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ABSTRACT

Triaxial compression tests were preformed such that
changes in the magnetic susceptibility anisotropy with strain
would be represented by experimental approximations of simple
shear and pure shear. Both types of tests were performed on
artificial materials of high magnetic susceptibility at room
temperature and atmospheric pore fluid pressure. Experimental
displacement-rates and strain-rates were computer controlled
during testing.

Two different shear zone materials were employed for the
"simple shear" testing, a sand-cement mixture and a
calcite-cement mixture. Three series of simple shear tests
were conducted on the sand-cement material at various
confining pressures; Series A, at 0.689 kbars, Series B at 1.0
kbar and Series C at 1.5 kbars. Two series of simple shear tests

were conducted on the calcite-cement material, Series 1, at

1.0 kbar confining pressure and Series 2 at 1.5 kbars P . For

both materials a constant axial displacement-rate of 5.0x1 0®

inches. s (corresponding to a slip displacement-rate on the

shear zone walls of 8.7x10°8 inches. 5'1) was employed. Final



shear strain values ranged from 0.025 ¥ to 0.378 ¥ .

One series of pure shear deformation was conducted on the
calcite-cement material at 1.5 kbars confining pressure
employing a constant natural strain-rate of 5.0x10® s71. Final
axial strain values ranged from 4.42% to 18.3% shortening.

The development of simulated "tectonic" magnetic fabrics in
both pure and simple shear has been achieved. Principal
directions of susceptibility rotate sometimes in complex
patterns toward 'tectonically’ significant stable orientations.
Magnitudes of susceptibility show progressive changes
consonant with the intensity of strain such that there appears
to exist a consistent relation between the change in the degree
of anisotropy of susceptibility (AP') and the bulk strain ratio

(In X/Z) for both the pure and simple shear experiments.
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CHAPTER ONE

Introduction

Recently, the uses of magnetic susceptibility anisotropy (MSA)
have received considerable attention in structural and tectonic
geology. The orientations of the principal susceptibility directions
have been shown to correspond to the orientations of sedimentary,
magnetic and tectonic fabrics (Hrouda 1982; ref. therein).

In the case of tectonically deformed rocks, the principal
susceptibilities, which define the magnetic susceptibility
magnitude ellipsoid, often correspond to the principal strain
directions determined from conventional strain markers (ie.
Rathore 1979; Wood et al., 1976). Thus, in the absence of
conventional strain or fabric markers, the cryptic fabric of the
magnetic minerals in the rock may provide information on the
principal strain orientations.

Furthermore, it has been suggested by Rathore (1979; with
Henry 1982) that the axial ratios of the magnetic susceptibility
magnitude ellipsoid may correspond with the axial ratios of the
strain ellipsoid. However, a follow up study of this idea
(Borradaile and Mothersill 1984) has shown that the method by
which such correlations were obtained is invalid.

Recently, in a study of experimentally deformed materials

(Borradaile and Alford 1987) a correlation between strain and



magnetic susceptibility was discovered by correlating the
macroscopically determined strain with the change in the

anisotropy of magnetic susceptibility.



Aims and Scope of the Thesis

This investigation focusses upon the bulk strain effects during
pure and simple shear on two multigranular, multimineralic
materials with disseminated ferrimagnetic marker grains.

In order to refine our knowledge on the correlations between
susceptibility and strain in deformed rocks, attention must be
focussed on the following:

(i) From which minerals does the magnetic susceptibility
originate?

(i) What was the state of the primary or pre-tectonic
susceptibility anisotropy?

(iii) What are the various processes affecting the rock that

alter the original susceptibility (Kij) to the final
susceptibility (K'ij) ?

(iv) What is the state of the finite strain of the rock (eij)?

Problems invariably arise in determining these four items in
naturally deformed rocks. While this does not altogether
undermine the value of MSA studies, it does leave questions
unanswered in linking the four items.

This investigation attempts to address these problems by
observing the results of laboratory experiments using artificial

materials;



(a) of known magnetic mineralogy
(b) of known original susceptibility, and

(c) subjected to progressive increments of experimental

deformation such that the bulk finite strains (eij) are known

Using such a method, something of three (i, ii and iv ) of the
previous four items in question are known. In addition, the
artificial materials can be subjected to stress relaxation testing
and microscopic thin-section examination in the deformed and
undeformed state such that (iii), the deformation processes
affecting the original susceptibility may be investigated.

Experiments of a similar nature have been previously
conducted (Borradaile and Alford 1987). This earlier work wil
provide an invaluable guideline for the experiments of this
investigation. However, the previous tests were all conducted
under conditions of pure shear, where the finite and incremental
strain ellipse are coaxial. This investigation will attempt to
produce a non-coaxial strain history by employing a shear zone
configuration in order to deform the specimens in simple shear.
Furthermore, two compositionally different materials will be
deformed such that the effect of differing predominant
deformation mechanisms may be observed in the changes of
susceptibility. For similar purposes, one series of pure shear tests
will be conducted using a material compositionally different than

the material in Borradaile and Alford (1987) .



CHAPTER TWO
PREVIOUS WORK

It has only been very recently that a study of the observed
changes in the anisotropy and shape of the magnetic susceptibility
magnitude ellipsoid in experimentally deformed materials has
been undertaken (Borradaile & Alford 1987). A considerable amount
of work has been conducted, however, in the fields of experimental
deformation of rocks, stress relaxation, deformation mechanisms,
magnetic susceptibility and magnetic susceptibility anisotropy
studies. This thesis intends to integrate some of this work, thus a
brief review of the results and the related work in these fields is

necessary.

xperimental Deformation of Rock:

The study of experimentally deformed rocks has provided
innumerable contributions to our understanding of the mechanical
behaviour of rocks within the Earth's crust. Observations on the
macroscopic scale (scale of the specimen) provide knowledge of
the effects of physical conditions on the rheological behaviour of
rocks, while microscopic observations describe how the rock
accommodates strain.

The experimental deformation of rocks, minerals and synthetic
analogues have been achieved generally by three types of tests:

1) Creep Tests: where a constant axial load is maintained on



the material after the initial, almost instantaneous loading.
2) Compression Tests: where the axial load is initially
progressively increased, and thereafter adjusted, usually to

maintain a constant rate of strain. Compression is normally along
the long axis of the specimen with O 4>0p, = 0'3 in 'triaxial’ tests.

3) Extension Tests: much like compression tests, however the

rock is extended in the direction of the long axis of the specimen
and 04 =0, > Oq for 'triaxial’ tests.

An understanding of the physical conditions to which deformed
rocks have been exposed within the crust and upper mantle has
been essential in the development and progression of laboratory
apparatus and experimentation. Since any specific geological
structure is the result of both fundamental processes and
incidental conditions (Dahlstrom 1970), it has been the effort of
the experimentalist not to attempt to reproduce exact geologic
circumstances or specific metamorphic textures, but instead
toward the testing of fundamental processes. Therefore tests are
deliberately unrealistic as, for any forcast of the mechanical
behaviour of rocks, the relative contributions of each process
must be separately investigated and understood.

At present, all regionally consistent temperatures and
confining pressures within the crust and upper mantle can be
experimentally simulated. With computer-assistance, precise

measurement and control of the experimental strain-rates and



differential stresses can be made during testing.

The current study used a Donath-type triaxial compression
testing apparatus (see Chapter 3). A brief review of the
mechanical effects of the major physical parameters discovered in
the compression testing of materials is presented. Only those
variable with the present experimental deformation apparatus will
be discussed.

Confining Pressure- From a mechanical standpoint, the chief
function of increasing confining pressure is to inhibit macroscopic
shear failures in the material by subsequently increasing the
stress normal to all potential fracture planes (Carter 1976). The
increase in confining pressure has three important effects; 1) the
strain reached before macroscopic failure increases markedly, 2)
it enhances the possibility of ductile flow and 3) there is a
greater extent and degree of strain hardening in the ductile
deformation at higher pressures (Paterson 1978). Figure 2-1
displays a stress vs. strain graph which illustrates these three
effects.

Macroscopically the effects can be considered in terms of
dilatancy, which is defined as the inelastic increase in volume
during deformation under applied differential stress (Paterson
1978). With increased confining pressure, the magnitude of the
dilatancy decreases (Figure 2-2), subsequently increasing the
range of truly elastic behaviour, the 'strength' of the material and

promoting work hardening.



Figure 2-1.  Progression in the nature of the stress-ctrain
curve in triaxial compression tests as confining
pressure is increased. The differential stress
before yield is increased with higher confining
pressures, as well as the resistance to failure

in the rock.

(from Paterson 1978)

Fiqure 2-2.  Volume changes (Dilatancy) versus strain for
various confining pressures. Higher confining

pressures inhibit dilatancy.

(from Paterson 1978)
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Pore Fluid Pressure- The mechanical effect of increasing pore
fluid pressure is to enhance fracturing by reducing the normal
stress on potential fracture planes. Figure 2-3 illustrates the role
of pore fluid pressure in reducing the stress normal between grain
contacts. When pore fluid pressures are low, this same effect has
been noted to enhance the macroscopic ductility of a specimen
(Rutter 1972) (Figure 2-4)

Temperature- Mechanically, the increase of temperature
enhances ductility and decreases the differential stress required
for the rock to yield, hence it 'weakens' the rock. Experimentally,
it has been noted that some confining pressure is required to
enhance ductility as the increase in temperature alone is usually
ineffective in doing so, even when the constituent minerals would
normally be ductile at such temperatures. Reasons for this include
the suppression of grain boundary parting resulting from
anisotropic thermal expansion, the avoidance of decomposition or
other phase changes leading to disintegration (when the ambient
temperature becomes close to the melting temperature) and the
inadequacy of easily activated slip systems to satisfy
intergranular strain compatibility requirements (Paterson 1978).

Strain Rate- Estimates of geologic strain-rates have been made
by various processes; geodetic measurements of surface
displacements, rebound from ancient water and ice loads and
estimated rates of shortening in orogenic regions (Carter 1976).

The rates calculated fall in the range of 101310 10710 3‘1,



Figure 2-3.  Disgram illustrating how pore fluid pressure
acts to reduce the stress value at grain contacts.
If the pore fluid pressure is large enough the

grains may slide past each other
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however, much faster rates (i.e. 108 3‘1) have been estimated for
the formation of mylonites (White 1976). Nevertheless,
experimental operation at such strain-rates would be impossible,
given the necessary time required to accumulate an appreciable
amount of strain. Experimental strain-rates are therefore much
faster, ranging in value from 10210 1076,

Mechanically the increase in the rate of strain has the same
effects as decreasing temperature (Figure 2-5). Thus one can
imagine that to create the same mechanical behaviour in a rock as
is produced by geological temperatures and strain-rates, one could
increase the temperatures to unrealistic levels to account for the
experimentally necessary strain-rates (Figure 2-6).

Differential Stress- Experimental differential stresses are
commonly much higher than actual crustal differential stress
values.

Measured stress differences from various surface mine and
borehole methods yield values much lower than 1 kilobar (i.e. Sbar
& Sykes 1972; Haimson 1975) as do seismic methods (i.e. Wyss
1970). Thus the range of differential stress values in the
lithosphere are probably within a few hundred bars to one kilobar
at most, while experimental differential stresses are generally
above 1 kilobar. The high stresses are necessary with the high
strain-rates in order that the rock is able to flow within the time
scale of the laboratory test. As noted earlier, temperatures can be

raised to offset the high strain-rates, however, the relevance of



Figure 2-5.  Effect of temperature and strain-rate on the
stress-sirain curve during a triaxial
compression test. T1:T2 and e1>e2. Note how by
either increasing the temperature or decreasing
the strain-rate cause the differential stress at
the yield point to decrease. Thus they have a

“weaking effect an the rock.

(from Paterson 1678)

Figure 2-6.  If the geologic mechanical behaviour of a rock is
to be simulated in the lab, the temperature must

be raised due to the fast laboratory strain-rates.
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such tests would inevitably involve questions on the mechanisms
of deformation (Paterson 1987). Thus the experimentalist must be
able to demonstrate in some way what the flow processes involved
in the experiments are and be aware of those involved in the

geologic time scale.

Stress Relaxation:

The stress relaxation or load relaxation test, has been shown to
be a relatively quick and useful method for providing the
constitutive relations governing a materials inelastic behaviour
(i.e. Guiu & Pratt 1964). It was first used, and has been widely
accepted in the testing of materials for engineering purposes (i.e.
ASTM STP 676) and the relaxation testing of geological materials
is now widespread (i.e. Griggs & Blacic 1965; Hobbs 1968, Gupta &
Li 1970; Schmid 1976; Rutter & Mainprice 1978; Borradaile &
Alford 1987; etc.).

Stress relaxation testing can be conducted at any point in the
history of a compression or creep test. After an arbitrary amount
of strain, the specimens length is held constant by locking the
pistons adjacent to the sample into place. As a result, the stored
elastic strain energy in the specimen is dissipated into permanent
deformation of the specimen at a rate which is determined by the
rheological characteristics of the material (Rutter et al.,1978).

The general form of the constitutive flow law is;



é= A exp(-H/RT) £4(0) /5 (S)

where é is the strain-rate, A a constant, H an activation

enthalpy, R the gas constant and T is the absolute temperature.

)( 1(0) is a function of stress and /2(8) a function which describes

the effect of specimen structure. The form of the equation follows
from the experimental fact that the relationships between strain
rate and any one of temperature, stress or structure can be
determined while holding the other two constant (Dorn 1957).
Commonly, the temperature and structure of the material are

constant during relaxation and the equation becomes,
& o< of
The stress exponent, n, is determined experimentally by the

stress relaxation method, as it is equivalent to the slope of the

data determined on a log (stress) versus -log (strain rate) plot by:
n=(e -e V(o -0
( 2 1) ( 2 1)

In this way any significant change in slope of the data, or the n
value, will suggest a change from one power flow-law for the

material to another, hence a change in the predominant mechanism



of deformation. Composite flow laws, which have the advantage of
being able to represent a smooth transition from one dominant
deformation mechanism to another may be more applicable when
the stress relaxation data fits a curve (Ferguson 1983). However,
the value of n can be important in qualitatively determining the

predominant deformation mechanism.

Deformation Mechanisms:
The metamorphic textures present in a deformed rock will

depend mainly on the relative contributions of the various

mechanisms of deformation, which in turn are dependent on the

particular physical conditions ( T, P, e, etc.) present during

deformation.

Crystalline matter may deform by several inter- and
intra-granular processes, termed deformation mechanisms.
Intergranular deformation, termed particulate flow (Borradaile
1981), encompasses deformation which occurs between grains by
slip on grain boundaries and/or by the rotation of grains.
Intragranular deformation processes are those responsible for the
deformation which occurs within the grains of a rock, resulting in
a change of grain shape (op. cit.). Four main independent classes of

intragranular deformation mechanisms have been defined:

1) Cataclasis



2) Intracrystalline Plasticity
3) Diffusive Mass Transfer, and

4) Recrystallization

It is important to note that no gne mechanism operates solely
during deformation. This fact is readily demonstrated in the 'look
through' experiments of Means (1977). Thus, reference is often
made to mechanisms being either dependent or independent.

Two events, A and B, are said to be dependent if A cannot
proceed until B has taken place, so that the processes occur in
sequence. The two events are said to be independent if they are not
related in any manner and may proceed, each at their own speed
(Elliot 1973). Whether a particular mechanism predominates, or is
'rate-controlling' depends upon it being either a dependent or
independent process. For independent processes, the overall
deformation rate is simply the sum of all the independent rates,
the process with the fastest rate effectively dominates. For the
dependent processes the overall rate is dominated by the slowest
mechanism.

The characteristics of the predominant deformation
mechanisms (cataclasis and intracrystalline plasticity) expected
to occur under the physical conditions present in the experimental
method (high differential stress-low temperature-zero pore fluid
pressure) (see the deformation mechanism map of Rutter 1976)

will be briefly discussed along with the condition necessary for
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the mechanism and the associated microstructures developed by

each mechanism.

Cataclastic processes: Cataclasis refers to the permanent
straining achieved by the fracturing of grains within the rock and
usually results in dilatancy. Fracture results from the extensive or
catastrophic growth of microcracks having an orientation such
that the applied stress is concentrated at their tips (Tullis 1978).
As deformation proceeds, cataclasis may continue causing a
progressive reduction in grain size (by fragmentation), these rock
fragments may slide past and roll over each other on old and new
grain surfaces. This combination of fracture and sliding (Figure
2-7) has been termed cataclastic flow (Borg et al., 1960).
Cataclastic flow, however, is not a distinctive mechanism in
itself as it involves both cataclasis and particulate flow. The
fracturing of grains and grain displacement and rotation have been
shown to depend on stress in different and characteristic ways
(Borradaile 1981) and may occur independently, which by
definition (Ashby 1972) makes them distinguishable mechanisms.

Cataclasis is important at low confining pressure and high
strain rates. It is insensitive to temperature, however the
occurrence of cataclasis may be a lower temperature effect, since
crystal plasticity is more effective in deforming grains at higher
temperatures (Borradaile 1981).

Cataclasis as a predominant deformation mechanism in



Figure 2-7.  Cataclastic flow, by which granular material can
deform by fracturing and rolling or sliding of
granules or fragments over each other.

after Ashby and Verrall (1978)

Figure 2-G.  Graph illustrating how the stress-rate is
extremely fast during the initial phase of a

compressive test at constant strain-rate.
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experimentally deformed aggregates is quite common (i.e. Borg et
al., 1960; Friedman 1963; Donath & Fruth 1971; Hadizadeh & Rutter
1983). Its major role in the experimental deformation of rocks

may be due to insufficiently high temperatures that are necessary
with laboratory strain-rates (Paterson 1976). Donath and Fruth
(1971) have suggested that cataclasis is not so much a function of
the strain-rate but of the differential stress-rate, which is

usually extremely fast during the initial stage of a constant
strain-rate experiment (Figure 2-8).

Microfracture orientations within grains appears to relate to
the principal orientations of stress if grain to grain contacts are
numerous or to the orientations of grain contacts if there are but
few grains that touch (Friedman 1963).

Intracrystalline Plasticity : Crystal plasticity refers to any
change of shape achieved predominately by the glide motion of
dislocations, as expressed by slip on crystallographic and/or twin
planes (Paterson 1976). Dislocations are defects in the lattice of a
crystal which occur as the crystal grows. When an external stress
is applied, new dislocations are formed and the dislocations may
glide (or slip) through the crystal producing small displacements
of the lattice (see Hull 1975; Nicolas & Poirrer 1976).

Intracrystalline plasticity processes are both temperature- and
stress-sensitive. No substantial volume changes are involved in
the deformation of a grain by dislocation motion, thus, only

relatively small effects of confining pressure are to be expected.
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At low temperatures, the mobility of dislocations is limited and

the dislocation density increases with increasing strain due to the
continuous formation of dislocations and their inhibited movement
by obstacles such as point defects, impurities, tangles and grain
boundaries. Thus greater stresses are required by the dislocations
to overcome these obstructions and produce a net strain, a process
termed strain or work hardening. With higher temperatures
dislocations have the ability to 'climb’ over obstructions, thus
distinguishing two mechanisms of dislocation motion, the gliding
motion (Dislocation Glide) and the climbing and gliding motion of
dislocations (Dislocation Creep).

Results from the deformation of an almost dislocation free
peridotite (Phakey et al., 1972) indicate that slip initially occurs
on favourably oriented planes of low critical resolved shear
stress, primarily by the motion of edge dislocations. At higher
temperatures, the disparity in the velocities of edge and screw
components is reduced and slip tends not to be constrained to one
plane.

Crystal-plasticity processes produce ductile textures and
crystallographic preferred orientations. Dislocation processes
have been related to such optical features as undulatory
extinction, deformation lamellae, deformation bands, mechanical

twinning and kinking.

Magnetic Susceptibility and Magnetic Susceptibility Anisotropy:
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The magnetic susceptibility (k) relates the applied field (H) to
the intensity of magnetization (J) produced in many materials, at

low field strengths by:

J=k H

In many rocks and minerals it has been noted that the strength
of the internal magnetization varies with the orientation of the
rock or mineral respective to an external magnetic field of
constant strength and direction. Thus the magnetic susceptibility
displays a directional variability referred to as magnetic
susceptibility anisotropy (Ising 1942). The magnetic
susceptibility anisotropy, or MSA, of a rock may result from 1) the
preferred orientation of elongate magnetic minerals, 2) the
alignment of magnetocrystalline axes within magnetic minerals,
3) the alignment of magnetic domains, and 4) exchange anistropy
(see Hrouda 1982).

The three dimensional variation in magnetic susceptibility of a
rock or mineral can be described by a second order tensor, referred

to as the magnetic susceptibility tensor. It is represented by:
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Completely defined, the magnetic susceptibility tensor

describes the magnitude and anisotropy of the magnetic

susceptibility's ellipsoid. The components kq 4, koo and kg4 of the

tensor are called the principal susceptibilities and their

directions the principal susceptibility directions when k4= the

maximum (Kpax), Koo= the intermediate (k;,;) and kz4=the

int

minimun (ki) Susceptibility directions. The orientations of the

min
principal susceptibility directions will, in this study, be plotted
on a lower hemisphere equal area stereonet.

The shape and anistropy of the susceptibility's magnitude
ellipsoid can be described by means of suitably chosen ratios or
differences between susceptibilities (see Hrouda 1982). The
present study will employ two methods of graphically describing
both the anisotropy and shape of the susceptibility ellipsoid using
1) a 'susceptibility plot' comparable to the deformation plot of
Flinn (1962) and 2) a 'Hrouda-Jelinek plot' using the anisotropy and
shape parameters, P' and T of Jelinek (1981).

The susceptibility plot (Figure 2-9) illustrates the
susceptibility ellipsoid in a manner similar to how the strain
ellipsoid may described in the deformation plot of Flinns' (1962)

where:

L= kmax/ kint



L = Kmax/Kint

Rod-Shaped
ellipsoids

Flat-Shaped
ellipsolds

F = Kint’Kmin

Principal Susceptibility Planes

Kmax-Kint Kmax-Kmin Kint-Kmin o

Figure 2-9.  The ‘susceptibility plot’ with axes, L, the
magnetic lineation, and F, the magnetic foliation
described by the ratios of the principal

susceplibilitly directions,
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is used as the ordinate. L is the magnetic lineation, describing
the extent to which the magnetic fabric is linear. The abscissa is

the magnetic foliation, F, where:
F = Kint/ Kmin

describes the extent to which the magnetic fabric is planar. In
this manner, a line with a slope of 1 separates the prolate or
rod-shaped susceptibility ellipsoids from those which are oblate
or flat-shaped (see Figure 2-9). This type of plot is convenient as
it resembles the deformation plot and hence qualitative
correlations of the magnetic anisotropy paths with the strain
paths, along with the shapes of the strain and susceptibility
ellipsoids can be made.

The P' parameter of Jelinek (1981) is an expression of the total

degree of anisotropy given by:
P' = exp [2(a%+ a2 + ag?)) 172
where a4 = In(k4 1/—k) etc. and:

k = (k11" koo kg3)1/3; where kq1= kmay €tc.

The way in which P' varies with the magneic lineation and

foliation is shown on the susceptibility plot (Figure 2-10).



Figure 2-10. Nlustrating the variation of the anisotropy
parameter, P’, in terms of the ratios of the

pricipal susceptibilities.

(From Borradaile and &1fgrd 1987}

Figure 2-11. llustrating the variation of the shape parameter,
T, in terms of the ratios of the principal

susceptibilities.

{From Eorracaile and Alforg 19e7:
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The shape of the magnetic susceptibility ellipsoid is

represented by Jelinek's T parameter where:

T=[2(Inkqyq-Inkoo)/(INkoo-Inkzggz)]-1

The variation of the T parameter in the susceptibility plot is
shown in Figure 2-11.

The Hrouda-Jelinek diagram, using T, the shape parameter, as
the ordinate and P' as the abscissa (Figure 2-12) is a convenient
representation as it distinguishes the degree of anisotropy from

shape more clearly than the conventional susceptibility Flinn plot.

Magneti ibility Anisotr udies:

The use of a rocks magnetic susceptibility anisotropy as a
method of petrofabric analysis was suggested by Graham (1954).
Since then, the use of this relatively rapid and reliable technique
in investigating rock fabrics has become widespread in the
geologic literature (ie. Hrouda 1982, references therein). The study
of MSA evolved from the realization that, in most geological
environments, the principal planes of the susceptibility ellipsoid
are generally oriented parallel to some geologic fabric and hence
can be related to a given geologic process. This is understandable
since orientation, shape and anisotropy of the magnetic
susceptibility ellipsoid stems from the spatial or cystallographic

arrangement of the magnetic minerals present in a rock.



Figure 2-12. The "Hrouda-Jelinek diagram’, wherein the shape
and anisotropy of the magnetic susceptibility's
magnitude ellipsoid are plotted against each
other. The T=0 line separates rod-shaped and

flat-shaped ellipsoids.
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There are many applications of MSA in geological and
geophysical studies. Some of the geological applications of MSA
studies include:

1) determing the paleocurrent direction and information on the
depositional processes of sedimentary rocks in natural (ie.
Hamilton & Rees 1971; Elwood & Ledbetter 1979) and experimental
studies (ie. Rees 1966; Hamilton et al., 1968; Rees & Woodall
1975)

2) detecting the fabric of massive ores to advance the
knowledge of genetic and post-genetic evolution of the ores (ie.
Porath 1968; Schwarz 1974).

3) determing the flow direction of lava (ie. Kolofikova 1976),
sills (ie. Halvorsen 1974) and magma (ie. Chlupacova et al.,1275)
as well inferences on the formation (Ellwood 1975,1979) of
igneous rocks

4) examing the character and intensity of deformaton in
metamorphic tectonites

It is this last use of MSA to which the present study
concentrates, thus review will be primarily concerned with the

results of work in this field.

The Magnetic Susceptibility Anisotropy of Metamorghic
Tectonites:

When igneous or sedimentary rocks are subjected to even a

weak deformation and/or metamorphism, the susceptibility
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ellipsoid changes from its primary shape as planar and linear
fabrics are produced (Graham 1966; Hrouda 1976) and the
magnitude of the MSA has been shown to quickly increase (i.e.
Janak 1972; Hrouda et al., 1978). Any further progressive
deformation/metamorphism only slightly affects the degree of
MSA beyond this initial transition (Hrouda 1982).

This rapid transition from a relatively weak to strong MSA in
low metamorphic grade rocks must, in part, reflect an effective
re-orienting of the magnetic minerals by some deformation
mechanism. Indeed, experimental deformation of a
magnetite-enhanced artificial sand-cement mixture at room
temperature (Borradaile & Alford 1987), has shown that, for
relatively small strains, the magnetic susceptibility ellipsoid may
re-orientate, relative to the principal strain directions, much
more rapidly than would be expected by the active rotation of a
material line. However, deformation by particulate flow and
pressure solution may predominate in weakly deformed rocks of
low grade metamorphism (Borradaile 1981). Such mechanisms have
been shown to be relatively ineffective in aligning the
ferrimagnetic minerals (Borradaile & Tarling 1981; 1984).

Thus the strong MSA of some metamorphic rocks may be related
to the preferred crystallographic growth of common
matrix-forming metamorphic minerals. Commonly, a rock's bulk
magnetic susceptibility and anisotropy are credited to the

ferrimagnetic mineral component even when the amounts of the
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ferrimagnetic minerals are small (ie. Singh et al., 1975, Rathore
1979). However, within metamorphic rocks it has been shown that
the large quantities of the more weakly magnetic minerals may
constitute the source of the susceptibilities' bulk value and
anisotropy (Borradaile et al., 1985). Minerals typically comprising
a significant proportion of metamorphic rocks such as biotite,
muscovite, amphibole and chlorite possess relatively weak
paramagnetic susceptibilities but have been shown to possess
strong magnetocrystalline anisotropies (Borradaile et al., 1987).
Combined with the preferred dimensional orientation of the
metamorphic minerals this would produce rocks with relatively
low susceptibility but high degrees of anisotropy, a state
commonly observed in natural metamorphic rocks.

Studies of the relations between the directions of the principal
susceptibilities and the principal strain directions have shown
that the shape, anisotropy and orientation of the suscetpibility's
magnitude ellipsoid often correspond to local strains as would
conventional strain markers (ie. Graham 1966; Hrouda & Janak
1976; Rathore 1979; etc).

Within areas of progressive deformation in regionally deformed
schists, the primary susceptibility ellipsoids have been shown to
become more anisotropic and flat-shaped with strain (Hrouda &
Janak 1976). Principal susceptibility directions closely related to
the primary-fabric elements in the undeformed rocks become

related to the deformational-fabric elements with increasing
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strain. The principal magnetic susceptibility directions (Ko

k ) are noted to correspond with the principal strain

int’ Kmin
directions (X, Y, Z) with; k.., parallel to maximum shortening

direction (Z), and k., parallel to maximum extension direction

(X) (ie. Rathore, 1980; Wood et al., 1976; Kligfield et al., 1982).

rrelation n Magneti eptibility Aniostro nd
Strain:

There have been some attempts to quantitatively correlate
magnitudes of principal magnetic susceptibilities and principal
strains (Wood et al., 1976; Rathore 1979; Rathore & Henry 1982).
It was hoped that determination of the magnetic susceptibility
ellipsoid could directly provide, not only the directions of the
principal strain axes, but an estimate of the amount of strain
experienced by the rock.

Detailed examination of the magnetic fabric of a deformed
lapilli tuff by Borradaile and Mothersill (1984) have indicated that
the method of quantitative correlation between the magnitudes of
the principal susceptibility axes and strain is invalid. The
contribution to the susceptibility anisotropy by such complex
factors as the source or sources of the susceptibility, the
operating deformation mechanisms and the history of finite strain

within the rock must be addressed.
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Magnetic Fabri i Experimental Deformation:

Experimental work in the elastic field by Kern (1961) and also
by Nagata (1964; 1970) showed that under uniaxial compression
the magnetic susceptibility of a rock decreases along the axis of
compression and increases perpendicular to the axis of
compression. Thus, the magnetic susceptibility of a compressed
rock was noted to become anisotropic.

Owens and Rutter (1978) investigated the changes in the
diamagnetic susceptibility of experimentally deformed marble and
single calcite crystalls. For these materials a correlation was
noted between the susceptiblity and the accompanying
crystallographic fabrics.

Focusing on the bulk strain effects of a magnetite enriched
sand-cement material deformed in pure shear, Borradaile and
Alford (1987) observed a power-law correlation between the

change in degree of anisotropy (AP') and the strain ratio (X/Z).



CHAPTER THREE
Apparatus

The apparatus employed in the present investigation consisted
of a Donath type triaxial rig, an SI-1 Magnetic Susceptibility and
Anisotropy unit, a drill press with a diamond core drill, several
micrometers for measuring sample size and a measuring magnifier
(graticule) for measuring shear displacements. For the preparation
of specimens, non-ferrous metal mesh sieves were used to retain
the specific grain sizes of the sands and crushed magnetite.
Finally, a wooden setting tray was used as a mold for the
sand-cement aggregate blocks.

The principal apparatus to be described are the triaxial rig and
the SI-1 MSA unit.

Triaxial Rig- Both the pure shear and simple shear specimens
were deformed in a triaxial rig (Plate 3-1), designed and
manufactured by Dr. F. Donath of Earth Technology Corporation,
3777 Long Beach Boulevard, Long Beach, California, 90807 (c.f.
1970), which was controlled by a micro-computer system, the
hardware for which was supplied by Dr. J. Holder of C.G.S., 2405
Spring Creek, Austin, Texas 78704.

The entire triaxial rig-computer system consists of the

following components:



Plate 3-1. The triaxial rig, chart recorders and computer
system as was used during this investigation.



1) Pressure Vessel

2) Force and Displacement measuring/recording
System

3) Loading Ram System

4) Confining Pressure System

5) Pore Fluid pressure equipment

6) Computer and Analog-Digital Converter for the

control of loading

The individual equipment will be discussed separately.

The pressure vessel (Figure 3-1) consists of a cylindrical piece
of tool steel machined to provide a pressure chamber with a wall
ratio (outside to inside diameter) permitting operation up to at
least 30,000 p.s.i. Upper and lower pressure seals and retaining
plugs act to contain the confining pressure medium. The lower seal
and retaining plug are bored to permit movement of the lower
piston into the vessel while confining pressure is maintained.

The specimen-piston assembly consists of an upper piston,
jacketed sample and anvil which are placed into the pressure
vessel from the top and held in place by the upper retaining plug,
which houses the load cell.

Differential axial load is measured with strain gauges affixed

to the load cell, the power supply to which is adjusted such that a
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Schematic diagram of the pressure vessel (1), the
coupling collar (2) and the LWDT (3). The specimen
(A and anvil (B) are located within the pressure
vessel and are seated against the upper (4) and
lower pistons (S).




change of 1,000 pounds force produces a change of 1 millivolt in
the output signal.

Axial shortening of the specimen is determined from the
movement of the Ram Piston relative to the vessel body. A linear
variable differential transformer (LVDT) is affixed to the outside
of the pressure vessel. The transformer stem is in contact with an
arm extending from the top of the Ram Piston through a slot in the
coupling collar (see Figure 3-1). The piston displacement, after
suitable corrections for apparatus distortion, is used to calculate
specimen shortening (See Appendix A).

An X-Y chart recorder continually receives the output from the
load cell and LVDT and thus monitors the differential load versus
displacement. The chart recorder is calibrated so that a one
millivolt signal from the load cell gives a displacement of one
centimeter, equivalent to 1000 Ibs of force, along the Y-axis. The
X-axis is calibrated so that a piston displacement of 0.01 inches
produces a movement of the recorder arm by one centimeter.

A strip chart recorder was occasionally used to monitor the
displacement or differential load versus time. This was used
either to examine the LVDT or the load cell noise with respect to
time, or as a visual check on strain-rates or displacement-rates.

Differential load on the specimen is produced by the thrust of
the ram, which is determined by the pressure of the hydraulic fluid

(a hydraulic jack oil) pumped into it. The 20-ton ram is primed via



a 10,000 p.s.i. hand pump which is used to seat the lower piston
against the specimen. Further hydraulic pressure is provided by a
syringe pump driven by an electric motor through a multi-rate gear
box (Figure 3-2).

Confining pressures of up to 30,000 p.s.i can be generated by
either a hand-turned pressure generator or, as in later tests, by a
motor driven syringe pump in series with a pressure intensifier
(Figure 3-3). The system is primed by means of a 10,000 p.s.i. hand
pump which drives the confining pressure medium, a very low
viscosity silicon oil (vacuum pump oil), into the pressure vessel.

The triaxial rig is so designed that the lower piston is pushed
by the ram, which is driven by both the confining pressure and the
pressure of hydraulic oil in the ram system. Therefore, the
confining pressure acts on the bottom as well as on the sides of
the specimen. In this manner the differential load is zero, thus the
specimen is subjected to hydrostatic pressure.

The upper piston stem is bored such that fluids can be
discharged from the specimen (in the case of a confining pressure
leak into the specimen by jacket failure) or received, if a pore
fluid pressure is desired. Thus, pore fluid pressures may be
introduced by coupling the pore pressure control equipment's
extension tube to the external section of the emplaced upper
piston. Once attached, pore pressures can be increased to those of

the surrounding confining pressures by means of a hand-turned



LOADING SYSTEM

Figure 3-2.  Differential load can be produced by either a 10,000
p.s.i. hand pump (1) or through 8 syringe pump driven
by a multi-rate gear box (2).
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CONFINING PRESSURE SYSTEM

Figure 3-32. Confining pressures of up to 10,000 p.si. can be
achieved using the hand pump 13, For confining
pressures teyond this a hand turned pressure
generator (2 may be used or pressure may be
increased by a pressure intensifier (20 driven by

multi-rate gear box (4},



pressure generator (Figure 3-4).

The system controlling the strain-rate consists essentially of
a computer receiving the load and displacement signals and
outputing signals to the multi-rate pump driving the ram (Figure
3-5). The Direct Current signals, from the load cell and the LVDT,
are supplied via an analog to digital converter to the computer,
which by using data reduction techniques similar to those of
Donath and Guven (1971), in either a constant displacement-rate
or a constant strain-rate program (See Appendix A), determines
the required piston advance rate at that time. The computer then
sends a Direct Current analog output to the motor speed control
unit ('"Parajust’) which regulates the speed of the multi-rate pump

to that necessary for the desired strain-rate.

Sl-1 MSA UNIT- The SI-1 Magnetic Susceptibility and
Anisotropy Instrument is capable of measuring both the bulk
susceptibility and the magnetitic susceptibility anisotropy (MSA)
of rocks, minerals and other materials. The unit was developed by
Dr. M. Stupavsky of Saphire Instruments, Ruthven, Ontario, and
consists of four basic components:

1) A Sensing Coil of inner volume 160 cm3
2) Precision digital circuitry for measuring the inductance

of the sensing coil to seven significant figures.



Figure 3-4.

PORE FLUID PRESSURE SYSTEM

The fluid in the container (1) is drawn into the hand
turned pressure generator (2) by turning the wheel
counter-clockwise, the fluid is then sent into the
sarmnple via tubing which is conected to the upper
piston (3} by turning the wheel clockwise.



Figure 3-5

DATA PROCESSING AND STRAIN-RATE
CONTROL SYSTEM

Displacements from the LYDT (1) and the amount of
load on the sample from the 1oad cell {2) are read as
voltages and are recorded on the ¥-Y chart recorder
(3). From the chart recorder the voltages are
converted to digital numbers ranging from 1 to 4096
by the analog to digital converter (4). The computer
(S) records the readings and computes the current
amount of strain and the present strain-rate, if
alterations in the rate of deformation are required
the computer sends & signal to the ‘Parajust’ (6) a
motor speed contol unit which sends & voltage to the
multi-rate gear box (7} which controls the ram
pressure.



3) Interface circuitry that enters the measured value into
a Hewlett-Packard-41 CV calculator

4) The HP-41 CV calculator that functions as a data
storage and processor unit as well as a communication

link between the operator and the measuring coil

The SI-1 unit determines the magnetic susceptibility (MS) of a

sample by performing two equally timed measurements of the

inductance of the measuring coil. The first, Lg, is measured with

the sample inside the coil and the second, L, with the sample

removed from the coil so that inductance of the air and background

is measured. Thus the samples susceptibility, Kg, is determined

by;

A Saphire Instrument program determines the orientation of
the principal susceptibility axes and the magnitude of the
anisotropy of magnetic susceptibility of magnetic specimens from
MS measurements for either 6, 12 or 24 specified orientations
inside the measuring coil. The number of orientations and the
measuring time required for meaningful reproducible AMS results
depends on the magnitude of the specimen’s magnetic

susceptibility and on the degree of anisotropy (See Appendix B).



Materials

The requirements for a suitable material for this study are

many:

(i) Specimens used in the experiments have to be of
relatively small size, to fit into the pressure vessel.
Consequently, the bulk susceptibility has to be high so
that the anisotropy of susceptibility can be determined

precisely.

(ii) The initial anisotropy of susceptibility of the

specimens has to be low so that the difference in shapes
of the specimen before and after strain does not produce
a shape effect which adversely affects the determination

of the susceptibility ellipsoid.

(iii) The experimental demands on the material are such
that it has to be suitably strong so that it permits the
pistons of the triaxial rig to be precisely seated against
the specimen at the start of the test; suitably ductile at
the range of confining pressures and strain rates
permissible and of a suitable grain size to favour

homogeneous deformation.



With the success of similar experimentation utilizing synthetic
materials prior to this investigation (Borradaile and Alford 1987)
and being unable to find a natural material which met these
requirements, an artificially cemented 'sandstone’ was
synthesized.

In order to facilitate a comparison of changes in the AMS with
strain, under differing deformation mechanisms, two
compositionally different 'sandstones' will be used.

The chief component of the first cemented 'sandstone’ block is
a glacio-lacustrine beach sand. Presumably, this composition
would illustrate deformation by cataclasis when subjected to
experimental strain rates (i.e. Donath and Fruth 1971).

The sand originated from the northern coast of Black Sturgeon
Lake, Northern Ontario (Figure 3-6). It was chosen for its
reportedly high content of magnetite (Coates 1972). The sand was
then sieved to retain an aggregate in the grain size range of 2.0 -
2.5 0@ (0.25-0.176 mm). The sieved sand had at this stage a
mineralogy dominated by pyroxene, quartz and feldspar with an
enhanced magnetite content of about I5 wt. %.

Calcite was chosen to be the chief component of the second
block as it has proven to be a fairly 'soft' material under
experimental conditions (Donath & Wood 1976) and has been
reported to accommodate strain by plastic grain deformation (i.e.

Friedman et al., 1976).
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Figure 3-6.  Location map of materials used for this study. The
magnetite rich sand (indicated by a M) originated
from the north shore of Black Sturgeon Lake and the
calcite {indicated by a & ) from a vein approximately 4
miles west of Stanley, Ont.



The calcite was sampled from a vein near Stanley, Northern
Ontario (Figure 3-6). It was later crushed and sieved to a grain
size of 2.0 - 2.5 @ (0.25-0.176 mm). Magnetite, crushed and sieved
to the same grain size, in non-ferrous sieves, was added to the
sieved calcite.

Both aggregates were cemented with 30% (dry volume
proportion) Portland cement, which was evenly distributed through
the sieved material before the addition of warm water which
facilitated rapid setting. 'Flow fabrics' of the fluid mixture were
prevented by setting the aggregate in a large shallow tray. The
tray was rotated during setting to minimize the aligning effect of
the Earth's magnetic field on the magnetite.

Both blocks were left to set for approximately one month
before cylindrical specimens, 0.75 inches in diameter, were
core-drilled from the blocks.

The materials have approximately 10% magnetite by weight.
This produces a bulk susceptibility of 4.79x10™3 + 6.892x107/

3 in the sand-cement mixture and 7.114x1 0'3 +

c.g.s./cm
2.236x10°7 c.g.s./cm3 in the calcite-cement mixture, which is
sufficient for precise determination of the MSA (See Appendix B).

The specimens were then angle-cut with a slow speed rock saw
such that the cut from the cylindrical specimen makes an angle of
559 with its long axis. Rough edges on the elliptical disk pieces

were then ground down by hand so that the sides were parallel to
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within 0.002 inches.

To create a shear zone environment, the elliptical angled disks
were placed between two equal diameter cylindrical end-pieces of
cut to a similar angle (Plate 3-2). Berea sandstone was chosen as
the material for the end pieces because of its strength, low bulk
susceptibility (1.47x10°8 + 2.43x1077 ¢.g.s./cm3) and ease of
handling.

In order to record displacements parallel to the shear zone, two
reference makers were drawn on the elliptical inclined disk, such
that when the assembly is viewed from the side, the markers
would be on either side of the shear zone at the end-piece contact.

Several of the cylindrical specimens were retained as cylinders
for pure shear tests and bulk susceptibility measurements . In this
case, care was taken to ensure that the ends of the specimens
were ground flat such that they were parallel to within 0.002
inches and that the specimens were of an appropriate length for

both deformation and AMS measurement.
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Plate 3-2. Shear zone specimens. From left to right, the
upper and lower pistons, the composnents ¢f
the shear zone assembly: an angle cut disk of
the sand-cement material between two angle
cut pieces of Berea sandstone and to the right a

complete shear zone assembly.
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Determination of Magnetic Susceptibility

The anisotropy of magnetic susceptibility of the cylindrical
cores and shear zone specimens were determined before and after
deformation in the SI-1 MSA unit, described previously.

The AMS measurement may be influenced by the shape of the
specimen, especially in the case of materials with a low bulk
susceptibility that are very weakly anisotropic. In this case, the
maximum susceptibility will appear to be parallel the specimen's
long axis and the minimum susceptibility will appear to be
parallel to the short axis. This effect is simply the result of the
difference in the amount of material, due to the geometry of the
specimen, interacting with the lines of magnetic force induced in
the sensing coil during a measurement.

For right-circular cylindrical specimens, the length/diameter
ratio can be critical to the outcome of the determination of the
MSA. A length/diameter ratio of 0.85 has been found to produce the
minimum shape response with right cylinders (Porath et. al. 1966).
Previous tests, however, on a high bulk susceptibility material
very similar to those used in this investigation, have shown no
significant change in the orientations of the principal
susceptibility directions and the degree of anisotropy, P', when the
length/diameter ratio differs slightly from 0.85 (Borradaile and
Alford 1987).
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Thus, any shape effect caused by the length/diameter ratios of
the cylindrical specimens employed is considered to be negligible.

To test if the shape of the angled disk pieces in the shear zone
assembly would cause any shape effect problems, two experiments
were conducted.

First, a cylindrical specimen was cut and ground down such
that its length/diameter ratio was 0.85. Its AMS was then
measured, the degree (P') and shape (T) of the anisotropy of
magnetic susceptibility calculated and the principal orientations
of susceptibility plotted on a lower hemisphere equal area
stereonet.

Next, two cuts were made at an angle of 55° from the cylinder
axis such that an inclined disk of maximum possible width was
generated from the specimen. Again, the specimen's AMS was
measured, the P' and T parameters calculated and the orientations
of the principal susceptibility directions plotted on the same
stereonet (Figure 3-7).

The P'and T parameters calculated from the cylindrical
specimen and the resultant inclined disk are plotted on a
Hrouda-Jelinek diagram (Figure 3-8).

Since it is desirable to have the least degree of heterogeneous
shear strain within the shear zone, the width of the inclined disks
should be as narrow as possible. To test this effect of narrowing

the shear zone on any possible shape effect, a second experiment



Figure 3-7.
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The directions of the principal susceptibilities piotted
on a lower hemisphere equal area stereonel for 1, the
cylindrical specimen and 2, for the inclined ellipticai
disk cut from the cylindrical specimen. Note how the
orientation of the susceptibility directions do not
change significantly.
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was conducted.

For this test, an inclined elliptical disk of some thickness was
incrementally ground down to the narrowest possible width
allowing for material constraints. At each step the AMS was
measured before the shear zones' width was further reduced.

Figure 3-9 displays the orientations of the principal
susceptibility directions for the experiments.

The degree of anisotropy (P') and shape (T) parameters are
plotted separately against the changing width of the disk as
described by the width/diameter ratio (Figures 3-10 & 3-11).

Since the 95% cone of confidence about a determined principal
direction can be as much as 3° (See Appendix B) and since the
process of grinding down the sample removes much magnetic
material, the true change in the principal susceptibility directions
of the previous experiments (see Figures 3-7 & 3-9) can be
considered negligible.

Therefore, with respect to the principal susceptibility
directions, any change in shape from a cylinder to an inclined
elliptical disk, or a moderate decrease in the width of the disk,
does not induce any significant changes in MSA orientations.
Similarily, no significant change occurred in the value of the
degree of anisotropy, P' (see Figures 3-8 & 3-10). However, the
shape ellipsoid parameter, T, was slightly reduced in value in both

experiments (see Figures 3-8 & 3-11). While such a change appears
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A lower hemisphere equal area stereonet dispiaying the
orientations of the principal susceptibility directions
for each inclined elliptical disk (1 to &) as the width is
being reduced.



Effect of changing width of angled wedge
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Figure 3-10. lustrating the degree of anisotropy (P*) of the
magnetic susceptibility ellipsoid from each inclined
elliptical dick as the width/diameter ratio is being
incrementally reduced. Note that the reduction of width
has little effect on the degree of anisotropy.
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Figure 3-11. [llustrating the shape (T) of the magnetic
susceptibility ellipsoid from each inclined
elliptical disk as the width diameter ratio is being
incrementally reduced. Note that the flattened shape of
the susceptibility ellipsoid is generally being reduced
along with the width of the disk.
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substantial it should be realized that the ellipsoids described are

very nearly spherical and plot near the origin on a graph of

Kmax/Kint versus Kint/Kmin’ since their P' values are so low.

Thus any substantial changes in P', T and orientation of the
susceptibility ellipsoid, after an experiment, can be attributed to
deformation.

Previous experimental shear zones (Friedman and Higgs 1981,
Rutter et al., 1985, Knapp et al., 1987) have used an angle of 35°
between the shear zone and the maximum shortening direction (the
Z-axis) for the entire shear zone assembly. This smaller angle
ensures that, during deformation, most of the displacement of the
end pieces will be along the shear zone boundaries. However, for
AMS work, problems arise with this experimental set up. Since the
angle between the shear zone and the Z-axis is fairly small the
shear zone assembly must be relatively longer than the 55° shear
zone assembly in order to accompany this angle (Figure 3-12).
Such a lengthy shear zone would be difficult to produce due to
material strength considerations and although not tested, a disk of
such shape would be more likely to cause a shape effect when
measuring the AMS of the specimen. Thus the 55° shear zone
orientation was necessesarily used.

In terms of shear strain, the 55° orientation will experience an
equal amount of shear stress as will the 35° shear zone

orientation.



Figure 3-12. Nlustrating the relative lengths of two experimental
shear zonhe assemblies, to the left the commonly used
shear zone orientation of 359, and the other, the 55°
orientation, which s used in this study.
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The MSA measurements of the experimentally deformed
samples were conducted using the 12-orientation method. A
reference arrow was placed on one end of the shear zone assembly
and on one end of the cylindrical specimens to permit changes in
the susceptibility orientations to be detected relative to that

marker.
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Experimental Deformation

Dry specimens (atmospheric pore fluid pressure) of known
magnetic susceptibility were deformed at room temperature in the
triaxial rig described earlier.

The specimens were double jacketed in Teflon tubing prior to
deformation. Teflon, having a negligible susceptibility, allows the
samples to be left in their jackets for the MSA measurement after
the sample has been shortened. The use of the teflon jackets are
particularly useful for the shear zone tests, as the assembly must
be reasonably cohesive even before deformation, as well as for
tests involving multiple episodes of experimental deformation on
single specimens, since materials would likely crumbie if removed
from their jackets after some amount of strain.

Several series of tests were initiated for the sand-cement and
the calcite-cement shear zones. At first, single step-deformation
experiments were conducted (i.e. Sand-cement Series A), however,
as it will later become apparent, this type of test was found to be
less informative than the multiple-step deformation test.

For a single step deformation test, the specimen is seated
against the upper and lower pistons of the triaxial rig, subjected
to some desired confining pressure, then reseated against the
pistons and deformed to a certain axial strain. At the end of the

test, the differential stress is removed by slowly reducing the
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ram pressure, eventually unseating the specimen. The confining
pressure is then reduced to zero and the specimen removed from
the pressure vessel.

For the multiple-step deformation test the single step
procedure is repeated several times on one sample, usually in
2-4% increments of axial strain. Figure 3-13 illustrates how the
multiple-step test would appear on the X-Y chart recorder.

In each case, the MSA is measured before and after
deformation.

Three separate series of experiments, each at a different

confining pressure (P), were conducted for the sand-cement shear

Zones.

Series Aat a P of 10,000 p.s.i. (0.689 kbar)
Series B ata P of 14,500 p.s.i. (1.0 kbar)

Series C at a P of 21,750 p.s.i. (1.5 kbar)

The calcite-cement shear zones were deformed in two separate
series.

Series 1 ata P of 14,500 p.s.i. (1.0 kbar)

Series 2 at a P of 21,750 p.s.i. (1.5 kbar)

Before deformation, each of the shear zone assemblies were
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Figure 3-13.

PISTON DISPLACEMENT (inches)

The multiple~-step deformation method. After an
increment of deformation the sample is removed from
the pressure vessel and its magnetic susceptibility
gnisotropy recorded. The sample is deformed in 85 many
increments as is possible within the limitations of the
spparatus, usually in 2-4% increments of axial strain.
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pre-compacted, for 12 hours, under a slightly higher confining
pressure than that required for the experiment. This ensured a
proper seating of all the components of the assemlby.

All the shear zone experiments were deformed at a constant
displacement-rate of 5.0x1 0 inches. 5™ (whole sample
shortening). Shear strain measurements were calculated from the

shear zone width and displacements parallel to the shear zone by:
x = shear displacement/width

See Figure 3-14 for reference.

In total 90 shear zone experiments were conducted.

Only one series of pure shear experiments were conducted. The
material used for the tests was the calcite-cement 'sandstone’. A
specimen shape was selected which would suppress faulting as a
mode of failure and encourage failure by a macroscopically ductile
fashion. The initial length/diameter (I/d) ratio was in the range
1.29 > I/d > 0.95. This was varied so that the final I/d ratio
expected after a certain amount of shortening would produce the
minimum shape effect upon the determination of the MSA. The
samples were all deformed at a constant strain-rate of 5.0x10°6
sec’! undera confining pressure of 21,750 p.s.i. (1.5 kbar). In
total, 9 single-step and 14 multiple-step deformation experiments

were conducted in pure shear.



Figure 3-14.

¥ = tan¥ = SD(shear displacement)
W(width)

Schernatic diagram of the shear deformation of the
inclined elliptical disk. The width of the shear Zone is
measured directly and two originally diametrically
opposed markers record the amount of displacernent
parailel to the shear zone walis (SD). The amount of
shear strain () occuring within the shear zone 15 then
calculated.
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Stress Relaxation

After the accumulation of approximately 5% axial strain a
computer subroutine is invoked (See Appendix A) which first stops
any further advance of the pistons in contact with the specimen.

The pistons are then 'locked' into place by manually closing a
valve which isolates and contains the pressure in the hydraulic
fluid supporting differential load. The lower piston cannot then
back away from the specimen, as the hydraulic fluid is essentially
incompressible.

The currently stored elastic strain in the specimen-piston
assembly is then dissipated into permanent strain within the
specimen, over a period of time. During this time, the computer
monitors the length of the specimen and the reduction in
differential load and then determines the rate of accumulation of
permanent strain in the specimen.

During stress relaxation, the first or fastest strain-rate that
would be recorded is commonly slower than the strain-rate which
was employed throughout the loading procedure. In order to attain
strain-rates which are faster, the strain-rate is increased by an
order of magnitude just prior to invoking the stress relaxation
sub-routine.

The stress relaxation procedure was performed on 0.75 inch

diameter cylindrical specimens of both the sand-cement and
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calcite-cement material at each of the confining pressures
utilized for the shear zone tests.

Stress relaxation was also conducted on Berea sandstone, the
material used for the end pieces of the shear zone specimen
assembly. One test at a confining pressure of 21,750 p.s.i. was
deemed sufficient to determine the flow law of the sandstone at

the experimental strain-rates.



CHAPTER FOUR

Observations

Two types of tests were conducted such that changes in MSA
with strain would be represented by experimental approximations
to two distinct idealized strain histories, pure shear and simple
shear. Although the criteria for the strain histories are not
strictly met, experiments involving axial shortening of cylindrical
specimens are considered to be analogous to deformation by pure
shear. Deformation by simple shear with some transpressive
compaction is considered to be represented by the shear zone
experiments.

In describing the experimental results from the "simple shear”

and "pure shear"” tests, attention will be focussed on:

1) Changes in the orientation of the susceptibility ellipsoid
with strain

2) Rate of Rotation of the susceptibility axes

3) Changes in the shape and anisotropy of the susceptibility
ellipsoid with strain

4) Microscopic observations

5) Stress relaxation results

For the purpose of visually describing changes in the principal



susceptibility directions an equal area stereonet has been
employed. For deformation in simple shear, the results have been
rotated in a manner following Friedman and Higgs (1981). In this
way, the top of the stereonet represents the top of the sample and
the shear direction (55° from the specimen axis) is the
perpendicular to the viewer (Figure 4-1). Changes in orientation of
the susceptibility ellipsoid can then be easily reconciled with the
sense of movement within the shear zone, and compared to the
finite and incremental strain ellipse appropriate for the shear
strains.

For deformation in pure shear, the stereonet is simply a lower
hemisphere view. The edge of the stereonet is in this way coplanar
with the plane of flattening (the X-Y plane of the strain ellipsoid)
and the center of the stereonet coaxial with the maximum
shortening direction (the Z-axis) (Figure 4-2). Rotation of the
principal susceptibility directions during shortening of the
cylindrical specimens can be then easily interpreted in relation to
the principal strain directions.

The rotation of the principal susceptibility axes are compared
to the rotation of a theoretical linear line element undergoing
similar amounts of simple and pure shear. In this manner, some
estimate can be made of the rate of rotation of the susceptibility
ellipsoid with strain.

The change in shape of the susceptibility ellipsoids are



TOP OF SAMPLE

Figure 4-1

principal susceptibility directions in experimental
simple shear.



Z—-axis

>
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Figure 4-2. drientation of the lower hemisphere equal area
stereonet with respect to the direction of the
maximum shortening (Z-axis) and the plane of
flattening (X-Y plane) for the experimental pure
shear tests,



illustrated by the use of natural log 'susceptibility plots’ showing
the changes in ratios of the principal susceptibilities. Jelineks'
(1981) parameters P' and T are used to illustrate changes in both

anisotropy and shape of the susceptibility ellipsoid.
In correlating the strain with the difference in total

anisotropy, AP' is used, which is the difference between the

anisotropy degree before deformation, P, and after any increment

of deformation, P, so that:

AP' =P - Py

Strain in pure shear has been represented by In(x/z) where:

z=1-e
x=242

and

e = (g - In)lg

where |4 is the initial length of the specimen and |, is the

length after strain.

In simple shear strain is represented by In(x/z) where:



x/z = (A 414 5)1/2
and
Ajorhy=1/2(52+2xy (52 +4)13)

A 1= X2
A o= 22
after Ramsay (1967)

Strain has been plotted in this fashion such that any power-law

relationship of the sort;

AP « In(x/z)

such as recognized in pure shear deformation by Borradaile and
Alford (1987), will be apparent for both the current pure and
simple shear experiments.

Thin sections were prepared for the pure and simple shear
specimens such that both the undeformed materials and at least
one deformed specimen from each series of tests would be
represented.

Stress relaxation results are plotted on log stress versus

-log(strain-rate) graphs such that the relationship;



strain rate o (stress)"

may be illustrated. As discussed earlier, the slope of the line
fitting the data presented on the stress relaxation plot is

equivalent to the stress exponent, n. Thus;

n = (log é,-log é,)/(log 4-log O})

where € is the rate of permanent strain accumulation, in s'1, and
O is in bars.

Relaxation of materials in a shear zone assembly have been
previously recorded (Rutter et. al. 1985). However, the materials
used in the shear zone assembilies of this investigation are
noteably different from those of Rutter et. al. (1985). Also, the
effect of relaxing two rheologically different materials at the
same time is not yet understood, thus an initial series of
relaxation tests were conducted on the materials that would be
used to form the shear zone disks.

Three tests were conducted:

1) Relaxation of a 0.75 inch diameter cylindrical specimen of
the end piece material for the shear zone assemblies (Berea

sandstone) at a confining pressure of 21,750 p.s.i (1.5 kbars)



2) Relaxation of a 0.75 inch diameter cylindrical specimen of
the Sand-cement material at a confining pressure of 10,000
p.s.i. (0.689 kbars)

3) Relaxation of the Berea sandstone/Sand-cement shear zone

assembly at a confining pressure of 10,000 p.s.i. (0.689 kbars)

The results of the relaxation of Berea sandstone are illustrated
in Figure 4-3. The slope of the data (n) is approximately 40 over
the range of strain-rates permitted during the relaxation.

The confining pressure chosen for the relaxation of the
Sand-cement and shear zone assembly are less than that for the
Berea sandstone test, as caution was taken regarding any possible
leaks due to jacket failure. However, since the rheological
behaviour of the Berea sandstone is indicative of deformation by
cataclasis, it would indicate that at lower confining pressures the
result would be the same.

Figure 4-4 displays the resuit of the relaxation of the
Sand-cement material. The behaviour of the material varies
markedly from the Berea sandstone, as there is a noticeable
change in slope at a strain-rate of approximately 7.0x10-7 s (on
graph 10615 ).

Two relaxation tests on one shear zone assembly were
conducted, the first test during the elastic field of deformation

for the assembly (noted in the normal testing of the specimens)
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Figure 4-2. Stress relaxation results for 0.75 inch diameter

cylindrical specimen of medium grained Berea
zandstone at 1.5 Kbars confining pressure (o=
differential stress in bars, ép = the rate of
accumulation of permanent strain.
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Figure 4-4. Strees relaxation resuts for 0.75 inch diameter
cylindrical specimen of the sand-cement material at
0.689 Kbats or 10,000 p.si. confining pressurs.



and the second within the field of non-recoverable deformation.
For both tests, the value for the rock constant normally entered
into the calculation of stress relaxation (See Appendix A) was
arbitrarliy set to zero. This was done because the contributions of
each of the angled-cut materials to the elastic constant for the
entire shear zone assembly are unknown. Thus if any differences
existed between these two tests, they would be detected.

The data from the two tests display very little difference in
slope on the log stress versus -log (strain-rate) graph (Figure
4-5). Thus there would appear to be no rheological significance in
relaxing the shear zone assembly at either amounts of strain used.
The behaviour of the assembly as a whole is remarkably similar to
the behaviour of the Berea sandstone, indeed the shear zone
assembly consists mostly of the sandstone end pieces with only a
small amount of the artificial material (approximately 23% of the
volume in a typical one inch specimen) set between them.

Thus it is concluded that the resultant relaxation of the shear
zone assembly is principally due to the Berea sandstone, the result
lacking any similarity to the behaviour of the Sand-cement
material (See Figure 4-4). Of the two materials, Berea sandstone
also possesses the greater elastic rock constant value, the greater
value tending to mask the lesser when two materials are relaxed
together.

Therefore, at this time, precise stress relaxation results of the
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Figure 4-5. The results of two stress relaxation test of a
sand-cement shear zone assermnbly at 0632 kKbars or
10,000 p.si. confining pressure. The 2.4%
deformation result represents relaxation within the
elastic range for the material and the 768
deformation represents relaxation within the range
of plastic deformation.



sandwiched materials cannot be obtained due to the complex
specimen geometry. Therefore, only cylindrical specimens of each
individual material will be investigated.

Subsequently, the relaxation of the shear zone materials, at the
various confining pressures used, will be conducted in a pure shear
geometry. At each confining pressure, at least two relaxation
tests were attempted. The first, after approximately 5% axial
strain and the second relaxation result was obtained by relaxing
the same specimen by reloading it after its initial relaxation. The
data from the tests, which run for a period of up to 48 hours, will
be dismissed in part or in whole if an inordinate amount of
confining pressure was lost or significant line voltage

fluctuations occurred (See Appendix B).



Sand-Cement Shear Zones

For the sand-cement material three separate series (A, B and C)
of tests were conducted, each at a different confining pressure.
han in the anisotr h nd orientation of th
ibility ellipsoid:

For the first series, A at 0.689 kbars confining pressure,
eleven shear zone specimens ( A to K ) were deformed using the
single-step method. Shear strain ( § ) values ranging from 0.02 to
0.4 were produced.

The rotations of the principal susceptibility directions from
the experiments do not display any consistency in the direction of
their displacement. Although the principal susceptibility
directions can be significantly rotated (i.e. Figure 4-6), it is not
known whether the alterations in the susceptibility ellipsoid
correspond to the finite or incremental strains within the shear
zone.

The susceptibility ellipsoids for most of the undeformed
specimens lie in the field of flat-shaped elli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>