere uniquely determined by the magnitude and

orientation of ¢, and ¢ _, iffc)llows that if L. is momentarily changed to crx', there

must be & corresponding chenge in the orientation and magnitude of the principal
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stresses. The momentary magnitudes (¢’ and ¢,') and orientation 6' of the
momentary principal stresses can be obtained from the expressions

oy and 03" = %{(a"x + a'y) + ‘I(o"x - o'y)z - 41’2} (8)

and
Tan©' =(c;'1 - a';()/'r )]

Once the values of the momentary principal stresses have been determined
it is necessary to ascertain whether they satisfy the failure conditions.

It can be shown (Price, 1966} thet the Navier-Coulomb criterion (equation
{1}} can be expressed in terms of principal stresses at failure as

7 = 95 + koog (10)
where o, is the uniaxial compressive strength, and

= (1 + S8in¢)/{1 - Siné) (11
If, when specific values are assigned to ¢ and ¢, the values of ar'l and 0‘3 satiafy
equation {10), then fresh shear fractures may develop and the orientation of these
possible second order fractures can be ascertained from a knowledge of €' and ¢, see
equation {6).

It is now of interest to consider apecific exemples to illustrate the use of
these equations in determining whether, during a phase of vibration, the new orienta-
tions and intensities of the momentary principal stresses are capable of initiating
second order fractures with the disposition and movement sense given in Figure 1. To
do this it is necessary fo attribuie certain physical values to the rock in which, the
second order fracture may devel E) Let the uniaxial compressive strength of the
unfractured rock be 10,000 1b. . and the angle of friction (¢) be 30°, From these
data and from equations {13) a.nd (11), the relationship between principal stresses
which must be satisfied if second order fractures are to develop is given by

oy = 10,000 + 3,04 (12)

Let it further be assumed that the first order fault is in existence and that the greatest
and least principal stresses which cause reactivation of thie structure are 30,000 1b.
in 2, and 10,000 1b. in 2 respectively and that &1 acts at an angle {0) of 30° to the
first order fault.

From equation (5} it follows that &, = 25,000 1b. in2, and oy = 15,000 1b.
in2, The shear stresa is given by equation (7) and equals 8,660 1b. in?

Let the inertial stress due to the passage of a P wave momentarily attain
& value of - 14,500 Ib. i , then from equation (4), a’ = 10,500 1b. i nZ. Puiting these
values of ay, o 2nd 7 in equatu:m (8), the values of t.he instantaneous greatest a.nd
least prmclpal stresses (u-l and o ) which are obtained are 21,700 and 3,900 1b. in2
respectnrely From reference to equation (12) it will be seen that these values of

1
Calculations presented in this paper were carried out using a slide rule, so that
calculated values given in this paper are approximate beyond the third place.
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principal stresses can give rise to the development of second-order shears in the
unfractured rock flanking the first order fault. From equation (9} it can be shown that
the axis of the greatest principal stress (oJl) at this moment makes an angle with the
first order fault of 50°, Consequently, from equation (6}, it follows that a secand
order, strike-slip fracture could develop at an angle of 20° to the first order fault
{provided, of course, that the vertical stress falls in the range 10,000 to 21,700 1b.
in2), The movement along the potential, complementary, second order fracture would
be almost perpendicular to the general movement along the main fault and this might
mitigate ageinst its development.

As will be seen later, it is more apposite to refer to the second order
struciures, at this stage of development, as fractures rather than faults.

Consider now a second example in which the greatest and least principal
strasses initieting resheer along the first order fault are 15,000 and 5,000 1b. in*®.
respectively and, as before, 8= 30°,¢ = 30° and ¢, = 10,000 lb. in2, If the inertial
stress reaches a value of -10,000 1b. in2. the instantaneous principal stresses have
the velues of 10,000 and zero 1b. in2, At this instant ©'= 61°. Thus, it is again
possible for a second order strike-slip fracture to develop. However, it should be
noted that a further requirement must be met before such strike-slip movement can
take place, which is that the vertical stress must be the intermediate principal stress,
i.e., for this specific example the vertical stress mugt fall in the range between 5,000
and 10,000 1b. in2. However, if, as is posaible in this example, the vertical stress
fallg in the range 10,000 {o 15,000 1b, in?. it will momentarily be the greatest
principal stress, so that the second order shear will be a normal, dip-slip fracture
and such a fracture could develop even if the inertial siresses are somewhat lower
than the figure gquoted.

Thus, depending upon the values of the least and intermediate principal
ptresges, thig mechanigm can give rise to either strike-slip or dip-slip second order
fractures. The strike of the latter type of fracture will, of course, be parellel to the
axia of the larger of the two instantaneous horizontal principal stresges, so that the
types of fracture will have the orientations indicaied in Figure 3. Buch orientations
are in agreement with field cbservations {e. g., Dead Bea Area).

From the calculations presented in this section it follows that, provided
large inertial stresses are generated during faulting, second order fractures of one
type or another may form. In the following sections a more general study of the
conditions which may give rise to such fracturing is carried out. The data which are
presented were obtained by repeated calculations of the type used in the preceding
paragraphs,

INITIATION OF FIRST ORDER FAULTS

In this section it will be agsumed that the regional static stresses are able
to initiate first order faults. As in the previous section we will congider a gpecific
example in which the angle of friction of the rock {($) equals 30° and its uniaxial
strength is 10,000 1b. in2, Consider an example when the least principal stress {cg)
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i 10,000 1b. in2,, then from equation (123, oy at failure is 40,000 1b. in2. and from
equation (6} the angle between the axis of maximum principal stress and the first order
shear plane which will be initiated is 30°, The values of these static stresses are
represented on the ordinate axis of Figure 4.

The abscissa of this figure represents various values of compressive or
tensile inertial stress which may occur parallel to the first order fault, as it develops.
The instantaneous values of the least and preatest principal stresses (011 and cr:';}
corresponding to any specific value of inertial stress are represented by curves A and
B respectively. The mmstantaneous failure stress associated with the least principal
stress (o-'3) cen be obizined from equation (12) and i8 represented by curve F.

It will be seen that except when inertial stresses are zero (in which case
5'1 = o) the momentary values of the greatest principal siress are everywhere
greater than the failure stress.

Because the veloeity of the P wave is greater then the rate of propagation
of the first order fault, the inertial stresses may give rise, shead of the developing
first order fault, to a zone which contains a host of fractures. Such a weakened zone
will permit the first order fault to propagate more readily, but in general, the orienta-
tion of the fractures will not be that indicated in Figure 3.
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Figure 4. Showing the relationship between inertial stress values and the correspond-
ing momentary values of the greatest and least principal stress (cr'l and aé)
in curves A and B, The failure siress corresponding to curve C is given
in curve F
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It may be noted in passing that this shock wave mechanism probably plays
an important role in the formation of joint-surface feaiures, i.c., plumose structures.

RESHEARING ALONG EXISTING FIRST ORDER FAULTS

When considering movement along an existing fracture, the shear stress
necessary to initiate such activity is given by equation {(2), However, one is no longer
limited to the relationship that the maximum principal stress {crl, i.e., the static
stress) must be oriented at an angle © determined by equation (6). In this instance ©
may vary between quite wide limits. However, for ease of presentation of the
argument it will first be essumed that ¢ = 30° {corrosponding to a value of ¢ = 30° in
equation (6); the more general case will be considered later.

For the situation under consideration, where CO, and hence o« , along the
length of the first order fault is zero, the relation necessary to cause fresh movement
im given by

0'1 = 3.0’3 (13)

The initial stress conditions necessary to cause reshearing when oy
equals 10,000, 5,000 and 2,000 1h. in2, regpectively are shown on the ordinate axes of
Figure 5a, b and ¢. The instantaneous principal stresses (0"1 and cr'3) corresponding
to the appropriate inertial atresses are indicated by the symbols. Because we are
interested in the possibility of second order shears, the failure stress condition
(Curve F), baged on the values of o5, are calculated from equation {12},

It will be seen that for small values of inertial stress o—i ig less than the
failure stress. However, when in Figure 5a the inertial stresses resch a value of
-14,500 1b. in2, or 22,000 1b. in2,, 0"1 equala the failure etress. The corresponding
points in Figurs 5b and ¢ occur when the inertial streases attain values of -10,000 and
15,000 1b. in2. and -5,250 and 12,000 1b. in2, respectively. These points represent
poggible conditiong in which second order fractures may develop. It will be noted that
two of the conditions of tensile inertial stress cited shove were used as exemples
earlier in the text and can certainly give rise to second order fractures. The
significance of the condition when the inertial stresses are compressive will be
congidered later,

Firsi order faults may exist and be active throughout many tens or
hundreds of millione of years and during thie time the stress field may change in
orientation and intensities due to agencies other than fault movement.

It has been pointed out that reshearing along a first order fault may take
place when ® = 45° - ¢/2 and this condition may be taken to be the general case,
which will now he investigated.

¥f there i to be movement along an existing first order fault plane, then
from equations (2) and (5}
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Figure 6. Bhowing the relationship between the ratios of the principal stresses which
exist when slipping occurs on a first order fault and the maximum principal
stress makes an angle © with the first order fault plane. Maximum
permissible ratics when oy equals 2,000, 5,000, and 10,000 1b. in?, are

also ghown,
oy. Tang = (71 + 93 - 91 - 73, Cos28) Tand (14)
2 2
From equations (7) and (14) it follows that
9 - 144 (15)
a3 1-4d
where d = 8n20 + Cos20.Tand

Tan ¢

I, as before, we let ¢ = 30°, equation 15 can be expressed graphically as a relation-
ship between the ratio of principal stresses ( o’l/cr ) and @, see Figure 6. It will be
gecn that limits are set to the ratio of the principaq stresses by the failure conditions
(equation (12)) so that when &'y = 2,000 1b. in2, 9 /0'3 = 8.0 and this ratio is attained
only if o makes an angle of 5° or 55° with the first order fault plane. The
corresponding angles when oy equals 5,000 and 10,000 lb. in2, are indicated in
Figure 6.



- 61 -

"z U1 "q[ 000°0T PUE ‘000°S “000°% §@

aanssard Sururruoo JO SON[BA I0] UWMOYS OSTB 918 BIEP 959Y) I0] ,g Jo onfea SurpuodsaiIoo ef], '@ JO €an[BA

SNOIIRA J0] 8IN[rg] 96Ned 01 AIBSSa00U F055aI)E [BIIJAUL O} JO ON[BA 9Y) Usam1eq dIBULIIRTOI ST SMOTE

L aandig
5] 9
0OF © 0% o o¥ 08 o 0% or 0% 1]
i T - o v 7
Al 18
g
Al =y - — PR - |
0% 101 ot 0&" 401
+5 D—
| J X J 4 d
0% Pl Pl ..M.u o¥ LHrx oz 0% gl moﬁx :_.._vm
e — 0 D
ka v
s M T T T T T T T Ty
{ A T T T T T T T T T T v
Had 091 Kily
—B
I
Ut'q0000T = % P
gl & - o 0004 8
I i 000%
3 q




- 62 -

Let us now assume that the values of oy, oy and © satisfy equation {15),
so that movement along the first order fault is possible but that the ratio of the
principal stresses is not sufficiently large to cause fresh fracturing. Then, by using
the techniques previously described, it is possible to establish the inertial stresses
necessary to give e ratio of 64 /oy such that second order failure may occur as the
result of reshearing along the first order fault. The orientations of the instantaneous
principal streases when these conditions are satisfied can also be determined.

The interrelationship betwecn B (the angle the static principal stress oy
makes with the first order fault), the inertial stresses necessary to cause second order
failure and the angle ©', which the instantaneous principal stress 0"1 makes with the
firat order fault, ig given for three values of confining preasure (og) in Figure 7a, b
and c.

In these figures, horizontal lines AA' and BB' represent limiting angles.
If the value of B falla between these limits, the instantanecus principal stresses will
be dissipated by shearing along the first order fault. (That this is so can be dernon-
strated by constructing the appropriate Mohrs diagram). Only if the value of ©' falls
outside these limits can new aecond order fractures develop. It will be seen that this
condition occurs only when the inertial stresses are tensile. For the values of og
represented in these figures, the value of 8', when failure by the development of new
second order fractures is poasible, ranges from 45° at high confining pressures to
more than 60° at low confining pressures. It may be inferred from equation {6),
therefore, that second order, strike-elip shears may develop at angles hetween 15°
and more than 30° to the first order fault. It should be noted that, at low confining
pressures, failure may occur as normal 'faulting', in which caae, these dip-slip
fractures will be parellel to the higher of the iwo momentary, horizontal principal
stresses, a8 indicated in Figure 3.

INFLUENCE OF PORE-WATER PREBSURE AND UNIAXIAL STRENGTH

Hitherto in thia paper, the rocks have been assumed to be dry. In the
earth's crust, however, the pore-spaces in the rock will, in general, be filled with a
fluid, usually water, at pressure {p} which is related to the vertical geostatic pressure
( o) by the expreaaion

[}

p Ao, {18)
where

gy = P.g.Z. (17)

In equation (17) p ig the bulk density of the wet rock, g is the gravitetional constant
and z i85 the depth. The bulk dengity of rock is often about 2.5, so that the value of A
for water pressure due to ordinary gravitatienal loading of the fluid will he approxi-
mately 0.4. However, in certain circumstances, ¢.g. when the porg fluid is trapped
and unable to migrate, X may reach the limiting value of 1.0.
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The relationship hetween the total principal stresses (81,2,3) and the
effective principal stresses { o 2, g) are

S]_= 0-1 + p
8y = %9 +p (18)
83 = 03 + P

Let us assume that 89 for all exemples and date so far given is equal to 20,000 1b.
in2, For one group of data ¢q= 10,000 Ib. in2, and g3 = 30,000 1b. in2. , therefore,
because .84 is fixed at 20,000 1b. in2., 69 must fall in the range 10,000 to 20,000 1b.
in?. so that p must be in the range 0 t{o 10,000 1b. in”. and hence A = 0 to 0.5. For
the other groups of data, when &4 equals 5,000 and 2,000 Ib. in2 and By = 20,000 1b.
inZ. the range of values for A are 0.25 to 0.75 and 0.7 to 0.9 respectively. These
groups of examples therefore cover most values of A likely to occur in nature.

It has been shown (Price, 1958) thet pore-water pressure has little or no
influence upon the angle of friction {¢), so that k too is unaffected. However, pore-
water causes a reduction in the uniaxial atrength which may be as much as 50 per cent
if the rock has a porosity of 10 to 20 per cent.

If it is assumed that the rock type under discussion, with a uniaxial dry
strength of 10,000 1b. in2., has a strength of 5,000 lb. in 2, when wet, the relationship
between effective principal stresses at failure is given by

0y = 5,000 + 3, 7y

The valueg of inertial stress necessary to cause second order failure, when oy =
5,000 1b. in2. through a range of confining preasures when the maximum prineipal
static stress makes an gngle of 30° with the first order fault, are indicated in

Figure 8.

I fault movement is controlled by a massive competent unit, while the
unite ahove or below are considerably weaker, second order failure may occur in the
relatively incompetent material when the inertisl stresses are relatively small. The
inertial stresses necessary to cause failure in material with a uniaxial strength of
2,000 1b. in 2. and value k= 3.0 are also indicated in Figure 8. If k is less than 3.0
there will be a corresponding decrease in the magnitude of the inertial stresses
necessary to cause second order failure.

If the angle which the maximum principal static stress (rq) makes with
the first order fault is significantly different from 30°, then from the arguments
presented in the previous section, the inertial stresses necessary to bring about
second order failure will be further reduced, reaching zero magnitude at the various
limiting angles.

1t follows from these arguments that the intensity of inertial stress
necessary to initiate second order faulting depends upon a number of factors. But in
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many instances, especially when the rock is weak, pore-watcr pressure is high, the
cffeetive least prineipal stress is low and the angle between the axis of greatest
principal static stress and the first order fault is between 40° and 50°, the magnitude
of the inertial stress needed to cause sccond order fracture may be quite small: as
little, perhaps as a few hundred, or at most a few thousand pounds per square inch.

FREQUENCY AND AMPLITUDE OF VIBRATION

It has been noted that the iuertizal stress is related to the frequency (f} and
the amplitude (u) of vibration hy

o = K.f2.u (3)

If it is agsumed that the density of the rock is 2.7 and that the displacement, or
amplitude of vibration (u) is measured in inches, then the inertial stress is given in
pounds per sguare inch when the constant K has the value 3.8 x 10 -3, This cXpression
is represented graphically in Figure @ for values of stress up to 3,000 1b. in2. and
amplitudes of vibration of 0.5, 1.0, 2.0 and 10.0 inches. It will be seen that if the
amplitude of the shock wave ig about 0.5 inch, the frequency of vibration necessary to

3 . 3
10" |b.in:

v 2§

%]

w

=

e

v

8

25l

¥

c

=

o
Figure 8. 'J;

<
Showing the relationship Y
between inertial stress
necessary to cause failure for
specific values of the least
principal stress and uniaxial 10 ) )
strength (when the maximum 0 10 15
pringipal stress makes an Inertial StI'ESS

angle of 30° with the first 3 2
order fault plane). 10 |b.in’



. 65 -

.2
Ib.in
3000+ 10-0 2:0 1-0 o5 Ulins)
2000~
wn
4]
o
=
n
— 10001
©
=
| -
k)
L
0 500 1000 c/s
Frequency

Figure 9. Relationship between frequency (f) and displacement {u) for values of
inertial stress up to 3,000 1b. in 2,

generate an inertipl stress of 2,000 1b. in 2. will be epproximately 1,000 cycles per
second. Such a frequency is two, or even three orders of magnitude higher than those
which usually figure in the seismographic records of major earthquakes. However,
these records are often obtained at some distance from the earthquake focus.

The model postulated hers relates to wave conditions within a reasonably
close proximity to the focus and in this context, Bullen (1953) states "in near earth-
quakes, waves of periods of less than 0.01 seconds may be siguificant™ {p. 146}.
Further, Ambraseys (personal communicatien) has recently shown from theoretical
arguments that the freguency of vibration associated with sudden fault movement in
solid rock ig related in a linear fashion to the width of the zone of strain adjoining a
fault plane. He estimates that a transient vibration with a frequency of about 1,000
eycles per second would be initiated if the strain extended in a narrow zone aome 35
feet 0111. either gide of a fault plane were released by sudden movement alang the
plane 1.

lThiB width of zone is possible if the stresaes immediately following failure fall to
zero. For more probable conditions when there are residuel stresses, the width of
the zone will be correapondingly reduced.
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Data relating to fault displacements and amplitudes of associated high
frequency vibration close to the focus are not available, as far as the nuthor is aware.
However, it may be inferred that, even for low confining pressures, a zae gome 70
feet in width will be able to support an elastic gtrain which, on release, is capable of
giving rise to a displacement and amplitude of shock wave of half an inch: for the
distributed shear strain of such a system prior to failure is less than 0.1 per cent.

This line of argument is, of course, far from rigorous; it does however
indicate that vibrations may occur, a8 a result of feult movement, of such frequency
and amplitude that inertial streases may develop with a maeximum intensity of many
hundreds or even thousands of pounds per equare inch.

Bacause the amplitude of vibrations are proportional to, and the frequency
inversely proportional o, the width of the zone of strain, and because inertial stresses
increasge linearly with emplitude, but as the square of frequenoy, it mey be inferred
that high inertial stresses will most readily develop when the zone of strain is narrow.
Such conditiona of strain will not, of course, glve rise to major earthquakes, but are
likely to be associated with the myriads of very low magnitude shocks continually
occurring around the world.

Because the inertial stresses associated with these relatively small
disturbances act for very brief periods, further comment is necessary. The Navier-
Coulomh criterion of failure used in this peper is independent of time. It is known,
however, that rock fallure is influenced by the duration of application of load. For
tosts of long duration (i.e, many weeks) the failure strength ia significantly helow the
level of stress the rock will support if the load ie applied at the upugl test rate of
100 1b. in2 per sec. If the failure load is applied in milliseconds the strength is
further increased. Data for concreis (Evane, 1958) show that for times te failure
hotween 10 seconds and 0.01 seconda the strength is essentially conatent but increases
for tests of shorter duration (0.001 sec) by approximately 25 por cent. Assuming this
relationship can be applied to rock, then, for the sake of this snalysis, whenever
strength data are quoted we merely assume that these data refer to the 'milli-second’
strengths and that the equivalent standard-test strengths would be some 20 - 30 per
cont lower,

DEVELOPMENT OF SECOND ORDER FAULTS

It will be realized that, while the wave train lasts, the states of stress
around the first order fault are continually varying. Nevertheless, for a portion of
one cycle the variation is not great, 8o as a firat approximation the stress field can
be considered to be constant in orientation and intensity for a short time 't' which has
a duretion of about 10 per cent of one cycle of vibration. The length (L) of a second
order fracture which may develop during the passage of one P wave will therefore
approximate to

Ly = V101

where V¢ is the veloeity of propagation of the fracture. For the stress environment
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envisaged V; may be as high as 10,000 feet/sec. H the frequency of the P wave is
1,000 .cycles per second then the length of the second order fracture which may develop
during ¢one cycle will be about one foot. Omnce this fracture has formed it can be
extended and propagate with every successive cycle of vibration. Hence, from a
sequence of P waves resulting from one increment of movement along a first order
fault a small second order fault, a few feet or tens of feet may develop. The presence
of such a minor gecond order fault introduces a degree of anisotropy into the problem,
g0 that repeated movement and propagation of this minor fault can take place more
readily during shocke due to further incremeots of movement on the first order fault:
for slip on the second order fault can now occur at valuea of transient prineipal stresa
of smaller magnitude than those neceasary to initiate second order failure.

Thus, although the second order structure is initially of very limited
extent, it can, through successive cycles of vibration and during successive increments
of slip along the first order fault, develop into relatively large-scale structures.

INFLUENCE OF INERTIAL STRESSES DUE TCO 8 WAVES

It is convenient at this point to consider briefly the influence of the inertial
stresses due to the S waves. In this simple treatment it will be assumed that the
values of the inertiel streases due to the 8 waves are equal in magnitude to those
generated by the P waves, Only two instances will be considered, they are that the
inertial stresses due to the P waves and the 8 waves are either exactly in phase or
exactly out of phase.

The initial stress conditions assumed in this example are oy = 10,000 1b.
inZ. and o} = 30,000 1b. in®, acting at an angle ©= 30° to the first order fault. The
relationship between the instentaneous principal stresses (0"1 and a"3} and the inertial
stresses when the P and 8 waves are in and out of phase are represented in Figure
10 & and b respectively.

It will be seen in Figure 10 a that when both the inartial stresses are
compressive, second order failure is not possible, However, when both the inertial
stresses are tensile and attain a value of 5,000 1b, in2, second order failure is
possible; moreover, it will be noted, this is a lower value than need be reached by the
inertial stress due to the P wave alone (see Fig. 5a). When the stresses are out of
phase failure can occur when the inertial strese due to the P wave reaches -14,000 1b,
in2. {a value which i8 comparable to that necessary to cause second order failure
when only the P wave operates). However, failure conditions are reached when the P
wave reaches a value of only 4,000 1b, in2, When this condition iz attained €' = 20°,
go that these stresses will be dissipated by causing further movement along the first
order fault,

In general, therefore, one may conclude that although the 8 waves may
help, they probably add only a little to the development of second order faults.
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ZONE OF SECOND ORDER FAULTING

The direction of propagation of shock waves has hitherto in this paper becn
assumed to be in a direction parallel to the first order fault. This assumption holds
as a clogse approximation adjacent to the main fault plane itself. However, the area of
strain initiating the shock wave may he small compared with the extent of the main
fanlt. The wave-front, in the horizontal planc, resulting from snch a relativcly small
source of disturbance will be approximately circular. Assuming the focus of disturb-
ance (I), in Figure 1la, ig at such a distance {d) from elements @, @' etc. that the
wave-front acting on any of these elements may be taken as linear, with the direction
of vihration of the P wave acting along the radius centred at I, then, at point Q', the
component of inertiel stress parallel to the main fault will be

crhx = c'In.Cosz‘I'
2
and "I, Oy Sin 2 ¥ (20

If it is asanmed theat the inertial stresses are jnst able to ceuse second order failure
at point Q adjacent to the first order fanlt, the stress intensities at points @' etc,
obtained by introducing equation {20} into the analysis are expressed as percentages of
the instantaneous failure stress. Thesc data are plotted against ¥in Figurc 11b where
¥' ctc, are the angles that IQ' etc. make with the first order fault, The relative
rapid fall-off in intensity of the instantaneous stresses away from the first order
fault, indicated in this figure, can be invoked to explain why second order faults oceur
in relatively narrow zones on either side of the first order fault.

RECAPITULATION AND CONCLUSIONS

It has not been possible to explain the devclopment of second order,
strike-slip faulta by using the approach in which only the static stresses before and
after faulting are considered. However, incrcments of fault displacement frequently
oceur so quickly that the movements generate vibrations of the rock mass. In certain
circumstances the frequency and the amplitude of the shock waves and the stresses
associated with these vibrations can so alter the static stress field that the orientation
and intensities of the principal stresses are momentarily such that small second
order fracturcs may develop. These fractures, it is suggested, propagatc and extend
with the passing of every shock-wave and during subsequent increments of movement
of the first order fault.

Depending upon the initial stresses, particularly the intensity of the
vertical principal stress, the second order fractures which devclop may be either
strike-slip or dip-slip structures.

The intensity of the transient inertial stresses nccessary to cause second
order fractures arc relatively high, but are lowest when the rock is weak, the pore-
water pressure is high, the lcast effective principal stress is low and the angle which
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the axis of greatest principal stresa makes with the first order fault is relatively high
{40° - 50°). These conditions may appear somewhat special, nevertheleas, it may
trangpire that second order faults only develop when most of these various conditions
are satisefied.
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DISCUSSION

T.B. Anderson pointed out that according to Dr; Price's hypoth-
esis, the orientation of the second order fractures depends not only on the
orientation of the stress field, but also on the values of the inertial stresses.
These inertial siresses are generated as a series of pulses and in succeeding
pulses the stress values are not likely to be exactly the same. If the splay is
growing as a series of small increments, orientation of these increments
should therefore change slightly and the splay might be obviously curved. He
asked the author if he had observed curved second order fractures.

The author mentioned that second order fractures are generally of
the order of 3 to 10 feet and seem to be reasonably straight, He suggested
that larger fractures might appear as valleys or gullies, but he did not know
of any data pertinent to this problem.

K. Barron {written comments)

1. I understand that, in general, a second order fault stems out
from only one side of the first order fault in the manner illustrated by Price
in Figure 1. Price suggests that the second order fault is created by the
action of the stress wave on a flaw ahead of the propagating first order fault,
this stress wave being created by and preceding the propagating first order
fault, If this is so, why should this second order fault be formed so conven-
iently that, when the propagating first order fault reaches it, it stems out
from only one side of the first order fault rather than, in general, cutting
across it?

2. Assuming that the second order fracture is formed as sug-
gested, what happens when the propagating first order fault reaches it? Price
suggests that the first order fault proceeds along its path as if the second
order fault did not exist. From two points of view, I doubt that this is the
case:

{a) The redistribution of the local stresses due to the second order
fracture would, in my opinion, be highly likely to affect the direction of pro-
pagation of the first order fault, even locally,

{b) The first order fault will propagate in a direction that demands
minimum energy loss from the system, When the first order fault hits the
second order fracture the energy will be split between the two systems and,
depending on the orientation of the second order fault, could result in an
extension of both the first and second order faults, or a deviation of the first
order fault along the second order fault, or finally the case Price suggests,
With the orientation show in Figure 1, of Price I think that the last case would
be the more remote possibility.
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3. Whilst not denying the possible mechanismes suggested by
Price, Ibelieve that it is not necessary to assume that a high magnitude
stress wave is generated by the propagating first order fault and that a flaw
exist in its path, in order to postulate mechanisms of second order faulting.

Two possible mechanisms come to mind;

{a) To regard the propagating first order fault as a long thin ellip-
soidal crack and examine, in a general manner, the energy balance of the
system when a crack of length 2c¢ extends by an increment dc.

(i) There is a loss in potential energy of the externally applied
forces due to the displacements reduced by crack propagation., If W ise the
total potential energy of the external forces, the change in W due to a change
in crack length is dW/de,

{ii) There is a gain in the excess strain enerpgy in the material
around the crack due to lengthening of the crack. If the initial excess strain
is We, the gain in We due to change of length dc is dWe/dc.

{iii) There is a gain in the surface energy of the crack because of
the creation of the new surface. If the initial total surface energy is Ws then
the change of Ws due to the change of dc in crack length is dWs/dc,

(iv) There is a gain in the kinetic energy of the saystem dueto prop-
agation of the crack, If the total kinetic is initially Wk, this increase due to
extension dc is dWk/dc,

Thus, ignoring any expenditure of energy in plastic deformation
(i.e. assuming brittle behaviour), since energy balance must be maintained
then:

aw - dWe + dW s + dWk (1)
dc de dc dec

Now it can be shown (Love, 1906) that

dWe - 1/2dW (2)
dec dc
and thus (1} becomes:
dWe _dWs + dWk (3)

dc de dc

For a slowly moving crack dWk/dcQ and dWe/dc = dWs/dc which has been
shown to be the same as Griffith's criterion for fracture initiation at a crack
(Griffith, 1925},
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Now, in a crack which propagates it has heen shown (Craggs, 1960)
that the force required to maintain a steady rate of extension of the crack
decreases ag the rate increases and that there is a limiting velocity of prop-
agation of a single crack., Once a crack reaches its terminal velocity the
kinetic energy associated with crack extension will also become constant.
However, the released energy increases with crack length and thus this addi-
tional energy can only be dissipated by the formation of a new crack surface,
This results in the well known phenomenon of forking or branching of a crack
and the production of additional cracks at an angle to the original.

Could not, therefore, this be a possible explanation of secondary
faulting ?

(b) Another possible mechanism for secondary faulting is sug-
gested from the work of Hoek (1965) who studied the initiation of fracture
from artificially induced closed cracks in glass, Iloaded under static stress
conditions, Figute A is a photograph reproduced from Hoek's work, It
appears to me that the generation of the short fractures along the length of
the initial closed crack could well be analogous to what might be regarded, on
a larger scale, as secondary faulting.

The mechanism suggested by Hoek to explain this phenomenon can
be briefly described as follows: Due to irregularities in the crack surface,
sections of the crack are forced into intimate contact and develop a high frac-
tional shear resistance when the crack is subjected to compressive stress.
Between these sections of high shear resistance one can vigualize short open

Griffith's' cracks. Fracture first initiates at or near the tips of these short
open cracks, producing the 'secondary faulting'. As the applied stress level
increases, a stage is reached when the frictional shear resistance due to con-
tact between the crack surfaces is overcome, At this stage the initial crack
can be regarded as a Griffith's closed crack and eventually fracture initiation
will take place at the ends of this closed crack.

I emphasgize, that the two mechanismes suggested above do not
invalidate Price's argument, I propose thermn merely to point out that there is
insufficient experimental evidence in existence to allow unique solutions to
these problems to be established.
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4, Hoek, E, Rock {fracture under static stress conditions; N M, E R.1.,

C,5.1.R., Pretoria, South Africa, Report MEG 383, October, 1965,

Dr, Price (submitted the following reply} With reference to the
first two points made by Mr, Barron, I would like to emphasize that I con-
clude in my paper that second order faults do not develop when the first order
fault is itself propagating, but rather do they result from reshearing of an
already existing first order fault. Hence problems of deviation of the first
order fault do not arise.

As to the question why second order faults sometimes develop on
one side of the first order fault (in any one exposed locality: this may be
attributed to the behaviour pattern, noted by Coates (this volume), i.e. only a
single stress pulse may occur with one movement of the first order fault. It
will be recalled that second order fractures are associated only with the tens-
ile pulse, so that such fractures can only occur in the far fault block (Fig. 1
of my paper) to the left of the source of the shock wave and to the right of the
source in the near fault block,

With reference to the energy argument and the Griffith crack
mechanism, Mr, Barron's suggestions certainly are feasible especially as
regards the development of the 'tensile feather-fractures' so often associated
with minor first order shears. However, it would be necessary to explain
how such tensile fractures eventually turn into second order shear fractures.
#Also, I am tempted to enquire in turn of Mr. Barron how he would explain the
frequently observed fact that tensile feather-fractures occur only on one side
of the first order fault,

D.F. Coates (written comments} Those of us working in rock
mechanics heartily congratulate the organizers of this conference as it
focuses attention on an area of geology where we would like to have more
answers, Specifically, it would be very helpful in analyzing ground control
problems to have more information, either conceptionally or empirically, on
the probable stress regimes associated with various structural features, For
this reason, we are particularly grateful to contributors like Dr, Price who
are willing to enter into this difficult border zone. Having tried to make a
contribution in this area myself, T have a distinct awareness of the problems
that must be faced regarding boundary and deformation conditions that are
implied by the various structural actions.

In the case of this paper, I would offer some comments and ask
some questions that may be of assistance to those who are doing the real work
in advancing this subject. The concept of explaining some cemmonly observed
fracture or joint patterns by the transient, or dynamic, stresses associated
with sudden fault action is very ingenious. It is conceivable that some com-
bination of static and transient stresses may explain some of the fracture
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phenomena observed. The concephtis similar to that which has been sug-
gested as the source of signals emitted by rockbursts and recorded on seis-
mographs. In this latter case, it has been suggested that a relief wave orig-
inates at the pillar which has burst and a compressive shock wave is gener-
ated at the abutments by the sudden redistribution of stresses.

In the case of faults, I would envisage that the relief of stress
implied by faulting could produce a relief wave with a magnitude, or ampli-
tude, no greater than the pre-existing stress, be it compression or shear,
Hence, these dynamic stresses need not be assurmed completely arbitrarily
and their directions should be such as to be radiating from the point or area
of release and hence unlikely to be planar. Also, as the initial disturbance
would be in the nature of a shock, or have a conventional oscillatory wave, it
is improbable that the input would be in the nature of vibrations unless the
faulting occurs in a rapid series of slip-stick failures. Signals that are
picked up some distance from the fault can be oscillatery due to the change
that will ccecur in a shock wave as a result of radiation from its source and
also as a result of reflection and refraction from discontinuities,

The effective stress concept has been mentioned also in this paper
and the example presented might be clarified. The principle, as originated
in soil mcchanics, can be expressed as follows:

T c+ {g - u t:an2 {45 + @ /2)

f

—ct+a.k

where T, = the shear stress on the plane of failure c = the intercept on the Y-
axis of the failure envelope plotted on 2 Mohr diagram, ¢ = the total normal
stress on the plane of failure, u = the pore pressure, ¢ = the angle of inclina-
tion of the failure envelope, ¢ = the effective normal stress and k = tan2(45 +
©/2). As such, it is not expected that the pore pressure, u, would have any
effect on the angle defining the failure plane, 45° + g/2; although it is known
that some minerals have different coefficients of friction when they are wet
and when they are dry. Furthermore, any effect on apparent strength, ignor-
ing such transient conditions associated with relatively high strain rates with
respect to permeability, should occur through the presence of pore pressures
and should not be related to porosity. It would be helpful to kmow if the author
agrees with these concepts.

The actual examples cited are interpreted as follows:

01=Q+k03

or (o -u!:Q+k{03-u'l

1



- 77 -

or Ul=Q+kc3-u(k-l}

Where Q is a constant the maximal compressive strength whenu = o.

It is stated that the dry strength of the sample is 10, 000 psi and
the apparent strength when wet is 5, 000 psi; in other words, the total major
principal stress at failure is 5, 000 psi and the total minor principal stress is
¢, e.g.,

5,000 = 10,000 + 3 x 0 - u(3 - 1)

hence u = 2,500 psi

Therefore, if it could be assumed that the pore pressure would
remain constant at 2, 500 psi under all loading conditions, which would not
normally be a good assumption, the following equation could be written

oy = 5,000 + 303

This looks like the same equation given by the author, excépt that the above
equation is in total stresses as opposed to effective stresses. Perhaps the
author could clarify or correct my interpretation of his data.

Dr. Price {submitted the following reply} The inertial or pulse
stresses assumed in my paper were less than the pre-existing stresses.
Alsa, a recent paper {Idriss and Seed, Report Soil Mech, and Bit. Matls Lab.
California, Berkley, April, 1966) indicates that even at some distance from
the source, pulse stresses can attain values of about 1, 000 1b, in2, so that
near the source stresses of the magnitude needed to enable the shock
mechanism to produce second order fractures will almost certainly be avail-
able.

I agree with Coates that if an increment of fault displacement
occurs as a single movement and does not involve a stick-slip oscillation,
then close to the source, any shock will occur as a single pulse and not as an
oscillatory wave., However, a first order fault formed by brittle fracturing
may develop from thousands, or even tens of thousands of separate incre-
ments of movement. These increments and their attendant shock pulses
would provide ample opportunity for a small second order fracture to develop
into a fault even if the inertial stresses occurred as a single pulse per move-
ment rather than as an oscillatory wave,

With reference to the pore-water pressure, I have found that the
uniaxial strength of saturated rock was less than 50 per cent of its owen-dry
strength. The reduction in strength, I suggest, is due more to the reduction
of the surface energy of the rock by the adsorbed water thantothe mechanical
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effect of pore-water pressure. One specific rock type (Darley Dale
Sandstone) has a dry strength of a little over 10, 000 1b in2 and a rock
strength of 5, 000 1b in2 (c,f. the data used in the paper), The estimated
pore-water pressure developed in the rock in the wet uniaxial test was of the
order 250 1b in?, This presgssure ip leas than 10 per cent of the pore-water
pressure postulated in the paper, so in view of the other simplifying assump-
tions in the presented analysis, I felt that little error would be incurred in
agsuming that all the reduction in strength in uniaxial tests of wet rock could
be attributed to a reduction in surface energy rather than to a mechanical

effect of the pore-water pressure,
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FRACTURE AS A MECHANISM OF FLOW IN NATURALLY
DEFORMED LAYERED ROCKS

D.W. Stearns
Texas A&M University
College Station, Texaa

Abstract

Fracture as a mechanism of flow (cataclasis) has long heen recognized by
experimenters and field geologists alike. Therofore, there is nothing profound to be
said about the phenomenon itself. However, the parameters affecting the phenomencn
as an active agent in geological deformation have received very little attentiom.
Examination of ngtural examplea of cataclasig and the apparent controle affecting the
mechanism suggest that the role of cataclasis haa not alwaya been evaluated properly
by geologista. In particular, it forces a way of thinking that questions certain ill-
defined concepts such as 'competency' and 'bulk behaviour'. It also leads to canclu-
sions concerning the changes in the behaviour characteristics of certain rocks during
the deformation. Certain rocks behave as brittle materiale early in the deformation
end as a result are able to respond in a ductile manner later in the deformation.

Cataclasis can be an active mechaniem on ell scales from grain to grain
up to total sectiong veveral thousand feet thick. A given rock type can behave as a
brittle member in one part of the structure and a ductile member in another part of the
structure, The fracturing involved ranges from well ordered to completely unordered.
Some of the parameters that seem to control cataclesis observed in natural studies
are; rock type, total strain or strain rate, bedding thickness, degree of contrast in
phyaical properties of adjoining layers, scele, and structural style. The most
important control resulis from verious combinations of these parameters,

INTRODUCTION

Fracture as a mechanism of flow (cataclasia) has long been recognized by
experimenters and field geologists alike. However, cataclasis is not usually regarded
as an active large-scale agent in geologic deformation. More frequently the field
geologist restricts the concept of cataclagis to the formation of mylonites or certain
metamorphic texturea. Handin {Handin and Hager, 1957) observed cataclastic flow as
a phenomenon in the experimental deformation of sandstones and states: "Cataclastic
flow involves displacemente of constituent gralne of an aggregate relative te one
another, sccompanied by mechanical granulation, breaking, or crushing of grains",
This definition properly describes the behaviour of small laboratory specimensg of
sandstone, but it can be extended to describe a natural deformation style common to
many rock types by removing any limitation of scele. Once a rock layer loses
cohegion along fractures and separates into diecrete parts, no matter what their size,
it can begin te flow by 'displacements of constituent' pdrta 'relative to one another
accompanied by mechanical grenulation, breaking, or crushing’. Therefore, a britile
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FIELD OBSERVATIONS

The size of fractures found in naturally deformed rocks spans at least
eight orders of magnitude. Fracture aover this entirc range operates as a mechanism
of cataclastic flow. An illustration of the smallest scale with which the author is
familiar is found in deformed Mesozoic sandstones near Fruta, Colorado. Nearly
flat -lying, thick (+ 350 ft.) sandstone units are draped over sharp discontinuities in the
crystalline basement. The basement faults frequently die out abruptly upwards within
the first 100 feet of the overlying clastics so that the upper parts of these units are
macroscopically continuous. The folds are characterized by two nearly parallel
hinges about one-guarter mile apart. Across the first hinge the dip ehanges abruptly
from 0° fo 10° or 12°. Acress the second hinge thoe gently dipping beds roll sharply
to a nearly vertical position. In the low-dipping section the beds are thinned about
10 per cent. Here the interval studied is composed of nearly pure quartz sandstones
(less than 1.5 per cent calcite cement).

There is no increase in unduloso extinction or of quartz deformation
lamellae over those observed in the undeformed part of the hed. Therefore, it can be
concluded that thinning was not accomplished by intragranular flow, Widely spaced
macrofractures are the only observable discontinuities in the beds and there is no
increase in these in the low-dipping deformed sections. There is less than 1.5 per
cont decreese in pore space between the undeformed sandstone and sandatone in the
gection thinned 10 per cent, thus ruling out the mechanism of bulk volume change.
Petrographic examination reveals no change in either the number of microfractures
that transect individual grains or the development of unhealed microfractures (Table 1).
The only mechanism seems to be fracturing of grain edges, probably as the result of
intergranular rotation. These fractures are too small to be observable in atandard
petrograephic examination., but their presence is demonstrated by a comparison of the
sorting curves for the undeformed and deformed sandstones (Fig. 2). The percentage
of every size fraction within the limits measured is reduced in the deformed sands.
The percentage of silt and the gorting coefficient are both larger in the deformed
material, while the average grain size is smaller {(Table 1). Thinning must have been
accomplished by cataclastic flow, that is, intergranular rotation and grain edge
fracture. These amall-scale fractures are thus a mechanism of macroscopically
uniform flow that extends and thins the beds. As flow continues and thinning becomes
more extreme at the second hinge, increases in the microfracturing of the individual
grains and the percentages of unhealed fractures are observable (Table 1).

Larger scale macrofractures that serve ag mecbanismas of cataclastic
flow are common in the field. In the author's experience, every large fold that
containg dolomites or quarizites deformed under relatively low confining pressures
{less than about 25,000 feet of overburden) is an example of large-seale cataclasis.
Rocks that are steeply folded and yet show no trace of intragranular flow or recrystal
lization must have deformed by cataclastic flow. In very steep or overturned folds it
is not uncommon to observe guartzites and dolomites that contain no macroscopically
contlnuous rock fragments larger than fist size.
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TABLE 1

Comparigon of certain parameters for undeformed sandstones. Number in
parenthesis refers to number of samples averaged. Superscripts: 1. Computed after
method of Borg et al. (1960) and Friedman (1963). 2. Bamples from section of 10° -
12° uniferm dip, 10 per cent thinning. 3. Samples from steep sections, thinning
extreme.

Undeformed Deformed
Per cent Hilt 15 (7 an )]
Averape Grain Size 0.11 (7} 0,08 (%)
Average Sorting Coefficient 1.28 (M) 1.51 (8)
Average Microfracture Number 1 203 (4) 194 (4:)2 255 (4)3
Per cent Unhealed Fractures 62 4) 81 1?2 8143

Figure 3 illustrates cataclastic [low in which the fractures are vigible to
the unaided eye. The lower sandstene units are overlain by marls, ghales, limestones,
and sandy limestones in that order. Each of these units responds as might be predicted.
The moat ductile unit, shale, contains very few fractures, while the sandstones that
were dragged against the fault are shattered. The limestones fall between these two
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Figure 2. Average sorting curve for 8 undeformed sandstone samples and average
sorting curve for 9 deformed sandstone samples.
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asymmetrical; the gentle flank dips 25° - 30° and the steep flank 55° - 65°. The
outcrop pattern is such that large exposures of single bedding surfaces azre seen on the
gentle side. On these slopes are zones of high intensity fracturing that trend parallel
to the anticlinal axis. Along these zones the general vegetation, especially small pines,
ig much denser than on the surrounding ncarly berren slope. As a result, the zones of
intense fracturing stand out as lineations on the air photographs. Over a slope
distance of about 1 mile these lineations are quite regularly spaced about 60 feet

apart. 1 Figure 4z is a photograph of one of these zones. The four small pine trees is
the upper left all line up along the fracture zone. When the zones that are linear and
parellel to the anticlinal axis are studied in detail, they are found to be composged in
general of three sets of fractures only one of which is actually parallel to the zone
trend. The fracture number (average nnmber of fractures per 100 feet) is as high as
15,000; yet there is good order {Fig. 4b). The orientations of the many fracture groups
associated with this entire structure have previously been described (Stearns, 1984,
1968). The orientation of the fractures within these particular zones is illustrated in
Figure 5. All the data for the histogram eome from the zone shown in Figure 4, but
the same pattern is reflected in all the zones,

The average trend of the high frequency peeks in the histogram are plotted
in the circular insert in Figure 5.2 This pattern is interpreted to be two shear
fractures forming an acute (44°) angle bisected by the associated extension fracture,
which is parallel to the bedding strike. The orientations of the three principal stresses
can be derived from the fracture pattern. The maximum gnd minimum principal
compresgive stresses lie in the bedding plane; the maximum is parallel te the dip
direction of the hed; and tho intermediate is perpendicnlar to bedding. In other words,
the hairline fractures that make up the frecture zonea in the dolomite layers down the
entire flank of the anticline indicate a stretching of the bed perpendicular o the anti-
clinal axis.

These dolomite beds are over- and underlain by limestone heds of much
lower fractnre intensity. The limestone was able to deform by intragranular flow
mechanisms {e.g., mechanical twinning of calcite) while the dolomite kept pace by
cataclastic flow. The well-ordered fracturing, then, can be congidered to be as much
a mechanism of uniform flow as the twinning is in the limestone.

In order for this flow to have oceurred during tectonism, it is necegsary
that fractures be syntectenic. The arguments for the age of fracturing are many and
this is not the place to go into thege arguments. However, it should be mentioned
that, along with other arguments, the fracture pattern described in Figure b is found
in the same beds where there ere fraetures indicating ¢4 and aq parallel ta bedding

LThis uniform spacing is not as easily observed on the ground because the entire bed
is highly fractured, and those zones of highest intensity are not as obvious,

2MoEIt of the fractures are too fine for measurement of dips in every case, hut where
three-dimeneional observation is posgible, the fractures are all normal to bedding .
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Figure 5. Histograma showing orientation of fractures from the zone photographed
in Figure 3. Total number of fractures that intersect two lines 18 inches
long; one parallel to the dip and one parallel to strike of the bed. Insert
shows the trend of the average of each of the three peaks in the histogram.
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with ¢ in the dip direction. In this case it would be difficult to explain the fractures
illustrated in Figure 5 as release, because og remains normal to bedding for both sets.
Here, late formation would require a 90° change in ¢ and ¢3, but no chenge in og.
Further, even if fractures were late, the bed has been extended normal to the axial
strike by, in this case, late cataclastic flow.

CONDITIONS THAT AFFECT CATACLASTIC FLOW

Certain parameters that affect large-scale cataclastic flow can he delineat-
ed from field observations alone. The first of these is rock type. Figure 6 shows the
average fracture number for different rock types from a fold, deformed under about
10,000 feet of overburden. If we reasonably assume that the amount of fracturing is
an indication of relative ductility, then these rock types fall into the same order from
most brittle to most ductile as was measured in laboratory tests (Handin, Hager,
Friedman, Feather, 1963, p. 749), All these rock types are found in the same fold and
therefore, must accommodate thempelves to the same final geometry. Even though a
given rock type ig capable of deforming easily by intragranuler flow, it cannot fold at
a faster pace or to a higher degree than the most resistant layer. Therefore, Figure 6
can be used in two ways: (1) the amount of fracturing indicates relative duetility, and
{2} the amount of fracturing indicates the dependency of the rock type on flow by a
cataclastic mechanism.

Total strain, or perhapa strain rate, are also parameters that affect large-
scale cataclastic flow, 1in the sharp hinge areas of drape folds, for example, there ig
frequently a marked increase in the fracturing of a particular layer. This is well
displayed along the hinge at Rettlesnake Mountain near Cody, Wyoming, In a lateral
distance of only a few hundred feet, beds of coarse-grained limestoncs change in dip
from 10° to 90°, Out of the hinge area these beds are capable of intragranular flow
and, therefore, have n low density of macrofracturing, but in the hinge area they arc
shattered, almost as if the fracturing had been explosive. Few continuous pieces of
rock are larger than a few incbes across (Fig. 7). Bedding ia often still discernible
and no measurable change in thickness occurs in the hinge area. Therefore, it is
concluded that the major deformation of these beds is dilatation through stretching
parallel te the dip direction. Whether thise extreme cataclastic flow iz the result of
high total strain or of high strain rate is now unknowmn.

The geometry of the layering may also influence the mode of deformation.
Certainly, field geologists have noted, all other parameters being equal, that thin beds
contain more fractures than do thick beds (Harris, Taylor, and Walper, 1960), G.M.
Bowers (personal communication, 1968) is currently working on the thesis that fracture
spacing is related to elastic instabilitios developed within the extended layer. If this
theory has merit, then thickness of the layer, as well as contrasts in elastic moduli
will have an important effect on the role of cataclastic flow,

lThis change in orientation can be explained if the fracturing is syntectonic as the
result of bending (Stearms, 1968).
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deformed rocks. However, one should not assign the adjective 'competent to certain
naturally deformed rocks solely on the basis of the stress—strain relationships of the
intact laboratory specimen. In folded rocks one must consider the 'bulk' behavior of
not only the single layer or unit but also the entire sequence. Indeed, a strong, brittle
rock may have a stresg-strain curve that is nearly linear to rupture, and in the
laboratory may not flow at all. However, this same rock type when confined within a
layered sequence may he eble to flow easily after it has been ruptured.

In applying the concept of 'competence’, gne should keep the following
facts in mind: (1} A rock that is strong and brittle by laboratory standards may be a
competent member of a layered sequence early in the folding process. As auch, it
carries a disproportionate share of the load and reaches the critical load for fracture
before much folding can take place. Once it becomes fragmented, it can flow cata-
clastically and it may no longer control the folding of the layered sequence. (2) As
folding c¢ontinues, the layer that is flowing cataclastically may become 'locked' and
must agein fail before folding can continue. In other words, an imaginary streas-
strain curve for the entire sequence would show 'work hardening'. In this case, no
rock unit serves as a competent member throughout the folding, but is intermittently
competent and incompetent. (3) The foregoing may apply if folds are thought of as
bending phenomena. However, if folding is due to buckling as proposed by Biot {1961),
then the wave length is established early, and most of the folding involves only rigid
body rotations. In this cage, not only the physical properties of the competent member
but also the nature of the layering and the properties of the surrounding media deter-
mine which is the controlling member. If the theory of Bowers that fracture spacing
is also an instability phenomena ¢an be established, then we would have a further
criterion to add to Biot's for determining competency or lack thereof,

In summary, it is necessary to consider the bulk behavior of leyered rocks
in order to establish competency. It is insufficient to depend upon the stress-strain
relationships as determined in the laboratory without teking into account the poasihility
of cataclastic flow. The parameters that from field observations seem to influence
cataclastic flow are: rock type, total astrain or strain rate, bedding thickness, and
contrast in ductility with adjoining layers. All of these in eddition to the folding
history must be considered before a given layer can be designated as 'the competent
layer' throughout the development of the fold,
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RISCUSSION

H.A_K, Charlesworth wondered if the author would agree that the
term 'flow! should be restricted to homogeneous deformation, and if he would
comment on the use of the term 'flow' as defined by deformation including a
loss of cohesion.

The author replied that the concept of flow can be gained from an
imaginary stress-strain curve in which there was some indication of ductil-
ity. However, we can not tell from the stress-strain curve what the mechan-
ism of flow is, and whether the strain is homogeneous or not. Referring to
Figure 1 of his paperl, he pointed out that from the stress-strain curve one
could not have told that the mechanism of deformation was not intergranular
flow in the dolomite, The strain is not homogeneous within the dolomite, nor
is it homogeneous within the limestone, although we do not hesitate to talk of
intergranular flow in the latter case. When working in the field, the author
uses flow as a way of describing materials that have macroscopic ductility,
whether the strain was homogeneous or not. He thought that a discussion on
the loss of cohesion during deformation would need too long an explanation to
have its place here, He referred to previously published observations of
J.J., Prucha {see also below) on fragments of dolomite layers in salt. His
own observations in interlayered sandstones and shales showed that the loss
of cohesion of the sandstones had taken place during deformation, because the
shales had flowed into the fracturea. Bedding planes of both rock types were
parallel and no one objected to the terms flow for the deformation of the
shale, although it probably was due to the same phenomenon on the micro-
scopic scale as that of the sandstone. One must consider scale and if loss of
cohesion is on a smaller scale than the body one is considering, it can be a
mechanism of flow, i,e. cataclastic flow.

M. Stauffer commented on the sorting curves presented by the
author (Fig. 2), He suggested that because the size of some grains decreased
during deformation, it might he possible to trace deformation paths. Com-
menting on Stearn's Figure 2 he observed that the largest grains and the
smallest grains would appear not to deform, but that the medium-grained
fraction would, He asked if the author had an explanation for this, and if
grain shape or possibly sampling procedure might be responsible,

The author tentatively suggested that the small grains were possibly too
emall to deform further, As to the large grains, he thought that it might be
more difficult to develop stress concentrations required to break them up
because of their size, He suggested in addition that rotation of smaller
grains might start more easily because of their size than for larger ones. He
considered that grain shape had probably a great influence onthe deformation,

1
This figure was not used in the oral presentation {Edit. ).
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but he could not find, from his petrographic examinations, any particular
orientation of the grains. He doubted that sampling played any role in the
shape of the curves and suggested that before using sorting curves for
environmental determinations, stratigraphers should make sure that their
samples did not come from deformed rocks.

P. S, Simony asked the author how he measured the intensity of
fracturing and if he corrected his results for fractures oblique to the direc-
tion of measurement,

The author said that there was of course no way to represent the
three-dimensional aspect of fracturing intensity. His measurements were in
a plane normal to the fractures, In practice, he would lay out a measuring
tape in one, two or three convenient directions and would then measure the
number of fractures that intersected the tape. In addition the azimuth, the
plunge and the linear distance of the tape were measured. Each measure-
ment could then be computed as a number of fractures along a line normal to
each particular fracture set.

P.S. Simony also asked if flow by cataclastic mechanism could
produce the same kind of geometry that we normally associate with flow, and
if, for instance, quartzite could formn folds suggesting incompetent behaviour.

The author said cataclasis is a flow mechanism. Further he knew
of folds in the Rocky Mountains where quartzite beds actually thicken over the
hinge. He did not think, however, that thinning or thickening should be the
decisive argument concerning the competence of a bed. Taking the example
of a dolomite bed in salt, he would imagine that early in the load build-up,
there had been a continuous layer of dolomite, carrying a much larger pro-
portion of the load than was the salt and therefore was more competent, How-
ever, after separation of the dolomite the salt was carrying the greater load
and was, therefore, more competent, The author did not think that there
would ever be as much flow in deformed sedimentary terrain as in a meta-
morphic terrain, or that quartzites could ever become as ductile as shales,
The type of flow he was talking about was sirnply a local macroscopic {flow
sufficient to allow folding to continue. This folding would in most cases, but
not all, be of the parallel type.

J.J. Prucha mentioned an interesting road cut south of Catslkill
{Ncw York) showing an anticline of interbedded shale and chert. The chert
beds range in thickness up to ! foot and have been folded by cataclasis, but
the shale has flowed into the dilatant zones, Once a critical rate of curvature
was reached, the chert beds could no longer fold by the fracturing mechan-
ism, and thrusting took place, The net result was that in the outcrop as a
whole, there was substantial thickening of the total chert-shale unit over the
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hinge of the anticline, but there wgs no thickening of individual beds of chert,
This mechanically very heterogeneous sequence thus gives a beautiful exam-
ple of cataclastic flow, on a scale entirely different from that discussed by
Stearns.

D,U. Wise described the case of a drape fold of the Paleozoic
section across the Beartooth fault, about 20 miles north of the Rattlesnake
Mountain anticline, Wyoming. There is about 1, 500 feet of vertical displace-
ment in the basement 'eaten' hy 800 feet or 1, 000 feet of Cambrian shale and
about 2, 000 feet of Paleozoic, draped across the fault without apparentbreak.
By contrast, 1 mile from this, a fault with a 50-foot displacement in the
basement, breaks its way through the entire Paleozoic section. In this sec-
ond case, one can argue that breaking occurred after mountain uplift with the
Paleozoic carbonates behaving in a brittle fashion under little confining prea-
sure. In the first case there only seems to be minor displacement after
range uplift with the drape of sediments taking place under deeper burial.
Thus, Wise agreed with Prucha that the difference between the two faults
might be attributed to a change in stress conditions,

W.C. Brisbin (written comments) Recent work by the
Department of Geology, University of Manitoba, in the Precambrian shield
near the Manitoba-Ontario Boundary has revealed a deformational mechan-
iam similar to that described by D.W. Stearns,

The work in this area
{1) Supports the contention that brittle fracture can be an import-
ant mechanism leading to flow in naturally deformed rocks, resulting in the

phenomenon referred to as cataclastic flow.

{2) Indicates that cataclastic flow can occur over a large range in
scale,

{3) Indicates that rock types exercise some control over the
development of this type of deformation.

Pebble Deformation in the San Antonio Farmation

The San Antonio Formation is a feldspathic quartzite in which
there is abundant microscopic evidence that the clastic constituents of the
formation have been displaced relatively to one another, resulting in mechan-
ical granulation, breaking and crushing of the grains. The rock has lost
cohesion along these fractures and has undergone a cataclastic flow resulting
in the development of a definite curviplanar foliation. Layering has been
deformed passively by this process, as have pebbles within the conglomerate
layers of the formation.
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The deformation of three predominant pebble types has been
studied in Bome detail by K. Bell at the University of Manitoba, The pebbles
are from a single structural domain on the limb of a fold and metamo rphic
conditions at the time of deformation have been identified as being in the
lower greenschist facies, All pebbles are ellipsoidal in shape and their long,
intermediate and short dimensional axes show good alignment, The ellip-
soidal shape of all pebble types has been interpreted as the result of
deformation. Thin section examination of the clasts reveals that their strain
behaviour has been identical to that of the quartzite matrix in which they are
set, i.e. by cataclastic flow. However, the degree to which the pebbles have
deformed by cataclastic flow is variable and is related to rock type.
Measurements of the orthogonal dimensional ratios of several hundred peb-
bles reveals the following relationship between rock type and dimension
ratios:

Long Intermediate Short

Dimension Dimension Dimension
Volcanic pebbles 6.3 4.5 1.0
(fuartz pebhbles 2.3 1.5 1.0
Granitic pebbles 2,0 1.5 1.0

The field and laboratory studies indicate that all pebble types have responded
initially to stress by brittle fragmentation. After fragmentation, additional
strain has been macrosgcopically ductile as a result of cataclastic flow.
Amounts of pebble strain were governed by the relative 'ductilitiea’ of the
fragmented pebbles,

The Winnetka Lake Stock

The Winnetka Lake Stock is a quartz monzonite pluton approxi-
mately 4 riles long and 1 mile wide, which has heen emplaced in the Falcon
Lake-Kenora greenstone belt, Structural analysia of the metamorphosed
sedimentary and volcanic rocks adjacent to the stock has revealed evidence
of at least two periods of deformation, the last of which was by the mechan-
ism of passive slip. The stock was emplaced prior to this deformational
event, for it shows definite evidence of strain, consistent with the geometry
and strain behaviour of the deformation in the surrounding host rocks. Meta-
morphic conditions at the time of deformation have been tentatively identified
aa being in the greenschist facies.

Studies by O. Vagt at the University of Manitoba have indicated
that the initial strain response of the stock to the deforrmation was brittle.
Micro-fractures developed and served as surfaces on which small displace-
rments occurred. Displacements were accompanied by mechanical granula-
tion, crushing and breaking of graina, resulting in the development of a cata-
clastic flow foliation which has an orientation parallel to that of the passive
slip surfaces on which movements took place in the host rocks, Atthewestern
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end of the stock the transition frompassive slip in the host rocksto cataclastic
flow in the guartz monzonite can be observed across the contact between the
stock and the host rocks, The contact at this location is oriented at right-
angles to the tectonic foliation in both bodies. The change in character of the
tectonic foliation across this contact reveals the role played by the relative
ductility of the two rock types during the beginning stages of deformation.

The direction and amounts of movement on the cataclastic flow
surfaces within the stock are difficult to ascertain; however, studies of
inclusions within the stock indicate that these bodies have been deformed and
aligned hy cataclastic flow. Preliminary analysis indicates that both the
orientation and the orthogonal dimensional ratios of these inclusions are con-
sistent throughout the stock,

J.J. Prucha (written comments) In dealing with the concept aof
competence in folded beds, the sequence of events in the folding history may
be of great importance, as Stearns has suggested., This is well illustrated in
the Firtree Point anticline in central New York State, about 5 miles north of
Ithaca, where interbedded dolomite and rock salt beds of Late Silurian age
(Syracuse Formation) have been deformed together in compressional folding.

The extensive workings of the Cayuga Rock Salt Company mine
reveal that in the initial stages of folding the interbeds of dolomite behaved in
a very cormnpetent manner, with development of sinusoidal folds having char-
acteristic wave lenpths and amplitudes determined by the effective thickness
of the individual beds, At this stage of the folding the salt behaved in a pas-
sive manner and adjusted itself to the changing geometries of the buckling
dolomite layers. When individual dolomite layers reached a critical radius of
curvature, the flexural slip mechanism was supplanted by extension fractur-
ing normal to bedding, which destroyed the structural intégrity of the beds,
and flowage of the salt became the dominant mode of deformation. There
was, thus, a reversal in the relative active and passive roles of dolomite and
salt as a function of the stage of folding,

Ultimately the entire package of interbedded rock salt and dolomite
was sufficiently stiffened sothat the sequence of bedsbeganteo deform as aninte-
gral structuralunit, with development oflarger folds having newwave-length and
amplitude characteristics, It is clear, therefore, that the concept of com-
petence must be related to a particular stage inthe entire deformationepisode,

The example just cited is in no way inconsistent with laboratory
experiments on the mechanical properties of either dolomite or rock salt, but
as Stearns has pointed out, one can't simply write a direct equation between
experimentally determined mechanical properties and the role of the respec-
"ve rocks in a tectonic situation, The example is not, of course, one of
purely cataclastic flow; rather, it is an example of the essential part that
cataclasis played in the early stage of a deformation episode in which, over-
all, the dominant deformation mechanism was intracrystalline gliding.
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BRITTLE FRACTURE IN DIRECT SHEAR AND THE DEVELOPMENT OF

SECOND ORDER FAULTS AND TENSION GASHES

E.Z. Lajtai

Department of Geology, The University of New Brunswick,

Frederiction, New Brunswick

Abstract

The possible origin of second order shear fractures and tension
gashes assaciated with first order or primary faults is examined from the
static viewpoint. A static mechanism is developed which is based on the
assumption that normal stresses acting on planes perpendicular to displace-
ment are fully or partially relieved. Depending on the actual state of stress
after faulting and the strength of rock against tensile or shear stresses, fail-
ure will be either by tension (tension gash) or shear (second order shear

fractures).

o pei
Os psi
0p PBI
ag PS].
Cc pei

aye: ©11+ GIII psi

C'll Czr 0'3 PSi

T pBi
Ts psi
75 psi
T psi
(Di degree
l.'bp degreec
(2% degree

NOMENCLATURE
normal stress
normal stress in direct shear
transverse normal stress in modified direct shear

normal stress on plane of fault at point of firast order
failure

uniaxial compressive strength
first order principal atresses
second order principal stresses
shear stress

shear stress in direct shear at point of second order
failure

shear stress in fault plane at point of first order
failure

maxirnum {rictional resistance in plane of fault
{McKinstry's condition).

angle of internal friction
angle of planar friction

angle of friction at ultimate strength (angle of internal
friction for granulated material)
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W --- coefficient of friction, p =tan ¢

] degree angle between plane 8 and the fault plane

8, degree orientation of maximumn principal plane

83 degree orientation of tninimum princ¢ipal plane and tension
fracture

qu, Q-II degree orientation of conjugate first order shear fractures

o) o, degree orientation of conjugate second order shear fractures

Tg psi tensile strength {negative number}

S, psi fundamental shear strength

54 pai pure shear strength

5 pei total shear strength (shear strength envelope)

54 psi internal friction

SP pei planar (joint) friction

5, pei ultitnate shear strength (crushed material in failure
zone)

INTRODUCTICN

A nmumber of authors (Anderson, 1951; McKinstry, 1953; Moody
and Hill, 1956; Chinnery, 1966) have investigated the possible origin of
second order faults hy considering the change in static stress condition
following faulting., Price (1968), concluding that an analysis based on the
static viewpoint cannot agcount for secondary faults forming at points other
than the ends of the fault, used a dynamic approach. The main objection to
the static analysis is that stress concentrations occur only at the ends of the
fault plane; they do not reach sufficient intensity at any other point to over-
come the strength of rock located on either side of the primary failure plane.
Consgideration is not given, however, to the posaibility that faulting may
result in relief of norrnal stresses acting on planes perpendicular to direction
of displacement along the fault, and that failure in secondary directions could
take place as a consequence of diminishing confinement and not as a result of
stress concentrations. The acceptance of this proposition allows the form-
ulation of a failure mechanism which can account for the origin of not only
secondary faults but also tension gashes. The failure mechanism is similar
to that eccurring in a direct shear test and it is essentially the same as that
implied in McKinstry's approach,

The postulated change from a primary to a secondary state of
streas is shown on Figure 1, The firat diagram illustrates how the second
order state of stress at a point on one side of the fault {Element B) is derived
from a uniaxial first order stress condition. Circle 1 represents the state of
stress just before first order shear failure occurs at o and gy, 28 shown in
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the corresponding Element A at the left of the diagram. According to
McKinstry the normal stress Jdy is fully transmitted across the fault plane,
but the shear siress 75 decreases to the level of frictional resistance,

Tk = % tan®,;. The second order state of stress on the small element B taken
from one side of the fault plane, and shown enlarged below, is represented by
Circle 2, Obviously the stress circle is not large enough to reach the shear
envelopes and consequently no second order shear fracture could develop.
Failure may cccur, however, in tension if | ZJ TS| . a8 shown on Figure
la, in which case the tension fracture would be at €3 coinciding with the
direction of oy (Element B, Figure la}.

Ii the primary stress condition is a more general one {(Circle I,
Figure 1b) conditions for secondary faulting become more favourable., Circle
2 represents again the secondary stress condition according to McKinatry,
Circle 2 cuts both the shear strength (5 = S5 + otan®j) and the tensile
strength {& = T ;) envelopes. It is obvious that the state of stress is not com-
patible with the strength of rock and hence equilibrium does not prevail. The
condition for the development of one, or a conjugate set of second order
faults {@},o;) is represented by Circle 3 which just touches the shear
strength envelopes. The corresponding shear planes and their relation to the
fault plane and the all-compressive first order stress field (ap, oy = oyy) are
shown on Element C.

It is possible, however, to immpose a state of stress for which the
shear stress could be maintained at the level of frictional resistance. Such
a condition ia represented by Circle 4. This is, however, no longer a direct
shear leoading condition. The significant difference is the appearance of nor-
mal stress (o) on planes normal to the direction of displacement along the
fault plane (Element D), This transverse normal stress (cb] would, of course,
be still much smaller than the normal stress which existed in this direction
prior to faulting, The condition (gp»0), then, would represent a case of only
partial relief of normnal stress acting parallel to the direction of the displace -
ment along the fault plane. The minimum principal atress (g3) would tend to
become compressive with increasing value of g, and the possibility of tensile
failure would be eliminated.

Figures la and lb represent two of many possible combinations
of parameters controlling failure in a second order stress field, Failure in
general occurs when stresses become greater than the strength of rock.
Unfortunately these two basic parameters are very difficult to define, There
is an infinite number of stress fields for which first order failure in rock is
possible, In accordance with the arguments expounded so far, however, orly
the normal stress (o) acting on the plane of the fault remains unchanged after
faulting. Hence, the first order stress field is of coneequence only in defin-
ing the orientation of the fault plane and the magnitude of 0, {normal stress
in direct shear loading) which is assumed to be equal to %. It is further
assumed that the intermediate principal stress remains unchanged during the
whole process of primary and secondary faulting, These assumptions appear
to be reasonable. An additional assumption intreduced in McKinstry's anal -
ysis that the shear stress in the fault plane is fixed at the level of frictional
resistance is not, in the author's opinion, justified. It follows from thepre-
vious arguments that shear stress in the fault plane is dependent on the
strength of rock (tensile and shear strength envelocpes) and the other second
order stress parameters namely 6, and O, (for o,»0). The actual value of the
shear stress must, therefore, be a dependent variable. It may be less than
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+. if secondary fracturing occurs before frictional resistance can be fully
mobilized (i.e, immediately after primary faulting); it could be higher than
7. if, for example, reshearing takgs place along a fault where first order
failure had not resulted in a total loss of cohesional strength,

There is the implication in most earlier worka on this subject
that second order structures are generally associated with strike -slip faults,
Anderson's classification of faults is based essentially on geometrical consid-
erationa in reference to a vertical-horigontal coordinate eystem. From the
dynamic point of view the only acceptable coordinate system is the one which
is defined in terms of the three principal stresses. The actual source of
these stresses ~ i.e. whether they originate from tectonic or gravitational
forces - and their orientation with regard to an unrelated coordinate system
are completely immaterial in defining failure conditions for both first and
second order fracture. Hence, there is no reason why second order struc-
tures should show a preference toward strike-slip faults.

In addition to stress parameters, g_ and g , conditions for second
order failure depend on the strength of rock against tensile and shear
stresses, For this analysis the Coulomb-Navier criterion for shear strength
and the maximum principal stress theory for tensile strength will be used.
The comparison of the two fracture modes will be based on the simplest case
of the modified Griffith criterion (McClintock and Walsh, 1962}.

In order to simplify the analysise it will further be assurned that
the strength of rocks on either side of the fault plane is not altered by pri-
mary faulting. The whole procedure, however, could be modified readily for
a more complex strength relationship.

In the following analyses the influence of all these factors will be
examined, namely:

T, = tensile strength (psi, negative number)

S, = fundamental shear strength (psi)

p = friction coefficient, p=tang,

a, = normal stress in direct gshear {pai)
T, = shear stress in direct shear (psi)
g, =transverse normal stress (pai)

An analysis which incorporates all the above factors should leave
very little unknown,

As a first step, conditions defining the origin of tension gashes
and secondary shear fractures will be examined for direct shear loading
(cb= 0). Finally, by introducing oy the analysis will be extended to include a
general state of stress.

All curves shown on figures have been graphically derived,
although a rigorous mathematical analysis of the whole problem is nearing
completion and will be included in a later publication.
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THE DERIVATION OF THE DIRECT SHEAR PARABOLA AND
DIRECT SHEAR CURVE

Figure 2 shows the development of two types of relationship
between Ty and 0a (shear loading}, dependent upon the application of the max-
imum principal stress theory for failure in tension or the Coulomb-Navier
criterion for shear failure, The modified Griffith criterion {McClintock and
Walsh, 1962) offers a convenient and reasonably accurate connection between
the two {54 = ZlTSI]. Both curves have been developed by assigning values to
T, and defining Ta by the construction of corresponding Mohr's circles, the
radii of which are selected in such a way that the circles are tangential to
either the 05 =T  line for tensile failure (direct shear parabola), or to the
shear strength envelope for failure in shear {direct shear curve), The
orientation of fracture planes with respect to the fault plane is given by 83
and o for tension and shear fractures respectively. The conjugate shear
fracture oz makes (90" -9 with a1,

Mathematical analysis of the same conditions has defined the
direct shear parabola in the form of

Ta=[To(Ta-0a) ]2 (1

and the direct shear curve in the form of

1( (28 + 2 22
eyt - o] .

T TEWGAE STREWGTH
8y OMENTATION OF TEMELE FAACTURE

oy ou OFBEMTATION DF SHEAR FRACTURES.
i~ unf

q T NOARL AND SHEAA STRESSES ON
* 7 PLANE OF SHERA FRIVURE

MOOMFIED BHEFITH CHIEMION
—-— OFECT SEaR (URVE
———DFECT AR FARABOLA
cos LRTIMATE STRENGTH N DIRECT SHEAR
(63 SINESS ORCLES DEFINMG DECT
SHEAR PRRABOLA

2 PURE SHEAR

4 MARAM [WRFLT SHEAR STRENGTH

3 STATE [F STAESS SANSFnhG BOTH
FRACTURE (RTERS

Figure 2. Derivation of direct shear parabola and direct shear curve from
the modified Griffith criterion of brittle failure.
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The orientation of the fracture planes is given by

tan283 = — %;aa. (3)

for the direct shear parabola {tension gash} and by
_2BTa+toa

tan2og) = =—— 2" 2
anca) 2Ta-na, (4)

for secondary shear fractures.

The Direct Shear Parabola

The direct shear parabola represents those values of Ty and 05
for which the minimum principal strees (93} reaches the value of the tenaile
strength of the material and hence a tension gash forms at 83, The critical
shear stress in the plane of the fault (T,)} according to (1} depends on 0y and
T,. The influence of tensile atrength can be seen on Figure 3 where a number
ofpara'bola.s are plotted for different magnitudes of tensile strength, ranging
from 10 to 1, 000 psi. The Ta=0 and o, =0 intercepts are T4 and -T respec-
tively {(Fig. 2). For increasing positive values of 0y, Ta also increases but at
a relatively slow rate, Consequently at some value of 0, the parabola is
intersected by the ultimate strength or friction line (Fig, 3). The latter
represents the pure frictional resistance along a completely granulated shear
zone {Ta =0 tan®;}. Although the slope of this line is not necessarily the
same as the angle of internal friction the difference should be small. For
values of oy to the right of the point of intersection, maximum shear strength
is determined by the friction line. It is possible that the parabola will atill
define conditions for the formation of tension gashes. As shear stress
increases to its maximurmn value (ae defined by the friction line) the tension
fractures, however, are generally destroyed and 2 sone of completely gran-
ulated rock forms in the area affected by direct shear loading (i.e. the
immediate neighbourhood of the primary fault plane), Accordingly the pre-
servation of tengion gashes at such values of 7, would be unusual.

The direct shear parabola is independent of the friction coeffic-
ient but its point of intersection with the friction line is not. Consequently
the range of 0, valuea for which the formation and preservation of tension
gashes is at an optimum will depend on the slope of the ultimate strengthline.
From Figure 3 it appears that the secant between 05 =0 and the intersection
peint offers a simple approximation for the parabola, The slope of the secant
depends on Py alone (Fig. 4}. Figure 5 demonstrates that the range of 05 for
which the formation of tension gashes is favourable increases with decreasing
values of friction coefficient as the point of intersection between the direct
shear parabola and the ultimate strength line shifts toward higher values of
normal stress.

The orientation of the resulting tension gash, as determined hy
(3), will rotate from ab ;=0 position at 0, =T to 63=90° at an infinitely high
value of normal stresa (Fig. 6}, '
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Because of its shape, the direct shear curve will intersect both
the direct shear parabola and the line of ultimate strength.

The direction of conjugate shear fractures, o 1 and @5, as given
by {4) varies with 05 and  as shown on Figure 8.

On Figure 9 all possible failure criteria in direct shear are
plotted for ¥; =¥, = 0, 15, 30,and 45 degrees and in terms of the modified
Griifith criterion where 5, = ZlTs].

For low values of o, {including negative d,) failure should occur
in tension as the direct shear parabola runs below the direct shear curve for
any value of ;. At higher 9, as the direct shear curve starts decreasing,
failure in shear becomes possible, provided ¥; is about 30° or less. For
higher values of the angle of internal friction the ultimate strength criterion
becomes applicable before shear failure is possible.

THE INFLUENCE OF TRANSVERSE NORMAL STRESS

The assumption of direct shear loading in the development of
secondary faults and tension gashes is fundamental to all considerations
expounded so far. In the writer's judgment it ie a reasonable one and prob-
ably valid for a number of situations. It is still tempting to investigate, how-
ever, how conditions for the two modes of fracture would be affected by the
introduction of normal stress on planes perpendicular to the direction of dis-
placement along the primary fault plane. With the inclusion eof a transverse
normal stress {Op) the state of stress becomes a general one,

Figure 10 shows how the direct shear parabola changes as 0y, is
increased from zero to 93. The general equation defining conditions for tens-

ile failure becomes
Ta © I}Ts-ca} (TB'Gb]] 1z (5}

which will reduce to | 1 ] ifo,=0. For g, =0,, {5} reduces to two straightlines
sloping at 45° and intersecting the 05 =0 axis at +T,. Figure 10c shows that
the 'apparent shear resistance' will be higher for increasing 4,. and that the
influence of Up is more pronounced at high 0,. The transverse normal stress
will, in addition, tend to decrease the angle tension gashes make with the
fault plane. This decrease becomes sharper as ¥, increases (Fig., 10d).

A similarly significant change is noticeable in the direct shear
curves as O, increases from zero to 0, {Fig. 1lla).

The conditions for failure in shear under the influence of an
additional normal stress (%) is defined by (6)

=1 J L2580 +p(oa+ opy 12 12
R o IO @

which will reduce to (2) if 0,=0. For d,=0, (6) again reduces to two straight
lines:
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It follows from (6) that above a certain value of K = 0, /a, the modified direct
shear curve will not reduce to zero at any positive value of 05, The limiting
value of K above which no closure is possible (K.} is defined by {8)
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Figure 10. The influence of transverse normal stress on brittle tensile fail -
ure in modified direct shear
{a) moedified direct shear parabolas for various ratios of op/o,
{b) state of stress at point of tensile failure
{c) influence of 0y on 'apparent shear strength'
(d) influence of O on orientation of tension gash,
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It is apparent from Figures lla and 1lc that shear resistance
will be higher for increasing 0, and again the increase will be more pro-

nounced at higher values of 7,.

The angle will decrease with increasing 7,

and again as K approaches 1 the decrease will become sharper.
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Figure 12 superimposes the modified direct shear parabolas and
curves 8o that composite limit curves can be constructed in the manner of
Figure 9. Again 2|T4| is substituted for S . If the Oy =0 and the o} >0limits
are compared it is readily noticed that the range of o, for which tension fail-
ure is possible becomes more restricted to negative and small positive
values. In contrast, increasing 0 will extend the range of o, for which fail-
ure in shear becomes possible.

SUMMARY AND CONCLUSIONS

Brittle fracture of rock due to a static state of stress [ollowing
primary faulting is possible if the normal atress acting parallel to the dis-
placement along the fault plane is completely or partly relieved. The new
state of stress will be one of direct shear {op = 0} or modified direct shear
(0 »0). Depending on the actual state of stress after faulting and the strength
of rock against tensile or shear stresses, failure will be either by tension or
shear fracturing.

Conditions for failure in tension and the orientation of the reault-
ing tension gash are described by the direct shear parabeola which takes the
form:

Ta= [TB(Ts‘Ua}] 12

if normal stress acting parallel to displacernent is completely relieved
(o = 0} and

Ta= [(Tg~0a) (Ts-0b)] 2
if game is greater than zero (oh>0}.

Conditions for failure in shear and the orientation of the resulting
second order fault plane according to the Coulomb-Navier criterion are
described by

Ta = l [ ZSO"‘}L Ua]z - Uazjuz for o.b =0
2 5
and
2 1/2
r. = 1 } [28,+ploatap)] 2 p
== - - oT >0
T { 1442 {9a-c) b

For large values of 0, the maximum shear stress (73) that can be
applied in direct shear or modified direct shear loading, is defined by ulti-
mate strength (internal friction in the crushed material) conditions.

Ta = ca ta.nwu
The repulting structure is a shear zone composed of completely granulated
material.
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Tension gashes form when C3 is negative or relatively small,
shear zones when 0, is very large. For intermediate values of 9, second
order shear failure may occur, depending on the magnitude of the transverse
normal stress (if larger than zero) and the angle of internal friction. As the
transverse normal stress i8 increased, conditions for the development of
shear fractures become more favourable. A high angle of internal friction
favours the development of tension gashes at low 03 and that of shear zones

{granulated material) at high 9,.
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DISCUSSION

W.F. Brace and F.A. Donath took part in the discussion on Dr.
Lajtai's paper, but because of technical difficulties most of the discussion
was not recorded,
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THE MECHANICAL EFFECTS OF PORE PRESSURE
ON FRACTURING OF ROGRS

W.F. Brace
Department of Geclogy and Geophysics,
Masggachusetts Institute of Technology,
Cambridge, Massachusetts

Abstract

The law of effective stress has been observed elsewhere to hold
for porous sedimentary rocks of low clay content, for some porous crystal-
line rocks, and for concrete, We conducted experiments to see if this con-
clusion also holds for crystalline rocks of low porosity (. 001 to .03} such as
granite and dunite. Triaxial experiglents were performed at strain rates
which ranged from about 1073 to 10~ per sec., using water, acetone and sili-
cone oil.

The tests revealed that the law of effective stress holds for these
rocks only when the loading rate is less than some critical value. This crit-
ical value depends on permeability of the rock, viscosity of the pore {luid and
sample geometry. In our experiments with Westerly granite it was about
107" per sec,, for example, with water as the fluid, The form and erientation
of fractures was in no way dependent on the presence of fluids, or on strain
rate.

In experimments at loading rates greater than the critical value,
the rock under pore pressure is stronger than it is under zero pore pressure.
This effect can be explained by the dilatancy hardening of Frank (1965). For
very ductile rocks such as marble this effect is enhanced by a marked reduc-
tion in permeability which can be traced to a 'sealing off' of the pore struc-
ture, due apparently to plastic flow of the calcite grains.

INTRODUCTION

It is now well established that the fracture of reck is controlled
by the effective stress, That is, the stress at which fracture occurs is deter-
mined not by confining pressure alone, but by the effective confining pressure
(Fig. 1). The effective confining pressure, §;, is the difference between
confining pressure, o], and the pressure of pore fluids, P.

This dependence of strength on effective stress, first noted by
Terzaghi (1943) for soils, has been widely observed for porous sedimentary
rocks (Robinson, 1959; Handin et al., 1963), concrete {Newman, 1956} and
even dense crystalline rocks like granite {Brace and Martin, in press). An
example for sandstone is given in Figure 2. However, behavior is not uni-
versally in accordance with this principle. Heard {1963) noted that the
brittle-ductile transition of Solenhofen limestone was virtually independent of
pore pressure. And according to Handin et al. {1963} the deformation of a
crystalline marble and a dolomite also failed to show the usual dependence on
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o /P

-4—0'3= 0'3 + P

Figure 1. Schematic diagram of rock under total stresses, aj and g3 and
pore pressure, P. Total stresses are shown as being applied
through an impervious jacket. In a triaxial cornpression test,
o] is usually called the confining pressure.

effective rather than total stress. This was believed to be due to the low
porosity of these three rocks., Low porosity implies low permeability and,

in rocks of low permeability, fluid may not completely permeate the pore
space. This is necessary in order that the pore pressure be transmitted
throughout the rock. In rocks of low permeability such as granite or marble,
pore pressure changes can only occur slowly. The rate at which the rock is
deformed, therefore, becomes an additional factor. Granite or marhle
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might fracture according to the principle of effective stress at slow rates, hut

show marked disagreement at rapid rates of loading.

We recently studied

this effect {Brace and Martin, in press} in order to see how rapid a loading

rate would be required ta bring about disagreement.

Qur results are summ-

arized below, together with a brief discussion of the general applicability of
the principle of effective stress to rocks of low porosity under geoclogic and

engineering conditions.
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Figure 2. Effective stresses at fracture of sandstone. After Handin et al.

{1963).
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OBSERVATICNS

The general procedure was as follows. We selected a group of
fine -grained crystalline rocks of low porosity (Table 1). For each rock,
samples were stressed to fracture at different strain rates, while holding
confining pressure and pore pressure constant. The experiments were then
repeated at zero pore pressure, at the same effective confining pressure.
Specifically, we compared strength at zero pore pressure and 1.56 kb con-
fining pressure with strength at 1. 56 kb pore pressure and 3.12 kb confining
pressure, As fluids we used water, acetone or silicone oil.

TABLE 1

Rock properties

Rock l)ensit% d Porosity
g/cm ™mm

Granite, Westerly 2,646 0.75 0.007
Rhode Island

Blair Dolomite, 2.847 0.075 0.001
West Virginia

Gabbro, San Marcos 2.819 2.0 0.002
California

Diabase, Columbia 2.979 0.75 0

South Carolina

Dunite, Spruce Pine 3.262 0.5 0.001
North Carolina

Sandstone {(Pottsville} 2.620 0.2 0.026
Spring City, Tenn.

The results for granite are shown in Figure 3. The strength,
shown as a stress difference, is given as a function of strain rate for two
fluids, water and acetone. Several features are evident. At zero pore
pressure, there was a small systematic decrease in strength with decreasing
strain rate; this amounted to about 3 per cent per decade. With pore pres-
sure there was a marked increase in strength over the zero pore pressure
value; this increase became greater at higher strain rates. There was no
systermatic difference between the results for water and acetone, _Strengths
with and without pore pressure agreed at a strain rate around 10 ' per sec.
Apparently, the effective stress law held at this strain rate, but broke down
at more rapid strain rates., That is, the rock became stronger when strained
rapidly.
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We obtained a similar result for four other rocks (Fig. 4). All
of these rocks begame appreciably stronger when strained more rapidly than
about 107" to 107" per sec. The increase in strength amounted to as much as
50 per cent.

We obtained an interesting result with two very different fluids
(Fig. 5). For the sandstone, a relatively permeable rock, there was no
anotnalous strengthening at any strain rate when the pore fluid was water.
However, with silicone oil, strengths with pore pressure again were greater
than those without pore pressure at strain rates faster than around 10~
per Bec.

We can generalize these results in a way which emphasizes the
important features {Fig. 6}. The full line shows the behavior for zero pore
pressure; we see the typical slight decrease in strength with decreasing
strain rate. The dotted line suggests a typical result for any one fluid under
pore pressure. At slow strain rates, both lines coincide. Here, the effec-
tive stress law apparently holds. Beyond somne critical strain rate, strengths
with pore pressure exceed those without pore pressure. The difference
between the two increases with increasing strain rate up to a point at which
the difference remains constant.
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Figure 3. Strength of Westerly granite as a function of strain rate
{(Brace and Martin, in press),
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Figure 4. Strength of four rocks as a function of strain rate {(Brace and
Martin, in press).

These marked variations in strength sugpested that there also
might be marked differences in the fracture patterns in our samples. We
examined our material with some care to explore this posaibility,

Typically, a sample was cut by a single major fault, along which
a smnall shear displacement had occurred. The inclination of this fault to the
Jdirection of maximum compression was 30° + 3°; there was no apparent dif-
ference in angle between samples fractured with pore pressure and those
fractured dry or saturated. Although there was typically a single through-
going fault, many small fractures were common. These were parallel or
conjugate to the main fault, and the length ranged up to half that of the main
fault. Although the density of these small fractures varied sormewhat from
sample to sample, there was no obvious correlation of fracture density with
either strain rate or with pore pressure. The major fault typically inter -
sected one of the end surfaces of the sample near a corner; there was no




- 119 -

obvious preference for that corner near the fluid reservoir, except for a few
of the runs at high strain rate with pore pressure. There, as one might
anticipate, the end nearest the source of fluid seemmed to be the end from
which the main fracture emanated. To sutn up, there seemed to be little in
the pattern of fracturing which might correlate with either strain rate or the
presence of a fluid under pressure. Of course, we observed surface features
only {through the transparent jacket); more thorough study of fractures within
the sample might still reveal significant differences in density, spacing or
distribution of the many subsidiary fractures.

DISCUSSION

To what can we attribute the anomalous strengthening shown
above? One clue was given by the pore pressure changes observed as stress
was raised. Although, as stated above, pore pressure was maintained con-
stant during an experiment, pore pressure tended to change. If allowed to
change, it decreased in a characteristic way. In a typical result for granite
{Fig. 7), pore pressure first increased slightly, and then at about half the
fracture stress, began to drop. At fracture, pressure had dropped several
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Figure 5. BStrength of sandstone as a function of atrain rate for two different

fluids (Brace and Martin, in press}.
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Figure 6, Generalized dependence of strength on strain rate for a given
rock and pore fluid.

hundred bars, or by about 30 per cent. As indicated in Figure 1 the pore
fluids form a closed systemn, so that a decrease in pressure (at constant
temperature} could only mean that pore volume had increased. This increase
in porosity or dilatancy is an almost universal feature of rocks, even under
high confining pressure (Brace, Walsh and Frangos, in press).

We can now readily account for the anomalous strengthening
observed in our experiments. Under stress, the rocks became dilatant; this
tended to cause pore pressure to drop. At very slow strain rates, or in
rocks of high permeability, pore pressure within the rock could be constantly
restored by extermal adjustrments. However, in tests done rapidly, pore
pressure changes within the rock lagged behind those in the external part of
the system, so that pore pressure within the rock dropped. For this case,
effective confining pressure on the rock was actually greater than the value
shown by the extermnal pressure gages, Because the strength of rocks
increases with effective confining pressure, rocks strained rapidly were
stronger. As this effect is due to dilatancy, it is called, following Frank
{1965}, dilatancy hardening.
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Why was the dilatancy hardening dependent on the strain rate and
on the type of fluid, when the amount of dilatancy was almost certainly the
same irrespective of fluid and strain rate? Here, permeahility of rock and
viscosity of fluid must be considered. Drop in pore pressure due to dilatancy
will be quickly restored if the rock is highly permeable or if the fluid is of
low viscosity. Dilatancy hardening should disappear for any rock-fluid com-
bination if we strain the rock slowly enough. The critical strain rate at
which dilatancy hardening disappears is the strain rate at which the effective
streass law holds.

A point of some general significance is that the critical strain
rate is not a 'rock property'. It depends on fluid visc¢osity as the resulis for
sandstone saturated with water and silicone oil indicate. It also depends on
specimen geometry and size and on the way in which pore fluids have access
to the rock. The greater the distance which fluid has to move in a particular
mass of rock under stress then the lower the critical strain rate. It can be
shown by an approximate analysis (Brace and Martin, in press) that the pore
pressure is restored by an amount which is proportional to rock permeabil -
ity, but inversely proportional to fluid viscosity and to the square of distance
from a 'reservoir' of fluid at constant pressure.
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Figure 7, Change of pore pressure with axial stress, o5, for Westerly
granite at a confining pressure of 1.58 kb, racture gccurred at
the point marked X. After Brace and Orange (in press).
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CONCLUSIONS

To what extent are the results presented here general for rocks,
and to what extent are they applicable to geology or to engineering practice ?
The behavior suggested in Figure 6 probably holds in a general way for all
rocks; there must, however, be a wide variation in the ¢ritical strain rate,
And, the critical strain rate itself will depend, as we have seen, on both the
dimensions of a rock mass and its permeability. For most crystalline rocks
permeability is small but measurable. Both by direct observation {Brace,
Walsh and Frangos, in press} and by inference from electrical properties,
permeability of typical q;rysta.lline rocks will range from 1 to 10 nancdarcies
{1 nanodarcy equals 10~ darcy} at pressures up to 5 kb. Feor samples the
size of thogse used here (length of several ¢m) critical strain rates will be
around 1071 to 10™° per sec,

Under certain conditions, permeability may be a great deal lower
than the above values. Brace and Orange (in press) cbserved that calcite
marble became virtually impermeable as a result of deformation at a few
hundred bars confining pressure. This may have caused the anomalous
behavior of Solenhofen limestone and dolomite reported by Heard (1963) and
Handin et al. {1963}. These materials are apparently capable of true plastic
flow to a limited degree; at least there is ample evidence that the minerals
calcite and dolemite undergo twin- and translation-gliding. Perhaps this is
responsible for cutting off the minute passageways which permit fluid flow.
One might expect, based on this, that decrease in permeability, with an
accompanied lowering of the critical rate for dilatancy hardening, would occur
for any rock when conditions were reached which enhance mineral plasticity.
Unfortunately, our understanding of these conditions for typical silicate rocks
igs atill very incomplete, It is probably safe to say that they are not reached
until fairly deep in the earth's crust.

To return to the question of the generality of these results, we
conclude that, in view of the slow strain rates considered typical of tectonic
processes, silicate rocks will shew no anoemalous strength due to dilatancy.
With water as the fluid, even for rock masses cut by jeints spaced on the
order of metres, critical strain rates will probably not be slowef4than 10_10
per sec. Geologic strain rates are usually considered to be 107"~ per sec.,
or less. Under these conditions, the law of effective stress will hold, We
conclude, therefore, that this law is of even greater generality than pre-
viously realized, in that it applies to crystalline silicate rocks as long as
loading rates are kept below certain critical values.

" In certain engineering applicaticns, departures from the law of
effective stress due to dilatancy hardening may have to be considered. Two
situations illustrate the pessibilities. One is encountered in water -saturated
rock surrounding buried nuclear explesions. There, a strengthening will
probably accompany the high strain rates imposed on the rock. This strength-
ening could be calculated from a knowledge of such factors as porosity of the
rock and its dilatancy. As shown in Figure 6 this strengthening has a definite
limit; it gives the 'shelf' shown at the high rates, which expresses the obvious
feature that pore pressure cannot decrease below zero,

Another situation of interest occurs when rock is leaded suddenly
as in blasting, or as a result of a landslide. If it becomes dilatant then the
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rock might show anomalous strength, and could thus be loaded moementarily
in excess of its normal strength. With timme, however, this anomalous
strengthening would disappear as the normal pressure is restored, Sudden
failure might ensue as strength returns to normal. This delayed failure
might account for some of the activity observed in deep mines some time
after blasting.

ACKNOWLEDGEMENTS

This work was supported by the National Science Foundation as
Grant GA-613 and by Advanced Research Projects Agency under Contract
DADAQL-67-¢-0090,

REFERENCES
Brace, W.F., Paulding, B.W., Jr. and Scholz, C.H.

1966; Dilatancy in the fracture of crystalline rocks; J. Geophys. Res.,
vol. 71, pp. 3939-3954,

Brace, W.F. and Martin, R,J., III.
in press: A test of the law of effective stress for crystalline rocks of low
porosaity; Internat, J. Rock Mechanics Mining Sci.

Brace, W.F. and Orange, A.S.
in press; Electrical resistivity changes in saturated rocks during fracture

and frictional sliding; J. Geophys. Res.

Brace, W.F., Walsh, J.B. and Frangos, W.T.
in press; Permeability of granite under high pressure; J. Geophys. Resg.

Frank, F.C.
1965; On dilatancy in relation to seismic sources; Rev, Geophysics,

vol. 3, pp. 484-503.

Handin, J., Hager, R.V., Jr., Friedman, M., and Feather, J.N.
1963; Experimental deformation of sedimentary rocks under confining
pressure; Pore pressure teats; Bull., Am. Assoc, Petrol. Geol,,
vol. 47, pp. T17-T755.

Heard, H.C.
1963; Effect of large changes in strain rate in the experimental deform-

ation of Yule rnarble; J. Geol,, vol. 71, pp. 162-195.

Newman, K.

1956: Properties of concrete; in Structural Concrete, vol. 2, pp. 2-34,
Robinson, L.H., Jr,
1959, The effect of pore and confining pressure on the failure process
in sedimentary rock; Colo. School Mines Quart., vol. 54, No. 3,
pp. 177-199.

Terzaghi, C.
1943. Thecretical so0il mechanics; New York, John Wiley and Sons.



- 124 -

DISCUSSION

W .M. Schwerdtner asked the author if he had tried to use oil to fill
the pores of the rocks in his experiments, and whether he (Schwerdtner) was
correct in assuming that dilatancy would affect the rock earlier if the rate of
deformation was slow, than it would if that rate was fast.

The author said that he had attempted to get a fluid less viscous
than water, to study the toe of the curve showing presence of anomalous
strength, and that oil, of course, would not have been the right fluid in this
case, He had noticed some difference in the onset of dilatancy with different
strain rates, but his measurements were not accurate enough regarding this
problem.

D.F. Coates (written comments} This is a very helpful paper in
that it supplies empirical data for rocks regarding concepts that have been
inherited frotm soil mechanics and assumed to be valid for rocks. Some
speculations are raised in the paper for which information exists in either
s0ils or horderline materials like clay-shales. For example, the comment
that no differences occurred in the fracture angle between samples fractured
with pore pressure and those fractured dry is consistent with the theoretical
concepts of effective stresses and with empirical data in clays. Secondly,
the observation of apparent increase in strength arising from dilatancy has
been known for many years in alil mechanics, as the negative pore pressures
often developed during uniaxial compressive testing in clays give rise to
abnormal apparent strengths, Thirdly, the interaction of pore water dissipa-
tion, or flow over time, in a relatively impermeable material and the result-
ant change in effective stresses leading to failure some considerable time
after the original causal action, has been documented for cases of slope and
foundation failures in clays.

For those who may plan on c¢onducting similar work, it would be of
value if the author could provide some information on dispersion of test
results assuring that the data represented in the various graphs are mean
values, Furthermore, in the light of the description that confining pressures
and pore pressures were held constant during the tests, it would be interest-
ing to have some discussion on the degree of certainty that the pore pressures
within the body of the sample were known, and were actually constant, having
in mind that with relatively impermeable materials, transient conditions can
take a long time to dissipate.
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SOME OBSERVATIONS ON THE AGE OF JOINTING
IN MACROSCOPICALLY FOLDED ROCKS

H.A& K. Charlesworth
Geology Departrnent, University of Alberta, Edmonton

Abstract

The dispersion of joints within associated joint sets, and the
extent ta which the sets are veined may enable their relative ages to be
determined. The relative ages of joint sets in macroscopically folded sand-
stones belonging to the Cretaceous Cardium Formation in the Bow River area
of the Rocky Mountain Foothills are consistent with the possibility that the
two stress fields responsible for jointing were modified residuals of the
orogenic stress field.

INTRODUCTION

Joints in sedimentary rock may he defined as regularly spaced,
planar fractures, cbligue to bedding, across which no appreciable movement
hasg occurred. They differ from faults for example in their regular spacing,
in their association with plumose structure, and in the absence ofappreciable
displacement. Sedimentary rock in macroscopic folds is generally divisible
intce domains within which both bedding and jointing are penetrative.

Frorm the standpoint of age joints in macroscopically folded rocks
may be precrogenic, synorogenic or postorogenic, Price (1959, pp. 157-
161} has argued that joints are postorogenic and are related to the remnants
of the orogenic stress field modified by horizontal extension related to iso-
etatic uplift and by erosional reduction in gravitational load. To this one
might add the effect of cooling as erosion brings rocks once deeply buried and
therefore hot, closer to the topographic surface.

The purpose of thia paper is to see whether or not this hypothesis
concerning the origin of joints is applicable to jointing in the macroscopically
folded Cretaceous Cardium sandstcnes in the Bow River area of the Rocky
Mountain Foothills {Muecke and Charlesworth, 1966). These sandstones,
which are about 100 feet thick, and are underlain and overlain by shales of
the order of 1,000 feet thick, have been gently buckle -folded about northerly
trending axes. Most of the joints fall into four types of sets, all of which are
approximately normal to bedding {Fig. 1). Type I is extensional and subpar-
allel to the associated fold axis B, Types 3 and 4, found only in western
domains, forrm conjugate shear sets whose acute bisectrices are approx-
imately normal to type |, and whose dihedral angles tend to decrease east-
wards. Type 2 is submnormal to type 1; each type 2 set tends to have an
elongate maximum and therefore to represent two merging shear sets of
srnall dihedral angle. The slickensides on joints of types 2-4 are approx-
irnately parallel to bedding whereas those on type 1 joints are nearly normal
to bedding.
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Because of the regularity in orientation of slickensides within a
Jjoint set, and because in the case of types 2 to 4 they are approximately nor -
mal to the line of intersection of conjugate shear sets, slickensides are
assumed to date from the period of initial fracturing. Thus the joint sets
appear to form two age groups. Group A {types 2-4) originated when the
maximum principal stress or compression {g|) was approximately parallel
to bedding and normal to B and when the minimum principal stress (o4} was
approximately parallel to B, whereas group B {type 1) developed when g, was
approximately normal to bedding and when g, was approximately parallél to
bedding and normmal to B. The possibility of ising dispersion and veining to
determine the relative ages of the two groups will now be discussed.

DISPERSION

The usefulneas of dispersion in establishing the relative ages of
associated sets depends on the validity of the following argument. Until the
formation of the older of two joint sets the principal stress trajectaries
. should have maintained a fairly constant orientation throughout the unfrac-
tured rock, Thus the joints that formed in response to this stress system
should be grouped with low dispersicon about the mean joint plane., The frac-
tured nature of the rock should have caused the stress field associated with
the younger joints to be less regularly oriented than before, with the result
that the dispersion of these joints about their mean plane should be greater
than the older.

The dispersicn of a joint set canbe determined only if theorienta -
tions of a number of constituent joints are known. This sample of the joint
set should ideally be random, but in practice this is rarely possible because,
for example, of subjective selection on the part of the field geologist, outcrop
distribution, and the relationship between outcrop shape and joint orientation,
Two methods of evaluating dispersion will now be described.

_ If joints in a joint set have a spherical-normal or Fisher distribu-
tion, the joint poles have axial symmetry about the mean pole and conform to
the probability density function

Plld} = const eK cosd {1}

where 4 is the angular distance from the mean pole {Fisher, 1953), K, the
three-dimensional analogue of the inverse of variance, is a measure of the
dispereion of the joints about the vector mean: the higher its value, the lower
the dispersion, Ae long as K is greater than 3, a good approximation of the
best estimate R of K is given by

R = Nl (2)

where N is the number of measurements, where
3
R® =(£ li) + (E rm) + (E “i) 3
i=] i=1 i=1
and where (1;, 1y, nj) {i=l, 2, ,,.N) are the direction cosines of individual
joint poles. As N increases, ﬁ approaches the true value of K.
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B - fold axis

hw - hanging wall
fw - footwall

X - acute bisectrix

8 - slickensides

Figure 1.

Diagrammatic block
diagrams of the east limbs
of anticlines showing some
geometric features of joint
sets belonging to type 1(a),
type 2 (b}, and types 3 and
4 (c).

{Muecke and Charlesworth,
1966).
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If joints in a set have distribution such that, the joint poles have
axial syrnmetry about the mean pole and conform to the probability density
function

P,(8) = const ek cosg (4)

k is the parameter of dispersion analagous to K in {1); its value also
increases with decreasing dispersion. The dispersion of such a joint set may
be estimated using the symmetrical matrix

E lzi Zlim‘, Eli.ni
M = Z Z 2 E {5}
mili i mini
L.. L.
E nili N né

1 1

The three eigenvalues of this matrix are always positive and add up to N, and
the three eigenvectors agsociated with these eigenvalues are always perpen-
dicular to each other (Watson, 1966). The eigenvalues are related to the sum
of the moments of inertia of particles of unit mass placed at the termini of
unit vectors representing the joint poles. The moment of inertia [ of this set
of N particleg about an axis of direction d is, in matrix notation,

I

N - dmd , (6)

(T

n
Z
1
S
B
2

where dl' d; and d3 are the direction cosines of the direction d. The axis
that.is associated with the least moment of inertia is that which maximizes
d'Md. The largest value of d'Md, 3,, is the greatest eigenvalue of M. The
direction d, the eigenvector associated with )y, parallels the pole to the mean
joint plane. The magnitude of ), /N is 2 measure of the dispersion of the
joint poles about the mean, such that the smaller this parameter the greater
the dispersion. k is related to this parameter by

1 2
J‘ e Kt a¢
‘0o M (8)

1 2 N
I ekt dt
2]

where t = cos ¢ {Watson, 1966).
Mo st joint sets probably do not conform precisely to either of the

digtributions discussed above, so K and k may be used only to estimate
dispersion.
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Both K and k, as defined in equations 1 and 4, for the four types
of joint set in the various domains are given in Table 1. Group A is repre-
sented in domains 1-9 by types 3 and 4, and in dornains 10-20 by type 2.
Group B is everywhere represented by type 1. In domaing 1-9 the average
values for K and k of group B sets are 35 and 20, whereas those of group A
sets are 56 and 32, Thus, applying the criterion of dispersion, group A
joints would appear to be the older, In domains 10-20 the average values for
K and k of group B joint sete {36 and 19) are similar to those in dorriains 1-9,
but those of group A {34 and 18) are considerably lower than the correspond-
ing values in domains 1-9. This could be taken to indicate that the group A
joints in domains 10-20 are the younger. However, the relatively high dis-
persion of group A joint sets in domains 10-20 is probably related to the fact
that each of these sets represents two merging shear sets.

VEINING

Joints are commonly assaciated with veins, and the percentage of
veined joints in one set is usually different from that in another set. All
things being equal (e.g. the sets being compared are both extensional), the
older set should have the greater percentage of veins, for in its case there
has been more time for precipitation to occur.

The percentages of veined joints belonging to the four types of
joint sets in the varicus domains are shown in Table 1. Twenty per cent of
the joints in the extensional type 2 sets are infilled with vein material as
opposed to only 5 per cent in type 1 extensional sets. From this the type 2,
and thus the group A, joints would appear to be the older. Only 3 per cent of
the group A joints in sets belonging to types 3 and 4 have veins, The small-
ness of this percentage stems not from their being younger than group B
joints, but from the fact that the majority of joints belonging to types 3 and 4
are shear fractures that formed at considerable angles to ¢;, and so should
not have been associated with much normal displacement.

POSTOROGENIC STRESS HISTORY

By applying the criteria involving dispersion and veining, group
A joints would appear to be the older and group B the younger. Let us now
use Price's theory to predict the nature and history of jointing in the Bow
River area. During the course of this discussion the three principal stresses,
which at all times after orogenesis should have been approximately east-west,
north-south and vertical, will be referred to as ¢, o, and gy.

The stress field immediately after orogenesis {Fig. 2} was such
that g = g1 On= and g = 03 - Postorogenic decrease in the values of gg
and g, should have aﬁtered tFe nature of the stress field such that O, F 0] 0O
(tensile) = g; and gy = g, Eventually jointing associated with east-wes% )
contraction and north- south extension should have occurred {Fig. 2).

Immediately after jointing, the stress field should have been such
that gg =03 oy = o3 0 and gy = (Fig. 2}. Further horizontal extension
could have%:»een taken up in the north-scuth direction by opening of pre-
existing joints, ec the value of g should have remained approximately zero.



Table 1.

Dispersion,_ in terms of K and k, and the occurrence v (in per cent) of veins for the four types of joint setin
Cardium sandstones along the Bow River. The numbering of the domains increases eastwards,

_ Type of joint-set
! 2 3 4
Domain K k v K k ¥ K k v K k v
1 36 19 i 71 36 26 B? 45 1 14 21 1
2 26 14 4 - - - & N 2 122 58 3
3 27 13 0 - - - 26 14 0 8 50 13
4 17 28 0 - - - 12 19 ¢ 67 16 o
5 47 24 0 - - - 3 17 0 66 H 0
) 46 24 0 - - - 34 30 0 | 122 47 0
7 48 21 0 - - - 57 30 0 73 37 1
8 33 18 1 - - - 55 28 Q 53 27 1
9 33 22 3 - - - 52 7 11 74 38 13
10 18 11 0 28 16 3 - - - - - -
1t i 22 0 28 16 6 - - - - - -
12 61 32 0 21 46 21 - - - - - -
13 22 12 7 27 15 35 - - - - - -
14 42 22 27 22 12 41 - - - - - -
15 26 15 6 18 10 24 - - - - - -
16 45 23 8 15 ? 29 - - - - ~ -
17 30 16 15 15 ? 29 - - - - - -
18 24 4 12 17 ? 17 - - - - - -
19 72 37 0 99 51 2 - - - - - -
20 9 6 ? 17 10 1 - - - - - -

- 0el -
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Such extension could not have occurred in the east-west direction, so the
value of g would have reduced to the point where g, (tensile) = 93 oy =
0ye00 and oy =0y, Eventually jointing associated with vertical contraction and
east-west extension and symmetrically disposed with respect to the older

jointe should have developed (Fig. 2).

Asymmetrical steps on slickensided joints (Fig. 1) suggest that
the majority of secondary joints experienced 'mormal fault' displacement.
This type of displacement could have originated as follows. From the end of
orogenesis until the period of formation of group B joints the principal
stress-axes appear to have been approximately orthogonal to bedding in the
gently folded competent sandstones. After and to a certain extend during
jointing, gy should have approached the vertical more closely than before,
with the result that continued horizontal extension should have led to further
opening of group A joints and to 'mormal fault' displacements along group B
joints.

+

1]
L]
[T
o
=
[T, ]
—
<
x
[+ 4
O
r
[FT]
>
-
b
el
w Oe*Ohp
/o
.::::—--_.-'___'__'___'-'.
4 TIME—

Figure 2. Variation in g, a, and g, between the end of orogenesis (1) and
the period of unroofing of the jointed rock (4}, 2 - formation of
group A joints. 3 - formation of group B joints.
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At the end of jointing according to the theory discussed above, the
essentially vertical principal stress was compressive, and the two essen-
tially horizontal principal stresses were approximately zerc. However, in
many regions the principal horizontal stresses close to the surface have been
observed to be compressive and even in scme cases to be greater than the
vertical {see e, g. Imrie, 1967, pp. 28-41). How can these ohservations be
reconciled with Price's theory? The answer to this question probably lies in
the fact that the values of the principal stresses referred to in the preceding
paragraphs are the effective principal stresses {i.e. the total principal
stresses less the pore pressures), Thus the total horizontal principal
stresses immediately after jointing would have been compressive and equalto
the pore pressure. During the pericd between jointing {when the rocks were
still at considerable depths) and exposure through erosion of the jointed rocks
at the surface, the pore pressure decreased to zero {the streas measure-
ments referred to above were made above the water table). Thus if the value
of the total horizontal principal stresses remained constant throughout this
period, the effective horizontal principal stresses close to the surface should
be compressive and equal to the pore pressure at the time of jointing. During
the period between jeinting and exposure the value of the vertical principal
stress decreased to zero, so that at the surface the horizontal principal
stresses should exceed the vertical by an amount approximately equal to the
pore pressure at the time of jointing. The sitation described above is
complicated by the fact that during the periocd between jointing and exposure
at the surface, the value of the total horizontal principal stresses continued
to fall because of horizontal extension, erosional reduction in gravitational
load, and cooling. Thus the existence at the surface of horizontal principal
stresses in excess of the vertical can be accounted for on the basis of the
above theory only if the amount by which the total hérizontal principal
stresses were reduced during unroofing of the jointed rock was less than the
pore pressure at the time of jointing.

DISCUSSION

Thus both the nature and history of jointing in the macroscopically
folded sandstones of the Bow River area, predicted by Price's theory, agree
with the observed geometry, and with the history established using the
criteria of dispersion and veining. Let us look at the possibility that the
jointing and folding were contemporaneous, The fact that the joints are not
displaced by bedding plane slip would appear to disprove this possibility.
However, Norris (1967, p. 313) has pointed out that very little slip on a
mesoscapic 8cale is required to preduce striae, so the usefulness of this
criterion for establishing the relative age of folding and jointing is doubtful.

The dihedral angle of group A conjugate shear sets decreases
from about 70° in the west of the Bow River area to essentially zero in the
east. This means that the angle g that a joint made with gy at the time of
fracturing decreased eastwards. Brace {1964) found that, "although the angle
g remains relatively constant for experimentally produced fractures when the
differential stress is large, when it is small and g, is tengile, § decreases
with the value of g, and that there is a continuous™ transition {rom shear
fractures to extensgion fractures. Thus if joints may be compared to these
experimental fractures, they formed at a time when the differential stress
was small. This conclusion, which is supported by the small disaplacements
acrogs joints and their close spacing {(Price, 1966, p. 142), suggests that
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jointing is postorogenic because the differential stress throughout folding
must have been large except where the 'beam effect' was present {see e.g.
Stearns, 1964; Norris, 1967). This effect, characteristic of buckle folds
with small radii of curvature and relatively widely spaced surfaces of bedding
plane slip, was probably unimportant in macroscopic folds such as those
under discussion where the radii of curvature are more than three arders of
magnitude larger than the spacing of surfaces of bedding plane slip. Thus
jointing is unlikely to be synorogenic.

Another possibility concerning the origin of jointing should be
mentioned. The falds in the Cardium sandstones of the Bow River area are
cut by a number of thrust faults, so clearly the differential stress in the
sandstones during folding approached the failure stress. Under these con-
ditions microscopic cracks are likely to form in the sandstone (see e. g.
Brace et al., 1966, pp. 3942-3949). These cracks maygrow into mesoscopic
joints with the postorogenic reduction in confining pressure. Thus the orien-
tation of group A joints may reflect that of the stress field at the onset of
folding, although they may not have existed as mesoscopic fractures until
long after folding had ceased. The variation in dihedral angle associated
with these joints may in this case reflect the easterly decrease in confining
pressure to which the Cardium sandstones were subjected during orogenesis.

CONCLUSIONS

Most of the jointing in the macroscopically folded Cardiumm sand-
stones of the Bow River area originated at two distinct pericds after folding
had ceased, and developed in response to a modified residual of the orogenic
stress field. Anocther possibility igs that the joints, although postorogenic,
are related to microscopic cracks that propagated during orcogenesis,
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DISCUSSION

W.M, Schwerdtner asked on what method the values of absolute
atress quoted in the presentation were based, and suggested that depending on
the methed, values might in fact indicate effective stress and not absolute
atress.

W.F, Brace suggested that this was such a complex subject that it
might be hetter not to get involved in it at this point.
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D.T. Secor remarked that on stereographic plote showed by the
author, maxima seemed to be much better developed in the north and west
than in the south and east, This, he suggested, would reflect tilting of the
joints, or non-verticality of the principal stress at the time of jointing,

R.A. Price observed that if joints represented residual stresses
during faulting and stresses existing during uplift and unroocfing, as suggested
by the author, one should notice some difference in the orientation of joints in
shallow dipping and steeply dipping beds.

The author expressed his regrets that he had only heen able to
measutre joints in shallow dipping strata and said he would expect to find a
difference in steeply dipping strata, but he did not really have an answer to
this question.

A, Brown asked for more details concerning joint sets J3 and J4.

The author explained that his extensional type 1 and type 2 sets
displayed only one maximum on the stereographic projection, although some
of them showed plumode structures and others displayed slickensides, He
expected that alickensides would appear where the joint pattern formed at a
slight angle to the local orientation of o3.
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STRUCTURAL ANALYSIS OF FEATURES ON
NATURAL AND ARTIFICIAL FAULTS

D. K. Norris
Institute of Sedimentary and Petroleum Geology
Geological Survey of Canada, Calgary, Alberta

and

K. Barron
Mining Research Centre
Ottawa, Ontario

Abstract

Many beds in the coal measures of the eastern Cordillera have been
detached from one another because of buckling and of differential translation on thrust
surfaces. Striae, steps and polish on bedding faults were compared with similar
features produced in the laboratory to evaluate their usefulness in kinematic analyasis.

Pitches of strine on the same bed at various localities in Upper Marsh
seam in the eastern Cordillera approximate a circular normal distribution with a
preferred direction of slip essentially perpendicular to the regional atrike. This
distribution includes a very large number of discrete directions of slip representing
some phase of the kinematic activity on bedding. Statistical tests provide reasonable
agsurance that samples of pitch of striae from one end more slip surfaces are from
the same movement picture.

Steps on bedding and on cxtension faults are of two basic types: those of
mineralized gouge plastered on the slip surface (rccretion) and those cut into the solid
rock (fracture), Both types mey be linear or arcuate in projection on the slip surface;
they commonly trend about at right angles to the preferred direction of glip and they
may be modified or erased by later movement. Accretion steps adjacent to Upper
Marsh seam are usually localized at irregularities in surface configuration. In any
specimen or locality they characteristically occcur on the same flank of depressions.
Microecopically they conaist of a complex lamination of quartz and carbonate with
carbonaceous gouge. Layers of gouge feathered out in the quartz and carbonate,
sigmoidal tengion gashes, tengion fissures filled with mineralization, and fragments of
steps plucked from the risers indicate that these steps commonly face in the preferred
direction of slip of the opposed wall. The steps are, therefore, plastered in the lee of
irrepularities in the rock surfzce. The fine structure, however, suggests modification
of sBome steps of slip in a reversed direction consistent with observations of some
faults which heve themselves been cut end displaced in the coal seam. Fracture ateps
may originate in at least three ways in and adjacent to Upper Marsh seam: by inheri-
tance from the initial fracture configuration of the slip aurface, by plucking of platy
fragments, and by faulting of the slip surfece.
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Polish on and within beds is wideapread adjacent to Upper Marsh seam.
It may be due to relatively large sheer displacement over considerable arese on
individual beds or to microscopic shear on 2 multitude of slip surfaces of limited area
within beds.

Bteps and striae were created in the laboratory on prepared and induced
slip surfaces in cylindrical specimens of soapstone, mudatone and siltstone loaded
axially under confining pressures up to 9,000 psi. The stcps were similar to the two
basic types observed in the field. Both were oriented more or less perpendicular to
the direction of the striae, Rigers on accretion steps were cbserved to face in oppos-
ing directions depending largely on whether the fragments of eompressed gouge stuck
to one side or other of the specimen when the glip surfeces were separated for viewing.
The directions in which the risers faced, therefore, were not congistent with the known
genge of slip. Prominent fracture steps were observed to be due to faulting of the
principal slip surface on the conjugate shear set. They consequently opposed motion
on the principal surface,

Both field and laboratory data, therefore, indicate that accretion stepe are
formed as slip surfaces are parted, and depcnding ot which wall retains the gouge, the
steps will face in the one direction or other. Because the gouge is more readily bonded
to the lee flank of irregularitics, however, it commonly sticks there so that risers face
preferentially in the direction of motion of the opposed block. Fraeturo steps on the
other hand can face in either direction and therefore cannot be used indiscriminately
as 2 definitive eriterion for sense of slip. Where their nature and origin are under-
stood, however, both kinds of steps may be used with meaningful samples of pitch
measurements to establish directions of slip and therefore to document at least part of
the kinematic history of faulting and folding in orogenesis.

INTRODUCTION

With increasing knowledge of the structural geometry of orogenic belts
there is a proportionate demand for reliable criteria for assessing the direction and
magnitude of relative displacement on detachmcent surfaces, whether parallel or at an
angle to bedding. Omly when relisble and meaningful data are available, can an
accurate analysis be made of the kdnematics and perhaps also of the dynamics of
orogeny.

The acquisition of meaningful samples of data is more often than not
fraught with difficulties because of limited, accessible cutcrop in structural positions
critical to the analysis. It may be difficult, moreover, to sample adequately the fabric
of a given surface in a specific structural position. Fortunately in the eastern
Cordillera of Canada some of these sampling difficulties are overcome through the
cxistence of underground mines, locally extending a few miles along strike and as
much as 2 mile down dip, in one and the same bed. Exposures are fresh and extensive;
they reveal in minute detail some of the Laramide deformational history as it may
have been recorded in the ¢coal measures of the eastern Cordillera.
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The coal measures there are intimately involved in the thrusting and fold-
ing and unquestionably play a fundamental role in the siyle of the deformation. Thrust
faults, both major arld minor, are commonly localized in the coal seams; bedding '
thrusts at these and other preferred horizons (Norris, 1361, p. 184} lead to the fault
hebit first outlined by McConnell (1887, p. 33D) who not only docnmented that thrusts
parallel the layering along strike and down dip, but also recognized the fundemental
similarity between the structure of the southern Rocky Mountains and that in the
southern Appalachians (idem, p. 32D).

Of the number of fabric elements which have been used in qualitative
evaluations of the kinematica and dynamies of orogenesis (see, for example Roder,
1960; Lindstrom, 1962; Price, 1967), slickensides 1 and steps on slip surfaces are of
prime importance in an objective analysis. The pitch of strise defines the orientation
of the a kinematic axis. Steps commonly face in one direction or other in a given
structural position, and aceording to most textbooks the sense of relative motion along
the slip surface may be determined from them. According to Billings (op. eit,,p. 149}
for example, "These rough surfaces can be used.. .. in much the seme way that roches
moutonn ées indicate the direction in which glacial ice wae moving". The steep faces
or riserg o the steps wonld, therefore, face in the direction of relative motion of the
opposed block.

The first to challenge the textbook description of sense of slip was, to the
writers' knowledge, Dzulyngki (1853, p. 332) who provided field evidence to support
the thesis that the risers more commonly facc the oncoming, opposed block. Hig
argument was supported, morecover, by Paterson (1858, p. 469) who, from laboratory
studies of feulting in Wombeyan marble, demonstrated the unequivocal existence of
stepa with their risers facing in the manner described by Dzulynski. He concluded
(idem, p. 474) that "the sense of shearing should not be inferred from the appearance
of a slickengided surface only, but should be confirmed by mapping". Additional field
evidence was supplied by Tjia (1964) and laboratory evidence by Riecker (1965) to
support the views of Dzulynski and Paterson. However, iu a discussion of Riecker's
and Tjia'a papers, Rod (1966, p. 1163) wriles "it seems that steplike breaks of very
different origin have been lumped together™ and points out that stoplike breaks on well
preserved, slickensided faults in Northern Australia appear to be secondary faults "the
majority of which belong to a shear syatem having a sense of movement opposite to the
one along the master fault". He emphasized that the rule of thumb (or finger) for
roughness and consequently for sense of slip is still valid because "it never epplied to
the steps caused by secondary faulting™. Like Paterson, he states "only mapping ean
give certainty’’. In a detziled account of directional indicators on faults Tiia {1967,

p. 394) confirmed Rod's suggestion that the large step on the fault, ¢ited to strengthen
Paterson's arguments, was in fact a secondary fault. He maintained (idem, p. 396},
however, his earlier atand "that the smoothness criterion for detecting fault displace-
ments should be discarded".

1
"Slickensides are polished and striated surfaces. ... along the fanlt plane".
Billings, 1954, p. 149,
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It would seem from the I)Lreceeding discussion thet incontrovertible
evidence on the kinematic gignificance of steps must come, ideally, from a situation
where there has been one and only one direction of motion, and where the magnitude of
displacement ¢an be measured from the rupture and offset of features known to have
been in existence prior to digplacement. In realily, however, it may be difficult if not
impossible to ascertain the true nature of the movement picture. In the coal mines of
the eastern Cordillera, for example, striae on faults vary widely in pitch {Norris,
1966, p. 194) and the direction of motien on bedding has been up- as well as down-dip
{Norria, 1966b, p. 115). It is therefore impossible to identify steps on bedding with
one particular direction of slip and hence impossible to relate the orientation of risers
to a specific sense of motion. Under these circumstances, it was found necessary to
exgmine critically the micro-structure of the steps in search of criteria useful in
determining sense of slip.

UPPER MARSH SEAM

Geological Setting

The coal measures of the southeastern Canadian Cordillera are Jurgasic
and ( ?) Lower Cretaceous in age. They make up the Kootonay Formation, a succession
of non-marine ghale, siltstone, sandstone, and conglomerate. The formation rests
with gradational contact on the marine, Jurassic Fernie Group end is overlain discon-
formably by Lower Cretaceous Cadomin Formation in Cascade Coal Area (Fig. 1).

The outcrop thickness of the Kootenay ranges from 230 feet a few miles south of
Crowsnest Pass (Norris, 1959, p. 233) to 3,070 feet near Canmore (Norris, 1257, p. 5).

Upper Marsh geam lies 1,600 feet stratigraphically above the base of the
Kootenay Formation, It ranges in thickness from 3 to 12 feet in the area mined,
averaging sbout 9 feet. The coal is low volatile bituminoua in rank. Although common-
1y sheared, it iz locally bright and blocky, in spite of considerable Laramide kinematic
activity in and adjacent to the coal.

The structural position of Upper Mareh seam ia the gently dipping east
flank of the asymmetrical to overturned Mount Allan syncline {(Plate 1), which extends
throughout the length of the Cascade Coal Area. The measures are bounded on the
west by Mount Rundle thrust (Norris, 1957, p. 6) and are underlain conformably by the
Jurasgic Fernie Group of the Lac des Arcs thrust plate.

The Cascade Coal Area lies in a series of overlapping plates (see Fig. 1}.
The major thrust faults with their associated splays and folds impart a north to north-
west trending structural grain to the eagt-central Cordillera. Vertical to weat-dipping
axial surfaces characterize the folds and in conjunction with the thrust faults impart a
atrong asymmetry to the deformation. Wrench faults, occurring singly or in swarmas,
commanly trend subperpondicularly to the structural grain, are vertical to steeply
dipping end locally have large dieplacement. The bulk shortening arising from the
thrusting and folding does not appear to vary appreciably within the region so that an
increase or decrease in horizontal displacement on any one thrust is apparently
compensated by corresponding changes in displacement on faults lying en echelon to it
{Norris, 1966a, p. 193),
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buckling. Joints pervade the rock mass. They are commonly perpendicular and sub-
perpendicular to bedding and their spacing ranges from less than an inch to a few feet.
Cleats and r tectonic joint system are preserved in the coal in those areas where the
seam is not highly sheared.

The bedding throughout the accessible parts of Upper Marsh seam is quite
planar, with the strike averaging 323° and the dip 23° to the southwest (see Fig. 2).
The fabric and kinematic axes are readily defined. In conirast to other seams
examined in mines of the Cascade Coal Area, Upper Marsh seam is cut by relatively
few faults. Five extension faults were studled in the accessible workings, with strikes
ranging from north to east and characteristically with ateep west to north dips (see
Fig. 3). The one contraction fault, like those in other seams in the eastern Cordillera,
parallels the region structural grain and dips southwest in the manner of the major
thrusts.

The axes of slip (b) for slickenside striae on roof and floor range through
an angle of 62° and demongtrate wide variation in orientation of kinematic a axes
adjacent to the cozl. Because of these variations, a meaningful kinematic analysis
cannot be made until the foilowing guestions are answered: (1) Are these kinematic
a axes stochastically independent? (2) What is the nature of the frequency distribution
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of these a axes for a given slip surface? (3) Are samples of & axes from two or more
surfaces from the same movement picture? and (4) I8 the distribution of a axes
characteristic of and unique to the eastern Cordillera? Answers to these questions
are found in the analysis of striae on faults.

STRIAE ON NATURAL FAULTS

Obagervations of pitch of slickenside strine on roof and floor of Upper
Marsh seam were reduced to a common reference surfece by rotation of striae into
the horizontal about the local strike of the bedding. Insofar as the plunge of Mount
Allan asyneline is less than about 5 degrees in the area of study, no correction for
plunge was made in the rotation. As demonstrated by Remsay (1961, p. 89, Fig. 5) for
plunges less than 5 degrees and dips of surface elements less than 40°, the angular
error resulting from neglect of plunge is about 2 degrees,

A number of statistical tests were then performed {sse Appendix) to
demonstrate the usefulness of pitch measurements in kinematic analysis. The mutual
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Figure 4, Beatter diagram of Aj against Aj + 1 4o demonstrate lack of mutual
dependence of adjacent pitch measurements on roof of Upper Marsh seam,
Canmore, Alberta.
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The circular normal distribution of pitches of striae with a preferred
direction of slip perpendicular to the regional strike defines the basic structure of the
kinemati¢ pattern for hedding slip in the east~central Cordillera.

In the preceeding discussion care has been taken to imply nothing regarding
direction of slip because a given set of striae simply define the (time-dependent) a
kinematic axis. The problem now at hand is, therefore, to find definitive criteria
which may be used to establish direction of slip. It may be argued that if a fault cuts

N

Figure 6. Axes of glip (b} for relatively younger (&) and older (s} striae on roof and
floor of Upper Marsh seam. Schmidt equal area projection from the lower
hemisphere.
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whether or not the coal stuck to the rock. They were, therefore, of no value in
determining sense of slip. Steps of mineralized gouge up to one-cighth inch high were
observed on slip surfaces in the mudstone or siltstone above and below the coasl. Those
ateps on the tops of slip surfaces characteristically faced up-dip, and those on the
bottoms, down-dip.

In this section it is apparent from the bedrock profile that aceretion steps
are plastered on the slip surface {Plate 6). They are, moreover, commonly localized
on the sides of irregularities in surface configuration. Their microscopic structure
ig a complex lamination of quartz, carbonate and carbonaceous gouge suggesting a
succession of temporally distinct periods of slip and minerelization. The thin laminse
of gouge ere often truncated agsinst risers end treads. Variable extinction of quartz
in the gouge suggests that some of the crystals have been strained. Evidence of
stretching in the mineralized gouge is geen in sigmoidel tension gashes and tension
eracks infilled with quartz and carbonate {Plate 7). Some tension cracks, inclined
towards the risers, are traceable into the rock mass and indicate that the stretching
was not confined to the gouge, Cross-laminae dip away from the risers and towards
them, suggesting that the gouge was intreduced to the steps because of both forward
and reversed senses of motion. The feathering out of this gouge. the sigmoidal fension
gashes, the tension fractures in the steps and the plucking from the risers support the
hypothesis that accretion steps are generally congruous. They are, therefore, common-
1y plastered in the lec of irregularities in the rock surface although the miero-structurc
of some of the laminee suggest instances of slip in a reversed sense.

Neo voids or cavities are apparent between adjoining walls of bedding slip
surfaces in the coal measures. Patches of mineralized gouge fill the spaces caused
by mismatch in slip surface configuration. It is apparent, therefore, that accretion
steps must be formed ag the walls are parted, and depending upon which wall the gouge
sticks to, the risers may face in the one direction or other.

In the lee of irregularities there is opportunity for mineral matter to bond
itself to the fresb surface of the rock, wheresas on the forward side therc is active
shear, and gouge may be intreduced between the mineral matter and the adjeining slip
surface. The one extremity of a patch sticks more reedily to the one wall where it is
protected from shearing motion of the adjoining surface, and the other extremity to the
opposite wall, as the surfaces are parted {gee Fig. B}, The probability is, therefore,
that aceretion steps oriented in the manner dcseribed in most textbooks are formed,
their risers facing in the direction of relative motion of the adjoining wall. The slopes
of the risera are, moreover, simply the fracture angles of the gouge and have no direct
roelation to slip on the fault.

The sense of slip determined from the orientation of the risers as well as
from the micro-structure of accretion steps is generally consistent with the flexural
glip model for growth of the Mount Allan syncline end with the differential castward
motion of progressively higher beds in the Lac des Arce thrust plate,
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FRACTURE

Steps ACCRETION -
Pluck Synthetic Antithetic

--":'_., "'_":_.‘

Congruous

Incangrudus

Figure 7. Kinds of steps on slip surfaces {schematic}.

0.0 0.1 0.2 . _0i3 inches

Figure 8. Bchematic cross-section of patch of mineralized gouge showing disposition
of lee (L) and forward (F) flanks of irregularitiea for a given sense of slip.
Surfaces are glightly separated to suggest manner in which gouge prefer-
ably sticks to the one surface or other.

Fracture Sepa

Fracture stepa on bedding and m faults cutting across Upper Marsh seam
appear to have originated in at least three ways: some are simply irregularities in
surface configuration due to original fracture geometry; othera are due to plucking of
plates from the slip surface. B&till others are due to faults intersecting the slip surface.
All may be modified by abrasion during slip, by plucking of rock from the risers and
by plastering with gouge. On bedding the height of fracture steps due to fracture
configuration or plucking is commonly from one- to two-tenths of an inch although on
faults at an angle to bedding, it may be up to several inches (Plate 3), Those (fault)
stepsa with gynthetic displacement (Hoeppener, 1955, Fig. 7) are necessarily congruoua
and those with antithetic displacement, incongruocus (Fig. 7)., All types of fracture
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ateps of eppreciable size in the immediate roof or floor of the coal seama have caused
total destruction of the depositional and structural fabric of the coal as they plowed
their way.

Synthetic and antithetic fracture steps commonly occur in swarmas,
generally trending parallel or at an acute angle to the strike of the coal measures.
They range in net glip from the micreoscopic scele to several feet. If widely spaced,
they appear as in Plate 8, and if closely spaced, ae in Flate 9. The aggregate or net
glip in the latter changes only gradually over the length of the swarm, although
digplacement on individual elements may change moderately rapidly aleng their length
This variation is displacement for the aggregate and for individual faults mocks in a
generdl way the thrust and normal fault habit of the east~central Cordillera.

POLISHED BEDDING

Throughout the coal mines of the eastern Cordillera polish is abundant on
bedding and on surfaces parallel to bedding. 1t is the product of shear brought about
by differential motion in the layered succession by thrusting and by flexural slip.

In Upper Marsh mine there was opportunity to examine these polished
gurfaces and to gain some ingight inte the mechanical response of the measures when
they were faulted and folded, B8lickensided surfaces were observed at many strati-
graphic levels in the first few feet of roof and floor; they were spaced at intervals
ranging from one-gquarter inch to one foot within mudstone or siltatone beds and
paralleled textural lamination.

While attempting to withdraw a specimen from the roof of Upper Marsh
seam, which ostensgibly contained the laterial extension of the glip surface shown in
Plate 2, the authors discovered that the surface ended virtually at the limit of the
oxposed area. The sipnificance of thig lies in the conclusion that within beds slip
surfaces may be of limited area. They overlap one another in space and perhaps also
in time of origin. Hipghly stepped and slickensided though they may be, the amount of
movement on them can be microscopic. Movement on contacts between beds, however,
could undoubtedly be many orders of magnitude larger because of the greater areal
sxtent of beds. Thise is 2een for example in coal seams which are detached at their
contacts over areas measured in square miles. There, parts of faults may be dis-
pleced from one another by several tens of feet. Accommodation of the measures to
shear parallel to the layering took place within as well as at contacts between beds.

STEP8 AND STRIAE ON ARTIFICIAL FAULTS

Steps and strine were produced in the laboratory on prepared and induced
slip surfzces in cylindrical specimens of soapstone, mudstone and siltstone loaded
axially under confining pressures up to 9,000 psi. For the prepared specimens,
diegonal cuts were made at angles of approximately 25 and 30 degrees to their
lengitudinal axis. The sBurfaces of these cuts were then lapped to ensure even contact.
The specimens were placed in a triaxial bomb and confining pressure was raised fo
1,500 psi. The axial load was then increaged while maintaining the confining pressnre
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at 1,500 psi by bieeding oil from the bomb, until slip occurred. The axiel load was
recorded on the one axis of an XY recorder and the displacement of the loading piston
on the other. 8lip was clearly indicated when there was steady piston displacement
without increese of axial load. The confining pressure was then increased te 3,000,
4,500, 6,000, 7,500 and 9,000 psi in steps and the axial load increased at each step until
slip occurred. On occasion abrupt dellections in axial load occur at higher confining
pressures and are accompanied by an audible snapping sound which results from the
alternating stick-slip of the juxtaposed surfaceas, the typical behavior of moving
unlubricated surfaces under load {Bowden and Tabor, 1964, p. 78). The 8pacimens
wore then unloaded by carefully releasing both the axial and confining pressures so
that little or no further dieplacement of the slip surfaces occurred. Figure 9 shows &
typical XY recording obtained in such an experiment.

In order to conduct similar testa on uncut specimens it was first necessary
to produce slip surfaces. Thie was done by loading solid, cylindrical specimena in the
triaxial Domb until failure occurred. All these failures were produced at the confining
preasgsure of 2,000 pei. After specimen failure, the axial and confining pressures were
dropped to zero and slip tests, identical to those described for the prepered specimens,
were carried out over the same range of steps and confining pressures from 1,500 to
9,000 psi. On removal from the triexial bomb, the halves of these and prepared
specimens were separated and visually inspected.

In most cases the epecimens feiled on only one plane. However, in some
instences specimens had wedge type fallures, because of slip on conjugate shear gets.
In other cases, two non-intersecting failure surfaces occurred, the surfaces making
approximately the same angle to the specimen axis, although not necessarily parallel
or subparallel te one another.

Striae and steps were most easily produced on lapped and fracture slip
surfeces on soapstone, to some extent on mudstone and with least success on siltstone,
The strine were characteristically in the plane containing the long axis of the specimen.
The stepe were similar to the two basic typea observed in the field and both types were
oriented approximately perpendicular to the direction of the strine. Risers on
accretion steps were observed to face in opposing directicns (as did those of steps
compriged of ground up coal on the roof or floor of Upper Marah seam) depending
largely on whether the fragments of compresaed gouge stuck to ene side or other of
the specimen when the slip surfaces were separated for viewing. Among the 36
specimens studied, however, one had the appearance of that displayed by Paterson
(1958, Flate 2) from the Wombeyan marble. The stepe produced in these laboratory
tests, therefore, were not consistently congruous. Prominent fracture steps were
obgerved to be due to deformation of the principel slip surface by displacement on the
conjugate chear set. They were antithetic and therefore incongruous,

The lapped surfaces on one apecimen of soapstone were found to have
triangular patches of gouge on them which suggested a mechanism of generation of
rock flour and of formation of accretion steps (Plate 10). The patches of gouge were
observed to be plastered in indentations, to be in the shape of isoaceles triangles up
to one-helf inch high in the plane of slip, and to have small-scale steps at their base.
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of flexural-slip folding. Of the twelve accretion steps observed, nine were congruous
with the gense of slip established by meana of the mineralized fractures (Norris, idem,
Fig. 12). The preponderance of data therefore support the textbook descriptions (e, g.
Billings, 1954, p. 149) that the risers face in the direction of relative slip of the
opposed block. The presence of accretion ateps which do not conform to the texthook
descriptions would suggest that some may be plastered on the slip surface in the
manner simulated by Riecker {1965, p. 746) during shear experimenis on powdered
olivine pellets, or that some may be due to minor slip in a reversed sense,

The diatribution of a kinematic axeg in the Queensway folds is approximate-
ly circular normal {Fig. 11} as in the Mammoth seam and on the flank of Mount Allan
syncline. It would appear, therefore, that such a digtribution is not characteristic of
the thrust belt of the east-central Cordillera, the fold belt of the northern Appalachiang
or of the craton of the St. Lawrence Lowlands, but rather is fundamental to interbed
slip in a variety of tectonic enviranments.

CONCLUSIONS

Meaningful interpretations of movement pictures of thruat plates and folds
can be derived only from adequate sampling of the fabric elements. With too few data
a kinematic or dynamic interpretation may be more a statement of faith than of fact.

{1} Slickenside striae define only the orientation of the a kinematic axis
and unless markers are pregsent which have heen faulted little can be said of the sense
of slip.

{2) Both megoscopic and microscopic cheervations in the field and
laboratory confirm that steps plastered on the slip surface are formed and preserved
as a consequence of shear such that the rigers commonly face in the direction of slip
of the opposed block. These observations support the textbook descriptions and the
observations of Rod {op. cit.) but modify the conclusions of Dzulynski (1953), Tiia
(1964, 1967) and Paterson (1958},

It would appear, however, that a major problem is the inferring of sense of
slip on faulte from gross tectonic relations.

(3) Where the senge of &lip is known, as in the Queensway folds, the
majority of (accretion) steps face in the direction of motion of the opposed block (i.e.
they are congruous) and they may therefore be used with caution to infer the sense of
slip in other more complex tectonic environments.

(4) In the eastern Cordillera, where hoth up- and down-dip slip is
documented on a given bed, the majority of (accretion) steps conform to the dominant
pattern established in the Queensway folds; those that do not conform may have
developed as a consequence of reversed motion or because the gouge stuck to the
opposing surface and the need to appeal to the arguments of Dzulynski and others ig
avoided. It is difficult to conceive how steps of either of the two basic types can be
preserved in their sherp and undeformed state if they are oriented to oppose slip.
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{5} Risers which are known to face in opposing directions or which do not
conform to texthook descriptions suggest complexities in the movement picture. Steps
need not necessarily be'congruent with sense of slip inferred from the regional
structure although those that are congruent should prednminate. When their nature
and origin are recognized, steps may be used with meaningiul samples of meagure-
ments of pitch of striae to establigh at least part of the kinematic history of faulting
and folding in orogeneais.
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APPENDIX

Statistical Analysis of Pitch Meagurements

The mutual independence of adjacent measurements of the a kinematic
direction on a given bed was first tested. TUnlese stochastic independence is fulfilled
it is impoasible to conduct meaningful significance tests on measurements (Agterberg
and Briggs, 1963, p. 397).

Observations on roof of Upper Marash seam were used. The arithmetic
mean of the a kinematic directions and the deviations from the mean Aj (= X - X) were
determined. The deviations are, of course, both positive and negative and their
algshraic sum muat equal zero. According to Agterherg and Briggs (idem) in cases of
dependence, a certain value will be preceeded and followed by values of the same aize.
If Aj ig taken a8 the abscissa and adjacent value Aj + 1 is taken as the corresponding
ordinate, all values would scatter around the line Aj = Aj+ 1, having a slope of 45
degrees. It is evident from Figure 4, a scatter diagram for these roof data, that there
is no such concentration about this line. Because the scatter is shotgun it may be
safely assumed that successive measurements are stochastically independent and that
a bagic condition for further statiatical testing is met.

Insofar as statiatical theory is based on the so-called normal distribution,
the tests applied to the data necessarily imply certain assumptions abont the distrihu-
tion of the a kinematic directions. Theoretically the orientation of directional features
is eircular normal because it is a modification of the case in which the date have a
cyclical distribution {Agterherg and Briggs, op. cif., p. 398). There appears, more-
over, to he no significant difference between the circular nermal and normal distribu-
tions when the standard deviation is 30 degrees or less because the distribution
functions give gimilar values of the dependent variable for small values of the exponont
(Agterberg and Briggs, idem).
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The arithmetic means and standard deviations of the a kinematic directions
for roof and floor of Upper Marsh seam were calculated on the assumption that the
samples may be approximated by normal distributions. The results are tabulated in
Figure 3. Although the means are the same, the problem remains whether the standard
deviations are sufficiently similar to justify the belief that the samples from the roof
and floor are from the same population of striae. The ratio of variances, denoted by
F, equals 100,48 = 1,28, If this value is not significantly greater than one, it may be
assumed with some degree of assurance that the variances are for the same population
of striae. For the roof, there were 73 obaervations, and therefore 72 degrees of
freedom; and for the Aoor, 67 observations, and 66 degrees of freedom. From tables
(Hoel, 1966, p. 339) it is found that at the 95 per cent level of confidence, the correspond-
ing F value is 1.76. Since F = 1.28 for this problem is appreciably less than the
critical value from the tables, the data are in agreement with the hypothesis that the
gsambples of orientation of a kinematic axes from roof #nd floor are from the same
population of striae.

Because of the possibility that two or more populations could be mixed
whose means gnd standard deviations were close te one another the combined data were
plotited on arithmetic probability paper {(Fig. 5). A normally distributed sample will
plot as e straight line whose slope is determined by the standard deviation of the
sample. If the sample were in fact a mixture of two or more distributions which are
themselves normally distributed, the plot will give riae to a curve which is the result-
ant of two or more straight lines (Harding, 1949, p. 142), I one ignores the extremities
of the plot where the data are few, it i8 apparent that the curve is sublinear and that the
sample approximates a circular normal digtribution.

Although intersecting striae on bedding are commeon adjacent to Upper
Marsh seam, the determination of the relative ages of two or more sets is often
difficult. A most careful search of roof and floor revealed 39 sets whose relative ages
could be eatablished with reascnable confidence (see Fig. 6). It is apparent from the
distribution of {b) axes of slip that the relatively older or younger axes are not oonfined
to one or other part of the fabric diagram but are intermingled elong the trace of mean
bedding in the projection.

To test the poasibility that these sete could have arisen from more than one
movement picture they were divided into two groups, that containing the relatively
younger striae and that containing the relatively clder. Their mean orientations and
standard deviations were calculated and F and t teste performed. Designating the
meen orientation of the kinematic a axis for the relatively older strine as Eo, for the
younger a8 a, and their respective variances by c;g and 0’5’ , the following values
were obtained:

61" o

Ll
1]

653 8q. deg.

[ ]

62° o 558 sq. deg.

<
1]
[

Now Fo = 653/558 = 1.17 and according to Hoel (ibid)

bs
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Figh, = 1.72 at the 95 per cent level of confidence for 38 degrees of
freedom in the numerator and denominator of the ratio of the variances. Thus F
is appreciably less than Fiq,, and we may, with reasonable assurance accept the
hypothesis that the variances of the samples of older and younger striae are sufficient-
1y alike to warrant the assumption that they are independent estimates of the same
popu]ﬁtion variance.

ohs.

To test the hypothesis that the arithmetic means 3 and niy are independent
estimates of the same population meen, we caleulate Biudent t (see Moroney, 1951,

p. 228, for example), where tobs. = |a0 - Eyl -\’n—l and n = no. of observations of a,.

a0
Thue tobs. = 1x6.16=0.241
25.6
Now t = 2.02 at the 95 per cent level of confidence, for 38 degrees of

freedom (Hoel, op%lt. » p- 330), Thust, . ia sppreciably less than the tabulated
velue and the difference in means is probably not significant,
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DISCUSSION

W.EF. Brace asked D.K. Norris if he had attempted to section
some accrefion steps generated in the laboratory and what the section might
show.

D.K. Norris said he had not, because of technical difficulties with
the impregnation of the ground-up material.

R,A, Price asked D.K. Norris if the apparent 'cross-bedding’
laminae of some accretion steps might represent small accretion increments
built up in the horizon of the step.

The author said that he considered the gouge of accretion steps to
be built up as well as eroded through successive instances of slip, dilation
and mineralization., Some cross-laminae are, therefore, actually truncated
by the slip surface. What he was looking for and found in accretion stepswas
some recerd of the slip history of the surface,
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J.B. Currie (written comments)

Legend for Figures

Figure {la)

(1b)

{lc}

(1d)

Steps on a fracture surface in alabaster. Cylindrical sample;
diameter 1 inch, Arrow indicates motion of the upper block,
Confining pressure 69 bars.

Cross section of one fault block; sample diameter 1 inch.
Steps on profile of the fracture surface face the motion of the
opposing block, Arrows X and Y point to fractures along
which cohesion is retained.

Thin section of one step on a fracture profile (X25). The gentle
'riser' of the step is indicated by the arrow at Z.

Thin section showing cross fractures that comprise part of the
deformation within steps on a fracture surface in alabaster
(X25).

Figure 2 on page 171

(2a)

(2b)

(2¢)

(24)

Steps on fracture surfaces in a sandstone cylinder, 0.6 inches
in diameter. Confining pressure 321 bars.

Thin section of one step on the sandstone fracture surface
illustrated in (2a), (X25).

Steps on fracture surfaces in a limestone cylinder, 0. 6 inches
in diameter. Confining pressure 1, 046 bars,

Thin section of one step on the limestone fracture surface
jllustrated in {2c}, (X100). A major fracture can be traced
from K downward to its terminus. A minor stepped fracture
zone is evident at L.
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The field and experimental evidence cited by Norris and Barron
draws attention forcefully to the value of studying features on fault surfaces.
They have shown how these features, in the case of Upper March coal seam,
serve to document.the kinemstic pattern., Tjia {1967) records more than six
distinet types of geometric features that occur on fault surfaces. One of
these features, namely steps on fault surfaces, has not always served satis-
factorily as an uneguivocal indicator of displacement sense, In partial
explanation. Rod (1966} suggests that 'steplike breaks' can develop in more
than one way and, in fact, Norris and Barron conclude from their study that
at least two types are recognizable, i.e. 'accretion' steps and 'fracture’

steps,

One might explore, therefore, the possibility that the character
and type of features developed on a fault surface may depend on the condi-
tions of deformation, As a result of this dependency the facing and nature of
steps on fracture surfaces may reflect not only the sense of displacement on
faults but also the conditions under which rupture and movernent took place,
Paterson {1958) noted that steps on fault surfaces produced in cylinders of
Wombeyan marble faced the motion of the opposing block. Similar relations
have been consistently encountered in a series of experiments in which fine-
grained alabaster was deformed over a range of confining pressures.

Figure la shows the fracture surface that accompanied rupture
under a confining pressure of 69 bars, Steps on the surface trend approxi-
mately normal to the direction of fault movement and their 'risers' face
apainst the movement undergone by the opposite fault block (indicated by
arrow). Figure 1b provides a sectional view of the fault surface. The steps
face against the motion of the opposing block, Two arrows (X and Y) point to
fractures that are part of the main rapture zone but along which cohesion has
been retained, In Figure lc is shown the thin-section view of a step on the
fracture surface. Traces of several fractures almost parallel to the main
rupture are evident and one can note also a general parallelism among the
leas obvicus cross-fractures that trend subparallel to the 'riser' segment of
the step {at Z}). A closer view of these minor cross-fractures is afforded by
Figure 1d taken from an experiment in which cohesion along the main fracture
was retained. The cross fractures evidently permit continuity of slipbetween
one major fracture (at the top right of the figure) and another (at the lower
left of the figure}.

In a series of experiments covering a range of confining pressures,
one notes that development of steps on fracture surfaces in alabaster is most
obvious within an interval of confining pressures between about 20 and 200
bars, Below this interval rupture causes an irregular fracture surface along
which some granulation of material is evident. Above confining pressures of
some 200 bars, failure takes place within a deformation zone, of variable
width, aleng which cohesion is retained even in advanced stages of strain.
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Deformation of a fine- grained sandstone having a micaceous matrix
has also shown the development of steps on fracture surfaces., Figure 2a
highlights steps on both pieces of a fractured cylinder. The direction of fault
displacement, parallel to the sample axis, is8 made visible by vague slicken-
sides. A thin-section of one step on the fracture profile (Fig. 2b) illustrates
its shape and the degrec to which material in the step is deformed. Deforma-
tion of fine-grained limestone, at relatively low confining pressure (Fig. 2c),
further illustrates the development of steps on fracture surfaces. Besides
the several obvious steps visible on the fault surface, close inspection shows
a very large number of small steps across the entire area of the fracture,
For microscopic examination the two pieces of the specimen were cemented
together and thin-sectioned. Figure 2d depicts a close sectional view of one
step on the fracture, From the point K one can trace a major fracture down-
ward toward its termimus, At L, a minor 'stepped' fracture zone is evident.
Prominent development of steps on fractures in the sandstone and limestone
samples employed in these experiments appears to occur over a definite
interval of confining pressures. For the sandstone, this occurred between
300 and 500 bars, a somewhat higher range than that encountered in the
alabaster experiments.

The foregoing evidence suggests that development of stepped frac-
ture surfaces in experiments is governed by the conditions under which sam-
ples are deformed. For this series of tests their occurrence was controlled
by the confining pressure at which experiments were conducted, This does
not imply that temperature, pore pressure and strain rate are not also
significant variables. The results do suggest however that at least one type
of structural feature commonly found on fault surfaces may reflect something
of the conditions of deformation, in addition to revealing the sense of fault
displacement. The occurrence of cother fault- surface features, such as pluck
marks or drags, may also be conditioned by deformational parameters, If
this is so, they may acquire greater value in structural interpretation.
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Authors' reply to J, B, Currie (written comments) The authors
would like to thank Dr, Currie for his contribution; he has raised some
interesting points, The steps shown by Dr. Currie would appear to be 'frac-
ture steps' as defined by us in the paper, i.e. they are irregularities of the
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fracture surface. As such, when the surface is first formed, we beliewvethat
these steps could face in either direction. However, if movemnent occurs on
this surface it would seem likely that those facing against the motion of the
opposite surface would gradually get destroyed, It would seem likely there-
fore that the specimens shown in Dr. Currie's photographs have been subject
to little or no relative movermnent between the surfaces. Had there been signi-
ficant displacement between these surfaces there should he evidence of gouge
(and possibly accretion steps), which is not apparent on the photographs.
Unmedified {racture steps, therefore, rather than indicating the sense of
motion between surfaces, might perhaps be considered to indicate a lack of
relative motion between the surfaces.

The evidence presented by Dr, Gurrie that the oc¢currence of step-
ped fracture surfaces is dependent in some way on the confining pressure is
significant, Howewver, rather than attributing this to he the 'degree of
deformation' of the specimen, we think that this is related to the fracture
mechanism occurring in the specimen. A plausible gqualitative explanation
might be as follows:

At low confining pressures the rock behaves in a brittle manner
and fracture initiates in the rock from single 'Griffith's cracks', Now if the
confining pressure is sufficiently low, conditions can be defined in which this
fracture initiation propagates immediately to 'ultimate failure' of the speci-
men, the crack propagating at, presumably, terminal velocity. This would
result in crack forking, granulation etc. on the surface, Above this level of
confining pressure the material would still behave in a brittle manner, frac-
ture initiating at critically oriented Griffith's cracks. However, the confine-
ment is now sufficiently high to prevent this initiation propagating immedi-
ately to failure. Instead fracture will initiate at successively less critically
oriented cracks and critically oriented cracks will grow,in a stable manner,
until at some stage this array of microcracks coalesces to form the fracture
surface. In this region the fracture surface has been formed in a more or
less controlled manner, consequently granulation of the surface because of
unstable fracture propagation will be miniral; it might be expected that pro-
nounced fracture steps would be apparent (which could face in either direc-
ticon).

At very high confining pressures the material would behave in a
completely ductile manner and a shear failure of the specimen would be antic-
ipated on which there would be no fracture steps, There will, of course, be
some transition zone hetween completely brittle and completely ductile behav-
iour of the rock, in this region a gradual fading out of fracture steps would be
anticipated as confining pressure increases.

If the above tentative explanation is true then it would be of inter-
est to examine the development of potential fracture surfaces in the brittle
region prior to ultirnate failure, and to see if in fact potential fracture steps
are indicated and if there is a preferred direction of the steps. This could be
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done by stopping a test before ultimate failure but after the onset of fracture
inijtiation, and then examining thin sections of the specimen. Now fracture
initiation in the specimen can be recorded in an experiment by ohserving the
onset of microseismic activity, In consequence it would be possible to test a
series of specimens at gradually increasing stress levels above onaet of frac-
ture initiation and before failure.

Hoek (1965) did stop one experiment before failure and examined
the microcracks in it, His photograph (Fig. 24, p. ) shows that steps in
the crack path can face in opposite directions.
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W.C. Brisbin asked J. B. Currie about the effect of confining pres-
sure on fractures developing during the long translation of one side past the
other in his experiments,

J.B. Currie answered that much of the slope is due to curving of
the fracture steps, as a result of the movement of one side past the other.



- 175 -

REGIONAL AND SUB-CONTINENTAL SIZED FRACTURE SYSTEMS
DETECTABLE BY TOPOGRAPHIC SHADOW TECHNIQUES

Donald U, Wise
Franklin and Mershall College
Lancaster, Pennsylvania

Abstract

Topographic linear analysis for underlying fracture control is a subtle
mixture of science, art, and self-delusion. Rader imegery of real tepography or
photos of side illuminated raised plastic relief maps enhance many elements of linear
topography, particularly those valleys with strikes at acute angles to the light gource
go that illumination grazes one of the walls. Dozensg to hundreds of topographic
linears appear on all relief maps examined with scales from 1:62,500 to 1:1,000,000.
They are commanly arranged in six to eight sirike sets with individual linears
persisting for a hundred miles or more, the sets themsgelves continuing for many
hundreds of miles. The shadow enhancement permits rapid mapping of the linears
over vast areas; the requirement of the same linear appearing under a variety of
lighting directions provides some control on operator generated pseudo-linears.

Complex fracture networks ccour with constant orientation over vast
areas of North America, Europe, and Iceland, some elements of the networks being
correlatable with lmown fault or fracture aystems. The systems extend without change
to the edges of continents; they extend unchanged across pertione of the Mediterranean;
they are strongly developed on the youthful ¢rust of Iceland; they are Independent of
local curvatures and geomstry of the mountain systeme in which they oceur; they
continue unchanged from the Appalachian region inte the youthful Coastal Plain. The
relations suggest tectonic heredity of older systems being propagated upward through
youthful covering sediments and /or near modern stress trajectories of conatant
orientation over extremely large areas. The areal magnitude of the system, complex-
ity of sets, and independence of regional structure, suggest that many traditional
methods of regional fracture analysis may be too small in aresl coverage, too limited
in statistical ability to separate sets of small dihedral angle, naive in failing to
consider tectonic heredity and misguided in trying to do stress-strain analysis of the
pattern in terma of local tectonic features.

INTRODUCTION

Despite excellent theoretical and leboratery studies of the behavior of
britile materials, explanation of origins of fracture systems obaervable in outerop is
among the least satisfactory aspects of structural geology. Theeia of this paper is
that fracture systems in nature are more complex in number of sets, in hereditary
links with a geologic past, and in vast areal extent, than ordinarily considered in
assumptions and technigues used to analyze those patterns,
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TECTONIC HEREDITY AND JOINTING BY EXTENSION

A commen but questionable assumption of fracture analysis is that time of
fracturing ig the same as time of .epplication of tectonic stresses. Difficulties with
this nesumption were pointed out by Chapmen {1958) working with joints which break
and hence are younger than post-glacial sheeting in coastel Maine. These youth{nl
joints are agmociated with areal extension and downhill creep of the post-glacial sheets.
They tend to form two joint sets at any location, both sets vertical but one parallel
with the topographic contour and the other perpendicular to it. Despite this link of
jointing to topography, the fractures themaelves are restricted to a number of orienta-
tions remaining constant acrosse the region. Chapman concludes that regional tectonic
stresses left a number of directions of preferential weakneas in the rocks in the form
of planes of fluid inclusions. Bubsequent directions of extension controlled by topo-
graphy permitted only a few of the potential fracture directions to develop into visible
joints.

Similar mechaniame operate on a larger time scale in basement rocks of
Montana- Wyoming, where the name tectonic heredity was coined for the phenomenon
{Wise, 1964), In that region eight recurring fracture directions appeared in basement
over an area of at least 50,000 square miles during at least seven periods of extension
fracturing ranging over 2.6 billion years. The earliest indications of these eight
directions appear in orientations of pegmatite and quartz veinlets and of basic dike
swarms dating from the closing phases of regional metamorphism, At least four
more Bystems of Precambrian basaltic dikes show the same orientation pattern
{Table 1), The same eight directions were reactivated by a pervasive system of
microjoints with spacing of a few millimetera developed during sideward expansion of
rising Laremide block mountains. However, the microjeint pattern at mogt locations
involves strong development of only two perpendicular sets of the eight potential sets.
The final event was the development of common joints, many of which break post-
glacial sheeting and commonly show two strong sets roughtly perpendicular to each
other. BSpencer (1359}, on the basgis of 25,000 joint measurements in the Beartooth
Mountains, found the same eight recurring directions (Table 1).

Tectonic heredity implies that a pattern of numerous potential fracture
directions can be set into basement soon after crustal solidification. These directions
seem particularly susceptible to reactivation by successive extensional environments.
Consequently, elements of the complex system can appear in sets of Precambrian
dikes of one orientation, Laramide microjoints of other orientations, and Pleistocene
or recent commaon joints of still other orientations, all within the same outecrop but
nevertheless linked by tectonic heredity to the same eight potential fracture directions
and to stresses of an early Precambrian world.

The seemingly 'reasoneble' approach of measuring jointing directions in
basement of the Rockies and trying to relate these patterne to Laramnide stress
patterns would be unlikely to yield any interpretable results.
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and probably also with the second folding a series of lamprophyre dykes was intruded.
These commonly show a weak tectonic foliation roughly parallel to that in the sediments.

The kink bands constitute the third deformation phase and, as scems to be
almost invariably true for areas of polyphase deformation, are the last folds to develop.

Later deformation was by faulting, wrench movements predominating.
Contemporaneously a second series of lamprophyre dykes, petrologically and
structurally distinct from the older series (Reynolds, 1931), were intruded. Dykes of
both older and younger series tend to strike parallel to bedding and cleavage.

The kink bands deform both first and second cleavages and may be seen,
at a few localities, to displace, and even to cause brececiation in, the older series of
lamprophyres, There is nowhere evidence that kinking occurred earlier than any of
these structures or intrusions, Conversely the kink bands are invariably truncated or
displaced by the later wrench faults and by the younger dykes. There are sevoral
hundreds of the latter but none has been observed to suffer kinking. Theso observa-
tions are true of all the kink bands, whether they effect dextral, sinistral, normal or
oblique displacements. All demonstrate the same age relationship to the other tectonic
atructures and to the intrusions.

GENERAL MORPHOLOGY

Some impression of the morphology and scale of the Ards kink bands may
be obtained from the accompanying illustrations (Plates 1- 3, Figs. 2 and 3). In each
example the dominant foligtion is twice kinked so that within a clearly defined trans-
verse band it has an attitude significantly different from that outside the band. The
curvature of the foliation, in most cases slaty cleavage, is concentrated close to the
kink planes and varies only from sharply angular (Plate 14) to slightly rounded
{Plate 1B}, The glightly rounded kink bands, with narrow zones of curvature, tend to
occur in thin-bedded siltstones where active slip planes are more widely spaced than
in the slates. The kink plancs are commonly, though certainly not invariably, marked
by a pair of parallel joints {(Flate 14). In nearly cvery case individual clcavage or
bedding folia are continuous across the band, outlining an open Z shape. Shearing on
one or both kink plancs, with 2 consistent sense of displacement, was a feature present
in only 35 of the 526 kink bands cxemined and clcarly post-dated the kinking., There-
fore in all but a very few examples the relative displacement of foliation across the
kink band is effected by folding alone,

The kink planes, and hence the band they contain, typically make an angle
of ahout 60° with the foliation outside the band and a rather greater angle with the
rotated foliation within the band, though there is 2 considerable scatter about both the
modal values (Figs. 4 and 5). As the foliation is continuous acress the band it follows
{Anderson, 1264) that individual foliation planes are more widely separated within the
band than without, This is commonly apparent in the field, before measurement, in
that weathering ctches the more open foliation more deeply; betweeu the kink planes
the prescnec and orientation of the penetrative foliation arc more obvious {Plate 3A).












Figure 2.
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10 cm.

Line drawings of kink bands, all baged on photographe: {a) Sinistral kink
band lenging out in both directions { Teraplecowey). (b) Dextral kink band
lensing out in both directicns. Note decrease in a and 8 angles towards
upper extremity and decrease in § at the place where there ig shearing on
the kink plane and the folia are not continuous (Templecowey). (c) Dextral
kink band showing decrease in a« and 8 angles toward the extremities and
also where the band thickness decreases {Kearney). (d) Kink plane shear-
ing and plastic folding associated with a dextral kink band in siltstones.
{Port Kelly)



Figure 3.
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Kink band grouping. Drawings based on photographs. (a) A conjugate get
of eontemporary dextral and sinistral kink bands meeting in a chevron fold.
{Encckinelder). (b) Conjugate set of contemporary dexiral and sinistral
kink bands meeting in 8 small chevron fold. The sinistral band only
persists beyond the intersection {Knockinelder). (c) 'Train’ of dextral

kink bande {(Kearney). (d} Typical overlap relationship belween consscutive
dextral kink bands in frain. (&) Overlap relationship appears never to be
as illustrated here but ag in (d), (f} En echelon dextral kink bands and
intersection between these and older sinistral kink bend. (Knockinelder).
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In a few examples this geometry is emphasized by small segregation veins of quartz
geparating the more widely spaced internal foliation and terminating at the kink planes
to give a scalariform appearance {Plate 2B, also ¢f. Ramaay, 1967, Fig. 7-119}.

Few individual kink bands extend for more than a few metres. While a
very few pass into faults along their length the majority terminate in all diroctions
through the eventual convergence of the kink planes, which therefore enclose a flat
lens of disoriented matorial (Plates 2A and 2B, Figs. 2 and 3). Close to the wedged
extremities of the band there is commonly & gradual but marked increase in the
amount of rotation suffered by the foliation within the band; the angle (3) between the
kink planes and the rotated foliation actually dccreases (Figs. 2b and 2¢). A similar
relationghip mey be ohserved in those kink bands which show changes in thicknesa,
thinning being invariably associated with increased rotation (Fig. 2¢). The increased
rotation is accompanied by very local shearing and irregularity of shape., Close to the
extremities there is also commouly a slight change in the orientation of the band ag a
whole, so that it tends to make a smaller angle with the regional foliation (Fig 2¢).

oA
{a) 403 dextral kink-bands Mean value 54-4°
15 Standard deviation 11-2°
hlss [
M |I| Li}
© 20 30 40 50 &0 70 BO 90 ©0
104
(b) 110 sinistral kink—bands 4 = 635°
54 I s = 106°
s I ||Il||hl|h
1o 20 EY) 40 58 @ 60 70 B 80 100
() Afl 513 kink-bands 4 = 56-3°
20+ = 97°
15+
v 20 0 30 40 50 60 80 a0 100

Figure 4. Frequency histograms of @ angles in {a) 403 dextral kink bands;
{b} 110 sinistral kink bands; (c) ell 513 kink bands



- 210 -

201 I3

151 {a} 403 dextral kink—bands Mean value 78.7°
Standard deviation 156°
104
o
h+) 20 30 40 7O
o7 (6) MO sinistral kink—bands B - 776°
= s = 123°
N .fu-,h-ﬂllllﬂlll
hs] 20 ao 40 50 (28] TO BO I 100 110 120
25
{e) ANl 513 kink—bands B 785
RO s = 16_5.:
ﬂ
10~
-3
¥ T _J- r 'l r I.lllI
10 20 0 40 &0 [-{s] 70 BO o0 0o 1o 120

Figure 5. Frequency histograms of 8 angles in (a) 403 dextral kink bands;
(b) 110 sinistral kink bands; (c} all 513 kink bands

The relative displacement across a kink band may be described by
considering the latter as if it were a small fault. Nearly all the Ards kink bands are
vertical or steeply inclined and so effect an apparent horizeontal, strike-slip, displace-
ment in the steeply inclined foliation. The sense of the offset, by enalogy with small
wrench faults, mey be either dextral or sinistral. Thirteen of the 526 kink bands
examined were gently inclined, with obligque or normal displacements of the foliation.
These were measured but the results are omitied from the later quantitative analyses
on the grounds that there are teo few for any meaningful treatment or conclusions.
Apart from orientation and direction of movement the oblique and normal bands do not
appear to differ from the more numerous wrenches.

It is possible to imagine individual kink bands migrating or rotating bodily.
If this occurred then some indication, in the form of distortion or breceiation, should
be present in the rock immediately outside the kink planes. No such evidence has been
found in the Ards examples and therefore it i3 concluded that while individual kink
bends may have extended end thickened, their position end orientation did not other-
wise vary during formation end growth.
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DISTRIBUTION, GROUPING AND INTERSECTION

The distribution of kink bands throughout the 18 miles of coastal outcrop is
extremely uneven. The majority are at seven well separated localitics, the remainder
occurring as isolated individuals or in small groups. The presence of massive,
uncleaved sandstone or siltstone beds scems to have completely iuhibited the develop-
ment of kink bands for at least ten metres on either side. Bimilarly kink bands do not
crop out in the vicinity of thicker dykes of the older serics elthough thoy do appear
close to, and are even interaected by, thick younger series lamprophyres. There arc
numerous wrench faults but no obvious spatial relationship between faulting and kinking.

The outcrops where kink bands arc specially numerous are of shales and
shaly siltstoncs showing well developed slaty cleavage but other outcrops of apparently
identical lithclogy, with similarly well developed cleevage, arc completely devoid of
kiuk bands.

At outcrops where bands are numerous all or nearly all tend to show the
same sensc of displacement. Thus of 157 kink bands in one outcrop at Kearney village
151 were of dextral type. In the coastal sirip between Portaferry and Ballyhenry
Island 46 kink bands include 37 of sinistral and only 9 of dextral offset. It was thought
at first that the loeal prevalence of dextral or sinistral bands might have been deter-
mined by somec slight variation in the original orientation of the cleavage. Stereo-
graphic analysis shows that this can hardly have been the case. The modal orientation
of cleavage in the vicinity of dextral bands is not significantly diiferent from the
orientation at sinistral bands (Figs. 1a and 1b)., Yct the presence of numbers of both
dextral and sinistral kink bands in the same outcrop is uncommeon and consequently the
critical dextral /sinistral intersections are not numerous.

About ten intersections are well exposcd immediately east of Knockinelder
beach (Plates 3A and 3B, Figs. 32 and 3b). Plate 3A shows a weak sinistral band cut
by two narrow, well developed, dextral kink bands. At both interscctions it appears
that the sinigtral band is the earlier, deformed by the later dextrals. However this is
not invariably the relationship displayed at othcr similar intersections; in some cases
the sinistral kink band appears to be the earlier, at others the dextral, In the same
outcrop at Knockinelder twe intersections, one illustrated on Plate 3B, demonstrate
contemporancous development of dextral and sinistral kink bands. A small chevron
fold is formed at the point wherc the two bands meet and only onc band persists beyond
the point of intersection (ef. Tig. 3b). A few further intersections, scattered
throughout the area of study, demonstrate both contemporary and non-contemporary
relationships. It must be concluded that while the kink bands are not all exactly
gontemnporaneous there exist some pairs of dextral and sinistral kink bands which are
both complementary and contemporaneous.

Where dextral and sinistral bands occur together their orientation is such
that they interscet in, or within a few degrees of, the foliation. The pairs of contem-
porary bands demonstrate almost perfect orthorhombic symmetry. Modal kink plancs
for the whole arez also intersect in the modal cleavage plene (Fig. 6). It thcrefore
scems clear that the movement direction and displacement lie in a plane perpendicular
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to both kink bands and foliation, though Ramsay (1962) has pointed cut that this need
not be true of all conjugate fold systems.

In the gregarious clustering of kink bands of the same sense of displace-
ment there are recurrent arrangements. For example there is a tendency for bands
to form lines or trains along their strike as illustrated in Figure 3¢, In such trains
individual bands make an angle of less than 15°, and commonly legs than 5°, with the
train as a whole., As each individual band wedges out it is replaced by the slightly
overlapping lens of the next and commonly the overlapping portions are in coutact
(Fig. 3c). If the kink bands are of dextral sense of displacement consecutive
individuals are oifset sinistrally zlong the train: the arrangement is as in Figure 3d,
never ag in Figure 3e.

The kink bands may also be arranged in en cchelon zoneg of the type
illustrated by Ramsay (1962, Text- Fig. 8, of. Fig. 3f in this paper). Comparing
these with the 'trains' just described there is a much greater separation of individual
bands and a greater angle betweon bands and the zone itselfi. Most of the zones
observed make a greater angle with the foliation than do the individual kink bands they
contain, as in Ramasay's example and in Figure 3f. The converse relationship,
illustrated by Dewey (1965, Figs. 26E and Fig. 28) is rare and imperfectly developed
in the Ards Pcninsula.

Modal dextral
" Rk —plare

Regional cleavage

Tigure 6.

Diagram illustrating
orthorhombic symmetry
of the system. Stereo-
gram shows cyclographic
projections of modal
dextral kink plane,
modal sinistral kink
plane and modal orien-
tation of unrotated
cleavage {cf. Fig. 1).




Figure 7. Right cross-section of dextral kink bands on flat-topped outcrop illustrating

angles and distances meagured for analysis

GEOMETRY

In order to establish a more exact knowledge of the geometry of individual

kink bands and of the system as a whole the following chservations and measurements
ware made on each band examined:

(1

(2)

1G]

(4)

(5)

(6)

Overall sense of displacement of the foliation across the band.
Orientation of the unrotated foliation immediately outside the band (at A on Fig. 7).

Qrientation of the rotated foliation within the bend where the latter is thickest
{at B on Fig. 7). In most kink bands the maximum thickness is maintained for
some distance along the length, a5 in many of the illustrations,

Orientation of the kink planes, again measured where the band is thickest (at C on
Fig. 7). Here the kink planes tend to be parallel and of constant orientation.

Maximum separation of the kink planes, i.e., maximum thickness of the band
{1 on Fig. 7).

Maximum separation of the foliation planes (t on Fig. 7).
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Where possible the distance between kink bands along the strike of the
foliation was also measured.

In kink hands where orientations (2), (3) or (4) varied it was necessary to
takc the mean of several mcasnrements.

Fonr hundred and threc kink bands display a dextral sense of displacement.
110 are sinistral. The predominance of dextrals is a common feature in systems of
stecply dipping kink bands in the British Isles. Knill {1961} has described a system
composcd entirely of dextral kink bands in the Dalradian rocks of Argylishirce and
dextral displacements again predominate in the well developed kink bands of the
Armorican fold-belf in southwest Ircland {personal observation). The author is noli
aware of sny system where sinistral displacements are thc more numerous.

The orientation of thc unrotated foliation is remarkably constant around a
modal valuc of 077°, 86° N (Figs. la and 1b} and shows no significant difference
between dexlral and sinigtral bends. The rotated foliation has a less strongly
preferred orientatiou {Figs. 1c and 1d) and in the dextral bands the poles lie on a
parlial girdie about a vertical axis of rotation. Obviously there is considerable
variation in the amount of rotation.

Figures le and 1f show the orientation of kink plancs. In cach case there
is 8 single strong maximwn and these are symmetrically arrayed about the foliation,
clearly demanstrating the overall orthorhombic symmetiry of the system {Fig. 6).

The angle beiween the kink plane and the foliation outside the band {4 on
Fig. 7) was detcrmined for each band and frequency distributions are presented in
Figure 4. Tar both dextral aud sinisiral kink bands the modal values are around 60°,
However the distribution for dextrals shows a ncgative skew and that for sinistrals a
positive skew so that the mean « valuc for dexirals (54°) is considerably less than
that for sinistrals (63°). There is no obvious reason for this departure from symmectry.

Similar histograms for 8 (TFig. 7), the angle hetween kink plane and
cleavage withiu the band, show significantly higher modal values and also a much
broader distribution, reflected in the higher values for the standard deviation {Fig. 5).

If the kink bands develop solely by slip on the folialion plancs and slip is
confined to the rock bcbween the kiuk planes then § should not be smaller than « in
individual bands (cf, Zandvlict, 1960). A plot of « against 8 (Fig. 8) shows that this
condition is satisfied iu 451 of the 513 examples. In the remaining 62 a combination
of deformalion mechaniams ig neccasary. Examination of these 62 bands indicates
that, as well as shear movemeuts on the kink planes, slip on Lhe foliation outside the
band and local, uon-uniform, plastic flow can occur (Fig. 2d), though it is emphasized
that in the Ards examples such modifications arc comparatively rare.

The maximum thickness of individual kink bands (1) varies from 0.5 cm.
to 50 em. The mean value lor the 513 dexlral and sinistral bands is 5.09 em.
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Figure 8. Plot of 8 against a«for each of 513 wrench-type kink bands

Measurement of the separation of foliation planes (t} is difficult and some-
what subjective. In many of the kink bands active slip planes are less than 1 mm
apart and field estimates of separation are necesserily approximate. However there
appears to be a rough correlation between the thickness of the kink band and that of
the thickest diserete layer kinked. Only 15 of the kink bands fold discrete layers
which are 10 mm or more thick. The mean width of thege 15 bends ia 15.4 cm.,
three times the mean for all bands. The two widest bends observed in the whole area
are in siltetones where uncleaved beds 1 ¢m. thick behave as mechanically distinct
layers.
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The t/1 ratio {cf. Ramsay, 1967, p. 441 ct seq. ) is generally between 0.1
and 0.01, If is not possiblc to be more precise becausc of the difficulty in determining
t.

Each kink band effcets a shortening in the direction of the regional foliation.
The amount is given by the formula 1 {1 - cos¥) cosec § where 1 is the thickness of
the band, mesasurcd perpendicular to the kiuk plancs, aud ¥ is the angle through which
the folietion was rotated. The formula assumes that movement was in the plane
perpendicular to foliation and kink plane, in which case ¥ = 180° -« -8, as in Figurc?.

The arithmetic mean of shortening parallel to thc regional foliation for all
kink bands is 2.57 cm. Quantitatively the strain represeuted by kinking is very small.
Even if the shorteniug effected by all 513 kink bauds is totalled the result is only 13,19
metres, and this is in fact spread over almost 30 km. of widc coastal exposure. At
the localities where kink hande are numerous the scparation betwcen bands (s on
Fig. 7), again measured parallel to the regional foliation, averages 1.07 metrcg. The
scparation between successive banda is not uniform; nor is it obviously related to the
thickncss of the bands concerned or to the amount of shortening effectad by them.
Thus even at localities where bands are numercus the strain is very non-uniformly
distributed. A maximum valuc is obtained in an outerop at Kearney, where 27 kink
bands occur in a total distance of 7.62 metrcs, measured parallel to the clcavage. The
total shortening caused by rotation in the 27 bands is 23.8 cm., a strain of 3.12 pcr
cent.

COMPARISON WITH OTHER RESULTS

The only other orthorhombic system of kink bands yet described in detail
wag that produced expcrimentally by Paterson and Weiss (1968), Dy compressing
jacketed cylinders of phyllite in the dircetion of the foliation these authors obtained
well developed kink bands. The geometry of individual kink bands and of the system
is very similar to that described above. In particular a comparison between Figures
4 and 5 of the present paper and Figure 6 of Paterson and Weiss reveals that for the
angle hotween kink planc and the unrotated foliation (« of Anderson (1964) and the
present paper, 9 of Paterson and Weiss) modal valucs coincide almost exactly. The 8
maxima ($y of Paterson snd Weiss) and 3 values generally are 10 to 15 degrees higher
in the histograms for the natural kink bands. Under ideal conditions rotation of the
foliation might be expected to continuc, with progressive decrease in §, until § and @
angles were cqual. Ideal conditions arc probably more nearly achieved in the labora-
tory than in natural] deformation and to this the higher § angles in the kink bands of
the Ards Peninsula arc tentatively aftributed. The histograms also show a wider
scatter of values about the modes for both @ and § in the natural bands. Again this
probably reflects the more homogeneous lithology and more uniform conditions
obtaining in the laboratory work. The experimental workcrs were also fortunate in
that well dcveloped interscetions between kink bands of opposite displaccment were
numerous,
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CONCLUSIONS AND DISCUSSION

The kink bands formed by slip on the foliation in the zone between the kink
planes (Anderson, 1964, Fig. 6). The sense of slip is opposite to the sensc of displace-
ment effected by the kink band as a whole. Dextral kink bands may thus be considerced
a8 & amall pile of sinistral shear planes. While shearing proceeds the foliation in the
band is rotated buf the attitude of the kink planes does not change. Thereforc, as
individual folia remain continuous across the ldnk band, there must be a progressive
dilation within the hand until the rotating folia arc perpendicular to the kink planes and
then a progressive contraction until the internal foliation makes the same angle with
the kink plane as does the unrotated foliation outside the band. At the point wherc this
symmetrical relationship is echieved (@=8) the structure becomes locked and move-
ment must cease unless the mechanics of the deformation change. Such a change is
apparently uncommon and inatead the generation of a further kink band or bands is
more likely.

The dextral and einistral kink bands of the Ards Peninsula, while not all
precisely contemporaneons, are part of a single system, the products of one stress
field. Pairs of conjugate, contemporary, dextral and sinistral kink bands, and the
gystem as a whole, demonstirate orthorhombic symmetry in which the regional
foliation coincides with one of the orthogonhal symmetry planes. The sense of displace-
ment of the bands is such that they include an obtuse angle, of about 120°, about the
direction of the maximum principal pressure, which, by symmetry, must lie in, or
very close to, the regional foliation. Therefore kink hands, planar structures with
shear characteristice, may typically form at angles of morec then 45° to the maximum
compression. The only alternative to this conclusion appears to be the unsatisfactory
assumption that all the kink bands are 'sccond order' to some other shear structure
which is either not developed or not exposed.

Two minor deviations from the overall symmetry patteru remain without
a convincing explanation: dextral kink bands outnumber sinistral by almost four to one
and the histograms of « angles for dextral and sinistrzl kink bands demongtrate skews
whbich are, respectively, negative and positive. It is possible that in some parts of the
area the compression causing kinking did not ect exactly parallel to the foliatiou. K,
locally, o tended to act in a direction slightly clockwise of the foliation, more nearly
eagt to west, this might explain the higher « values shown by some sinistral kink bands
and the low a values of some dextrals. However this orientation of o would alsao
promote the preferential development of sinistral kink bands (cf. the experimental
results obtained by Paterson and Weiss (1966, p. 351) in compressing phylilite
specimens at 10 degrees and at 25 degrees to the foliation) and clearly thig did not
accur.

A preliminary description of angular relationships in the kink bands of the
Ards Pcninsula {Anderson, 1964) has been severely criticized {Marshall, 1964; Dewey,
1965) on the unusual grounds that the observations do not conform, or appear to
conform, with orthodox teaching., Dewey {1965, p. 487) observed: "Anderson (1964)
has described orthorhombic conjugate kink-band sots where the dihedral angle is
apparently >90°. Tf this alleged relationship is correct the startling corollary must
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bc iuvoked of a negative value for the augle of internal friction (#). This is coutrary
to all the experimental evidence (for a review scc Hubbert, 1951) and values computed
from conjugate sets elsewhere (lowest ¢ value discovered by computation was 5°)".
Implicit in this criticism is the now clearly invalid assumption that kink bands are the
cxact equivalents of shear planes in terms of angular relationship, that they make the
same angle as faults with the causal compression. Indeed the experimental cvidence
referred to is concerned only with faulting. The same assumption offen appears where
descriptions of kink bands include inferences on the orientation of the stress system
responsible for kinking (e. g. Knill, 1961; Dewey, 1966). That it commonly seems
necessary to interpret kink bands as second order structurea (Marshsll, 1964; Dewey,
1965 and 1966} is a direct conscquence.

The concept of conjugate kink bands making an obtuse angle about the
dircctiou of compression, heresy in 1264, now seems to find more general acceptance,
The detailed experimental work of Paterson and Weiss (1366) has established the
geometricel relationship to causal stresscs in & remarkably unambiguecus fashion.
Ramsay (1967, pp. 452-3) states that: "It sccms unlikely that the axial surfaces {of
conjugate folds and kink bands} originate as a primary shear system as suggested by
Johnson (1956), Ramsay (1962}, and Ramsay and Sturt (1963). The shearing hypotheges
put forward by these authors have never satisfactorily accounted for the generally
observed geometrical fact that it is the obtuse angle of the conjugate axial surface
which faces the maximum shortening in the rock material".

Thia relationship may now be established but no generally accepted
explanation has emergéd‘ Palerson and Weiss (1966, pp., 367-8) refer o the work of
Taylor {1934) on the propagation of faults and write that they "would expect an
analogous calculation" to show that, in an ideal foliated body compressed parallel to
the foliation, kink bands would be “inclined at 60 degreces to the direction of compres-
sion as opposcd to 45 degrees in Taylor's problem'. Their argument derives support
{rom symmetry considerations and also from theoretical models of kink band inter-
sections but the concept of an "analogous calculation” remains disappointingly vague.

It is the author's view that Taylor's (1934) argument is relevant to kiuk
bands as well as to faults. Therefore kink bands in an ideal foliated body might also
propagate at 46 degrees to the direction of compression. However just as friction
decreasos the angle between real faults and the direction of maximum pressure
{Anderson, 1942) so it must increase the angle between kink bands and compression.
This is because shearing takes placc, not on the kink planes, but on the intra-kink
band foliation. The orientation of the latter changes during shearing but it is always
at a high angle to the kink band and its mcan position is approximately perpendicular
to the band. The effcet of friction on the angular relationship of conjugate pairs of
kink bands is thereforc exactly opposite to that in {aulting. The increase over thc
thcoretical 45 degrees will be approximately the same as the decreasc in the case of
faulting so that kink bands in rocks compressed parallel to the foliation make an angle
of about 90 + ¢ degrees with the major compressive stress, It must be admitted that

2
the hypothesis is not precisc, both in that it involves an approximation and in that ¢ is
a purely cmpirical quantity.



- 219 -

Ramsay (1267, pp. 449 et seq.) has offered a mathematical treatment of
strain in conjugate kink bands. He concluded that the kink folds become locked in a
position such lhat their axial plancs meke an angle of hetween 50 and 60 degrees wilh
the direction of maximum shortening. The mathematical model chosen (Ramsay, 1367,
Fig. 7- 121) involves assumptious which may not be valid. For cxample it is assumed
that in cach of the kink folds the axial surface biscets the angle between the fold limbs.
If this werc to be true throughout folding the axial surfaces (i. e., the kink planes) and
the kink band itself must rotate through the rock. There is no evidence that this
occurs. Also the selection of 50° and 60° as the limiting values, bascd ou the graphs
in Figure 7- 122, appears somewhat arbitrary; any valucs bebween 40° and 70 might
have been chosen.  The approach does not neccssarily conflict with either of the
hypolheses outlined sbhove.

Finally, the kink bands in the Ards Peninsula cause only 2 very small
shortening in the dircction of the regional foliation. This seems likely to be gencrally
true of natural kink band systems. To effect shortening of more than a few per cent
kink bands must be very well developed and very closely spaced.
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DISCUSSION

Because of time limitations, T.B. Anderson's and P. Clifford's
papers were discnssed together, See discussion following P. Clifford's
paper.

D, K. Norris (written comments} In view of the use of kink bands
in evaluating the orientation of the principal tectonic stress axes in geological



- 221 -

materials possessing a strong, planar anisotropy, it is important to define
the preferred orientation of kink sets or systermns with respect to this anisot-
ropy. Under laboratory conditions, the orientation of the stress axes with
respect fo specimen geometry and anisotropy is known with some assurance.
In the natural geological environment, however, this orienfation must be
inferred.

Whether laboratory specimens or ficld examples are being studied,
adequate measurements are necessary to draw meaningful conclusions about
preferred orientation of kink sets, either singly or as conjugate arrays, The
very large sample of measurements of orientation of kink band houndaries
with respect to foliation provided by Anderson (this report) appeared to be
ideal for such an orientation analysis.

Anderson (this report, Fig. 6) included measurements on 526 kink
bands in slates and thinly bedded siltstones of the Ards Peninsula, Northern
Ireland. According to him, where the bands are numerous, they nearly all
have the same sense of displacement, either dextral or sinistral, Dextral
kink bands predorninate, however, approximately in the ratio of 4 to 1 in
the total area sampled. It is interesting, moreover, that the modal kink
planes for the whole area intersect in the modal cleavage plane and the obtuse
angle between the dextral and sinistral sets is bisected by the modal cleavape
plane,

In his frequency distribution of the anple (@) between kink band
boundary and foliation outside the band, Anderson points put that both dextral
and sinistral bands have modal values around 60 degrees, coinciding almeost
exactly with experimental values derived by Paterson and Weiss on phyllite,
He indicates, moreover, that the distribution for dextral bands shows a nega-
tive skew, and that for the sinistrals, a positive skew, As a possible explana-
tion, he suggests that in some parts of the area the compression causing kink-
ing did not act parallel to the foliation, although he concludes that his total
sample of kink bands is part of a single system and the product of one stress
field,

If it may be assumed that the frequency distribution of the angle
between the kink band boundary and the foliation cutside the band should be
nermally distributed, then the skewness of each distribution may be due to
the presence of more than one set of bands, and possibly the product of more
than one stress system.

Following the method outlined by Harding {1949), the writer replot-
ted the data from Anderson's Figure 6 on arithmetic probability paper (see
Figs. 1 and 2). On this paper, a normal distribution will plot as a straight
line, the position of which determines the mean, and its slope, the standard
deviation., As pointed cut by Harding, a polymodal sample comprised of
populations which are themselves normally distributed, will give a curve
which is the resultant of two or more straight lines,
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It is evident from Figures 1 and 2 that the distributions of these
{o) angles are non-linear, and if one may ignore the extremities of the plots
where the data are few, one can interpret both samples as being bimodal.
Corresponding straight lines representing the two normal populations contrib-
uting to the samples for both dextral and sinistral kink bands have been
drawn. The relevant conclusions are summarized in the following table:

Sample Mean Per cent of sample
Dextral kink bands 58° +7° (Set I) 75
39° 16" {Set I 25
Sinistral kink bands 59° +7° (Set 1) 80
78° +7° (Set II) 20

Each sample is apparently comprised of two sets, the one dominat-
ing the other by factors of 3 or 4 to 1. It is irnmediately apparent, moreover,
that the sets may be grouped into two conjugate systems of dextral and sin-
istral kink bands, both major and minor systems possessing the same angular
relations {58° + 59° = 39° + 78°). That is, they both include an obtuse angle
of 117 degrees which contains the foliation.

The dorminant system is symetrically disposed with respect to the
modal 'plane' of the foliation and the dilernma of the difference in mean o
values from the total samples (54 deprees for dextrals and 63 degrees for sin-
istrals, according to Anderson) is resolved. The obtuse bisectrix for the
minor system, on the other hand, is approximately 19 degrees clockwise out
of the 'plane' of the foliation.

As pointed out by Anderson, experimental studies indicate that a
clockwise rotation of the maximum principal compressive stress out of the
foliation would promote the preferential development of sinistral kink bands,
This is obviously not the situation because the 4 to 1 ratic of dextrals over
sinistrals prevails for both dominant and minor systems,

The resolution of each of the samples of & values for dextral and
sinistral bands into two sets, therefore, provides only a partial answer. The
dominant system of kink bands is symmetrical with respect to the foliation
and may be explained in terms of the maximum principal stress in the folia-
tion; for the minor system, on the other hand, the clockwise shift in the obtuse
bisectrix and possibly also in the corresponding maximum principal stress
axis is in the opposite sense to that required to favour nucleation and growth
of dextral kink bands,

The facts remain, therefore, that the dominant sets, representing
75 to 80 per cent of the total sample of @ values are symmetrically arranged
about the foliation but that they are not equally numerous, Ferhaps this one-
sided development is as much a characteristic of kink band systems as is the
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predominance of thrust faults and axial surfaces of fclds with a preferred
direction of dip in orogenic belts, as scen for example in the eastern
Cordillera of Canada,

From another standpoint, it may be, however, that there is more
than one preferred value for the angle containing the foliation between conjug-
ate kink sets in the Ards Peninsula, Suppcse, for example that Set I of the
dextral bands in the above table is grouped with Set II of the sinistrals. The
obtuse angle between them is, thercfore, 58° + 78° = 136°, And for the
remaining two sets, the angle is 39° + 59° = $8°,

Neither of these newly formed groups of sets is bisected by the
feliation, of course, but their respective angles containing the foliation are
similar to those found by some workers., The 136°-angle, for example, coin-
cides almost exactly with that {2 x 6874~ 137°) derived by Donath (this report}
from experimental deformation of Martinsburg slate. The 98° -angle, more-
over agrees reasonably well with Clifford's data (this report) for kink bands
in the layered sedimentary and volcanic rocks of the Superior Province of the
Canadian Shield. Although Clifford does not recognize a preferred value for
the inclination (his ¢) of kink band boundaries with respect to unrotated folia-
tion his data plot in a remarkably linear fashion on arithmetic prebability
paper, indicating a normal distribution. Accordingly the mean and standard
deviation for the inclination of kink band boundaries are 46° + 13° in his area
of study. In view of the large standard deviation (almost twice that for simi-
lar data from Anderson), the angle containing the foliation {92° + 26°) is in
reasonable agreement with the value obtained for the minor system derived
from Anderson's samples.

It would seem that a basic question, as yet unanswered, is the role
of planar anisotropy on the orientation of the principal stress axes at kink
band nucleation. Structural studies in coal mines indicate that the lithologic
layering plays a fundamental rcle in the local recrientation of stresses under
conditions for faulting. It would appear quite unreasonable, therefore, to
accept that stress axes may be located in a strongly foliated medium purely
on the basis of a geometrical argument, with total disregard for the effects
of anisotropy. Until the orientation of the local stress axes at kink nucleation
can be defined, it may not be possible to interpret the preferential nucleation
of one kink set over another as well as the wide variation in orientation of
kink sets with respect to foliatiomn,

Reference
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H.E. Rondee] (written comments}) Kink bands show either a sin-
istral or a dextral offset of the foliation across the kink layer. II the axis of
maximum compression, T is contained in the foliation and one of the other
principal axes is perpendicular to this planar anisotropy, there is no reason
why the development of one sct should be favoured over the other. If, how-
ever, 1, makes an angle with the foliation and one of the other axes lies in
this plane, kinks in which the foliaticn rotates away from oy, are commonly
generated during the first stages of progressive deformation in the experi-
ments of Weiss (1968).

Anderson (1968) shows a strong preference of dextral over sinis-
tral kink layers to exist in the area studied on the Ards Peninsula, whereas
the geometry of the two sets is different. The writer considers these data to
indicate deformation with the direction of maximum compression at an angle
to the initial direction of the foliation, as all kinks are thought to be products
of a single stress field.

If the axis of maximum compression is situated anti-clockwise
from the foliation, the angle made being @, experimental evidence is that in
the first stage of progressive deformation a single set of dextral kink bands is
developed. The kink angles are over X*. Fy is approximately equal to 60,
If v is large, sinistral kink layers will not form, The next stage in progres-
give deformation shows the foliation outside the dextral kink layers to rotate
towards @y, thus decreasing the angle @. During this rotation, the dextral
kinks widen and new kink bands with the same sense of displacement can be
generated, Their kink angle is smaller than that of the kinks formed earlier,
though still over X°, As o attains low values, sinistra] kink layers with kink
angles under X° appear, As o equals zero, kink layers with opposite senses
of displacement can be formed at the same time and the kink angles will cor-
respond to X°, In this stage the dextral kinks still predominate,

While o decreases, the kink angles of the dextral kink bands which
are being formed thus decrcase and the same angles of the sinistral bands
increase, Moreover, the angle ¢ {Fig. 1) of earlier formed bands might
become modified in such a way that it decreases for dextral and increases
for sinistral kinks, if the foliation outside the kink bands rotates in one sense
i. e, towards the maximum compression direction. A rotation like that
pointed out here is considered (Weiss, 1968) to result from an attempt to
maintain end alignment in test specimen. The most favourable conditicn is
that the foliation directly cutside dextral kinks rotates in the directicn indi-
cated, whereas that at sinistral kink bands rotates in the opposite sense,
causing 4 to be smaller than ¢, since in experiments ¢, is seen to change
hardly, if at all, It implies, however, that the attitude of the foliation in the
‘undeformed' domain at sinistral and dextral kink boundaries should differ
significantly, which in Anderson's example is not sa, Whichever the case
might be, this kind of rotation implies that a frequency distribution diagram
of ¢ for dextral kinks should exhibit a negative skew and for sinistral kinks a
skew in the opposite sense, which is exactly what Anderson observes.
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Figure 1. IHlustration of the angles referred to in the text.

Moreover, the mean value for d of dextral kinks should be higher than that
for sinistral kink layers, again in agreement with Anderson’'s observations.

As the sinistral kinks form in a relatively late stage of progrea-
sive deformation, the variation in d and dk for these structures should be
smaller than that for dextral kink bands., Anderson indeed shows the stand-
ard deviation for these angles to reflect this effect, and the range in ¢ and dk
is, moreover, significantly smaller for sinistral than for dextral kink bands.

If rotation of the foliation in the 'undeformed' domains proceeds in
the sense dictated by the dextral kink bands, then ¢< dk for dextral and ¢> dk
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for sinistral kinks. In Anderson's Figure 8, 1/5 of all kink bands with d‘qdk
are sinistral and roughly 1/3 of all kink layers with ¢ > ¢, show this direction
of offset, thus illustrating a preference for the sinistral kinks to be in the
field d;"dk. Of course, rotation of the foliation outside kink bands, in caseo;
is not contained in the foliation, will not occur in every deformation. It
seems to depend entirely on the conditions of confinement and constraint,
However, Anderson's data are very much in agreement with such an event.

It would mean that in the Ards Perninsula the foliation outside domains which
might be considered to have been influenced by this phenomenon, should show
a mean strike clockwise from the mean strike of the foliation near to the kink
bands, at least if this planar structure had a fairly constant orientation at the
onset of the deformational phase during which the kink bands were formed,

In conclusion, many features of Anderson's observations can well
be accounted for if assuming the orientation of the axis of maximum compres-
gion to have been between ENE-WSW and NE-S5W, i.e. anti-clockwise from
the initial position of the foliation. Of course, the stress trajecfories did not
have to have been plane, but the angle @ was generally in an anti-clockwise
direction from the general trend of the foliation, Moreover, it seermns that the
experiments of Weiss (1968} and Paterson and Weiss {1966 might - at least
in somme cases - form a better basis for the interpretation of natural deforma-
tion by kinking than hitherto realized.
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KINK BAND DEVELOPMENT IN THE LAKE
S5T. JOSEPH AREA, NORTHWESTERN ONTARIO

.M. Clifford
Department of Geology, McMaster University,
Hamilton, Ontario

Abstract

Measurements from a suite of naturally-occurring kink folds per -
it the definition of the orientation of the stress field responsible for these
folds. Analysis of angular relationships of these folds reveals that the kinked
lamination has, in some folds, been rotated to a position more than 60°
removed from oy, There is also carbonate filling within the kinked lamina-
tion in some folds.

The over -rotation and the carbonate filling both suggest that
simple gliding is not the main mode of development of these folds. Over-
rotation is prohibited if simple gliding only prevails, In addition, the car-
bonate filling implies dilation at some stage in the folding process. It
appears that the initial folding teck place by a simple rotation of laminae
about the fold axis. This involved, first, a positive and increasing dilation,
followed by a positive but decreasing dilation, As dilation passed through
zero, gliding occurred except where the kinked lamination was already at too
high an angle to 01. At this stage any further shortening could only be either
by lateral migration of kink zone boundaries or by the inauguration of new
kinks elsewhere.

This hypotheais implies that the basic geometry of the kink foldis
produced by dilation-rotation and gliding, and that lateral migration of kink
zone boundaries affects dimensions of the kinked zone,

INTRODUCTION

In the past few years, kink folds have been produced in contrelled
rock deformation experiments {Borg and Handin, 1966; Donath, 1964, 1968;
Paterson and Weiss, 1966)., The extensive study by Paterson and Weliss pro-
vides a justification for Ramsay's (1962) use of kink folds to determine the
orientation of principal axes of stress, In addition, these workers, and
others, have offered specific mechanisms for the development of such folds,
The present paper analizes data for some natural kink folds, and assesses
them in the light of the data derived from experiments.

The azrea in which kink folds have been observed by the writer is
centred at Lake 5t. Joseph, some 300 kilomctres north-northwest of Port
Arthur, Ontario. It is the site of one of the numerous belts of volcanic and
sedimentary rocks {the 'Kcewatin' belts) characteristic of much of the
Superior Province of the Canadian Shield. In the layered rocks of the belt,
deformation has produccd two scts of large folds affecting the area as a
whole. As onc conscquence of the deformation, the southern portion of the
area contains a strip of rock some 35 kilometres long and up to 1.5
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kilometres wide within which all material is well laminated. The lamination
may be of beds or of cleavage laminae. For the strip as a whole, the mean
attitude of the lamination is roughly 090/9¢, but local departures from this
mean value are common,

Within this strip a suite of kink folds has been developed. Dis-
tribution of these folds is somewhat erratic, but they are mosat common in the
central portion of the belt. These kink folds are here described separately
from the overall structural development of the area (Cliffoerd, in press),
because they are easily distinguished from other suites of folds, and because
they have clearer implications as to stress fields than other structures.
However, it must be emphasized that the prime purpose of the field work
which provided the data used here was a general survey of the area; the
amount of reliable information for kink folds is rather amalil,

GENERAL KINK FCLD GEOMETRY

Kink zones in rocks '"... consist ideally of parallel-sided
domains with sharp boundaries at which the foliation is bent through a large
angle; they are separated by undeformed domains" [Paterson and Weiss,
1966). Subsequent experimental work {Donath, 1968; Weiss, 1968) sugpgests
that there are no undeformed domains. With this possible emendation in
mind, we may define a kink fold as two undeformed {?) domains separated by
a kink zone. The great majority of kink folds in the Laake 5t. Joseph area
conform closely to this definition, though the domain boundaries are not
always parallel, and the sharpness of the bend in the foliation varies from
fold to fold.

The kink felds occur in one of two ways. Either they appear as
singular kink folds, having one sense of extermal rotation and having a gen-
erally monoclinic symmetry, or they appear in double arrays having opposed
senses of external rotation in adjacent folds, the symmmetry of which may be
orthorhombic or lower. Such fold arrays have been termed 'conjugate’
{Johnson, 1956; Ramsay, 1962}). They are developed systematically only in
rocks where laminae are two millimetres or less in thickness. This means
that the principal deformed surface is usually a cleavage, but there are kink
folds affecting bedding only.

Widths of kink zones, measured in the lamination, vary from a
few millimetres up to about teén centimetres. There is an ill-defined tendency
for kink band widths to be smaller in the western porticon of the area than
elsewhere. On other grounds, the western portion of the area is thought to
have been a high-pressure zone, so that there is a very tentative inverse
correlation between kink band width and confining pressure, corresponding to
the experimental data {Donath, 1964), Alsc, if a local set of beds contains a
unit, say, 5 centimetres thick interlayered with otherwise finely laminated
material, the kink bands developed there are much wider than in the thinly
laminated material alone, and the lamination has a gradual rather than abrupt
change in attitude across the zone boundary.
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ORIENTATION OF THE RESPONSIBLE STRESS FIELD

Kink folds in conjugate array were used by Johnson {1956} to infer
the axis of maximum compressive stress, Subsequently, Ramsay (1962)
formalized the use of such arrays. His method, adopted here, invelves plott-
ing the kink zone boundaries® (KZB). The intersections of these boundaries
coincide with orientation of the intermediate principal stress axis o), and
their two bisectrices to the maximum and minimum principal stress axes, o]
and g3 respectively. Ramsay selected the correct bisectrix for o) on the
basis of the symmetry of the conjugate array. This commonly resulted in 0y
lying in the obtuse bisectrix, This is in accord with experimental data,
Experimentally produced kink zones have boundaries at angles of 40° to 80°
to the undefermed lamination where conjugate arrays were produced by com-
pression {01) parallel to the lamination, Only 4 of 475 measurements were
below 45° and the mean value was about 60° {Paterson and Weiss, 1966),

In the Lake St. Joseph area, ten conjugate arrays have beenseen,
for which adequate measurements have been made. Symmetry is monoclinic
for seven sammples, orthorhembic for the other three. Figure 2 shows the
orientation of principal stress axes determined for these arrays by Ramsay's
methed. Paterson and Weiss {1966, pp. 350-352) point out that conjugacy is
confined largely to those samples where 0 lay parallel or close to the lam-
ination, so that 0 may immediately be located within or close to the mean
undeformed lamination for these folds. The tight clustering is a measure of
the directional conatancy of the stress field for these folds, observed over an
east-west distance of 12 kilometres. The mean orientations of principal
stress axes are:

o] 085/00
gz vertical
oq 355700

The data deo not warrant refined figures.

In their experiments, Paterson and Weiss observed that speci-
mens of phyllite deformed when 0y did not lie in the lamination, comnmonly did
not have conjugate arrays of kink folds, but rather singular kink folds having
a single sense of external rotation, Felds of this kind are common at Lake
5t. Joseph. It seems reasonable to plot poles to KZB for such folds aa if the
entire suite of singular folds were actually conjugate, This has been done for
49 KZB in Figure 3. The mean orientations of principal stress axes inferr-
able from this plot are:

oy 085/10
a2 275/80
gy 355/00

]In his paper, Ramsay referred to 'axial planes'’., He alsc regarded these as
equivalent to conjugate shears, a view recently abandoned {(Ramsay, 1967).
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It is here assumed that the kink folds all belong to one phase of
deformation. All are later than other types of folds in the area; they show a
comrnon style and common attitudes of planar and linear elements; the major-
ity are affected by later brittle fractures. It seems reasonable to infer that
a common stress field was responsible for the generation of these folds,
Examples of these kink folds are shown in Figure 1.

Figure 1. Profiles of kink folds in the Lake 5t. Joseph area,



Figure 3.

Poles to KZB of 49 singu-

lar kink folds.

Adextrally-rotated kink
bands.

o sinistrally-rotated kink
bands.
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Figure 2.

Calculated orientations of
streas field for 10 con-
jugate arrays of kink folds.
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Figure 5. av.p for 17 conjugate {+} and 46 singular (o} kink folds.

The conformity with orientations inferred from the conjugate arrays is strik-
ing, and suggests that truly conjugate arrays of kink bande are not vital tothe
determination of stress field orientation, provided that singular kink folds of
both rotational senses occur,
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RELATIONSHIP OF GEOMETRY AND STRESS ORIENTATION

Knowing the orientation of 01, we may examine various angular
relationships of the natural folds. The angles of interest are defined in
Figure 4. From this figure, & + o« = @ which is true for all the natural folds
within + 3°, The angles have been calculated from field measurements for
63 kink folds, including 17 from conjugate arrays., Not all examples could be
used in every case, so that not all diagrams have 63 points,

{a) ov.@: values of @ and @ from 63 kink folds are plotted in Figure 5. They
show that (i} no obvious difference exists between conjugate (+) and singular
{0} kink folds, though the scatter of peints for conjugate folds is
somewhat less than for the singular folds;
(ii) the angle P ranges from 22° to 80°;
{iii) @, the inclination of undeformed lamination to 07, does not
exceed 28°. 75% of all folds have o< 10°;
{iv) there seems to be no preferred value for §.

The range in f} exceeds the range reported from the experiments by nearly
20° but the range in @ accords well with experimental values. Kink zones
were developed when specimen foliation was inclined at 25° to 07, but not at
any higher inclination. The lack of a preferred value of P contrasts with the
60° average for @ seen in the experiments. This may be due to the small
nutnber of observations made on the natural folds, or it may be significant.

{b} ¥v.¥: values of ¢ and ¥ for 39 kink folds are given in Figure 6. These
show that:

- ]
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20" ° )

!Oo_ @ » o ’
° + a -] ¢ ¥ -]
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Figure 6. gv.Y for 7 conjugate (+) and 32 singular (o) kink folds.
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{i} no obvious distinction can be made between conjugate (+] and
singular (o) folds;
{ii) the angle y varies from 34° to 100°;
(iii) there 5 no preferred value for vy.

The angle ¥ is equivalent to Py of Paterson and Weiss. The range of vy is
greater than the expcrimentalKvalues by about 20°, and it has no preferred
value,

{c)¥Yv.P: values of ¥ and @ for 40 samples are shown in Figure 7. They
show a wide scatter, with no preferred value for either angle (see {a} and {b)
above) and no clear correlation between them,

This last point is quite important., For experimental folds, bilat-
eral symmetry is apparently common iLe. f.. ¥ (using the angles as defined
here). This is quite obviously not the case for these natural kink folds. In
addition, 20% of the natural samples have f>v. This is opposed to the
experimeutal observation that B<v always {Paterson and Weiss, 1966,

p. 352). The experimental data are not plotted in this fashion, so that it is
immpossible to tell how great are the departures from bilateral symmetry, or
how consistently f<y.

MECHANISMS OF KINK FOLDING

Several mechanisms have been proposed for the development of
kink folds. Johnson {1956) and Ramsay {1962} postulated that the kink zone
boundaries represent a primary shear system with the laminae in the kink
zone undergoing gliding as the kink develops, Paterson and Weiss {1966)
suggest that, once'developed, kink zones grow by lateral migration of KZB;
they offer no suggestion as to the initial phase of development. A possible
mechanism for this early development stage is by rotation of laminae of con-
stant length between KZB of fixed orientation to a position of mechanical
stability,

There are several discussions of kink folds, in which the authors
reject the notiou that KZB are equivalent to conjugate shear planes (sce
Anderson, 1964; Paterson and Weiss, 1966; Ramsay, 1967). All these
writers note that conjugate shear planes are formed by 0] acting in their
acute bisectrix, whereas conjugate kink folds commonly have 7] in the obtuse
bisectrix of the KZB. Taken individually the Liake 5t. Joseph folds show both
possibilities, However, any failure by shear in these rocks appears to be
younger than the initiation of kink folding, exploiting KZB largely because
they were already zones of weakness. A conjugate shear hypothesis is
accordingly rejected for the Lake S5t. Joscph felds, as it has been for other
QCCUrrences.

The idea of gliding on laminae, however, i& mot so simply
rejected. Donath {(1964) writes of laminae undergoing gliding between fixed
KZB. The crucial factor in this mechanism is the balance between resolved
shear stress on the laminae and the frictional resistance to gliding., Where
the shear stress falls below the frictional resistance, motion on the laminae
should cease; any further shortening can be accomplished only by developing
further kink folds or by faulting at the KZB. Experiment (Donath, 1961) and
theory {Jacger, 1960) show that high inclinations of the lamination in the kink
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Figure 7. ¥v.® for 7 conjugate (+) and 33 singular (o) kink folds. The solid
circle represents the experimental mean values for these angles
{see Paterson and Weiss, 1966, p. 3%2.).v is dilation {see Fig. 8).
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zone prohibit gliding. The experiments give an upper limit of about 60° for
the inclination of lamination to ¢,. A gliding mechanism for kink band devel-
opment, therefore, will be effecfliv:: only up to {Y + 0} 120°. Expressed
another way, wg 60°, Fifty per cent of the natural {olds (Fig. 7) have w>60°,
and the gliding hypothesis therefore, must be regarded as of secondary
importance if it applies at all.

An hypothesis of rotation plus dilation aveoids this angular limita-
tion, If we assume that two KZB arec formed, having fixed orientation, and
that shortening occurs by progressive rotation of laminae between KZB in a
hinge -like manner, then the amount of rotation which may occur is con-
ditioned by the angle (8 + @. A hinge-like rotation involves separation of
laminae - dilation - in the kink zone, rising from zerc at Y=180-{6 +a}) to a
maximum at ¥y =90°. The dilation decreases to zero at ¥ ={8 + o) and to nega-
tive values thereafter (Fig. 8). For vy >0, laminae are not in contact, no
frictional resistance to gliding exists, and folds can form with {8 + &)< 60"
and y< 60°,

Certain of the natural folds do have these properties. The
tightest of the folds has y=35° and P [~{8 + @) =38°, Twenty-five per cent of
the total {Fig. 7} have «+ 84 vg 9207, Four folds have carbonate layers
between laminae in the kink band, in rocks where carbonate is virtually
unknown. The writer regards these facts as strong snpport for the rotation-
dilation mechanism,

The aimple hypothegis, however, fails to explain the wide scatter
of points in Figure 7, particularly those points representing folds having an
apparent Av<o.

Full rotation i.e. from Av=o0aty=180 - P through a maximurm and
back to Av=oaty =19 is clearly not the case for the majority of the Lake 5t,
Joseph folds, Three possible explanations occur to the writer, for the situa-
tion where v > §.

(i) At a position for which ¥># rupture may occur at the KZB,
The dilation in the zone will fall to zero instantaneously, and laminae will
come into full contact. Further rotational motion can only be by gliding, and
this is permissible only if {y + 8)> 120° at the instant of failure. This would
allow the development of a fold with a law © value and Y = 8.

{il) Any fiiling of the dilatant zone by crushed material due to
cataclasis, as reported by Donath {1968}, would maintain a frictional contact
between laminae and would impose the same angular restriction as the glide
mechaniam proper,

{iii) Infilling of the dilatant zones by quartz or carbonate material,
as reported above, would tend to jamn the rotational mechanism if the filling
occurred in the angular range 90>Yy>»#. Filling when Y > 90 would still permit
rotation without gliding over the range 2(Y - 90} from the position of filling.

For folds where y< @, a negative dilation is implied. If a true
negative dilation does occur, then some modification to the mineralogy may
be anticipated. No such effect has been seen even where the apparent dilation
is -40 per cent. Alternatively, it seems likely that at v = §§ rotation - plus -
dilation ceasesa, and a steady 'thinning' of lamminae occurs, permitting gliding.
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Figure 8. Kink band dilation {%) as a function of wand #, assuming simple
rotation and plane strain.

This naturally will lead to aberrant kink band width measurements. It is
suggested that measurements of kink band width be made only on those folds
where Y 2 .

One further point which arises from Figure 7 is that statistically
the orientation of the KZB remains constant throughout fold development.
The scatter of points has a generally vertical distribution, parallel to the ¥
axis, Comparable diagrams are given by Anderson {1968} for other field
examples and by Donath (1968} for experimentally - produced folds.
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CONCLUSIONS

Data from a suite of natural kink folds in the Lake St. Josepharea
lead to the rejection of a simple gliding mechaniam for the production ofthose
kink folds, pointing instead to a rotation — dilation mechanism., The bulk of
these natural folds did not undergo the fullest possible rotation before
collapse of the kink zone boundary took place, leading te an effective jamming
of the rotation either instantaneously, or before frictional resistance to glid-
ing overcame shear stress acting on the lamination. No explanation is avail-
able for folds which have suifered over-rotation,

The mechanism outlined by Paterson and Weiss {15466) applies
strictly to the continued growth of kink zones from some initial geometry.
The writer suggests that the mechanism outlined here produces the initial
geometry, and that subsequently the kink zone boundaries may migrate lat-
erally. One might anticipate that with increasing confining pressure the
initial width of the kink band will decrease, to minimize the absolute dilation,
Such a relationship has been recorded by Donath (1964). Under such circum-
stances, lateral migration of kink zone boundaries would be the only way of
accomplishing significant shortening by kink folds at high confining press-
ures, and such shortening would be gradual. By contrast, the rotation -
dilation mechanism operating at low confining pressures would give a large
semi-instantaneous shortening initially followed by a period of much slower
shortening,

Finally, the data from the natural folds lend support to the notion
that the "kinking will begin at a local immperfection in the material ...
{Paterson and Weiss, 1966, p. 367). Values of (8 + %) vary quite arbitrarily
over a wide range and attest the influence of local flaws having random distri-
bution and erientation,
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DISCUSSION

H.R. Wynne-Edwards wondered if either Dr, Anderson or Dr.
Clifford would like to comment on the orientation of kink bands with respect to
folds and other major structures in the same area. In cases he could rememn-
ber, inter-section of the kink-zone boundary with the foliation was at a high
angle to a prominent mineral lineation, and subparallel to axes of major
folds,

T.B. Anderson replied that in his example, hinges of the first
folds are almost perpendicular to the kink bands which plunge very steeply in
the plane of foliation. Folds of the second generation do not appear to exer-
cise any control on the position of the kink bands. WNo mineral lineations are
assogciated with the kink bands themselves, There is a weak 'stretchingdirec-
tion' or 'a’ lineation associated with the first folding, and crenulation
associated with the second folding, both at varicus angles to the kink bands
and not obwiously related to them in position or in time.
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P. Clifford said that in northern Ontario there did not seemn to be
any constant relationship between folds and kink bands. Formation of the
axial plane of the first folds was a primary feature on which was superposed
a second deformation ('bath tub tectonics') due to emplacement of diapiric
granites, This second deformation had created a stretching lineation plung-
ing very steeply in the cleavage plane. Lineations of kink folds were every-
where steep {(B0® or more), and with no consistent relationship to any ear-
lier folds.

G.R, Stevens asked Dr, Anderson if his sets of kink bands were
really orthorhombic as far as strains and stresses were concerned,

T.B. Anderson replied that individual kink bands have monoclinic
symmetry, but that the system formed by combination of two kink bands of
opposite sense of displacement and the foliation, has orthorhombic symmetry,
In that dextral kink bands are more abundant than sinistral the system as a
whole is not completely symmetrical but the angular symmetry is preserved,

L. E, Weiss commented on Dr, Anderson's paper and particularly
on the fact that total strain appears to be very small. This fact would make
such kink bands extremely useful. There had been a great deal of discussion
in the past about relating stresses to folds, but for large strains, the state of
strain is not a function of stress., The strain indicated by the author (3 met-
res in 18 kilometres) was of the order of magnitude of an elastic strain which
should give excellent results for stress analyses, Similar relationships had
been proven by work on calcite twinning lamellae, where smmall straina on few
thinlamellae would give much better concentration inthe patternof compression-
tension points than would thick lamellae representing larger strain. He indi-
cated his belief that study of kink bands is important.
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PROFILE VARIATION IN A KINK SET

W. K. Fyson
Departmont of Geology, University of Ottawa
Qttawa, Canada

Abstract

Steep kink bands eross vertical foliation in slates and siltstones near
Lunenburg, Nova Scotia, The profiles of 70 bands exposed on a 25 hy 600 foot
horizontal surface exhibit variations that warrant explanation by any general theory of
kink origin.

The rotated kink limhs are 0.25 to 47 inches in length, and the bands are 1
to 25 foet apart. The narrowest kink bands lie within wide bands near the bounding
surfaces, particularly where thesc diverge and the kinks die out. Bands curve up to
15° and boundaries are 65° te 90° to the external foliation. The partg of bandg at high
anglee to the external foliation tend to be the widest. No kinks meet or cress each
other.

The angular deviation or rotation of the kinked foliation ranges from 15° to
over 45°, and for individuals of variable width is greater the shorter the kinked limb.
Toward silty layers, band widening and curving to the normal tc the foliation is
accompanied by decreased rotation and many bends become diffuse. Nevertheless,
the longer, less rotated limbs increase both the offset and shortening across the kinks.

A preliminary suggestion is that the kinks initially propagated as narrow
bands that like refracted joints tended to curve normal to competent layers. Where
normal, further strain was eccomplished by widening, but where oblique to the foliation,
there was continued internal rotation and the bands remained comparatively narrow.

INTRCDUCTION

Steep sinistral kink bands affect Lower Palaeozoic slates in a large area
of Nova Scotia. On a regional scale the bands strike constantly northwest, and they
may have formed in response to compression aligned approximetely east-west (Fyson,
1966). Though penerally rectilinear in plan view, in detail many bands curve and vary
in width, and the internal foliation ig not constant in orientation. It is hoped that a
study of these variations will be pertinent to problems of kink genesisg, such as the
controlling factors for what determines the direction of kink beundaries and the amount
of internal rotation.

The following is a preliminary description of angular and linear variations
in profile as exhibited by 70 northwest striking kink bands exposed on a 25 by 600 foot
portion of a beach platform on the south side of Kings Bay, near Lunenburg, Nova Scotia.
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Slates and thinly laminated siltstones are crossed by subvertical cleavage foliation
that varies no more than 5° in strike (055° to 060°) ocutside the kinked zones. The
cleavage is parallel to the axial surfaces of earlier, low-plunging, upright folds, and
the kink bands affecting both the eleavage and the bedding surfaces cross the limbs
and hinge areas of small parasitic folds on the northern limb of & larger, earlier
anticline.

GENERAL MORPHOLOGY

All the kink bands are sinistral, and most are reverse kinks (Dewey, 1265)
that result in a component of shortening parallel to the external foliation. No bands
crogs each other; there are none in conjugate relation,

The kinked limbs within the bands are 0.25 to 47 inches in length, and
excluding those of narrow bands lying within wider, the arithmetic mean length is
close to 1 {oot. Spacing between bands is 9 to 300 inches with a mean of about 8 feet.
Some bands, including those only 2 to 3 inches wide, extend over 25 feet across the
foliation, others for only a few feet. Comparcd with much smaller structures formed
experimentally that have apical angles of about 120° (Paterson and Weiss, 1966), the
kink folds are more open with apical angles most commonly 150° to 180°.

The bounding surfaces are irregular in orientation on a small scale, but
the bands exhibit general patterns illustrated from field measurements (Fig. 1}. Some
bands terminate by a shortening of the kinked limb and a merging of the boundaries to
form a lens shapc, However, many die out not by a convergence, but by a divergence
of the boundiug surfaces and a decrcase in the limb deviation so that the kink fold
openg (Fig. 1b). As shown in the figure, thig widening and diffusion of the kink bands
is particulerly noticeable as the bands are followed toward silty layers. Many of the
gilty beds, which are up to one foot thick, lack a well defined cleavage foliation, but
they are ¢rossad by a fow bands, apparently utilizing the laminae as the necessary slip
planes. Bands across the silts are less angular than acrosa the slates, the curved
hinge areas are wider, and those with small limb deviations pass iuto open undulations.

Within several of the wider kink bands there are narrow internal kinks
{limb length 0.25 to 2.5 inches for the 8 measurcd} that lic along the bounding surfaces,
particularly where these diverge and the wido band dies out {Fig. lc, le}. I effect,
the band splits into two subgidiary diverging bands. Other bands pass into two or
more subsidiary kinks with little divergence {Fig. 1a}, and some bands arc replaced
by a single narrow band along one of the bounding surfaces, the other surface terminat-
ing by an opening of the fold. Some independent bands not within or adjacent to larger
structures, are as narrow (2 inches and less} as the internal bands.

In a few examples, one kink boundary 18 straight, and the other consists of
a set of en echelon surfaces, each well defined for a few inches by angular changes in
foliation, then diffusing to be replaced step-wise by another surface

In addition to 2 widening toward the silty layers, bands gently eurve so
that the boundaries tend to become normal to the externai foliation (Fig, 1b). In
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Figure 2. Measured and calculated parameters of kink bands.
¢, 4y angles between kink boundary and external and internal foliation,
4 anpgular deviation of internal foliation.
L length of kink limb.
LL spacing betwcen kink bands along external foliation.
O offset (L sin 4 ).
Shortening across kink band parallel to LL = L (1-cos 4).

contraat, where the bands terminate by lensing out, some curve in the opposite sensc
to make & smaller angle to the foliation {ef Anderson, 1968, Fig. 3).

Impersistent fractures follow the bounding surfaces of many kinks, and in
one example there is a small strike-slip fault with undetermined offset. In four
localities sets of east-west fractures obliquely cross the foliation near a kink band
{Fig, 1d). Posaibly these are joints normal to a tensional direction, and they may have
been initiated in response to the general east-west compression assumed to have led
to the kinking.

ANGULAR AND LINEAR RELATIONS

The main parameters to be considered are shown in Figure 2. It is
important to note that the angular deviation & of the kinked foliation is independent of
the angle ¢ between the bounding surface and the external foliation. With boundaries
that are not parallel, the deviation in one part of a band may be constant, whereas
from one side to the other ¢ varies as much as 20°. It is apparent that if ¢ is less
than ¢, the kinked limh would be thinned. This assumes that the external foliation is
undeformed. Small variatious iu orientation of the external foliatiou do occur, and as
demonstrated by Weiss (1968), it is probable that duriug kinking there was some
rotation; but the amount relative to that of the internal foliation would be small.

Figuro 2 also illustrates the general relations observed iu the field that the
shorter kinked limba L of the narrower bands, or parts of bands, deviate at higher
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angles than the longer limbs of wider bands. The bounding surfazce angle ¢ tends to
be smaller for the narrower bands with higher dcviations, which therefore are more
oblique to the foliation. In individuals this relationship is expressed by curvature of
the bands. No obvious corrclation between the spacing of bands LL and the other
parameters has yet been found, and this factor will not be considered further.

Graphical relatigns are shown in Figures 3, 4, 5, and 6. In a majority of
measurements (85 of 94) ¢ i greater thané, (Fig. 3) in contrast to kinks measured
elsewhere (Anderson, 1968). The modal value for ¢ -#y ie about 10° but @ varies
from 50° less than ¢ to 25° greater (the graph averages measurements cach side of
bands and the largest negative values of ¢- ¢ are not shown},

The deviation 4 varies between 13° and 87°, but a majority of kink limbs
deviate between 20°and 30° {apical angles 150° to 160°). Although the kink folds are
thus very open structures, for most kinks ¢ is dominantly less than ¢ , therefore the
rotated limb must heve been thinned.
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Figure 3. Angular deviation & of kinked foliation compared with ¢ - ¢k ;
94 measurements. Triangles are from internal bands
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The graph {Fig. 3) exhibits no cbvious general relationship between A and
¢ - ¢k . For some individuals ¢-o| decreases with increased A, but for others there
is an increase. Foliation in the narrow bands within wider tenda to deviate the most
but ¢ -¢ for these kinks is not appreciably diffcrent from that of independent bands.

Between ¢ - ¢y and the limb length L, as with the comparison with 4,
there is a variable relationship for individuals and for the group of kinks as a whole
{graph not illustrated).

The variation of ¢ -¢| is more readily correlated with ¢ (Fig. 4). The
bands with high ¢ tend to have the lowest relative ¢y (¢ -¢ is greatest). Evidently
the rotated limbs of thesc bands at hiph angles to the external foliation are thinned the
most. An average {rend line passes through ¢ - ¢ = 0 at about ¢=77°. At this
angle the kinked limb is unchanged in thickness. For the more obligue kinks with
$ = 80-70°, ¢ is larger than ¢ and the limbs are dilated. ~'The avérage trend line
shown is such that # = 77+ (6 -4 k). By substitution [A = 180 - (¢ + 4 . Als
constant at 26° along the trend line. This angle is in agreement with the dominant
clustering of A betwcen 20° and 30° in Figurc 3. (No marked modal peak for A is
apparent in a frequency graph not shown).

A significant conclusion from Figure 4, which is supported by observations
on individual bands, is that although the kinked limb may remain at a constant deviation
from the unkinked foliation, the bounding surface angle ¢ can vary considerably and
thus change the ¢ to ¢, relations. The curvature of the bands is thus not a function
of the deviation, such as expected if the boundaries migrated and rotated with increascd
deviation so that they tended to bisect the apical angles. This relationship is also
apparent from a comparison of ¢ with the deviation A (not illustrated). Apart from a
few bands, ¢ does not decrease at one half the rate of A increase as would occur if
dependent,

The angle ¢ is not clearly related to the limb length L when all kink bands
are considered {Fig. 5a), For example ¢ is 90° for L varying between 3.5 and 20
inches. However, of the 12 bands measured with appreciable variations in both L and
@, 10 exhibit an incrcase of » and L, and the relative rate of change expressed
logarithmically is remarkably constant (Fig. 5b). As shown, it is possible to extra-
polate to small valucs of L with ¢ at about 60°, but there are too few control points to
gsignificantly establish an average position for the trend liue.

An inverse relationship between the deviation 4 and the limb leugth L is
apparent in Fig. 6. This tendency is true for the group as a whole (Fig. 6a) and for
individuals (Fig. 6b). The straight trend line plotted on the logarithmic graph, is very
close to a line satisfying the equation Cos 4= 1-1 . (The trend line is & maximum of
2° from the equation). 10 L

At first sight, the decresse in deviation with increasing limb length might
be aasociated with a decrease in strain as the bands widen and die out. But by
converting A and L into terms of shortening along the external foliation and offset it is
apparent that there is actually a strain iucrease with increasing L (Fig. 6¢).
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Calculations for the shortening trend are as follows:

Shortening 5 parallel to LL (Fig. 2)= L - X

=L{l-co8d) {1)
From the graph (Fig, 6) cos &4 =~ 1-1 (2)
V101,
Therefore from {1} and (2) S = (l:_ (3)
10

I A remained constant, then B would be a direct function of L and increase
at a greater rate than indicated by equation 3.

An interesting feature suggested by extrapolating the trends in Fig. 6 is
that for very small values of I (L = 0.1 inches) the deviation would approach 90° with
shortening and offset both equal to L. Obviously many more measurements of narrow
kink bands are necessary, and the trends need testing by much more data.

DISCUSSION

The observed kink bands differ in geometry from small kinks in finely
foliated, homogeneous material, the develppment of which is deseribed by Paterson
and Weiss (1966) and Weiss (1968). In particular the curvature and widening with a
decrease in deviation but increased shortening differs from the ideal models which
widen with either a fixed or increased deviation. The inhomogenisty of the rock is
obvicusly a contributing factor, but the exact mechanism of development is not clear.

One tentative growth model, which adapts that of Paterson and Weiss and
assumes flexural slip, suggests that the kinks propagate from a nucleus as initially
very narrow bands, behaving very much as jointg in response to rock inhomogenieties
and local variations in the stress field. Thus the bands oblique to the foliation in
alates refract toward the more competent gilty layers, and like joints, tond to crogs
these at right angles.

The initial very narrow band would thus be curved (Fig. 7a), but the kinked
limb would have a small deviation that was constant. The relationship between g and
# - #i would be similar to that suggested by Figure 4, Shortening and offsct across
the narrow band with a constant limb longth would be constant. However, toward the
competent laycrs where ¢ approached 90° and exeeeded ¢, there would be compres-
sion across the rotated foliation, whereas where the band was oblique and ¢ was less
than ¢ , there would be dilation.

With further cxternal compression the band would respond in different
ways in the regions of compression and dilation acrcss the internal foliation. Where
there was compression, slip and hence rotation was hindered and the band secomplish-
ed shortening and offset by outward migration of the boundaries, but little increase in
deviation. In contrast, in the dilated region strain was accomplished mainly by rotation
and the band remained narrow (Fig. 7b).
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Figure 7. Growth model for kink band development.
a. Initial very narrow kink band, curvature exaggerated; small arrows indicate interngl compression

and dilation.
b. Bubseguent band after lateral migration of boundaries where ¢>g and internal rotation where ¢ < #
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Finally, secondary narrow banda would develop along the bounding surfaces,
that is along the kink fold hinges, where, regardless of ¢ and ¢k relations, there would
be local dilation. Possibly late strike~glip movements, as indicated by the single fault,
increased the internal rotation of seme kink bands.

The mechanism doea not account for the increased shortening and offset
for the wider, less rotated parts of bands. Possgibly local reorientation of the
compressive stress more closely parallel to the competent layers resulted in a larger
component effective for layer shortening.
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EXPERIMENTAL STUDY OF KINK-BAND DEVELOPMENT
IN MARTINSBURG SLATE

F. A. Donath
Department of Geology, University of Illinois
Urbana, Nlinois

Ahstract

Compression at low angles to well-developed planar anisotropy may cause
slip on the anisotropy and instahility that results in the formation of a kink band. Kink
bands formed in slate at relatively low confining pressures (e.g., between 800 and
2,000 bars) are a brittle phenomenon, and represent externally rotated foliation
segmenta of constant length that are hounded by kink planes of fixed position, Initially
straight and parallel kink planes remain straight and parallel during continued
compression, but tend to approach one another because of rotation of the foliation
segments between them. This rotation is caused by slip on the cleavage within the
kink band and continues until the orieutation is such that slip is no longer possible.
Turther deformation causes faulting parallel to the kink band boundaries, produces new
kink bands, or results in the thinning (stretching) of foliation segments within the
original kink band,

Although the angle defined by the kink plane and the cleavage within the
kink band may vary widely (91 to 52 degrees), the angle between the kink plane and the
cleavage outside the kink band remains reasonebly constant (mean value, 68,4 degrees).
The ineclination of the kink planes appears to be independent of confining pressure, total
strain, and strain history; the mean value determined from this study is 47.5 degrees
to the direction of maximum compression.

In some instances two narrow kink bands form sufficiently close to one
another that, following complete rotation of the foliation segments within them, further
deformation causes the foliation segments between these initial kink bands to rotate to
the same "limiting" inclination, thus forming a ecempound kink (or deformation) band.
These events in the strain history of the specimen are reflecied in the stress-strain
curves.

INTRODUCTION

General Bemarks

Recent experimental work indicates that the modes of deformation in
strongly anisotropic rock are related to the inclination of anisotropy to the direction
of maximum compression (rq), ag well as to the environmental conditions at the time
of deformation {gee Donath, 1961; 1964a; 1968). Specimens of slate cored at 15
degrees to the cleavage almost invariably develop kink bands at the higher confining
pressures (1,000 bars and above) when deformed several per cent beyond the yield
point. Less frequently, kink bands form in the 30-degree orientation of slate, but
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then only et high pressures (e.g., 2.000 barg) in slate specimens that have high
cohesion.

The obscrvation that kink bands commonly develop in the 1b-degree
orientation of slate led to a more detailed study of the deformational behavior of this
orientation, in genersal, and of the characteristic features of experimentally produced
kink bands, in particular. The resnlts of that study indicate that the formation of kink
bands in slate is not caused solely by simple gliding on cleavage, but reflects the
operation of several mechanisms — namely, gliding on cleavage accompanied by
cataclasis, definition of kink planes along planes of high shear stress, and rotation of
the foliation segments between the kink planes, with slip, cataclasia, and dilatation all
occurring within the kink band. The evidence on which these conclusions are bascd is
discngsed fully in another paper (Donath, 1968), The study presented here is an
extension of the earlier work, and deals with certain more complex reclationships
encountered in the experimentally preoduced kink bands.

Test Apparatus and Procedure

Specimen material and preparation

All specimens used for the present study were of the 15-degree orientation.
These were obtained from a single block of Martinsburg slate (Ordovician; Bangor,
Pennsylvania) which is a dark gray, massive slate with a well developed slaty cleavage,
A preferred crystallographic orientation of platy minerals (muscovite and chloritc)
and shape orientation of quartz grains exists in the slate. The platy minerals define
the slaty cleavage. The quartz grains tend to lie parallel to one another in this
foliation, and are scattered uniformly throughout the rock, with a few rare local
concentrations of coarser quartz grains in lenses.

Test specimens were taken from the bulk material with a one-half inch
diameter coring tool. The eores thus obtained were cut to lengths slightly greater
than one inch, placed in the collet of a tool end cntter grinder, and the ends ground flat
to form perfect right ¢cylinders one-half inch in diameter by one inch in length. The
dimensions of the finished cylinders were measurcd with a micromeler and recorded.

Test apparatus

The tost apparatus used in the stndy is shown in Figure 1. The presas
consists of two construction steel U-channels held together by cylindrical tie rods. A
50-fon ram is mounted in a hole centercd in the upper channcl between each pair of tie
rods; a load cell for force measurement is attached fo each ram. During a test the
load cell is mechanically linked to the piston of the pressure vessel by a cylindrical
piece of hardencd steel placed between them.

The test specimen is placed between mild steel spacers and inserted in a
jacket made of annealed copper tubing; & hardened steel piston and anvil are then
ingerted in opposite ends of the jacket to form the piston-specimen assembly. The
assembly is protceted from the confining pressure medium by o-rings mounted near
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the ends of the piston and anvil, respectively, which seal againgt the ingide of the
jacket. Because the copper ig thin (0.008") and annealed, no strength correction is
required for the minute axial load sustained by the jackot. The piston-specimen
asgsembly is inserted in tho pressure vessel, pressure seals and end plugs arc
emplaced, and the pressurc vessel is positioned in the press.

The change in length of the specimen is calculated from the displacement
of the piston into the vessel, which, in turn, is determined from the movement of the
ram piston relative to the vessel body. The displacement is measured with a linear
variable differential transformer. The measured displacement consists of the elastic
distortion of the apparaetus as well ag shortening of the specimen. The epparatus
distortion waa determined for different confining prossures and exial loads, and wasa
gubtracted iu the data reduction procedure.

A hydraulic pump was uged o actuate the ram and produco axial load;
confining pressure was 2lso produced with a hydraulic pump. Kerosenc was used as
the confining pressurc medium, and the confining pressure was held constant through-
out & teat. All tesis were compression tests run at room temperature and at a strain
rate of about 0.36 x 1073 per second,

Data reduction

The electrical outpute of the displacement gauge and the load cell were fed
into separate channels of an x-y recorder to provide a continuous record of load versus
displacement. Because the raw data thus obtaincd had to be corrected for changes in
cross-scctional area of the specimen and elastic distortion of the apparatus to give
true axial stress and specimen strain, points had to be picked from the load-displece-
ment record for date reduction. These points were picked sufficiently closely that the
straight line segments connecting them adequately represented the basiec curve,

Equationa for the reduction of data have been written into a program for
the IBM 7094 computer, The output from this program gives the specimen length, per
cent strain, differential stress, and axial stress for each of the picked points. It elso
provides a continuous plot of differential stress versua strain for the test, The
differential stress iz equal to the axial streas minus the confining pressure; the strain
is given as the per cent shortening relative to the original length of the specimen.

Method of specimen study

Test specimens were photographed in their copper jackets after a test to
provide a visual record of the mode of deformation for any spocimen damaged during
jacket removal or subsequent handling. Next, the copper jacket was carefully cut
through along its entire length on opposite sides and the upper half cautiously removed,
The deformed apecimen was then photographed unjacketed.

Angular relationships and kink-band widths generally were measured on
10 to 1 enlargements of the specimens, although thin sectiona were made of several
specimens to permit detailed study. Measurement of foliation-segment lengths within
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the kink bands could readily be made to 0.1 mm, and angular measurements could be
reproduced within 2 couple of degrees for all but very poorly defined features.

Strength Relationships

The bhlock of slate used iu this study is characterized by a high yield
strength relative to blocks used in previous work. Although the material of each of the
blocks is macroscopically homogeneous and mincralogicelly identical, cohesion along
the cleavage differs from onc block te the next and affects both the strength and the
mode of deformation.

Because the effects of confining pressure and anisotropy orientation on the
strength and mode of deformation in slate have been summarized elsewhere and the
results of thig atudy arc consistent with previous conclusions, these effects will not he
treated in detail in this paper. Instead, the discussion will deal primarily with certain
more complex relationshipe observed in this study of experimentally produced kink
bands in Martingburg slate,

Twenty-seven tests were run in this test series. One was not valid
bhecause the copper jacket leaked and the effective confining pressure (total pressure
minus pore pressurc) was therefore much lower than the nominal confining pressure,
Tests were run at confining pressures between 1,000 and 2,000 bars, at 200-bar
intervals,

The yield stress is plotted as a function of confining pressure in Figure 2
for the hlock of slate used in this gtudy, In principle, the yield stress is that differen-
tial stress which, if excecded, will result in permanent deformation. Most of the
stross-strain curves obtained for the 15-degrec orientation of slate show a steep,
linear iuitial slope followed by an abrupt loss of resistance to differential siress (see,
c.g., Fig. 12}, The stress drop occurs at the point at which gliding on the cleavage
is initiated, designated the faulting point. ‘Thua, the faulting point and the yield point
coincide for most tests. However, the faulting point docs not always coincide with the
yield point, as permanent deformation may take place before faulting actually occurs,
For purposes of this study the faulting point (or point at which slip is initiated} is taken
to be the yield point, as this is a well-defined and cagily picked event.

For most tests the yvield stress, as here defined, also represents the
ultimate strength of the rock, i.e., the maximum differential stress that can be
sustained under the conditions of deformation. In several instances the differential
stress sustained by the specimen subsequent to faulting was equal to or exceeded the
yield stress (see Figs. 12 and 18). As seen in Figure 2, thc ultimate strength for thie
block of slate increases linearly with confining pressure from 1,000 to 2,000 hars, but
the yicld stress (stress at the faulting point) tends to fall off this linear trend at tho
highcr pressures,

The stress-gtrain curves presented have not been "smoothed", and consist
of the straight-line scgments connecting stress-strain values derived frem all maxima,
minima, inflection points, and other significant events on the original load-displacement
records. The curves adequately represent the true stress-strain relationships.
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Figure 3. Geometry of ideal kink band in strongly anisotropic material
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KINK BAND CHARACTERISTICS

Inclination of Kink Planes

Figure 3 shows the ideal geometry of a kink band. An initial right eircular
cylinder of material characterized by well-developed planar anisotropy and of original
length 1, has been shortened by an amount 41. 'This shortening has produced two kink
planes inclined at an angle fipto the direction of maximum compression. The attitude
of the anisotropy across these kink planes changes abruptly, and the area between them
constitutes a kink band. The anisotropy within the kink band, initially oriented at an
angle 8 to the direction of maximum compression, now is inclined at an angle (8+p),
The anisotropy outgide the kink band makes an angle « with the kink plane; within the
kink hand the anisotropy and the kink plane define an angle ay . Becauge of the possible
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Figure 4, Kink-plane inclination to direction of maximum compression versus
confining pressure and strain beyond the yield point
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variation in the angle ¢, a more characteristic dimension of the kink band than its
perpendicular width ig the length of the foliation segment between the two kink planes,
herc designated 5.

The inclination of all kink bands formed in this test series is plotted in
Fipure 4 as a function of confining pressure and sirain beyond the yield point,
rcspectively. Because the meagured values of the two kink planes hounding each
observed kink band were nearly always within two or three degrees of one another, tho
average of the two planes for each specimen is plotied in Figure 4,

The kink bands are all inclined between 42 and 51 degrees to the direction
of meximum compression, with a mean inclination of 47.5 degrees — virtually identical
to the mean inclination of 47.4 degrees determined from previous work {Donath, 1968),
There eppears to bhe more deviation from the mean inclination at the lower pressures,
but the inclination of kink planes to the directicn of maximum compression appears to
be quite independent of confining pressure. Similarly, no systematic variation in the
kink-plane inclination is observed as a function of strain beyond the yicld point. The
observed lack of effect of either ¢onfining pressure or total strain on the inclination of
the kink planes in this study confirms earlier observations.

Rotation of Foliation Segments

The inclination of the foliation segments within the kink bands increases
with increasing deformation, Figure 5{a) shows three specimens that were deformed
at 1,200 bars ¢onfining pressure to strains beyond the yield point of 5.5, 6.3, and 8.2
per cent, left to right, with correaponding inclinations of the foliation segments of 42,
47, and 55 degrees, respectively, The numerous light gray parallel lines of powdery
material {gouge) on the surfaces of the specimens reflect the cataclasis that has
occurred along discrete cleavage surfaces by gliding on the cleavage. The gouge is
particulerly woll developed within the kink bands themgelves — indicating that the
number of active slip surfaces within the kink bands is appreciably greater than ocutside
the bands — and along the kink-band boundaries, notebly along the upper ends of the
upper kink planes and along the lower ends of the lower kink planes bounding the kink
bands.

Figure 5(b) shows a thin section (right) end photomicrograph enlargement
{left) of a kink band developed in a spccimen deformed at 800 bars confining pressure
to 9.5 per cent strain beyond the yield point. Since the inclination of the cleavage,
initially 15 degrees, is now 21 degrees outside the kink band, an external rotation of
G degrees occurred during the initial slip on the cleavage. Within the kink band the
foliation-segment inclination is 39 degrees, indicating that an external rotation of the
foliation segments of 13 degrees occurrcd as a result of the kinking process.

Even in the earliest stages of the development of "brittle™ kink bands in
slate, evidence i8 prescnt of cataclasis along the kink boundaries and of local loss of
continuity across the kink pianes. This is clearly seen at the upper end of the upper
kink plane in the thin section shown in Figure 5(b), and can bc obscrved at numerous
other places along the kink planc (note arrow in photomicrograph),
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Figure 6. Inclination of kink-band foliation segments as function of increasing strain
beyond the yield point. Four tests at 1,200 hars and threoe at 1,400 bars
confining pressure

The data presented in Figure 6 are for four specimens deformed to
increasingly higher strains at 1,200 bars confining pressure and for three specimens
deformed to increasingly higher straine at 1,400 bars. As seen in this figure, the
inclination of the foliation segments to the direction of meximum compression clearly
increases as the strain beyond the yield peint increases, for strains beyond the yield
point of up to 8 per cent. The specimen deformed more than 8 per cent beyond the
yield point shows no additional increase in the inclination of the foliation segments
within the kink band.

If foliation segments within different kink bands show different inclinations,
then one can expect the angle ay defincd by the kink plane and the foliation segment to
differ from the angle a defined by the kink plane and the anisotropy ouiside the kink
band, unlesa, of course, the kink-plane angle,ﬂk p varies correspondingly. However,
we have noted that the angle kadoes not vary systematically with either confining
pregsure or total strain; it therefore should not affect the angles ay and @, The
relationghip between o and a for the seven specimens referred to above is indicated
in Figure 7. To simplify the diagram for purposes of illustration, the averages of the
two values of o and o for each kink bend were plotted. The points representing each
confining pressure series, 1,200 barg and 1,400 bars, are comnnected by arrows showing
the changes associated with increasing strain beyond the yield point. Fer both pressure
seried the angle « maintains a fairly constant value, but the angle aydecreases
systematically until it is equal to «.

The relationship between the angles e and « for all kink bands in this test
gerien, in which accurate measurements could be made, is indicated in Figure 8 for
hoth the upper and lower kink planes of each kink band. Although the angle between
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the kink plane and the cleavage outside the kink band, « , remains reasonably constant
(mean value of 68.4), the angle between the kink plane and the foliation segments within
the kink band,ay, varies systematically from 91 o 52 degrees. The points that lie
above the 45-degree line designating equal angles represent relationships in those
specimens that show relatively small inclinations of the foliation eegments, and those
below the line represent relationships for foliation segments that have been rotated to
large inclinations {o the direction of maximum compression.
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Figure 7. Angle between kink plane and cleavage within kink band versug angle
between kink plane and cleavage outside kink band for progressive strain.
Four tests at 1,200 bars and three at 1,400 bars confining pressure
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If gliding on the cleavage were the sole mechanism of kink band formation
in the Martiusburg slate, then this would require that the angle defined by the cleavage
within and outside the kink hand be divided symmetrically by the kiuk plane, i.e., oy
would have to equal «. Tor, if these angles were not equal, then the foliation thickness,
mcasured between any two discrete cleavage planes ouiside the kink band, could not
equal the corresponding thickness measured inside the kink band (refer to Fig. 3).
When e is greater than « , the foliation thickness withiu the kink band must elso be
greater, implying that cataclagis, separation along the anisotropy, or some other
mechanism has contribuied to the deformation, in addition to simple gliding, to cause
the dilafation. The greatest discrepancy in the foliation thickness before apcquals «
obviously occurs when the foliation segments within the kink band are perpendicular to
the kink plane. For this condition,ay equals %0 degrecs and the angle of rotation of the
cleavage within the kink band from ifs orientalion outside the kink band, the angle p in
TFigure 3, is equal to {90° - o),

The strain perpendicular to the foliation within the kink band can be
expresscd as:
€ = {sinay/sine) - 1. (1)
Thus, the maximum strains represcnted by the relationships in Figure 8 are dilalation
of 8.6 per cent (@ = 67°, o= 91°) at one extreme, and a thinning of 13.1 per cent
{o= 65", e = 52°) at the other.

Figures 5, 7, and 8 show that the angle «, does not always equal e in the
kink bands developed in this test series of experimentally deformed Martinsburg slate,
Thercfore, simple aliding on the cleavage, by itself, cannpt cxplain the development of
these kipk hands. The conclusion just drawn from rcsults of this study are in complete
accord with conclusions drawn previcusly (Donath, 1964b; 1968) — namcly, that the
devclopment of kink bands in experimentally deformed slate reflects the operation of
several mechanisms. These are gliding on cleavage accompanied by cataclasis,
definition of kink planes along planes of high shear stress, and rotation of the foliation
segments between the kink planes with slip, cataclasis, and dilatation all oceurring
within the kinl band.

By the rotational mechanism outlined above and discussed in detail else-
where, a systematic relationship sheould exist between the angle of rolation and the
amount of strain beyond the point at which the kink band is initiated. Such a relation-
ship is indicated by the test sequenccs represented in Figure 6. Previous work has
shown that the kink band is initiated in the strain interval of steepest negative slope
on the siress-strain curve (i.c., greatest stress drop in one per cent strain)
immediately beyond the yield point. The kink bands previously studied had developed
within Jess than 2 per cent strain beyvond the yicld point.

Figurc 9 shows the inclination of the foliation sepments to the dircetion of
maximum cempression (A+2), as a function of strain beyond the yield point for the
specimens in this test series. The data indicate a genersl incrcase in rotation with
increasing strain heyond the yield point, but there is no obvious systematic relation-
ghip. This is perhaps not too surprising since the rotation that occurs is related to
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Figure 8. Angle between kink plane and cleavage within kink band versus angle
between kink plane and cleavage outside kink band

the length of the foliation segment, 5, as well as to the strain, The relationship can be
expressed aa follows:

cos (A+P)=cos B -e€,/8. (2)
where ¢ is the longitudinal strain of the gpecimen produced by the kinking mechanism.
Nevertheless, the curves for equation {2) do not fit the data of Figure 9 very well, as
they had in previous work, thus suggesting that the strain owing to the rotatiomsal
mechanism of kink band formation cannot be ¢losely correlated with the strain beyond
the yield point.
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Kink-Band Width

Variation of the angle eymakes the length of the foliation segment between
the kink plancs, S, a more characteristic dimensicn of the kink band than its perpen—
dicular width, and this parameter is therefore uscd to represent kink-band "width".

Although previous work had suggested & posgible dependence of foliation-
segment length on confining pressurc, no such relationship is indicated by the data of
Figure 10. Whereas the carlier work had indicated no obvions relationship between
the foliation-segment length and strain beyond yield point, the results of the present
study suggest that there might be one (Fig. 11). Other apparent disagreements with
previous conclusions were also encountered. For example, the longitudinal strain
attributable to the rotational mechanism of kinking can be calculated from the relation:

¢ = 8/,[cos B - cos {B+n)] (3)
When solutions for equation {3) had been obtained for certain specimens on the hasis of
measurements of 5, «,,8, and ¢ in individual specimens of this test series, it was
found that in some instances the value of strain thus obtained actually exceeded the
total strain for the test. In earlier work the calculated strains showed excellent
agreement with known strains from the stress-strain curves (Donath, 1968}, The
discrepancies cannot be explained by errors in measurement of foliation-segment
length or the angles § and p ; thuw, something ig obviously quite different from the
earlier test series for ceriain of these tests, The diffcrences are clearly reflected
in bhoth the nature of the kink bands and in the corresponding stresa-strain curves.
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Figure 9. Inclination of kdnk-band folietion segments as a function of increasing
strain beyond the yiold point
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The stresg-sgirain curves shown in Figure 12 are like those obtained in
previous tests on the 15-degree orientation of Martinshurg slate. Following the
initial, abrupt drop in differential stress that occurs with slip along the cleavage,
there is increasing resistance to further deformation reflected by an increase in
differential stress. This resistance has been caused by the formation of kink planes
and the rotation of foliation segments between thern, thereby "locking” the cleavage
and preventing slip from occurring across the kink planes. Continued deformation
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causes further rotation of the foliation segments, with slip occurring between them.
The greater differential stress is required to attain the critical resclved shear stress
necessary to cause slip on the cleavage within the kink band.

Three of the specimens corrcsponding to the curves in Figure 12 are
shown in the upper half of Figure 13; the fourth ig the 1,000-bar specimen at the far
right of the lower half of Figure 13. These specimens, like their corresponding stress-
atrain curves, show the characteristic features of kink bands previonsly observed.
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Figure 11. Foliation-segment length versus strain beyond the yield point



- 273 -

2000 bars
4_
160G
o 1400
-
o
1200

m 4
o 3
o
[
"
2
<
Z
o 2
o
w
[T
w
o

f

MARTINSBURG SLATE
A=15°
2 4 6 8 i0 12

STRAIN, per cent

Figure 12. Btrese-strain curves for several ideal "brittle" kink bands formed at
different confining presgures

The three apecimens shown in the lower half of Figure 13 were all deform-
ed in this test series at 1,000 bars confining pressure. The stresg-strain curves for
these specimensg are given in Figure 14, The curves are clearly very different. The
specimen at the left (AN 10-17) and in the middle {AN 10-15) of Figure 13 (lower half)
were deformed to total straing of 8.9 and 11.3 per cent, respectively (8.1 and 10.0 per
cent beyond the yield point), as compared with 6.1 per cent (5.3 per cent beyond the
vield point) for specimen AN10-19 at the far right. The foliation-segment inclination
within the kink band is 46 degrees for specimen AN 10-17 and 55 degrees for specimen
AN 10-15, as compared with 87 degrees for specimen AN 10-19, The foliation-segment
lengths are also narrower, 1.0 and 1.3 mm, respectively, as compared with 2.9 mm.
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Previoug work indicated that kink bands were initiated during slip on the
cleavage when the strain rates were relatively high (0.3 per cent per second or gresater)
and sustained over a strain interval not less than 0.7 per cent. The strain interval of
highest sustained strain rate is the steepest negative slope of the stress-strain curve
beyond the yield point. If the earlier resulis can be applied here, then the kink bandg
in speeimens AN 10-17 and AN 10-15 were initiated at strains far beyond the yield
point, and they were aubjected te very little additional strain following their formation.
This concluaion is, in fact, supported by the amall (and incomplsete) rotation of the
foliation segments, and by the evidence in these two specimens of a greater amount of
slip on cleavage throughout the specimen as reflected by the large number of cleavage
surfaces having gouge along them.

The preceding comments would suggest that the strain atiributable to the
rotational mechanism of kink band formation might be more closely correlated with the

Figure 13. (Upper) Kink banda formed at 1,400, 1,600 and 2,000 bars (left to right)
(Loweér) Kink bands formed at 1,000 bars confining pressure, Foliation-
segment inclinations are {left to right) 46, 55, and 67 degreee at strains
beyond the yield point of 8.1, 10.0, and 5.3 per cent
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Figure 14. Btress-strain curves for specimens shown in lower half of Figure 13

strain beyond the minimum point of the stress-strain eurve, i.e., the point at the foot
of the longest negative glope of the curve. I this were so, then the rotation of the
foliation segments within the kink band should also correlate with the strain beyond
thia point.

Figure 15 is a plot of the foliation-segment inclination, (g+p), veraus
strain beyond the minimum point. The curves representing equation (3) for foliation-
segment lengths of 1, 2, and 3 mm and a cleavage inclination of 19 degrees immediatcly
preceding initiation of the kink are alao shown in Figure 15. (The value of B equal to
19 degrees assumes that 4 degrees of external rotation occurred as a result of the
initial slip on cleavage prior to kinking). The obeerved data are separated info three
groups according to foliation-segment lengths, and appear to be in good general agree-
ment with the theoretical curves. I a kink band having foliation segments 1 mm long
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were initiated precisely at the minimum point and developed entirely by the rotational
mechanism, then the data point for that particular kink band would fall on the 1 mm
curvo for its respective strain and foliation-segment inclination. The distance the
point lies away from the curve, parallel to the abscissa of the graph, is a measure of
the strein that has taken place between the point of initiation of the kink bend and the
minimum point of the stress-strain curve. Because all but twe of the points lie to the
left of their corresponding theoretical curves, it means that the kink bands were
initiated before the minimum point was reached. The two exceptions are very narrow
kink bands with low foliation-segment inclinations; the possibility of error in meagure-
ment is greatest in this typo.

KINK BAND DEVELOPMENT

Ideal "Brittle" Kink Bands

Although the development of ideal "brittle" kink bands has been discussed
at length elsewhere (Donath, 1968) and referred to in parts of preceding sections, it
might be well to summarize briefly here the sequence of development and supporting
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Figure 15. Inclination of kink-band foliation segments as a function of increasing
gtrain beyond the minimum peint. Symbols indicate foliation-segment
lengths: x= 0.6 - 1.3 mm, o= 2.5 - 3.2 mm, += 3.5 - 4,8 mm
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lines of evidence. The term "brittle" is here applied to those kink bands which
develop in strongly anisotropic rock, such as slate, that undergo faulting or slip on the
anisotropy with release of stored elastic strain energy before 2 per cent strain is
reached. For the specimens of Martinshurg slate used in this test scries, faulting or
glip invariably ocecurrcd before 2 per cent strain, indicating the rock to be very brittle.

The initial deformation in the 15-degree orientation of slate is always
gliding along the cleavage. The slip is accompanied by loss of resistance to differcn-
tial stress, end may be rcstricted to several closely spaced surfaces or distributed
uniformly on numerous surfaces throughout the specimcn. This initial deformation
normally causes & 3 to 5 degrce external rotation of the cleavage and the formation of
gouge along the cleavage planes, owing to cataclasis.

Comparison of tho calculated strain attributable to kinking (using measured
kink-band characteristica and assuming the rotational mechanism) with actual stress-
strain relationghips for ideal brittle kink banda indicates that the kink bands develop
in the strain interval represented by the steepest ncgative slope of the stress-strain
curve. For deformation of a block of slate having lower strength and cohesion than
that used in the present study, it was found that if a kink band were to form, the strain
rate during slip on the cleavage generally had to exceed 0.3 per cent per second and
had to be sustazined over a strain interval not less than 0.7 per cent. For strain rates
during slip less than 0.3 per cent per second sustained over strain intervals less than
0.4 per cent, the deformation wes invariably characterized entirely by slip on the
cleavage. The critical factor appears to be the amount of displacement that occurs
during the gliding proecss. A kink band occasionally developed at slow strain rates if
these rates were sustained over a sufficicntly large strain interval. Unfortunately, the
possible significance of strain rate was not recognized at the time the present study
was undertaken, and the data were recorded on an x-y recorder rather than on a strip-
chart recorder; thus, time was not a recorded variable,

Rapid simultaneous displacement along numerous cleavage planes over a
finite strain interval apparcntly causes the instability that rcsults in the initiation of a
kink plane. The mean inclination of 47.5 degrees of kink planes to the direction of
maximum ¢compression suggests that thoy develop along or clese to planes of maximum
shear stress, which would be oriented at 45 degrees in isotropic material. However,
the principal stress directions within the 15-degree orientation of the slate specimens
are rotated, owing to the presence of the anisotropy and to slip along it, and the
inclination of the kink planes to the direction of maximum compression at the moment
of their inception is therefore less than 45 degrees, TFailure resulting in the formation
of the kink planes may cccur along those surfaces that have the most favorable ratio
of shear to normal stress, thus showing the cffects of internal friction, as for the
development of shear fractures in isotropic materials. The kink planes thus formed
remain fixed in positiou (as well as in orientation) during coutinued deformation
because of the cataclasis that occurs along them (gec Fig. 5).

Rotation of the foliation segmeuts between kink plancs, once these planes
have formed, is the typical response to further deformation. When the rotation
progresses far enough it "locks™ the cleavage, and slip across the kiuk planes is no
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longer possible. Instead, slip oceurs only on the cleavage within the kink band, and
further deformation is effected by rotation of the foliation segments between the kink-
band boundaries. Because of thc rotation and increasing inclination of the foliation
spegments to the direction of maximum compression, increasingly larger loads are
required to attain the critical resolved shear stress neccesary for slip on the cleavage -
hence, the rise in differcntial stress reguired to produce additional longitudinal strain.
TRotation of the foliation segments continues until they reach a limiting orientation,
heyond which slip on them ig no longer posgible because the resistance to gliding is
greater than the resolved shear stress on the foliation segments, I the differential
stress incrcases so a8 to causo further deformaeation, another kink band is initiated or
faulting occurs along the kink-band boundaries, as evidenced by gouge at the bhoundaries
and the loss of resistance to differential stress. The activation of a ncw mochanism,
such as faulfing or the development of secondary slip surfaces, can cause additional
rotation of the foliation segments within the original kink bend, The "limiting
orientation™ of foliation segments in the simple kink band, resulting from the rotational
mechanism alone, appears to be between 60 and 65 degrees to the direction of maximum
compression, in excellent agreement with previous data on the effects of planar
anisotropy (Donath, 1961; 1964a),

Compound "Brittle" Kink Bands

The upper half of Figure 16 shows four specimens that were deformed at
a confining pressure of 1,200 bars to strains beyond the yield point of 3,9, 5.8, 7.7, and
10.4 per cent, respectively. The corresponding foliation-segment inclinations measured
for these specimens are 45, 54, 62, and 6% degrees; these valucs are plotted against
strain beyond the yield point in Figure 6. The stress-sgtrain curves are given in
Figure 17.

The stress-strain curves of Figure 17 are quite different from those for
the ideal "brittle" kink bands (Fig. 12). The strain interval between the yield point
and the minimum point is guite large and characterized by numerous irregularities.
Sustained steep negative slopes do not occur before about 4 per cent sirain, suggesting
that kink planes were not initiated until then and that about 3 per cent strain was
produced by slip on the cleavage, a possibility that is strongly supported by the
evidence of movemont {(gouge) along numerous cleavage surfaces throughout the
specimens.

As with the stress-atrain curves, the appearance of the specimensg in this
test sequence is quite unlike that of the more ideal "brittle” kink bands shown in
Figure 13. The presence of gouge along numerous cleavage planes has been mentioned,
but there is alao considerable variation in the character of the individual kink bands.
In specimen AN 10-11 (far left) the kink bend is at a very carly stage of development
and appears to be quite narrow; the second specimen {AN 1¢-13), deformed 5.8 per
cent beyond the yield point, shows complex relationships at the upper end; specimen
AN 10-14 looks quite simple, but cataclasis appears to heve been more active in
narrow zoncs adjacent to the kink-band boundaries than witbin the central part of the
kink band; and, the fourth specimen {AN 10-10), deformed 1¢.4 per cent beyond the
vield point, shows zonation reflecting differing degrees of cataclasis within the kink
band,
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(Upper) Kink bands developed at 1,200 hars confining pressure at strains beyond the yield stress of 3.9,
5.8, 7.7, and 10.4 per cent (left to right) with corresponding foliation-segment inclinations of 45, 54, 69,

and 69 degrees.
{Lower) Kink bands developed at confining pressures of 1,400, 1200, and 1,800 bars (left to right) and

strains beyond the yield peint of 3.9, 5.8, and 8.9 per cent
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Figure 17. BSiress-strain curves for specimena shown in upper half of Figure 16.

In view of these differences, it is interesting that a systematic relationship
between the foliation-segment inclination and the strain beyond the yield point can be
observed (Fig. 6). Apparently, the kink bands were initiated at about the same strain
beyond the yield point, thus preserving the relationship.

The "irregularities” in the kink bands of specimens AN 10-13, 14, and 10,
mentioned above, are matched by irregularities in the respective stress-strain curves,
The curves are quite similar from the yield point down to the bottom of the long
moderate-to-steep negative slope. Beyond this, the curves for specimens 13 and 10,
and to a lesser degree, 14, begin to rise again before falling off along another steep
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negative slope. This event on the stress-strain curve appears to be related to the
development of another kink band. Specimens 14 and 10 were suhjected to sufficient
additional strain that the relationships are masked, but an earlier stage of development
ig seen in gpecimen 13.

Specimen AN 10-13 ig shown again in the lower half (ceoter) of Figure 16
along with specimens deformed at 1,460 bars {left) and 1,800 bars (right}. The
corresponding stress-strain curves are given in Figure 18, Note the similarity in the
curves for the specimens at 1,400 bars and 1,800 bars up to the terminal point of the
former; the 1,800-bar specimen has undergone 5.7 per cent more strain. Close
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Figure 18. Sress-sirain curves for specimens shown in lower half of Figure 16
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examination of the 1,800-bar specimen revesals that the kink band in it actually consists
of two kink bands that have merged. Evidence of this is seen in the differing degreces
of cataclasis within the band, and in tho break in the "profile" of the kink band along
the right side of the specimen. The kink band in this specimen appears to represent a
later stage of development of the compound kink band seen in the 1,400-bar specimen.
Specimen AN 10-13 has a more complex stress-strain curve and shows more complex
relationships within the kink band; yet, it appears to approximate an intermediate
stage of development between the other two.

In some ingtances, aspects of the strain history of tho deformed specimen
are better preserved in the copper jackets than in the relationships observed within
the specimens themselves. Figure 19 ghows three specimens, jackcted and unjacketed,
that were deformed at confining pressures of 1,400, 1,600, and 1,800 bars. The
unjacketed 1,600-bar specimen (top) shows two very narrow, almost incipient, kink
bands thet are only slightly separated. These are clearly reflected in the copper
jacket, as seen af the right. On the back side of the jacketed specimen (left) the kinks
are seen to mergo. Two narrow and closely spaced kink bands are present also in the
1,800-bar specimen (center). The kink bands in this spccimen are better developed,
slightly wider, and are beginning to merge by involving the foliation segments between
them. The kinks were initially scparate and distinct, as shown by the jacketed
specimen at the right. Again, in the 1,400-bar specimen (bottom) there is evidence of
two initial narrow kink bands, shown clearly in the copper jacket at the right. In the
unjecketed specimen the initial kink bands are seen to have almost totally involved the
folintion segments between them to producc a single deformation band.

Figures 20 (a) and 20 (b) show jacketed and unjacketed vicws, a thin section,
and a photomicrograph of a portion of the thin section for a specimen in which two
initial kink bands arc at an intermediate stage of merging. That two kink bands were
initially present is clearly shown by the deformation in the copper jacket and the
relationships observed in the thin section. Although the deformation had progressed
to the point where the relationships at the surface of the specimen appear to be simple,
the rotation of foliation segments between the initial kink bands was not complete. The
thin scction reveals the more complex relationshipa.

The different amounts of rotation that have occurred in different parts of
the deformation band can be seen in the photomicrograph. The orientation of the
cleavapge outgide the deformation band is seen in the upper leit and lower right corners.
The foliation segments within the lower kink band {just below the arrow) appear to have
rotated to their "limiting' orientation, as have the foliation segmentis in the somewhat
broader upper kink band. The foliation scgments between the two kink bands have
rotated approximately 10 degrees from the attitude of the cleavage outside the
dceformation band.

The specimen shown in Figures 20{a) and 20 (b) also shows intcresting end
effects. Significant displacementl was coucentrated along several closely spaced
cleavage surfaces prior to the development of the kink band, as shown by the relative
offset at the upper left and lower right corners of the specimen. The restrictions to
further displacement along thesc surfaces provided by the jacketing conditions al ithe
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ends of the specimen resulted in the formation of & couple of minor kink bands at the
lower corner and a minor kink band at the upper corner. The large compound kink
band through the center of the specimen developed subsequent to the localized gliding
on cleavage.

Although the majority of kink bands illustrated in this paper intcrsect the
ends of the specimens, the end conditions apparently were not the controlling factors
in the development of the kink banda. Approximately 25 per cent of the kink bands in
this stndy formed away from the ends of the specimens; of the remainder, half inter-
gsected the piston end and half intersected the anvil end,

CONCLUSIONS

The results of this study are consgistent with earlier work and indicate that
the formation of kink bandg in briftle anisotropic rock snch as slate reflects several
mechanisms in addition to simple gliding on cleavage. The explanation advanced by
Paterson and Weias (1964; 1266) to explain the development of kink bands in experi-
mentally deformed Nelligen phyllite, which assnmes that gliding on the cleavage is the
sole mechanism of kink band formation, requires that (1) bilateral symmetry across
the kink planes be maintained throughont the deformation, and {2) that the kink planes
migrate laterally into undeformed material with continuing deformation, thus maintain-
ing a fixed orientation but not a fixed poseition in space. Neither of these conditions is
satisfied by the ltink bands developed experimentally in Martinshurg slate.

For low inclinations of the cleavage to the direction of maximum
compression, slip on the clecavage at a relatively rapid rate (0.3 per cent per second)
over a sufficiently large strain interval (greater than 0.7 per cent) causes instability
that results in the formation of kink planes. The kink planes form along planes of
high shear strcss and are positions of localized cataclasis; once formed, they remain
fixed in both position and orientation. Further deformation causes the foliation
segments between the kink planeg to rotate until the resistance to slip exceeds the
regolved shear stress on the foliation segments. The greater amount of gouge within
the kink band indicates that a much larger number of cleavage surfaces within the
kink band were active at this stage of the deformation, than during the initial slip prior
to the kink band inception. I deformation continues beyond the point at which the
foliation segments attain their limiting orientation, faulting, secondary slip surfaces,
or another Kink band forms, or stretching and thinning of the foliation segments within
the original kink band occurs.

In some specimens of glate two narrow kink hands form a small distance
apart and, following rotation of the foliation scgments within them to somc limiting
orientation, the foliation segments between the initial kink bands are externally rotated
to the same inclination. The initial kink bands immay be so narrow that the foliation
segments rotate almost instantanecusly to the limiting orienfation. Thus, they define,
in cffect, kink-band boundaries for the foliation segments between them. The amount
of strain required to rotate s segment fully is a function of its original inelination and
its length, For a given foliation segment length it takes an increasingly greater
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increment of strain to produce each additional increment of rotation; short foliation
segments require much legg strain than longer segments to rotate completely to their
limiting orientation.

Because of the rotation of foliation segments within the kink band, the angle
defined by the kink plane and the cleavage within the kink band, « , does not always
equal the corresponding angle outside the kink band, «. In thig study the mean value of
o was 68,4 degrees, but e« varied from 91 to 52 degrees. Dilation within the kink band
oceurs for angles of o) greater than «, and thinning of the foliation saegments permita
o) to be less than « in those specimens subjected to large total strains.

The complex history of certain compound kink bands developed in the slate
specimens uged in this study is generally reflected in the stress-strain curves and in
the copper jackets. However, without careful examination & compound kink band may
appear to be relatively simple from its external appearance, and any measurements
made on it would likely be migleading. The variation in spacing of the initial kink
bands in a compound kink band is largely responasible for the observed variation of
kiuk-band widths, but an additional factor is the thinning (stretching) of foliation
segments caused by further deformation after the foliation segments have reached
their "limiting™ orientation. The inclination of the foliation segments may be increased
beyond this oricntation by faulting parallel to the kink-band boundaries, development of
secondary slip surfaces within the kink band, or by flow of the foliation scgmonts
themselves,

Of intercst experimentally and of greatest possible significance to applica-
tions in dynamic structural geology is the obscrvation that the inclination of the kink
plancs remaing fairly constant regardless of the confining pressure, total strain, or
complexities of development of the kink bands, The mean inc¢lination of the kink planes
to the direction of maximum principal stress ie 47. 5 degrees.
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DISCUSSION

A good part of the general discussion of Friday afternoon was
occupied by a discussion centred on Dr. Donath's paper, Other contributions
presented during the afternoon and referring to kink bands are grouped
together under General Session.

G.R. Stevens asked Dr, Donath if he found any constancy in the
strike of the kink bands, and if he did, he wondered if this could be due fo a
pre-existing anisotropy or possibly to the experimental set-up.

The author said that the kink axis wag always parallel to the strike
of the anisotropy {cleavage), and normal to the direction of slip on it. There
was no relationship to any lineation that might have existed in the cleavage
prior to the experiment.

E.Z. Lajtai wondered about the stress-strain diagrams related to
the formation of kink bands and presented by the author. He understood that
in the author's opinion, the first of the two peaks that developed {Donath's
paper, Fig. 12) indicated failure conditions in the plane of weakness whereas
the second one represented conditions of formation of the kink band itself,
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He would have liked to know what type of Mohr's strength envelope would
result from plotting values representing these two peaks in a Mohr's dia-
gram. He also asked the author if the second peak could not form as a result
of plastic in isotropic materials as well,

The author answered the second part of the question first by say-
ing that anisotropy was an essential condition to formation of the kinks. Slip
always occurred on the anisotropy before the kink bands formed. By calcu-
lating the amount of strain that could be attributed to the rolation mechanism,
one could fix the point at which the kink was initiated within certain limits.
All measurements related Lo strain were very consistent with the author's own
interpretation, and indicated that the kink bands were initiated between the
first peak and the minimum of the stress-strain curve. The rise in differen-
tial stress beyond the minimum point is a function of several factors. It
requires more energy to get dilatation, to induce localized cataclasis and
overcome resistance to slip on numerous additional cleavage surfaces, and to
produce the larger resolved shear siress required by the rotation of cleavage
segments within the kink band. Each time another mechanism became opera-
tive {for example slip or faulting} a correlative drop would appear on the
stress-strain curve,

E.Z. Lajtai realizing that he was probably simplifying the prob-
lemn considerably suggested that the two peaks indicated on the stress-strain
curves indicate the presence of two independent failure mechanisms. The
first one could represent failure on the plane of weakness and the second one,
plastic deformation for the kink band. The author could show numerous
examples, he said, in which the amount of rotaticn of foliation segments
within the kink band varied as a function of the amount of strain proceeding
beyond the yield point (first peak). The amount of slip as expressed by cata-
clasis gn some of the cleavage planes was also related to the distance between
peaks on the curve. On other curves, formation of successive peaks could be
shown to coincide with appearance of new kink bands. The author did not have
any doubt that the first peak represented slip on the anisotropy and each of the
following cones the formation of a kink band,

E.Z. Lajtai thought that deformation bands similar to kink bands
mipht possibly develop in isotropic material with plastic deformation, at very
high confining pressure. In some illustrations of the author, the angle
between kink bands and maximum compression appeared tc be very close to
45 degrees, which is the angle predicted by the maximum shear strength
theary,

The author agreed that this appeared to be the case, but pointed out
that the principal stresses within the specimen were being rotated because of
the presence of pre-existing anisotropy and because of slip cccurring on it,
Although the mean angle of 47 1/2 degrees was very close to the plane of
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maximum shear stress for isotropic material, because of rotation of the prin-
cipal stresses within the anisotropic specimen the direction of maximum
compression was actually forming a much smaller angle with the kink planes.
The kink planes probably formed at an angle providing the most favourable
ratio of shear stress to normal stress on the plane,

1. E, Weiss remarked that some illustrations presented by the
author demonstrated quite well the point he was making; they also showed that
as kink bands were rotating, they were becoming wider,

The author, however, commented that although it was difficult to
see the exact boundary of the kink bands in the illustration referred to by Dr.
Weiss, he did not think there was an appreciable widening of the bands.

L. E, Weiss wanted to know if the author had also carried out
experiments with larger strains.

The author said that in the first series of experiments he had tried
to obtain 'ideal' kink bands and had therefore stopped after rotation was com-
-pleted. In later tests at higher strains {up to about 16%), he had noticed a
large amount of slip on the anisotropy, but only a fraction of the strain was
involved in the kinking process itself.

L. E. Weiss pointed out further that slip on the anisotropy was only
possible in asymmetric situations, with compression oblique to the cleavage,
This fact indicated that in such a situation there had to be some sympathetic
slip in the background at the time of formation of the kink bands.

The author agreed and added he should have mentioned that, before
kinking begins, external rotation of the cleavage by 3 to 5 degrees also takes
place. This rotation was greater in specimens where kinking was appearing
late than in those where kinking was early. Kinks would only develop when
the strain rate during the initial slip on anisotropy was high enough. The
kink planes possibly represent planes of shear failure that form when there is
sufficient release of stored elastic strain energy. Subsequent deformation
also includes rotation but restricted to the foliation segments between kink
planes, The author also recalled a point he had made a few years previously.
If pressure dependence observed at times was real {and he was almost cer-
tain of this), then, at high confining pressures with constraint, kinks would
become much narrower. Rotation of such narrow kinks would be almost
instantaneous, because of the shortness of the segment involved, but these
kink bands would likely be so ductile that they would not fracture. The hody
could deform like the cards in Dr. Weiss' experiments or like an ideal foli-
ated body. In a few examnples the author had observed curved kink planes;
obviously, the segments involved in the kink bands varied in length. For a
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given amount of strain and a given length of foliation segment, the amount of
rotation would thus vary. This was a case quite similar to that described by
Dr. Fyson. Dr. Donath presented an example of just such a case, He also
remarked that it would be wrong to speak there of undeformed domaing out-
side the kink bands because there had been slip on the anisotropy and rotation
of the cleavage before kinking,

To comments of D, U, Wise and G. R. Stevens conhcerning the pos-
sible development of slip in the kink band in line with the foliation cutside the
kink band, the author said he doubted if that were the case. In his experi-
ence, and except for one isolated case, he had never seen deformation cut-
ting across a kink band. Faults might develop parallel to kink boundaries,
other kink bands might form, or secondary slip surfaces within or adjacent
to the kink bands might develop, but no cross-cutting features would appear,

W.K, Fyson said that such fractures apparently younger than the
kink bands were visible in some examples he had described.

D.M, Carmichael remarked that the one obvious difference
between the natural kink bands and the paper cards of Dr. Weiss on one hand
and the experimentally deformed samples of Dr. Donath on the other hand was
in the presence of fractures along the kink boundaries in the latter's samples.
He wondered if such fractures might not have formed during unloading, and
have been absent throughout the time the kink bands were forming,

The author accepted the possibility of such a mechanism but
pointed out that the position of the kink planes was fixed and that evidence of
cataclasis along the kink planes was apparent 2s soon as the slightest rota-
tion had taken place,

F.B. Anderson commented on the presence of fracturing along the
kink planes and en similarity between experimental features and natural
cccurrences, illustrating his discussion with a number of colour slides. He
then went on to discuss the angle of roughly 60 degrees between kink bands
and foliation and repeated a tentative suggestion he had first made in 1964,
that in the symmetrical erthorhombic situations considered, the kink bands
form at an angle of 45° + #/2 to compression in the foliation plane. The fric-
tional coefficients of the cards used by Dr, Weiss are 0.5 and 0.6 {i,e, tan
¢ =9.5gr 0,6), For the first value, 45° + ¢/2 = 58, 3° for the second value,
45° + ¢/2 = 60,5°, which are in good agreement with the actual value of 60
degrees,

F.A, Donath said that experimental asymmetrical kink bands form
at somewhat lower angles to the direction of maximum compression and that



- 292 -

F.A, Donath said that experimental asymmetrical kink bands form
at somewhat lower angles to the direction of maximum compression and that
in some natural situations it might be expected that rotation of principal
stress axes would also exist.

I.. E. Weiss observed that such a rotation did not occur in the
deformation of the cards, He had checked this specific point.

J. Handin did not think that we could yet resolve the general rela-
tions between kink bands and principal stress directions in the field. If both
types (symmetrical and asymmetrical) qualify geometrically as 'kink bands',
then they may reflect different modes of deformation (ductilé and brittle).
That is to say, the influence of fricticn may be important for brittle, but not
ductile deformations. Relations to the principal stresses could then be
cxpected to be different, so that in the field one would have to determine which
type he was dealing with. What independent evidence did Dr. Anderson have
that the direction of maximum compression bisected the obtuse rather thanthe
acute angle between 'conjugate' kink bands? More importantly, what would
the criteria be where only one set was visible? Did anyone know of examples
of single kink bands that were demonstrably inclined at 30 degrees rather than
60 degrees to the direction of maximum compression?

T.B, Anderson said that in the Ards Peninsula the arrangement of
dextral and sinestral kink bands is such that compression must have bisected
the obtuse angle. In cases where kink bands of only one sense of displace-
ment are visible there seems to be no obvious way to determine the orienta-

tion of 01 .

M.R. Stauffer suggesied that in the latter case, although conjugate
sets do not cccur together, 'right-handed' and 'left-handed' sets existing in
the same general area would presumably correspond to conjugate sets else-
where, and all would belong together.

T.B. Anderson pointed out that in the case he had studied, axes of
the kink folds are vertical and they displace the vertical foliation herizontally.
Therefore no possibility of such confusion exists.
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Important contributions were offered by a number of geologists whe
described their own observations or gave their own thoughts of kink bands in
general. These contributions and the discussions they led to are grouped
under General Session.
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FLEXURAL-SLIP FOLDING OF FOLIATED MODEL MATERIALS

L. E. Weiss
Department of Geology and Geophysics
University of California, Berkeley

Absgtract

Small decks of thin, strong paper cards arc used as a model of a strongly
foliated or laminated rock such as slate, shale or phyllite. The decks are shoriened
55 to 37 per cent parallel or obligue to the cards in an orthogonal hydraulic press
designed to simulate deformation under constrained conditions in the earth's crust.

Fold structures developed in the cards are found to depend mainly upon
lateral load. All structures observed cen be explained in terms of 'conjugate kinking',
a type of flexural slip folding involving planar slip between and within the cards.
Typically, a progressively deformed specimen develops several generations of kink
and conjugate kink folds, each subsequent generation having smaller amplitude than
the last.

In some apecimens this sequence is interrupted by the development of a
late major conjugate fold by selective lateral growth of kink layers. Early kink folde
become internally rotated within these large kink layers end the resulting major fold
has minor 'parasitic' folds on its limbs.

In none of the experiments are folds in the cards seen to develop entirely
by gradual appreseion of initially 'open' folds. The first folds observed to form are
always kink or conjugate kink folds with apical angles close to 120° which remain
constant throughout much of a progressive deformation. Chevron folds with apical
angles close to 60° and axial surfaces subperpendicular to the compression axis form
at kink intersections and these too preserve much the same apical engle until most or
all undeformed domains in the specimen have been invaded by kinks. Further deforma-
tion of a completely folded specimen generally results in progressive decrease in the
apical angles of all folds simultaneously.

INTRODUCTION

In a recent paper (Paterson and Weiss, 1966) experimental folding of a fine
grained platy phyllite at high confining pressure and lateral constraint was described
and a model of flexural slip folding of an 'ideal foliated body' by conjugate kinking
outlined. The present study continues this investigation with a series of experiments
involving folding of 'foliated’ model materials (decks of thin paper cards) in an
orthogonally acting hydraulic prees. In this apparatus one surface of a test specimen
ias exposed and the formation and evolution of folds and rclated structures can be
directly observed and recorded with still and ciné photography at all stages of en
experiment.
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The material chosen for the experiments resembles in its behavior the
phyllite used in the high pressurc experiments cited ahove. This resemblance is
gecometrical rather than mechanical and in the following discussion emphasis is placed
on similarities in form and evolution between structures formed in the card decks and
in the phyllite rather than on mechanical perallels. The main uscfulness of the results
of the experiments appears to lie in the light they shed on the possible sequence of
development and modification of flexural slip folds of the kink and chevron type formed
in strongly anisotropic thinly laminated media under certain simple dynamic conditions.

The following discusegion centers around a series of photographic plates
and idealized figures. Most of the plates contain sclceted photographic frames iu a
scquence taken during progressive deformation of a specimen and show clearly the
evolution of fold structures, TIor this reason no detailed deacription of each plate is
given; instead, important featurcs of some of the plates are described and illustrated
whero ncecesgary with idealized sketches expressing 2 possible interpretation of the
structure precasent. Other interpretations of these structures mey suggest themselves
to a reader who studies the plates.
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EXPERIMENTAY. PROCEDURE

Apparatus

The orthogonal hydraulic press is shown schematically in Figure 1, A
strong steel frame 15 ina. square and 4 ins. thick {black in Fig. 1) supports two 20 ton
hydraulic rams R; and Ry which act along mutually perpendicular lines. To the rams
arc fixed heavy steel blocks (B end By} which transmit the two loads to the test
specimen 8. These blocks slide on tellon pads against the ground tool steel inner
lining of the frame (oblique shading) with very low friction at all loads.

The vertical ram Ry applics the deforming load and is fed through an
electric pump Py the flow from which is variably controlled by a needle valve V.
When V, is fully closed all the output of the pump reaches the ram: progressive
opening of Vl gradually reduces the rate of increasc of pressure in Ry and allows any
rate of loading to be selected. The pressure in this pumping system is shown on a
gauge Gy calibrated to read as a load.
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Fipure 1. Orthogonal hydraulic press (described in text).
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The horizontal ram Ry applies a lateral or constraining load to the
specimen and is fed through a hand pump P, by way of a variable pressure release
valve T. This valve permits the pressure in Ry to be set and maintained at a constant
selected value throughout an experiment, indepcndently of increase in the deforming
load, and it can bc by-passcd if desired by closing the shut-off needle valve Vo. The
pressure on this system is shown on gauge Gy calibrated to read as a load.

A still or movie camera mounted in front of the press records the appeer-
ance and dimensions of the front surface of a test specimen either at selected intervals
or continuously throughout an experiment. At the time of each still photograph the
loeds on the fwo gauges are recorded and from these readings and the dimensions of
the specimen as determined from photographs thc approximate stresses across the
loaded surfaces {assuming these to be homogeneous) can be determined. From
enlarped still photographs or from movies the structual evolution of specimens can be
studied and devclopment of structures related to approximate states of strain and
loading.

In a typical experiment tho following procedure is adopted. The test
specimen, always a rectangular parallelepiped in form, is placed in the apparatus
with its {ront surface flugh with the frame. By means of hand pump P, the lateral
load is applied to some prcdetermined value by adjusting the pressure release valve T
for the required reading on gauge Gy. As a result of this loading the specimen
acquires a definite lateral dimension. A hard steel block is selected {(from a sct cut
at 2 mm increments) of width less than but most nearly equal to this lateral dimension
and is placed on top of the specimen. The deformiug load is then applied gradually
through a small stack of similar but smaller blocks {oblique shading in Fig. 1) by
operation of the clectric pump P, and the variable flow valve V. By this means the
load from the deforming ram is distributed fairly evenly over the upper surface of the
specimen which is in contact with hardened stecl plates over four of its six surfaces.

The deforming ram is then advanced at a choseu rate and the lateral
loading ram moves slowly outward kecping the constant load selected by valve T, As
this ram moves outward the lateral dimension of the upper surface of the test specimen
gradually increases and the deforming ram must be periodically retracted so that a
slightly larger hard steel block can be inscerted on top of the tost specimen to keep the
deforming load distributed as nearly as poseible over the whole of the upper surface
of the test speccimen. In practice this procedure leads to a discontinuous pattern of
stress acroas the upper surface with timc and to markedly heterogeneous stress
distributions in the upper right hand corner of the specimens whero unsupported areas
of variable gize are periodically present throughout one experiment,

The experiment is continued in this fashion until the required amount of
vertical shortening of the specimen is achieved or until the 18,000 kg capacity of the
deforming ram is reached.

In some experiments the pressure release valve in the lateral loading
system was by-passed by closing valve V, so that the lateral load increases as the
deforming ram is advanced. This second procedure yielded resulis similar to those
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abtained by the first except thet uncertainty as to the horizontal stress was in general
increased. In all experiments described below the first procedure was adopted.

The design of the apparatus is such as to simulate a3 closely as possible
the conditions of constrained deformation in thick metal jackets used in the high
pressure experiments on phyllite {Paterson and Weiss, 1966, pp. 359-362). The shape-
change in the specimens was proscribed at all stages of deformation and end-alignment
was preserved, even where decks wore shortened obligue to the plane of the cards.

Materials

Aftor trial of many different media {most of which behaved very similarly
to the cards used) a single, uniform and easily obtainable material was chosen for the
whole series of experiments. This material folded and otherwise deformed in a
manner geometrically similar to Nelligen phyllite at 5 kb confining pressure (Paierson
and Weiss, 1966) and congisted of small decks of 1.5 in, by 3.5 in. white cards.l Theo
cards are .185 mm thick and a test specimen generally contained either 300 or 150
cards. Tensile strength of the material in the plane of the cards is about 700 bars and
at small loads the coefficient of static friction between cards is about 0.6 and of sliding
friction about 0.5.

Internally the cards are planar matts of flattened slippery fibers and are
strongly anisotropic mechanically. Under high loads normal to the cards they are
markedly compresasible, primarily because of their high initial porosity, and only &
relatively small part of this effect ig reversible in unloading. The remaining distor-
tion i8 permanent and appears to be a rcsult of compaction between the fibers. Under
vary high normal loads (above 5,000 kg.) the decks underge slight isotropie elongation
in the plane of the cards without any sign of rupture. Most experiments were perform-
ed within a range of lateral loading for which such elongations were zero or
imperceptible.

In addition fo the above types of behavior the cards show also some creep
(time dependent deformation) for loadings at moderate stress for long periods. To
reduce the effects of ¢reep most experiments were performed as rapidly as possible,
the average duration of sn experiment being about ten minutes.

To emphasize the individual cards for photographic purposes and to provide
a scale for the plates, one side of each deck was stained black end alternatc cards
were reversed so that each of the two unsupported faces of a deck showed cards
alternately with black and whitc edges. In thc photographic plates therefore the fine
black and white stripes correspond to individual cards each .185 mm thick (in some
plates fine irregular striations inclined at about 45° to the undeformed cards are
marks left by the paper guillotine),

1

These cards are available iu boxes of approximately 300 cards each from Visual
Fducation Association, Inc., 321 Hopeland Street, Dayton 8, Ohio. They are marketed
ag student 'flash cards' under the trade name 'Vis-Ed’,
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Moat experiments involved compression of decks in the plane of the cards
parallel tc their longest dimenaion ('parallel specimens'). In some experiments
compression was oblique to the cards, the specimens for which {'obligue specimena')
arc prepared as outlined in Figure 2. A card deck (Fig. 2a} is uniformly sheared by
sliding in the cards until the angle « between the plane of the cards and the longest
edge of the specimen is the desired angle between the plane of the cards and the
compression dircction (the line of action of the deforming ram). Adhesive drafting
tape of the correct width {stippled in Fig. 2b) is stuck firmly along the sheared face of
the deck and the wedge shaped ends of the deck are cut off along the broken lines with
a paper guillotine. Pieces of thin plastic adhesive tape around the ends of the deck
then hold the specimen in the form of a rectangular parallelipiped (Fig. 2c) for
ingertion into the press. The dimensions of the obliquc decks so obtained are variable
and depend upon the choice of oc,

In some trial experiments layers of various thickness of 2 variety of
materials were placed between test specimens and the lateral faces of the press. The
effect of these layers was in general only to modify the sealc of folding in the specimens.
Some of the material, such as 0.5 in. thick neoprene rubber shect, could be indented by
the folding cards so that larger scale folds were developed at higher loads. But other
ellects such as local extension of the rubber layers at high loads with consequent loecal
stress concentrations in the test specimens made these experiments less reproducible
in their propertics and results deseribed below were all based on experiments in which
the cards were directly in contact with the stecl platens.

In other experiments an attempt was made to study the behavior of thicker
but ductile mechanically isotropic layers enclosed in the card decks in order to
simulate the presence of more 'competent’ layers. For this purpose one or more
annealed copper sheets 1 mm thick were introduced into the card decks which were
then deformed in the manner outlined ebove.

MECHANICAL PROPERTIES

The design of the apparatus prohibits the preparation of adequate strcss-
atrain curves for deformalion of the card decks. The only quantities that can be
measured with any degree of accuracy are the stresses acrose the upper and right
lateral faces of the specimens (g7 and o, respectively) at various stages of the
shortening and thesc mcasurcments involve the neglection of frictional effects and
assumption of homogeneous stress distribution across the faces, The front and recar
faces of the specimens are unsupported and the stress across theso {0'3) is essumed
to be zero. Stress in the specimens cau be viewed two dimensionally and expressed in
terms of a differentially longitudinal stress 0= 7 - T3,

The curves in Figures 3 and 4 show <(in kgs/cm?*) plotted against per cent
shortening of the speeimen in the direction of compression. Because of the periodically
discontinuous path of loading in the course of onc cxperiment these curves are only a
crude indication of the stress-strain properties of the card decks and only their main
features are of interest. During onc experiment both o, and oo vary in a manner
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controlled by the maintenance of a constant pressure in the lateral loading ram by the
pressure release valve T. As shortening of a specimen proceeds. g, risos as a result
of the reduction of the area of contact botween tho specimen and the lateral loading
platen. Measurement of the height of the specimen from photographs permits a value
of o9 to be obtained at a given stage of deformation; but this value increascs along
with & so that tho 'hydrostatic' component of the plane stress al= o + Ty

2
generally increases progressively with spocimen shortening. Thus, extension of the
specimen perpendicular to the plane of loading increases with increasing load and can
reach up to 4 per cent for the most heavily loaded specimens (lateral load 4,500 kg,
deforming load 18,000 kg, ol = 650 kg/em?2). But for the range of loading used in
most experiments (&'¢500 kg/cm?2) the per cent elongation in this dircction is less
than 0.5 for short-term loading.

The curves in Figurcs 3 and 4 do not therefore correspond to the consient
'confining pressure’ curves usually uscd to present the stress-strain relationships of
deformed rocks. For each curve only the lateral load is constant and its value is
shown on each curve. But the peculiar dynamic situation employed may resemble
some naturel sifuations in which an increasing horizontal load acts on a geologic body
loaded vertically by a fixed overlyiug weight.

The straight, steep, first-parts of the curves in Figures 3 and 4 correspond
to an initial period of elastic deformation, although some of the recorded shortening
results from compaction of fibers and is permanent. For present purposes a yield
point is reached as the first folds are nucleated. On most of the curves this is a sharp
peak beyond which the curve falls rapidly. The differential longitudinal stress for
mucleation of folds increases as the lateral load is increased.

On tho basis of their behavior during fold nucleetion the parallel specirmens
can be divided into two groups: group 1 contains specimens loaded laterally up to
1,500 kg and group 2 contains specimens loaded laterally at 1,500 kg or above.
Curves for specimens of the two groups are shown rcapectively in Figures 3 and 4.
The lateral loading used is shown on each curve.

Curves for specimens in group 1 show a sharp yield point followed by an
almost instantaneous stress drop (indicated by the broken line segments of curves in
Figure 3). This sudden yield is accompanied by cxtremely rapid nucleation and
propagation of kink layers and the emission of a loud noige as a result of the sudden
release of elastic strain energy in the specimen and in the distorted frame of the
apparatus, Folding generally ceases once the stress drop has occurred and the
deforming load must be reapplied before the folde continue to spread at approximeately
constant stress {the level segments of the curves in Figure 3), This behavior reflects
in part the properties of the apparatus. The use of hydraulic rams to apply the loads
makes the apparatus 'hard’, in the engineering sense, and the load trensmitted by the
rams at any cne time depends greatly on the state of strain of a specimen. In an
apparatus in which the load could be maintained uniformly whatever the strain path
followed by the specimen {a 'soft' apparatus) the bchavior would be different; no pause
in the propagation of the firat folds would be expected and the stress drop associated
with nucleation of the first folds would be less marked,
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The remaining ascending parts of the curves in Figure 3 corrospond to the
gradual spread of folding through the whole specimen as described below. As s
specimen becomes completely folded (that is, virtually all undeformed domains of the
specimen vanish) its strength increascs markedly and the curve rises steeply, as can
be seen in Figure 3.

Curves for specimens of group 2 show a gradual disappearance of the
stress drop accompanying initial fold nucleation as lateral load is increased (Fig. 4).
In addition, the stress drop where it does occur in specimens in the lower part of tho
loading range is not sudden and is unaccompanied by emission of noise, Ahove lateral
loads of 4,000 kg there is no detectable initinl stress drop, only a smooth change in the
slope of the curve as folds gradually appear locally and spread slowly throughout the
gpecimen. After initial fold nucleation the curves for all specimens of group 2 are
somewhat irregular but become inercasingly stecp and smooth a3 load inereases, The
irregular parts of the curves correspond to periods of fold development in different
parts of the specimens. In all specimensa of group 1 and group 2 differential longitudi—
nal stress for fold nucleation rises with increasing load.

In Figures 3 and 4 only the per cent shortening of the specimens in the
direction of compression is specified, Bcceause of the design of the apparatus the
overall strain of a specimen is ideally constrained to follow & path of progressive pure
strain in which principal strain axes for the overall strain remain fixed in orientation
and parallel to the orthogonal edges of the specimen at all stagea. I volume dilatation
and extension of the spceimen in the unconfined direction are iguored the strain path
is a progressive finite pure phear.

Internally, deformation is heterogeneous and the local strains vary widely
as indicated by the folded configuration adopted by the initially planar cards. Where
deformation is restricted to glip on cards or laminar shear on the platy fibers within
the cards the specimen becomes divided into shear domains (planar limbs of folds) in
which strain approaches very closely to a finite simple shear, The boundaries
between these shear domains are axial surfaces of folds,

The differential stress-shorteniug curves for oblique specimens are not
included heeause the very low stress for nucleation of first kink layers was difficult
to measure. No marked stress drops were observed at nucleation of the first folds
and the curves were in general smoother. Parallel speeimens conteining annealed
copper layers behaved similarly to other parallel specimens except that for a given
lateral loading higher differential stress was required for fold nueleation and that
stress drops, where they cccurred at nucleation of the firgt folds, were less
pronounced.

PATTERNS OF FOLDING
General

The resulis of selected experiments are preseuted in the photographic
plates as follows:
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Plate 1: Patterns of first fold nucleation in parallel specimens at various lateral
loads.

Plates 2 fo 5: Progressive deformation of parallel specimens of group 1.
Plates 6 to 8; Progrcasive deformation of parallel specimeng of group 2.
Plates 9 to 12: Progressive deformation of oblique specimens at various lateral loads.

Plates 13 to 16: Progressive deformation at various lateral loads of apecimens
containing ennealed copper layera,

Platea 17 to 19: Deiails of deformed specimens.
The platcs are fully described in their captions.

In the following discusgsion only certain features of some of the plates are
considercd and illustrated with idealizcd sketches, These features seom to have some
geological implications with respect to the flexural slip folding of strongly laminated
or foliated rocks and bear upon thc behavior of phyllite experimentally deformed at
high pressure {Paterson and Weiss, 1966). In the discuasion it is not always possible
to refer to the plates in their numbered sequence. In particular, plates 18 and 19
illustrating deteils of structure iu a variety of apccimens will be referred to periodi-
cally throughout the diacussion,

In each specimen distinction can be made between the first appearance of
folds ('first fold nucleation') and the sprcad of folding throughout the whole specimen
during progressive deformation. In most specimens this spread involves both
propagatiou of existing kink boundaries (axial surfaces of folds} and nucleation of new
kinks.

All observed folding resemblea closely the model of kinking and conjugate
kinking proposed for the 'ideal foliated body' by Paterson and Weiss (1966, pp. 368-371)
and the discusgzion will be in tcrms of this model, the salient geometrical fcatures of
which are now bricfly reviewed.

Ideal Flexural-Slip Folding by Conjugate Kinking

In both parallel and oblique specimens initial folding is by "kinking', that is,
localization of sirain in generally narrow layers inclincd obliquely to the plane of the
cards (henceforth referred to as "folietion') in which the main mode of deformation is
laminar slip on the foliation. The geometric features of ideal kinking have been
discussed by Patcrson and Weiss (1966, pp, 364-365), The anglcs ¢ and ¢, respective-
ly between the foliation without and within the kink and the kink boundary are ideally
equel and the finite shear strain within a kink is given by 2 cot ¢ or by 2 tan ¥/2 where
¥ is the angle of external rotation of the feliation in the kink layer (Fig. 5a). In
phyllite (Paterson and Weiss, 1966, pp. 352-355) obgerved values of ¢, ¢ and ¥ are
all cloge to 60° in parallel specimens and 'conjugate kinking' is the main mode of
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Figure 5. Types of kink boundary:

simple kink with primary boundaries.

conjugate kinks with primary boundaries.

conjugate kinks meeting in a secondary boundary (horizontal),
kink intersection with primary and secondary houndaries.

poop

deformation. Two sets of parallel kink leyers appear symmetrically inclined to the
compression direction {and the foliation} which is always the obtuse bisectrix of the
kink boundaries. Possible relationships between two such conjugate kinks as they
meet can be scen in Figures 5b, ¢, and d for ideal kinks where ¢ = Pr = 60°, Inthe
simplest situation kinks meet only at the edge of a specimen {Fig. 5b) and do not cross
one another. TIn another situation (Fig. 5c¢) two kinks of oppesite senses can come into
contact along a boundary that is the acute bisectrix of the kink boundaries. This
second type of kink boundary differs from the first in separating two deformed domaing
instead of a deformed from an undeformed domain end will be termed here a
Isecondary’ kink boundary in contradistinction to the gimpler kind (Fig. 5a) here
termed 'primary’, In the most general situation (Fig. 5d} kinks of opposite sense can
intersect and cross one another if the kink angles ¢ and $r are close to 60°. In the
example tho displaced kink is termed right-handed and the undisplaced kink loft-handed.
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An intersection in which a right-handed kink is displaced is also termed a right-handed
intersection. Left-handed intersections can also occur (Patcrson and Weiss, 1966,

Pp- 355-357) and in both types of intersection the foliation acquires the configuration

of a conjugate fold and a central domain of kink intersection appears in which two

equal sheer strains are supcrposed. Note that the secondary kink boundary separating
this domain from the left-handed kink domains is in the same orientation as the
boundary in Figure 5d, but that the geometrically symmetric fold so defined, unlike
that in Figure 5¢ is not symmetric in its strain properties.

In Figure 6 the geomctry of deformation in a kink intersection is
illustrated. Domain ABCD is simply kinked in Figure 6b with shear angle wy = 49°6'
for = 60°. A conjugate kink shears ABCD as shown in Figure 6c to give a shear
angle y= 66°30' for ¢ = 60°. The orientation of the prineipal strain axes X and Z for
this two dimeusional view are as shown for the two strains.

In oblique specimens only one set of initial kink layers appears and these
are always inclined to the compression axis in a scnse approximately conjugate to the
foliation. These kinks differ from the first formed kinks in parallel specimens in that
the material on both sides of the kink boundary appears to be deformed., The foliation
between the kink layers always rotates from its initial angle of inclination « fo a
smaller angle of inclination &' {Fig. 7). The subsequent folding history of obligue
gpecimens is discussed below.

In the ideal model of progressive conjugate kinking proposed to account
for the behavior of Nelligen phyllite {Paterson and Weiss, 1966, pp. 368-371) two
phases in the spread of a kink layer were recognized as follows:

1. Longitudinal propagation of lenticular kink nucleus, generally at high velocity
{Fig. 8a, b, ¢}

2. Latersal propagation (boundary migration) by which a longitudinally propagated
kink grows in width, generally at low velocity (Fig. 8d).

Both types of behavior are observed at all stages in the present experi-
ments. However, because of the constraints an outside shape imposed at &ll stages in
deformation by the design of the apparatus, only limited amounts of deformation can
be achieved by longitudinal and lateral propagation of an initiel set of kinks. Much
more important in progressive deformation is nucleation and limited propagation of
successive generations of kinks, generally in undeformed domaing. These new
generations of kinks have geometric properties similar to those of the initial sets, hut
they are generally on a scale that becomes smaller and smaller for each successive
generation, probably because of the increasing value of o' during the course of an
experiment. One exception to this sequence, namely the development of a single large
conjugate fold late in the course of many of the cxperiments, is another result of the
design of the apparatus and will be discussed below.

In the experiments, therefore, the final chevron folded form of a card deck
i the result of a process in which new and smaller scale folds are continuously forming
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Figure 7. Initial kinks in oblique specimeu compressed at « to foliation:
After nucleation &' < oc

in the undeformed materiasl. The specimens contain, therefore, chevron folds of

many different sizes, the smaller folds being geuerally, but not always, younger than
the large folds. When all undeformed material has disappeared from perallel
apecimens the resulting chevron folds have axial planes that are secondary kink
boundaries oriented subperpendicular to the compression axis. This picture contrasts
with, and is a more realistic model of folding in a laminated body, than the uniform
pattern of chevron folding initially proposed by Paterson and Weiss (1966, p. 369,

Fig. 18). Although geomelrically possible, their simple pattern of evolution is not
reproduced cxpctly in the present experiments.,
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Figure 8, Growth of an ideal kink:

b. Longitudinal propagation of kink nucleus.
d. Lateral propagation of kink boundary.
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Figure 9. Initial kink paitern in pavallel specimens of group 1 compressed between
rigid platens: a to ¢ completion of initial zig-zag kink pattern by
longitudinal propagation. d. Lateral growth of kink layers associated with
appreasion of marginal folds and appearance of sccondary kink bonndarics.
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Fold Nucleation

Fold nucleation, that is the appcarance of primery and secondary kink
boundsaries, continucs throughout progressive deformation of speeimens. ©Of particular
importance to the subsequent structural history of specimens are the patterns of
nucleation of the first folds to appear which are now described.

Lateral loads uscd ranped from 225 kg to 4,500 kg. Through this range
the diffcrential stress 0 = (o4 - 0g) Tequired for first fold nucleation in parallel
specimens ranged from less than 80 kg/ocm? to 400 kg/em?2.

The grouping of the parallel specimcens on the basis of the form of the
differcntial stress-shortening curves given above is reflected alse in the pattern of
the first nuclcated folds. In specimens of group 1 the initial pattern of kinking
consists of a single kink layer which is scen to nucleate in one corner of the specimen
{Fig. 9a) and propagate gencrally at high velocity along a zig-zag path down the
specimen undergoing 'reflection' from the lateral stecl platens. This layer may
propagale through the whole Iength of the specimen at the nuclcation stress; but
generally it pauses beforc propagation is complete (Fig. 9b) and the deforming load
must be reapplied before propagation resumcs and the pattern is completed {(Fig, 9¢).
This behavior is again in part a reflection of the 'hard' nature of the apparatus.

Specimens of group 1 at the slage just affer nucleation of the first kinks
are shown in Plates 1 A, B, C, D and E in order of increasing lateral load. The zig-
zag pattern of initial kinking is precsent in all specimens but detailed features of the
kinks change progressively as the magnitude of the latcral load increases. At lower
loads (up to 800 kg) the kink layers are broad and the kink folds have markedly curved
hinges (Plates 1A and B}, At higher lateral loads the initial kink layers are narrower
and the hinges of kink folds sharper (Plates 1C, D and E). In Figurc 10 a the widths
in millimeters of initial kinks in group 1 specimens arc plotted against lateral load in
kilograms (dots). The points lie approximately in a lincar group (indicated by line W)
suggesting a linear narrowing of initial kinks with increasing load.

Study of Plates 1A to E revcals also that the angles ¢ and ¢k decrease
with increasing load. These angles differ from one ancther by from 1 fo 5 degrees in
either sense and the angle ¢ av' = % + ¢ is plotted in Figure 10b against lateral

2
1oad (dots). This angle changes from near 75° for specimens loaded laterally at 225
kg to slightly less than 60° for specimens laterally loaded al 1,350 kg. Again, the
grouping of points i8 casentially linear as indicated by line A, in Figure 10b.

In specimens of group 2 {latcral loading exceeding 1,500 kgs) the simple
zig-zag pattern of initial kinking does not appear. Imnstead, narrow kinks, some of
which arc lenticular, appear simultaneously in different parts of the specimen., These
kink layers are thinnest, most numerous »nd most uniformly distributed in specimens
with the highest lateral loading used {4,550 kg). The changc in this initial pattern with
increasing laterael load can be seen in the sequence Plate 1 F to 1J.
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Figure 10. Properties of first-formed kinks,
a. Width of kinks versns lateral load at nncleation.
b. ¢, versus laterzal load at nuelcation. Dotis, specimens of group 1;
dots in circles specimens of group 2.

The thicknesses of these initial kinks plotted egainst lateral load are given
by the dots within cireles in Figurc 10a. They form another generally linear group
(indicated by line Wo) with a slope gentler than the siope of the first group. Likewise,
the same symbol for @ ay 1 group 2 specimens plotted against lateral load in
Figure 10b suggests the presence of an almost horizontal linear grouping around line
A‘Z corresponding to @ay = 58°. Lines Wend A in Figure 10 are intended only to
indicate the general directions of elongation of the point groupings.
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The distributions in Figurcs 10a and b each appear to have two branches
of different slope which meet close to the same value of lateral loading (1,500 kg)
chosen on the besis of mechanical behavior as the dividing line between specimens of
groups 1 and 2. Thig value of lateral loading seems to correspond to genuine
differences in the mode of deformation of the cards. It seems likely that below this
value of lateral loading the dominant mode of deformation is by frictional sliding on
the card surfaces with relatively livlle distributed shear within the cards. The kinks
are thick in relationship to the cards and easily propagate through the whole width of
the specimen to give a sudden yield. In specimens laterally loaded above 1,500 kg
frictional forces across the card surfaces increase and sliding on these surfaces is no
longer favored over distributed shear within the cards. At these loads, therefore, slip
in kinking is dominantly between the platy fibers of the cards and the kinks are sharper
and narrower as a result of the closer spacing of the kink surfaces. Msany of the kinks
nucleated in specimens at very high lateral loads are in fact thinner than the cards
(Plate 1 J) and microscopic study of these specimens confirms that the carda are
internally kinked on a very small scale, particularly in places where the cards are
apparently thickened in the hinges of larger folds (Plate 18 A), These kinks do not
propagate rapidly across the whole specimen &nd no sudden release of strain energy in
the apparatus is caused by their gradual growth.

Because nucleation of conjugate kink layers occurs simultaneously in
various parts of specimens of group 2 and because kink angles ¢ and ¢y are close to
60", conjugate kink intersections appear as part of the Initial kink pattern as a result
of an earlicr kink being crossed and sheared by a later kink in conjugate relationship
ag illustrated achematically in Figure 11. However, not all kink intersections are
formed in this way. Some are nucleated apparently by conjugate kinking at a point
and kinks propagate outwards in four directicns as shown in Figure 12. There appears
te be no distinguishing geometric difference between intersections of the two types
except that there is no reason why ¢ and Py should be close to 60° for infersections
of the second kind. For example, in Figure 12d i shown an intersection ¢ = ¢y = 80°.
Buch an intersection is possible within the restrictions of the ideal kink model provided
that it nucleates as shown in Figure 12 e as a result of local buckling of a foliated body
rather than by propagation of one kink layer across another.

In oblique specimens only one set of kinke appears, always in a senge
conjugate to the inclination of the foliation to the compression axis, as described above.
These kinks are elliptical in shape and do not in general reach the platens. They teud
to become thinner and legs symmetric with increasing lateral load. The parallel
specimens with copper layers will be discussed below.

Progressive Folding of Parallel Specimens

The structural evolution of a progressively deformed spcecimen depends
largely upon the pattern of initial kinking and thus upon the lateral load. Most
specimens were progressively shortened as far as the apparatus would permit.
Shortenings achieved ranged from 55 per cent in specimens laterally loaded at 225 kg
to about 37 per cent for specimens laterally loaded at 4,550 kg. In each instance the
18,000 kg capacity of the deforming ram was reached et the stated per cent shortening.



- 315 -

The figures for large shortenings can be related only roughly to an actual
state of strain of the specimens because of volume dilatation and extension of the
specimens perpendicular to the plane of the rams at the high loads involved, These
effects are ignored in the following discussion and emphasis is placed on the structural
evolntion of the specimens a8 expressed by development of fold patterns doring
progressive shortening.

In parallel specimens of group 1 (Plates 2 to 5) the first 'phase’ of folding
is completion of zig-zag initial kink pattern by longitudinal propagation as shown
schematically in Figures 9a to ¢. For the ideal kink model the kink boundaries are

i | f
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Figure 11. Right-handed kink intersection with ¢ = @ k = 60° formed by
propagation of a later left-handed kink seross an earlier right-handed
kink.
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Figure 12.

Left-handed kink intersections
nucleated at a peint by outward
propagation of four kink layers:
a to ¢, for intersection where
= Pr= 60°
d, e, for intersection where
® = gp= 80
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"locked' at this stage and no lateral propagation of boundarics is possible. In the
experiments some widening of the initial kink layers does in fact occur in association
with the closing of the open spaces in the hinges of the folds at the platens as shown
diagrammatically in Figure 9d. This appression of the marginal folds is achieved by
local curvature of the folded cards and fits very closely the geometry of ideal kinking.
Widening of the first kinks results in the formation of secondary kink boundaries at the
hinges of the marginal folds which are propagated into the spccimen a distance
determined by the increase in thickness of the initial kink layers. At lateral loads
below 1,000 kg {Plates 2 and 3) the secondary kink boundaries may extend more than
half way acroes the specimen.

Further deformation of these specimens inercascs the length of the
secondary boundaries and reduces the apical anglcs of the chevron folds which have the
sccondary boundaries as axial surfaces with the result that the center part of the
specimen becomes chevron folded in a symmetric way (Plates 2 and 3, D, E and F, and
Plate 18 B). Coupled with this appression of the chevron folds, which apparently
involves equal amounts of slip on the cards forming opposing fold limbs, is nucleation
of a new phase of small conjugate kinks in the wedgce-shaped undeformed domains at
the specimen edges. These kinks are generally too thiu to propagate across the kinks
of the first phasc, but they have ¢ ,, close to 60° and they interacct ono another
{Plate 18 C). Turther deformation can causo the appearance of sets of elliptical kinks
in approximately conjugate orientation to the oblique foliation in the limbsa of the
chevron folds towards the center of the specimens (Plate 18 D), coupled with general
appreasion of all folds and nucleation of atill smaller kinks within any surviving
undeformed domains,

Structural cvolution of group 1 specimens laterally loaded between 1,000
and 1,500 kg (Plates 4 and 5) ig similar, but the first phase kinks are narrower and
very large undeformed domains survive. The kinks nucleated in these domains by
further deformation tend to be similar in width to the first phase kinks and are locally
propagated across them to give kink intersections {Plates 4C and 5 C), Ideally, a
natwork of conjugate kinks develaps as illustrated schematically in Figure 13, The
kinks are not always of the same width and in places two kinks of the samc sense may
coalesce to form a wider kink. The intersections formed are left and right handed in
about equal proportions, but they do not have the very rcgular pattern of distribution
used ag a first model by Paterson and Weiss (1966, p. 369, Fig. 18b).

Further deformation of such specimens (and of all parallel specimens at
higher lateral loads) results in a characteristic pattern of large scale heterogeneous
deformation controlled by the design of the apparatus. Unsupported areas of the
gpecimens of approciable size are present at the upper right hand corner duriug most
of an cxperiment, and at lateral loads exceeding 1,000 kg specimens become unstable,
Contributing to this effect are high frictional forces on the ends of the specimen and
the asymmetry of the lateral load arising from the fact that the lateral loading piston
moves outward to the right with respect to the three other lcading surfaces. The
result of thcse irregularities in loading is the development at a relalively late atage of
o thick pair of coujugate kiuks forming a 'major' conjugate fold. These kinks grow in
width by lateral propagation of their boundaries as deformation proceeds. Such












- 321 -

1. Borne parts of the initial right-handed kinks are internally rotated (heavy stipple)
and give rise to chevron folds with secondary kink boundaries as axial surfaces,
a8 in the last example.

2. TUndeformed domains survive at the intersection; and monoclinal folds with
primary kink boundaries as axial surfaces arc preserved. The axial surfaces of
these folds are oblique to minor folds of type 1.

Both limbs of the major conjugate fold, therefore, contain small 'parasitic’
folds of each type representing the internally rotated remnants of the inifial pattern of
their conjugate kinks., Most of these small folds have axial surfaces subperpendicular
to the compression axis and parallel to the bisecting plane of the major conjugate fold.
Such a pattern is a common feature of natural folds in thinly layered rocks.

One feature of the pattern of kinematie importance is that small folds of
type 1, although symmetric across their axial surfaces, are not symmetric in their
strain properties, One limb is a result of simple kinking and has e shearing strain
given by 2 cot ¢ . The other shorter limb is a domain of intersection end has shearing
strain 4 cot ¢ . Bimilarly one limb of the monoelinal folds of type 2 (also symmetric
acrosa their axial surfaces) is a domain of simple kinking and the other is undeformed.

Development of latc major kink folds of the kind just described can be seen
in Plates 4 and 5D, E and F, Closc-up photographs of the development of parasitic
folds on one limb of a late major kink fold are shown in thc sequence in Plate 17. In
this sequence the major kink develops hy the growth and coalescence of a set of left-
handod kinks (the black dot represents the same point in each photograph).

Parallel specimens of group 2 (Plates 6 to 8) show a similar pattern of
structural evolution aftcr initial kinking, but apparent differences are introduced by
the absence of the initial phase of zig-zap kinking and by the small seale of the sub~
gsequent kinking. Above lateral loadings of 2,000 kg some even of the first formed
kinks are thinner than the cards and involve internal slip and kinking., At the highcst
lateral load used (4,500 kg) 2 uniform network of kinks develops composed entirely of
kinks of this kind {Plate 8). The development of a late major kink fold is observed
also in specimens of group 2, generally of smaller amplitude than at lower lateral
loads. At lower lateral loads {Plates 6 and 7) a typical pattern of parasitic folding
appears on the limbs, At higher lateral loads {Plate 8) the fold is a gentle warp in
foliatiou alrcady tightly folded by intcrnal kinking on the cards. Details from such
specimens are illustrated in Plates 12 A, B and C. The very small folds in Plate 19 A
are typical of all specimens at the highest deforming load (18,000 kg). In specimens
of group 1 they appear as a last phasc of folding in any undeformed domains left
between the earlier gencerations of kinks. For example, in Figure 16a is shown an
undeformed domain at the cdge of a specimen bounded by & pair of conjugate kinks.

In Figure 16b the domain is invadcd by smaller conjugate kinks of a later gencration,
The undeformed domains still surviving are invaded by still smaller sets of conjugate
kinks with increasing deforming load {Fig. 16¢) and so on until the whole undeformed
domain in Figure 16 a is folded. The change in shape of the domain is accommodated
by slip in the initial pair of conjugate kinks. The pattern of repeated conjugate kinking
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Figure 17. ;
Sequence outlined in Figure 16
applied to the network of conjugate i
kinks in Figure 13f.

a g

1

gpecimen with a late major kink fold as in Figure 18 a (the same ag the lower kink in
Figure 14 ¢} progressive small scale kink folding leads to the configuration in Fig. 18h,
An internally rotated older thick kink in a background of later small scale kink folding
is shown in Plate 19 B, and a late kink front migrating laterally over a background of
earlier pmall scale conjugate kink folds in Plate 18 C,

Progressive Folding in Oblique Specimensg

Examples of progressive folding of oblique specimens at varicus lateral
loads are presented in Plates 9 to 12. The first three specimens (laterally loaded
between 1,000 and 2,000 kg) are very similar in their structural evolution and are
consgidered first.
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The first kinks nucleated in these specimens comprise a parallel lenticular
get which, for the right-handed inclination of the cards used in the experiments, is
always left-handed. The kink angles ¢ and ¢y, are variable, but for initial inclination
angles & = 15° to 20° used in the cxperiments ¢,,. for the first formed kinks is 60°
to 65°. Becauge of their lenticular form these kinks generally do not reach the lateral
platens.

It can be seen from Platos 9 to 11 that the sngle between the compression
axes and the foliation hetween these first kinks changes from its initial value and that
gome slip in these domains has occurred, The angle & in these domains alweys
decreascs as the kinks appear, In progressive deformation the kinks widen by lateral
propagation of their boundaries and later kinks, subparallel to the first kinks, may
appear. The appearance of these structures is agsociated with further reduction in
the angle « until it approaches zero (for example, in Plate 11C, center}). In some
Bpecimens « passes through zero and the inclination of the foliation in these domains
changes its sense. Throughout this procesa the orientation of the foliatioen within the
kinks remains about the same. As « acquires a low value in the domains hetween the
initial kinks and these acquire the features of a parallel specimen with respect to the
compression axis and sets of conjugate kinks arc generally nucleated the thicker
members of which can propagate across the initial kinks to form kink intersections.
Structurea of this kind can be seen in Plates 9 to 11 and are schematically illustrated
in Figure 19. End alignment in the specimen is maintained in this way.

Figure 18.

Sequence outlined in Figure 16
appliedto the lower limb of
the conjugate fold of Figure 14 ¢.




Figure 19. Bequence of kinking in
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Subsequent history of the obligque specimens resembles closely that of the
parellel gpecimens. ‘The conjugate kinks nucleated in the domains between the thick
initial kinks become smaller and smaller as the deformation increases and the initial
kinks are deformed by internal slip. The resulting pattern is indicated schematically
in Figure 20 (Fig. 20 a is the same as Fig. 19e}. Folds appear with one set of plane
limbs corresponding to internally rotated initial kinks and the other set of limbs
tightly folded in a much smaller scale, An example of such a structure developed in
one of the oblique specirens at the end of deformation is shown in Plate 19D,

Deformation of an oblique specimen loaded laterally at 4,500 kg is shown
in Plate 12, The development of folds is similar to that just described, but the first
kinks are mostly thinner then the cards and the scale of the final folds is correspond-
ingly reduced. A close up photograph of a section of Plate 12 is shown in Plate 19 E:
the aame pattern of folding as sketched in Figure 20b is seen to bo present on a very
small scale.

Progressive Folding of Specimens Containing Copper Layera

Annesled copper sheets 1 mm thick were introduced into some of the
parallel specimens to simulate more 'competent' isotropic layers. The behavior of
these layers was found to depend on lateral load as illustrated in Plates 13 to 16.

At low lateral loads corresponding to specimens of group 1 (for example,
the specimen in Plate 13 loaded laterally at $00 kg) the presence of a copper layer
does not seem to affect the appearanee of the first zig-zag pattern of kinks. At this
stage (Plates 13 C and D) the layer acquires the form of a 'box-fold'. Further
deformation forma chevron folds of the same kind in the cards and copper layer.

At loads corresponding to the lower rango of group 2 specimens (for
example, Plate 14, loaded laterally at 2,200 kg} the initial kink pattern in the cards is
much the same as in specimens without isotropic layers (compare, for example,

Plates 7 C and 14 C), but the layer beging, aftor a small amount of shortening, to buckle
in a periodic way not entirely governed by kinking in the cards. At still higher lateral
loads (3,600 and 4,500 kg, respectively in Plates 15, upper and lower) control of kink-
ing in the cards on fold nueleation in the copper layers is even less pronounced and the
initial folds in the copper layer scom to represent instability of the layer rather than
instahility of the eards. The cards, however, still deform by much the same kink
mechaniam as that described above for high lateral loads, but deformation is markedly
heterogencous and the cards tend to accommodate to the sinusocidal buckles in the
copper layers. At these lateral loads the copper layers become ptygmatically folded
by large amounts of shortening.

Finally, in Plate 16 is shown the progressive deformation of a specimen
containing four copper layers. Lateral loading was 2,200 kg and folds in the layers arc
seen to evolve from box or conjugate folds in the early frames to typically conceniric
or ptygmatic folds in the later {rames. Kinking in the matrix seems to play the
dominant role in fixing the position and amplitude of folds in the layers of this lateral
loading. In this sequence too, carly kink folds can be seen internally rotated to form
'parasitic' folds on the limbs of the larger folds, folds of both kinds having axial
surfaces of approximately the same orientation.
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POSSIBLE GEOLOGIC IMPLICATIONS

How far the behavior of card decks in the experiments corresponds to the
behavior of folisted and layered rocks undergoing flexural slip folding in response to
tectonic forces iu the earth's crust is at present a matter for conjecture. Some
possible geologic implications of the experiments arc now briefly reviewed.

The experiments suggest that all nucleation of flexural slip folds in
constrained foliated bodies under pressurc is by kinking and conjugate kinking. First
formed folds are generally kink folds with axial aurfaces inclined obliguely to the
direction of greatest principal stress at the time of nucleation. In symmetric
situations (corresponding to 'parallel specimens’ in the experiments) kink angles (¢
and ¢’h.’ close to 60° permit the appearance of kink intersections by propagation of one
kink across enother. But conjugate interscctions can appear for any kink angle if they
are of the kind which nuclcates at a point and propagates outwards as four kink layers,
In cither instance, secondery boundarics appear as axial surfaces of chevron folds
perpendicular to the axis of greatest shortening.

The amplitudes of kink folds at the time of nucleation appears to depend
upon two factors, as follows:

1. The smeller the spacing of the 'slip surfaccs' in a foliated body, the smaller the
amplitude of the folds. Thus, folds nucleated in a phyllite with a strong pervasive
foliation are likely to be of smaller amplitude in a given dynamic situation than
folds in a series of laminated rocks such as bedded cherts with shaly partings.

2. At higher confining pressurcs (in the experiments given by ot = g+ Ty
2

at the time of nucleation) in the same foliated body smaller folds are nucleated.
Experiments suggest also that, if layers are internally anisotropic, increased
confining pressure can cause shearing strain {slip) to be more uniformly
distributed through the body by forcing more foliztion suriaces into active roles
as slip surfaces. This phenomenon alsc appears to contribute to a decrease in
amplitude of initial folds.

Flexural slip folds of the kink type seem to nucleale with a characteristic
interlirnb angle. In most of the experiments this angle is between 110° and 130° and it
is approximeately bisceted by the axial surface of the fold (kink boundary), There is no
evidence that such folds form by a gradual closing of the limbs towards this angle. In
faet, for primary kink boundaries, any change in this interlimb angle is impossible for
a fixed orientation of the kink boundary without substential departures from finite
gimple shear in the deformed domain. In asymmetric situations {corresponding to
oblique Bpecimens) some appression of initial kink folds ie possible by simultaneous
simple shear in both limbs, and folds with much smaller interlimb angles (60° or less)
are likely to have secondary kink boundaries as axial surfaccs and he associated with
kink intersections. Folds of this kind can have their interlimb angles appressed
below the nucleation value by progressive deformation,



- 329 -

Most flexural slip folds of the symmetric chevron type {with axial surfaces
approximately bisecting the interlimb angle) must therefore be asymmetric in their
strain properties. Exccpt for very special cages the finite simple shear on one limb
will be different from the finite simple shear on the other. The two cxireme cases
arising in symmetric situations are first, folds with primary kink boundaries as axial
surfaces in which only one limb is deformed, and second, folds associated with
conjugate kink intersections with secondary kink boundaries as axial surfaces in which
the shearing strain in one limb is twicec that in the other. In between lie the folds
developed in asymmetric situations in which both limbs are doformed but by different
amounts,

Progressive deformation of a foliated body following a path corresponding
to an increasing finite pure strain leads to complete folding dominantly by kink
phenomena of two kinds, as follows:

1. Limited lateral propagaticn of kink boundaries can extend the length of the limbs
of early formed kink folds so that at successive stages in the development of the
fold its axial surface may not occupy the same material plane of the deformed
body. Such widening of kinks is inhibited by the presence of kink intersections
which have a 'locking' effect on primary kink boundaries.

2. Most progressive folding takes place by nucleation of successive generations of
kink and conjugate kink folds in undeformed domains of a foliated bedy., In
general, each successive generation is on a smaller scale and requires increasing
differential stress for nucleation. A pattern of folds of various amplitudes
results. Some folds, particularly in asymmetric situations have one get of planar
limbs with much smaller chevron folds on their other limbs or in their hinge
repions. Progressive nucleation of smaller scale folds in undeformed domains is
generally associated with appression of the interlimb anglos of already formed
chevron folds with secondary kink houndaries as axial surfaces,

The experiments suggest a possible origin for some minor 'parasitic’ or
'"drag folds' found on the limbs of some major flexural slip folds. If the large fold
developed as a conjugate kink fold in a foliated body containing a network of small
scale conjugate kink layers, kink layers of one sense can become internally rotated by
the major kink of the other sense so that secondary kink boundaries appear on the
limbs of the major fold parallel to its axial surface. These boundaries are axial
surfaces of small folds with one long and one short limb. The distribution of shearing
strain in these minor folds is again asymmetric with twice as much shear in the short
as in the long limbs.

An important question posed by the experiments is, how widespread in
nature are kink folds and related flexural slip folds of the kind produced? They are
common enough in well foliated rocks and few geologists working in metamorphic
rocks have not reported them, although there i9 a tendency to report them as 'brittle’
or supcrficial phenomena associated with near surface deformation. The experiments
suggest, however, that the deveclopment of thin sharply engular kink layers of the kind
most commonly noticed by geologists is favored by increasing pressure and constraint
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rather than the reverse, and that these structures should be viewed morc ag the first
evidence of a phase of progressive folding that would lead (if it went to completion) to
the appearance of tightly appressed chevron folde of the kind acknowledged by most
goologiats to have formed at depth in the crust end in no sensc to be an expression of
brittle behavior.

There are in addition, factors that seem to limit the recognition of kink and
conjugate kink folds in nature. The most important of these is scale of development.
Such folds are easily observed and recognized in platy rocks if they are developed on
a small scale and can be studied directly. Larger {macroscopic) folds of this kind are
less easily recognized unless the hinge rcgions are properly exposed and the narrow-
ness of the zone of curvature can be clearly seen. Also, some of the later stages in
the proposed folding process may appear in the field as regions of planar foliation
(rotated early kinks) followed by zones of tight small scale chevron folding, This
situation can be envisaged by picturing Plate 19 or Figure 20b as cross-sections of
large hodies of foliated rock.

Another factor of the same kind is the difficulty of recognizing such folds
in coarsely or massively layered rocks such as thick sedimentary sequences., The
'slip surfaces' in such sequences might he shaly partings between massive isotropic
layers of limestone, sandstonc or quartzite and can be spaced hundreds of feet apart.
'Kink' or 'conjugate kink folds' forming in such sequences may have amplitudes of
many hundreds or thousands of feet and have hinge regions that are only sharp 'kink
surfaces' with reapect to the dimensions of the whole fold, and in many such sequences
the great thickness of the sliding layers prohibits these surfaces from heing sharply
defined on any scale. Bui the common occurrenco of 'box-folds' (large scale conjugate
foldse) in such sequences in the early stages of folding is becoming increasingly obvious
to geologists, and iolds with long straight limbs and narrow hinge regions are more
typical of weakly folded hedded sequences than gentle concentric or sinusoidal warps
commonly pictured.

Beloussov (19656, p. 3) for example writes:

""Field observations have shown that in many cases the usually accepted notions
about the shapes and associations of folds, appearing in the standard books cn
structural geology, are hy no means exact. The inevitable generalizations
necessitated hy the scale of the presentation often led to distortions in the sizes
of the folds of the various orders when they were shown in eross scctions. The
shapes of the folds were also thus distorted. Particularly distorted were those
folds the shapes of which could not he interpreted as having resulted from
horizontal compression of the Earth's erust. Thus, for instance, box folds were
often overlooked by geologists, either purpesely or, most probably, unconsciously.
We could cite numecrous examples where such folds are shown to be much more
rounded in ¢cross-sectiou than they actually are. Such inexactitudes and schematic
representations inevitably hampered the correct understanding of these folds.

Our prime aim should be the comprehension of the correct shapc and size of the
folds, while attempting to aveld any distortions duc to schematic reprosentation't,
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In the proposed scheme of development of {flexural slip folds the phase in
which conjugate or box folds are present is an early one. Prolonged deformation
gradually involves all undeformed domains in folding, and thc conjugate and kink folds
with primary kink boundaries as axial surfaccs become progressively replaced by
chevron types with much smaller interlimb angles. ©On a larger scale, isotropic
layers acquire rounded 'concentric' hinge forms and thin mechanically weaker layers
tend to thicken in the spaces between the hinges of adjacent leyers commonly by
chevron falding on a much amaller scale.

Coneiderations of this kind supgest that many large folds in massive
layered sedimentary sequences formed as a result of bedding plenc slip may evolve
through box-like conjugate forms with many planar segments to more rounded forms
at later stages. Buch a sequence for widely separated layers is depicted in Plate 16.
Experiments on card decks with many cloaely spaced layers of copper yield similar
results. In particular, a horizontally compressed sedimentary sequence separated
from stronger hasement rocks by & planar décollement (such as has been proposed for
the sediments of the Jura mountains) may behave similarly to the group 1 specimens
described above. Initial folding may involve development of a zig-zag pattern of
primary kinks between the bagement and the upper surface of the sediments as they
slide on the décollement surface. Some published sections through the Jura folds are
suggestive of such a pattern with many of the primary kink boundaries subsequently
replaced by thrust faults.

Clearly, many folds in sedimentary and metamorphic rocks are not simple
flexural slip folds in which the main mcchanism of deformation is slip on the folded
surface coupled with flexure of individual layers. Some folds have pronounced
secondary foliations developed parallel to their axial plancs; others contain deformed
dimensional markers such as pebhles, fossila, ooliths and other structures strain
analysis of which indicates the presence of strain components, such as flattening in the
axial plane or extengions in specific directions such as along the fold axis, not
compatible with flexnral slip alone. But many of these folds may have been nucleated
initially by {lexural slip, and later in the history of development been modified as the
folded surface acquired a passive role in the deformation during a period of more
homogeneoua sirain, generally under metamorphic conditions. Such a sequence could
be modeled in the experiments at very high lateral loads where axial extension of the
specimens perpendicular to the loading plane (not posaible by flexural slip) led to a
general appression of the chevron folda nucleated at lower loads by conjugate kinking.

Similarly, the present discussion does not apply directly to the commonly
considered aituation of an isotropic layer or set of layers with one set of material
properties cneclosed in a matrix with another, except in so far as this situation is
represented by the behavior of an annealed copper layer embedded in a card deck.
Experiments on such specimens suggest that in some dynamic situations (lower ranges
of confining pressure in the experiments) nucleation of folds in the isotropic layer ia
controlled dominantly by kinking in the matrix as suggested elsewhere for the folding
behavior of thin quartz veins in phyllite {Paterson and Weiss, 1968}, In other dynamic
situations (higher ranges of confining pressure in the experiments) folding of the layer
seems to be & buckling phenomenon controlled in part by the shape and thickness of
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the layer. The matrix seems to accommodate to the form of the buckled layer by very
small scale kink folding {(contrast, {or example , the behavior of the layers in Flates
13 and 15}.

A few experiments not described above involved deformation of caerd decks
in which the plane of the cards was inclined obliquely to the loading plane. This
dynamic situation represents the most general onc to be found in nature. Conjugate
kink folds are formed, but the line of intersection of the kink layers does not lie in the
plane of the cards. BSuch conjugate kink folds are commonly cbserved in nautral rocks
{see for exemple, Ramsay, 1862), Further deformation of such structures could be
expected to yield folds of a generelly conical form {for example, Wilson, 1967).

Finally, an important question not yet completely answered by the
experiments is the reason for the observed values of kink angles ¢ and ¢p. Although
these two angles tend to be equal both in experiments and in nature, there is a small
but definite difference between them, generally with ¢ slightly larger than ¢. This
difference is not intuitively surprising because kink folds are not kinematically
symmetric across their axial surfaces, only one limb being deformed, and is probably
connected with the intreduection of small scele discontinuities and irregularities in the
deformed limb which is not a mirror image of the undeformed limb. More important
and less easily explained are the particular values of kink angle observed. In
gymmetric situations in both phyllite and card decks these angles are close to 60°
{generally a little less). Observations on natural symmetric conjugate kink folds in
rocks yield similar values (for example, Anderson, 1964, p. 274). For asymmetric
situations the angles secm to be larger.

The solution to this problem would seem to lie in the nature of the kink
nuecleus. 'The manner of kink propagalion cbserved in the experiments suggests that
the kink angle is decided at the time of nucleation when the direction of longitudinal
kink propagation (approximately the bisectrix of the angle between the undeformed and
kinked foliation) ie also fixed. Some progress has been made in understanding angles
typical of symmetric situations by considering the work densities required to form
kinks of specific orientations; but this study is in an early stage and cannot be
reported here.
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Although these rocks would presumably have deformed a little more slowly,
they certainly seemed to behave in a way similar to the ¢cards in the experi-
ments,

G. R, Stevens remarked that in that case, about 90 per cent of the
grains in the rock must be warped and bent by as much as 30 degrees, be
'unrolled' and bent again as kink boundaries migrate through the rock. After
boundaries have migrated throughout the rock, all grains must be fractured.

The author agreed and confirmed that in experimental work on
phyllites he had noticed exactly that phenomenon. All quartz grains inside
large kink bands would be iractured, whereas those outside the bands would
not be, He suggested this proved the migration of the kink bands.

W.F, Brace asked what type of rock the model would represent,
and if this kinking process would be similar in other types. He thought that
an abundance of mica was essential tc the formaticn of the kink bands. The
author said that the model was chosen to represent a chlorite-sericite phyl-
lite, but he could imagine folds might form in other rock types. The dif-
ficulty would be to see such structures, because of their large size, He also
peinted out that as scon as the initial stage of kinking is over, the box shape
disappears. Many folds in laminated shales might in fact nucleate as indi-
cated, but by the time they became tight folds with a slaty cleavage, their
early history had entirely disappeared. The only way of establishing this
history was to try to find internally rotated layers on the limbs of the folds,
hut this was hardly possible. The author, however, did not imagine that a
sequence of massive limestone 2, 000 feet thick could deform in the described
manner, He alse mentioned a paper by R, T. Faill, where this author sug-
gested that some folds of the Appalachians had formed like kink bands!,

F.A. Donath said that kinks occur in limestones and sandstones,
but that in these cases, there was always some evidence of cataclasis and
fracturing.

! Faill, R.T, Valley and ridge structure in Pennsylvania, folds or macro
kink bands; Am. Geophys. Union, Trans., vol. 48, No. 1, p. 214 (abstract),
1967,
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GENERAL SESSION

DISCUSSION

R. L. Brown discussed some of the work he has done in the Moines
of the southwestern Highlands of Scotland., Therec are four phases of deforma-
tion, the third phase possibly being important from the point of view of kink
bands. The region has been mapped at a scale of 6 inches to the mile, and a
systematic fanning of the third phase axial planes is apparent throughout the
area, from north-northeast, to north, to north-northwest, Many of the minor
folds are conjugate folds., Individual folds have the geometry of flexural flow
folds, and they developed in conditions where sillimanite could locally recry-
stallize. Conjugate folds occur where thin psammites and pelites are inter-
layered. In spite of the flowage these are conjugate structures, and in some
cases, the symmetry is perfectly orthorhombic, Tight, symmetrical folds
with single closures may well have evolved by the anastomosing of kink bands
rather than by buckling.

J. W.H, Monger described features he had observed in southwest-
ern British Columbia, Rocks were very coarse-grained volcanic sandstones
with a rather crude foliation, interbedded with pelitic rocks. In the sand-
stones kink bands formn at approximately 90 degrees to the foliation, whereas
in continguous pelites, microfolds and microfractures develop. This second
structure is quite similar to a slip cleavage., Both kink bands and folds
appear to be synchronous, late in tectonic development of the area. No
transition has been observed between the two types,

I. H. Underhill discussed some kink bands from the Labrador
trough (northeastern Quebec, Canada), The rock is a quartz-sericite schist
ot phyllite, where micas underline a coarse foliation hetween more gquartz-
rich layers. The foliation dips approxirnately 30 degrees east, Thickness of
foliation larninae is 2 to 4 millimetres apart, and fold axes generally trend
due north. Kink band axes dip gently so that distinction between dextral and
sinistral sets is important. Poles to the planes of the kink bands lie on a
vague girdle in a stereographic plot. The deformation appears to be of the
brittle type and some cataclastic deformation might have taken place along
kink boundaries, All observed kink bands show the same relative sense of
movement, the south side being displaced downwards, so that the kink bands
are dextral when viewed from west to east. Where it has been measured, the
angle formed by the kink boundaries and the foliation is in the range of 80
degrees to 90 degrees, Results obtained by Paterson and Weiss (1966) do not
appear to apply exactly to evidence found in this case, possibly because of a
slight difference in the behaviour of the rock,
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Figure 1. 1la. is a kink because the angles are equal,
ib. is not a kink, according to L.E, Weiss

An error in a drawing of D.H. Underhill on the blackboard
prompted a discussion as to what can be called 2 kink band and what cannot.
Taking part in the discussion were L. E. Weiss, M. R. Stauffer, T.B,
Anderson, J. Handin and W. K, Fyson (see Fig. 1].

M, L. Stauffer indicated that the pattern of Figure b might be
called a kink band toc, It would simply form when the direction of maximum
stress is at a high angle to the foliation. He knew that such features did exist
in nature.

L.E, Weiss objected that although such structures are cornmon
with strain-slip cleavage they are not kink bands, and that in fact, the thick-
ness of the laminae has to decrease in the shear zone. He suggested that
they might represent some other type of plastic deformation, In experi-
mental deformation of phyllites, no kink bands would form by the process
sugpested by M. L. Stauffer, only ductile folds would. L.E. Weiss insisted
that the term 'kink' should be reserved for an object that has roughly the geo-
metry of a kink.

W.K, Fyson remarked that some of the curved kink bands he had
described were by this definition true kinks at one extremity, hut not at the
other. He suggested that such curvature is due to a change in the orientation
of the local stresses influenced by variations in the physical properties of the
rock,
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COMMENTS BY P, CLIFFORD ON PAPERS BY
T.D, ANDERSCON, P. CLIFFORD, F,A, DONATH AND W_K. FYSON

The notion behind the conference was to atternpt an integration of
field and laboratory data, These papers on kink folds so exactly that, if read

together,

Anderson and Clifford both present graphs of the relation of the
angles belween kink band boundary and the foliation outside and inside the
bandl. They demonstrate wide variability of the latter angle, fogether with a
more restricted range in the former, The same graph is produced for
experimental results, and Donath shows, in particular, that the angle between
kink band boundary and foliation outside the band is constant, a point implicit
in the marked vertical distribution of points in the plots of these angles.

All four authors also conclude that if the angle between kink band
boundary and foliation outside the band is greater than the correspending
angle inside, some mechanism other than rotation gliding must have occur-
red. For such a situation, the width of the kink band as defined by Donath
increases. This suggests that kink band width measurements are likely to be
useful only where the outside angle is equal te or less than that inside.

No author has yet provided a rcason for the high variability of the
outside angle, though both Anderson and Donath use relatively restricted val-
ues on which to base an hypothesis, For the experimental data, the range of
values is small (20°), but the mean values from field data range from 65
degrees {(Anderson), to 52 degrees {Clifford} to 43 degrees (Fyson). Presum-
ably some of this variation is the result of local inhomecgeneities in the natu-
ral samples, or of some erratic behavior during deformation, It seems pre-
mature at this point to use only a mean value derived from field data as the
starting peint for an hypothesis, particularly in the light of experimental
data, which themselves do not produce correlatable values,

However, the agreement between these papers is remarkable, The
sorts of folds observed appear to be the same type - brittle kink folds - and
these authors have arrived at substantially similar conclusions on the kine-

matics involved.

For comparative terminology see Appendix L.
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ON THE NUCLEATION OF KINK BANDS
H. E. Rondeel

Two notions have been advanced for the attitude of kink planes dur-
ing kink band generation. Anderson {1968}, Clifford {1968} and Donath {1968}
suggest that as the foliation in a develeoping kink band rotates, the attitude of
the kink planes remains fixed with respect to the foliation outside the kink
zone oT that these planes are composed of the same material points in every
stage. Paterson and Weiss (1966) and Weiss {(1968) have the opinion that kink
boundaries rotate when the foliation in the kink band changes orientation,

It is generally assumed that in the generation of kinks - certainly
when the principal stress axes are symmetrically arranged with respect to
the foliation - deformation is restricted to the material in the kink bands,
Mgreover, material points which have once become involved in a forming kink
cannot return to the undeformed domain situated outside the kink zone. The
assumption implies, inthe case in which the orientation of the kink planes is
fixed, disruption or discontinuity in material properties along these planes
and dilation in the kink band during its gemeration. Anderson (1964; 1968} and
Clifford {1968) accept this dilation, the magnitude of which generally reaches
high values {see Clifford, 1968, Fig., B), Therefore, kink band formation
with kink pla.EHorientation rernaining constant, can only occur in brittle mate-
rials. Donath {1968} mentions both dilation and loss of cohesion along the
kink boundaries, He uses the term 'brittle’ kink bands for the structures
formed in his experiments. If, under the conditions mentioned before, the
material of the body being deformed behaves in a ductile manner and dilation
cannot occur, the kink planes have to change orientation while the foliation in
the forming kink band rotates, The geometry that these conditions impose is
very strict. The kink planes must bisect the angle between the foliation
within and without the kink band, as a result of which the felia remain contin-
uous across the kink boundaries. Furthermore, the amount of material
involved in the forming kink has to increase, Figure 1 shows a narrow sec-
tion of a developing kink band perpendicular to the foliation in which this vol-
ume increment, here increment in area, has been kept at its minimum, i.e,
1/2t. seczél-fz; Figure 1b portrays the kink band at different moments of its
generation and Figure la the undeformed body with the position of the mate-
rial points forming the kink boundaries in the finite stages of Figure lb.

From the papers of Paterson and Weiss (1966), Donath (1968) and
Weiss {1968) on kink bands generated experimentally, it is clear that these
sttuctures can be initiated under strongly varying conditions. They might
form in the same material under rheologically different behavior., It is sug-
gested that in ductile behavior kink bands are produced in which the foliation
is continuous across the kink boundaries, whereas in 'brittle' kinks disrup-
tion of the laminae seermns to occur,
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Figure 1. Kink band nucleation without dilation and with a minirmum area of
the deformed domain: ¢ = dk = 90° _ 4/2 (see text}.

Experimental evidence provided by Weiss (1968) and Paterson and
Weiss {1966) is that kink layers lengthen by propagation while maintaining a
constant orientation, from which one might conclude that the attitude of the
kink planes is deterrmined at the moment a kink nucleus is formed and that
successive stages in kink nuclealion are preserved where kink hands termin-
ate. The ends of most kink layers - at least in these experiments - are
wedge-shaped. It is therefore reasonable to infer lhat the orientation of the
kink planes changes and that progressively more¢ material is involved in a
kink nucleus, This is one of the reasons the writer does not helieve Ramsay's

{1967) explanation for the angular relations in kink bands to be valid (his ti1
ratio decreases during nucleation),

If the orientation of kink boundaries is defined at the onset of kink
band formation or kink nucleation, there is no reason why the values of kink
angles - in nature and in experiments - are restricted to a narrow range and
why {requency distribution diagrams prepared tor these angles exhibit signi-

ficant maxima, One would then expect the values of the kink angles to vary
at random.

It is most likely that 'brittle' and 'ductile' kink bands are initiated
in a nucleus and that the kink planes rotate while the foliation in the nucleus
rotales, Under 'ductile' conditions a rotation over 4 degrees of the foliation
implies a 4/2 degree rotation of the kink boundaries; under 'brittle' condi-
tions the ratio of these angles of rotation might not be equal to 1/2. Once a
certain confliguration is reached, the kink band can propagate, Though the
overall orientation of the kink boundaries will remain the same during propa-
gation, the kink planes limiting each volume added to the lengthening kink
band in ductile materials rotate into their final position, In brittle materials
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the same sequence of events might take place until the moment that the shear
stress acting along the kink boundaries causes displacements and 'kink
propagation' by rotation of the foliation between two propagating shear planes
might continue the deformation.

The model cutlined here stands only for the initiation of 2 kink
nucleus and for it longitudinal propagation in an ideally foliated, homogen-
eous body, in which the material outside a kink band remains undeformed.
In many experiments, however, deformation takes place within this latter
domain; the foliation usually becomes rotated, an event which seems to
depend on the conditions of confinement and constraint, Still, the process of
nucleation of a kink band can hardly be imagined to alter since the accom-

panying deformations are very small,
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APPENDIX I

Nomenclature of kink band angles

From the papers on kink bands included in this report it appears
that different symbols are being used by the several authors to identify angles
of kink bands. Such a lack of concensus makes the comparison of papers a
slow and tedious process, For the convenience of the reader the following

table lists the various nomenclatures used:

Author Figure Angles
Apnderson 5 o B ¥ - -
Clifford 4 é ¥ w o 1}
Donath 3 o o p B ka
Fyson 2 ] P A - -

Weiss 5a, 7 ¢ dk ¥ o -
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