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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 5.0x10“^ 

inches, s'** (corresponding to a slip displacement-rate on the 

shear zone walls of 8.7x10'^ inches, s'"*) was employed. Final 



shear strain values ranged from 0.025 X 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"® s"^. Final 

axial strain values ranged from 4.42% to 18.3% shortening. 

The development of simulated ’’tectonic'’ magnetic fabrics in 

both pure and simpie 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 (le. 

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 
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magnetic susceptibility was discovered by correlating the 

macroscopically determined strain with the change in the 

anisotropy of magnetic susceptibility. 
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Aims and Scope of the Thesis 

This Investigation focusses upon the bulk strain effects during 

pure and simple shear on two multigranular, multiminerallc 

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? 

(ii) What was the state of the primary or pre-tectonic 

susceptibility anisotropy? 

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

alter the original susceptibility (Kjj) to the final 

susceptibility (K'jj) ? 

(iv) What Is the state of the finite strain of the rock (ey)? 

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; 



4 

(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 (ejj) 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 (ill), 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 will 

provide an invaluable guideline for the experiments of this 

investigation. However, the previous tests were ail 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. 

Experimental 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 
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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 (J^ In 'triaxiar tests. 

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

rock Is extended in the direction of the long axis of the specimen 

and O -| * CJ2 > 0'3 for 'triaxlal' 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 
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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-strain 

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) 

Figure 2-2. Volume changes (Dilatancy) versus strain for 

various confining pressures. Higher confining 

pressures inhibit dilatancy. 

(from Paterson 1973) 
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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 erogenic regions (Carter 1976). 

The rates calculated fall in the range of 10'^^ to 10"^^ s"^, 



Figure 2-3. Diagram illustrating hovv pore fluid pressure 

acts to reduce the stress value at grain contact 

If the pore fluid pressure is large enough the 

grains may slide past each other 
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after Rutter (1972) 
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however, much faster rates (i.e. 10“® s‘^) 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 10“^ to 10"®. 

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-strain curve during a triaj^ial 

compression test. T1>T2 and e1>e2. Mote how by 

either increasing the temperature or decreasing 

the strain-rate cause the differentia] stress at 

the yield point to decrease. Thus they have a 

‘weaking’ effect on the rock. 

(from Paterson 1978) 

Figure 2-6. If the geologic mechanical behaviour of a rock is 

to he simulated in the lab, the temperature must 

be raised due to the fast laboratory strain-rates. 

(from Paterson 1978) 
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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 & Blade 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; 



7 

e= A exp(-H/RT){G) /g (S) 

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

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

(a) is a function of stress andy^(S) 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, 

e ^ 

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 )/ (a - a ) 
2 12 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 
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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 
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2) Intracrystalline Plasticity 

3) Diffusive Mass Transfer, and 

4) Recrystallization 

It is important to note that no one 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 



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 flov/, 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 2-8. 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. 



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 gilding 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 magnetocrystailine 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: 

•^11 ^12 *^13 

(<21 I<22 I<23 

*^31 ^32 *^33 
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Completely defined, the magnetic susceptibility tensor 

describes the magnitude and anisotropy of the magnetic 

susceptibility's ellipsoid. The components ^, k.22 and of the 

tensor are called the principal susceptibilities and their 

directions the principal susceptibility directions when k.j the 

maximum (kpp^), k22* the intermediate (kj^^) and k33= the 

minimun (kp^jp) susceptibility directions. The orientations of the 

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: 

^max^ *^int 



L ^max/Kjnt 

Principal Susceptibility Planes 

Kmax-Kint  IL Kmax-Kmin Kint-Kmin 

Figure 2-9. The 'susceptibility plot' with axes, L, the 

magnetic lineation, and F, the magnetic foliation 

described by the ratios of the principal 

suscepli bi 1Hy tji rec 1 i 0ns. 



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 = kjp^/ 

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(ai 2+ 32^ + 302)] 1/2 

where a-| = ln(k-|-|/k) etc. and: 

k = (ki 1 • k22’ k33)^^2. k^ ^ = k^ax etc. 

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

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



Figure 2-10. Illustrating the variation of the anisotropy 

parameter, P', in terms of the ratios of the 

pricipal susceptibilities. 

(From Sorradaile and Alford 1987 

Figure 2-11. Illustrating the variation of the shape parameter, 

T, in terms of the ratios of the principal 

susceptibilities. 
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The shape of the magnetic susceptibility ellipsoid is 

represented by Jelinek's T parameter where: 

T = [2 (In k-| 1 - In [<22) / (In l<22 - In l<33) ] -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. 

Magnetic Susceptibility Anisotropy Studies: 

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. 
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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. 



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 

depositlonal 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.,1975) 

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 Metamorphic 

Tectonites: 

When igneous or sedimentary rocks are subjected to even a 

weak deformation and/or metamoiphism, the susceptibility 



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 



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 ai., 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 (kmax’ 

kint, are noted to correspond with the principal strain 

directions (X, Y, Z) with; 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). 

Correlation between Magnetic Susceptibility Aniostroov and 

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 Fabric Studies bv 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). 
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CHAPTER THREE 

Apparatus 

The apparatus employed in the present investigation consisted 

of a Donath type triaxial rig, an SM 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. 
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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.l. 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 



Figure 3-1. Schematic diagram of the pressure vessel (1), the 
coupling collar (2) and the LVDT (3). The specimen 
(A) and anvil (B) are located within the pressure 
vessel and are seated against the upper (4) and 
lower pistons (5). 
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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 lbs 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 
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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 a syringe pump driven 
by a multi-rate gear box (2). 



CONFINING PRESSURE SYSTEM 

F i g ure 3 - 3. C o n f i n i n g p res s ure s o f u p t o 10,000 p. s. i. c a n b e 

achieved using the hand pump (I). For confining 

pressures beyond this a hand turned pressure 

generator (2) may be used or pressure may be 

i n c re a s e d b a p re s s u re i n t e n s i f i e r (3) d r i v e n b y 

rn u 11 i - rd t e g e a r b o x (4). 
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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 (’Parajusf) which regulates the speed of the multi-rate pump 

to that necessary for the desired strain-rate. 

SI-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 Coll of inner volume 160 cm^ 

2) Precision digital circuitry for measuring the Inductance 

of the sensing coil to seven significant figures. 



PORE FLUID PRESSURE SYSTEM 

Figure 3-4. 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 
sample via tubing which is conected to the upper 
piston (3) by turning the v/heel clockwise. 
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DATA PROCESSING AND STRAIN-RATE 

CONTROL SYSTEM 

Figure 3-5 Displacements from the LVDT (1) and the amount of 
load on the sample from the load cell (2) are read as 
voltages and are recorded on the X-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 
(5) 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 a signal to the Parajust' (6) a 
motor speed contol unit which sends a voltage to the 
multi-rate gear box (7) -which controls the ram 
pressure. 
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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, with the sample 

removed from the coll 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). 
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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. 
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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 15 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). 



89 90‘ 88' 

0 miles 

Figure 3-6. Location map of materials used for this study. The 
magnetite rich sand (indicated by a ■ ) originated 
from the north shore of Black Sturgeon Lake and the 
calcite (indicated by a A ) from a vein approximately 4 
miles west of Stanley, Ont. 
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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 (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"^ ± 6.892x10"^ 

c.g.s./cm^ in the sand-cement mixture and 7.114x10"^ ± 

2.236x10"^ c.g.s./cm^ 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 

55° with its long axis. Rough edges on the elliptical disk pieces 

were then ground down by hand so that the sides were parallel to 



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'® ± 2.43x10'^ c.g.s./cm®) 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. 



Plate 3-2. Shear zone specimens. From left to right, the 

upper and lower pistons, the composnents of 

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. 



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. I966). 

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 I987). 



Thus, any shape effect caused by the length/diameter ratios of 

the cylindrical specinnens 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 
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Figure 3-7. The directions of the principal susceptibilities plotted 
on a lower hemisphere equal area stereonet for 1, the 
cylindrical specimen and 2, for the inclined elliptical 
disk cut from the cylindrical specimen. Note how the 
orientation of the susceptibility directions do not 
change significantly. 
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Figure 3-8. illustrating the change in the shape (T) and the degree 
of anisotropy (P') of the magnetic susceptibility's 
magnitude ellipsoid as the inclined elliptical disk is 
removed from the cylindrical specimen. 
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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. 

Similarly, 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 



Figure 3-9. A lower hemisphere equal area stereonet dlsplayinq the 
orientations of the principal susceptiPirity directions 
for each inclined elliptical disk (1 to 8) as the width is 
being reduced. 



Effect of changing width of angled wedge 

Figure 3-10. Illustrating the degree of anisotropy (P') of the 
magnetic susceptibility ellipsoid from each inclined 
elliptical disk 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. Illustrating the shape (T) of the magnetic 
susceptibility ellipsoid from each inclined 
elliptical disk as the width diameter ratio is being 
incrementally reduced. Mote 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 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. Illustrating the relative lengths of two experimental 
shear zone assemblies, to the left the commonly u 
shear zone orientation of 35^, and the other, the 5 
orieritation, which is 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. 



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 crumble 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 A at a of 10,000 p.s.i. (0.689 kbar) 

Series B at a 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 at a 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. 

brittle/(ductile transition 

PISTON DISPLACEMENT (inches) 

The multip1e*“Step deformation method. After an 
increment of deformation the sample is removed from 
the pressure vessel and its magnetic susceptibility 
anisotropy recorded. The sample is deformed in as many 
increments as is possible within the limitations of the 
apparatus, 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 assemiby. 

All the shear zone experiments were deformed at a constant 

displacement-rate of 5.0x10“® inches. s“^ (whole sample 

shortening). Shear strain measurements were calculated from the 

shear zone width and displacements parallel to the shear zone by: 

^ = 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 (1/d) ratio was in the range 

1.29 > I/d > 0.95. This was varied so that the final 1/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'® 

sec'** under a 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. 



K= tan = SD(shear displacement) 

W(width) 

Figure 3-14 Schematic 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 displacement 
parallel to the shear zone walls (SD), The amount of 
shear strain (X) occuring within the shear zone is then 
calculated. 



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. 
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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 
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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 Orientation of the equal area stereonet V'/ith respect 
to the shear zone assembly used throughout this 
study to describe changes in the orientation of the 
principal susceptibility directions in experirnenta] 
simple shear. 



Z-axis 

Figure 4-2. Orientation 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. 
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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, PQ', and after any increment 

of deformation, P^', so that: 

AP = P ' -P ’ 

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

z = 1 - e 

X = 

and 

where IQ is the Initial length of the specimen and Ip is the 

length after strain. 

In simple shear strain Is represented by ln(x/z) where: 
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x/z = (A 

and 

orA2 = l/2(i$2 + 2±i$ (X2 + 4)''^2) 

X 1 = 

X 2 = z^ 
after Ramsay (1967) 

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

relationship of the sort; 

AP ln(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; 
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strain rate (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 eg-log et,)/(log a^-\og 

where e is the rate of permanent strain accumulation, in s'', and 

a 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 assemblies 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.l (1.5 kbars) 
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2) Relaxation of a 0.75 inch diameter cylindrical specimen of 

the Sand-cement material at a confining pressure of 10,000 

p.s.l. (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 result 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 10"®-*^^). 

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) 



RELAXATION OF BEREA SANDSTONE 

Figure 4-3. Stress relaxation results for 0.75 inch diameter 
cylindrical specimen of medium grained Berea 
sandstone at 1.5 Kbars confining pressure (cr = 

differential stress in bars, ep = the rate of 
accumulation of permanent strain). 



-lo9|o (ep) 

Figure 4-4. Stress relaxation resuts for 0.75 inch diameter 
cylindrical specimen of the sand-cement material at 
0.669 Kbars or 10,000 p.s.i. confining pressure. 
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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 

arbitrarily 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 



RELAXATION OF SHEAR ZONE ASSEMBLY 

Figure 4-5. The results of two stress relaxation test of a 
sand-cement shear zone assembly at 0.669 Kbars or 
10,000 p.s.i. confining pressure. The 2.4:^ 
deformation result represents relaxation within the 
elastic range for the material and the 7.61 
deformation represents relaxation within the range 
of plastic deformation. 
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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). 
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Sand-Cement Shear Zones 

For the sand-cement materia! three separate series (A, B and C) 

of tests were conducted, each at a different confining pressure. 

Changes in the anisotropy, shape and orientation of the 

susceptibility 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 ellipsoids (Figure 4-7). 

In nearly all cases, the effect of the experimental simple shear 

type of deformation is to move the susceptibilty ellipsoid away 

from the origin and further toward or Into the field of flattening. 

A reasonably consistent pattern is displayed on the T versus P' 

plot (Figure 4-8). The susceptibility ellipsoids (except for shear 



N 

Figure 4-6. Stereonet lllustratinq the changes in orientation 
of the principal susceptibility directions for 
5and“Cernent S2"D of Series A. 

Note that throughtout this study will be 

represented by a circle (0), angle (4.) 

and Kj^ip^ by a square (□), Those susceptibility 

directions relating to the undeformed specimens 
are unshaded while those relating to the 
specimen In the deformed state are filled. 
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SINGLE STEP SAND-CEMENT SHEAR ZONES 

In (kint / krtjjn ) 

Figure 4-7. Changes in ratios of the principal 

susceptibilities, equivalent to changes in the 
shape of the susceptibility ellipsoids for the 
sand-cement single step deformation experiments. 
Most of the undeformed susceptibility ellipsoids 
lie in the field of flat-shaped ellipsoids and with 
shear strain the ellipsoids move into or further 
into the field of flattened shapes. 



SINGLE STEP SAND - CEMENT SHEAR ZONES 
SERIES A 

Pc- 0*689 Kbar 

Figure 4-6. Illustrating the effect of the single-step 
experimental simple shear deformation on the 
susceptibility ellipsoids shape (T) and degree of 
anisotropy (P'X Generally the ellipsoids become 
more anisotropic and flattened with shear strain. 



zone specimens D and E) have become flattened and in all cases the 

ellipsoids have suffered a general increase in their degree of 

anisotropy with shear strain. 

However, when the change In the degree of anisotropy for each 

of the susceptibility ellipsoids are plotted against their 

respective shear strain values, a scattering of data occurs (Figure 

4-9). 

From the pure shear experiments of Borradaile and Alford 

(1987), it was surmized that even a linear relationship between 

AP' and In(X/Z) only partly illustrated the dependence of the 

changes In anisotropy on strain. The susceptibility ellipsoid, in 

this manner behaves somewhat like a passive physical ellipsoid 

object, in that besides its shape, its initial orientation is critical 

to the change in the MSA with strain. 

A wide degree of variability is found in the initial orientations 

of the principal susceptibility directions for experiments A to K. 

However, a close comparison of the initial susceptibilty directions 

in the series yields reasonably similar initial orientations in 

specimens A,G and J; and in B and E. Isolating the results from the 

experiments A,G and J (Figure 4-10), indicates that some linear 

correlation may exist between them. Therefore, the initial 

orientation of the susceptibility ellipsoid is perhaps significant in 

controlling the final ellipsoids' shape and anisotropy within the 

shear zone specimens. 



SINGLE STEP SAND-CEMENT SIMPLE SHEAR TESTS 

AP 

Figure 4-9. Hiustrating the change in the degree of anisotropy 
before and after shear strain (AP‘), against the 
natural logarithm of the shear strain ratio (X/Z) 
for all the sand-cement single step experiments. 
Note that no significant correlation is observed 
from the data from the individual shear zones. 



SINGLE STEP TESTS-SIMILAR INITIAL ORIENTATION 
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Figure 4-10. Correlation of AP* and the shear strain ratio (In 
(X/2)) for experiments SZ-A, SZ- G and SZ-J of 
Series A. These experiments are isolated from the 
others due to their common initial orientation. The 
correlation coefficient is 0.977. 



Subsequently, all further shear zone specimens were deformed 

several times in small axial strain increments (the multiple-step 

method). In this way, progressive changes in the magnitude and 

orientation of the susceptibility ellipsoid could be observed for 

each individual shear zone. 

Two individual multiple-step deformation tests were 

conducted for series A, totalling 16 experiments. 

The principal susceptibility directions for the two progressive 

tests are similar (Figures 4-11 & 4-12) and during the 

experiments, do not display any significant change in orientation. 

The angle between any principal susceptibility direction and 

the shear zone (cx.') can be measured directly on the primitive 

plane of the stereonet for each increment of shear strain. Using a 

diagram of the angular position, c<, versus shear strain, ^, It is 

possible to compare the rotation (the change in angular position) 

of the principal susceptibility directions to the rotation of a 

hypothetical line undergoing simple shear, as given by: 

COtcx.' = cot cX + 

Where any line starting with an initial orientation,, is 

rotated to a new position, cx.', after an amount of shear strain, 

(Figure 4-13). Thus every line of different initial orientation 
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Figure 4-11, The changes In orientation of the principal 
susceptibility directions for the multiply 
deformed sand-cement 5Z-L of Series A. 
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Figure 4-12, The change in orientation of the principal 
susceptiPllity directions for the sand-cement 
SZ-M of Series A, 
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experimental 
deformation 

y 

('^tancx:)* SD 

Figure 4-13. The equations describing the change In angular 
position of a material line within a block 
deforming by simple shear and the experimental 
deformation. 
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undergoes a different line rotation for a given shear strain value 

(after Ramsay and Huber 1983). 

Figure 4-14 displays the rotation of the principal 

susceptibility directions for experiment SZ-L (dashed lines) 

against those expected from variously orientated hypothetical 

lines undergoing simple shear (solid lines). Each of the three 

principal susceptibility directions displays a different behaviour: 

initially rotates faster than would be expected from a 

hypothetical line of the same Initial orientation and with further 

shear strain continues to rotate toward the direction of shear but 

in a manner that is slower than that of the line. intially 

rotates slower than would the line, and with further shear strain 

rotates toward the direction of shear in a manner that is faster 

than the similarly orientated line element. Throughout deformation 

Kmax assumes orientations that show it to be rotating in a manner 

that is sometimes slower and sometimes faster than the 

hypothetical line. The probable reason for this rather eccentric 

behaviour is Its orientation; shear zone, is nearly 

perpendicular to the plane which 1) contains the shear direction 

and is 2) perpendicular to the shear zone (e.g. the primitive plane 

of the stereonet). Subsequently, only those susceptibility 

directions that exist in or near (±20°) this plane will be 

considered. 



Figure 4-14. Comparison of the change in angular position, 
measured within the primitive plane of the 
stereonet, of the three principal susceptibility 
directions with respect to the shear zone (dashed 
lines) against the changes in angular orientation 
expected from variously orientated material lines 
(solid lines). 



13 

The change in angular position experienced by the hypothetical 

material lines are calculated assuming simple shear, where no 

change occurs in the width of the shear zone. However, in 

experimental conditions an appreciable change in the width of the 

shear zone may occur (up to 10%). Therefore, to accurately 

calculate the change in angular position of a hypothetical line 

undergoing deformation similar to that which is experimentally 

produced, it is necessary to take into account the width change 

within the shear zone (see Figure 4-13). Thus the new orientation, 

(X', is a function of the amount of shear displacement, SD, the 

original width, WQ, the new width, Wp,, and the old orientation,^, 

by: 

W 

tan   

(WQ/ tancx) + SD 

If no change in width occurs, the equation reduces to that 

describing the case of simple shear. 

The change in angular position can in this way be determined 

for any initially oriented line from the marks on the deformed 

specimens. So although no lines were actually drawn onto the 

shear zone the rotation described can be said to be equivalent to 

that of a Year line element. 
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Figure 4-15 dispays the rotation of those principal 

susceptibilty directions (dashed lines) within or near the plane 

containing the shear direction (the edge of the stereonet) from 

SZ-L in relation to a 'rear line of exactly the same initial 

orientation (solid lines) which is experiencing the same 

deformation. Kppjp and still display an initial rotation 

differing from those of the line elements. On the whole however, 

the rotations of and match those of the 'real' line 

elements much more closely than the rotations predicted using the 

previous method which did not account for compression of the 

shear zone (see Figure 4-14). 

The rotation of the principal susceptibility direction in 

SZ-M is somewhat different from that of the 'real' line of the same 

initial orientation (Figure 4-16). initially rotates toward the 

direction of shear at a rate much faster than the 'real' line 

element. However, with further shear strain Kmin rotates slightly 

away from the shear direction and then back toward It at a rate 

very close to the 'real' line. 

Both of the susceptibility ellipsoids of SZ-L and SZ-M initially 

began their deformation history as slightly flat-shaped ellipsoids 

(Figure 4-17). The ellipsoid for SZ-L takes on shapes during the 

first several increments of deformation that are sometimes less 

anisotropic and less flat before becoming progressively flatter 
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SZ-L SERIES A 

Figure 4-15. The change in angular position with respect to the 
shear zone, cc', of the and susceptibility 

axes, measured from the stereonet, for SZ-L of 
Series A (dashed lines) against those expected 
from real material lines of similar initial 
orientation (solid lines). 



Figure 4-16. The change in angular position measured for the 
Kmin susceptibility axis (dashed line) against that 
expected for a similarily oriented real material 
line (solid line). 



MULTIPLE STEP SAND-CEMENT SHEAR ZONES 
SERIES A 

in (k[nf / kfnin ) 

Figure 4-17. Illustrating the progressive change in shape of the 
susceptibility ellipsoids for the two multiply 
deformed sand-cement shear zones, SZ-L and SZ-M 
of Series A. 
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and more anisotropic with increased shear strain (Figure 4-18). 

The susceptibility ellipsoid of SZ-M, except for one minor step, 

becomes increasingly flatter and more anisotropic throughout the 

test. 

The correlations between the degree of anisotropy and shear 

strain, for the two experiments are illustrated in Figures 4-19 & 

4-20. The data from experiment L display an upward curve, 

whereas the data from experiment M display a linear power-law 

correlation. 

Three individual specimens were deformed in Series B, 

totalling 15 experiments. A confining pressure of 1.0 kbar was 

employed throughout the series. 

In shear zone one (SZ-1) the principal susceptibility directions 

remained In a relatively stable or 'fixed' orientation throughout 

the test (Figure 4-21). Thus, SZ-1 displayed a very similar 

behaviour to the previous multiple-step experiments SZ-L and 

SZ-M In Series A. 

In order to aid In differentiating effects associated with the 

finite strain, the incremental shear strain and any compaction of 

the shear zone on changes In the principal susceptibility 

directions it is necessary to: 

(a) Identify specialized orientations of the principal 

susceptibility directions before strain that will yield 

decisive information about the strain history: and 



MULTIPLE STEP SAND - CEMENT SHEAR ZONES 
SERIES A 
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Figure 4-18. Illustrating the progressive changes in shape and 
anisotropy for the multiply deformed shear zones 
of Series A. 
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Figure 4-19. Correlation of the change in the degree of 
anisotropy with the shear strain ratio for SZ-L of 
Senes A. 
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Figure 4-20. Correlation of the change in the degree of 
anisotropy with the shear strain ratio for SZ-M of 
Series A. The correlation is significant at the 95Z 
level with a coefficient of 0.993. 



SERIES B 
SAND -CEMENT SZ-I 

Figure 4-21. Illustrating the progressive changes in the 
orientation of the pnncipal susceptibility 
ellipsoids for SZ-1 of Series B. 



(b) Deform the specimen by an amount of strain necessary 

to observe significant changes in the susceptibility 

orientation. 

An orientation that might satisfy the above mentioned criteria 

is illustrated in Figure 4-22. Note that the maximum and minimum 

principal susceptibilities lie between the direction of the earliest 

'schlstosity' (representing the maximum principal axis of the 

incremental strain ellipse) and the direction of the plane of 

flattening that could exist due to axial compaction of the shear 

zone. In this orientation, rotation due to compaction would be 

clockwise, towards the plane of flattening, whereas a 

counterclockwise rotation would correspond to an initial 

movement towards the direction of the embryonic schlstosity. 

In order to detect this effect it would be necessary to stop the 

test at this point because any further amount of shear strain 

would rotate the finite strain ellipse In a clockwise manner. The 

net motion would then be indistinguishable from an early rotation 

due to compaction. 

Fortunately, SZ-2 began with an initial susceptibility 

orientation very near to the previously mentioned 'special' 

orientation. The initial and subsequent rotation of the principal 

susceptibilities (steps 0 to 1 through 4) is towards the direction 

of shear (Figure 4-23). The rotation Is In a clockwise sense, but 



Figure 4-22. One possible orientation of the and 

susceptibility axes that, during the initial 
increment of experimental simple shear 
deformation, may differentiate the rotation of the 
suscpetibility axes as to whether the simple shear 
or compaction component of deformation is 
primarily responsible for re-orientating the 
susceptibility ellipsoid. In this orientation the 
initial increment of strain may rotate the 
susceptibility directions toward the initial 
schistosity if the susceptibilities correspond to 
the finited strain ellipse within the zone or 
toward the plane of flattening if they correspond 
to the flattening of the shear zone. 
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Figure 4-23. Illustating the progressive changes in orientation 
of the principal susceptibility directions for SZ-2 
of Series B. 
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the susceptibility axes rotate beyond the trace of the plane of 

flattening. Thus, for this test the susceptibility directions appear 

to be behaving in a manner similar to the finite strain ellipse in 

that the maximum elongation direction continually rotates toward 

the shear direction, however no initial movement toward the 

embryonic 'schistosity' direction was recorded. 

All the susceptibility directions of SZ-3, in this series, 

displayed an initial counter-clockwise rotation and importantly 

the maximum susceptibility rotates towards the trace of the 

Initial 'schistosity' (Figure 4-24). With further shear strain, the 

susceptibility directions (especially Kj^^) rotated in a clockwise 

manner and eventually rotated into an orientation similar to SZ-2. 

Each of the prinicipal susceptibility axes within or near the 

plane described by the primitive plane of the stereonet, illustrates 

differing degrees of conformability to their respective 'real' line 

elements. Within SZ-1 the susceptibilty axes K^j,^ and 

initially rotate faster than the calculated rotations for the 'real' 

lines of similar initial orientation (Figure 4-25). With increasing 

shear strain, the rotation of Kmin and Kint both slow and their 

angular position become near to that of the 'real' line elements. 

The principal susceptibility directions and in SZ-2 

(Figure 4-26) rotate in manner that is slightly faster but very 

similar to that of the 'real' lines. 



N 

Figure 4-24. Illustrating the progressive changes In orientation 
of the pricipal susceptibility directions for S2-3 
of Series B. 
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SZ- 1 SERIES B 

Figure 4-25. The measured change In angular position of the 
and susceptibility directions (dashed 

lines) for SZ-1 of Series B against those 
calculated for similarily orientated real material 
lines (solid lines) experiencing the same shear 
strain. 
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SZ-2 SERIES B 

Figure 4-26. The measured change in angular position of the 
and susceptibility direction (dashed 

lines) for SZ-2 of Series B compared with the 
change in angular orientaion experienced by 
similarily oriented material lines. 



Within the susceptibility ellipsoid obtained from SZ-3, none of 

the principal susceptibility axes were near enough to the plane 

perpendicular to the shear zone and parallel to the direction of 

shear, and thus were not plotted. 

Each of the susceptibility ellipsoids progressed into or further 

into the field of flat-shaped ellipsoids but displayed a slightly 

different Initial shape change (Figures 4-27 and 4-28). The 

susceptibility ellipsoid of SZ-1 in the series simply became 

progressively flatter and more anisotropic with shear strain. SZ-2 

becomes progressively flatter with deformation, however in the 

initial increment of shear strain the ellipsoid became slightly less 

anisotropic. SZ-3, unlike the previous two shear zones, began in 

the field of rod-shaped ellipsoids. The first increments of 

deformation caused the susceptibility ellipsoid to become less 

anisotropic and assume a slightly more rod-shaped configuration. 

Further shear strain deformed the ellipsoid in a manner similar to 

the previous shear zones, with the exception of one Increment 

where the ellipsoids shape (T) did not change but its degree of 

anisotropy did. 

For each shear zone, a linear correlation of AP' versus ln(X/Z) 

could be determined (Figures 4-29 to 4-31). 

Three individual tests were conducted for Series C, totalling 

16 experiments. A confining pressure of 1.5 kbars was employed 

throughout Series C. 



SAND - CEMENT SHEAR ZONES (SERIES B) 

In ( kj'nt / kmin ) 

Figure 4-27. Illustrating the progressive changes in shape of 
the magetic susceptibility ellipsoids of the 
experimental sand-cement shear zones of Series B. 



SAND -CEMENT SHEAR ZONES (SERIES B) 

Figure 4-23. Illustrating the progressive changes in shape and 
anisotropy of the susceptibility ellipsoids of 
Series B. 



Figure 4-29. The correlation between the change in the degree 
of anisotropy (AP‘) and the shear strain ratio 
(In (X/Z)) for SZ-1 of Series B. The correlation 
coefficient is 0.989. 
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Figure 4-30. Illustrating the correlation between the change in 
the degree of anisotropy and the shear strain ratio 
for SZ-2 of Series B. The correlation coefficient is 
0.993. Note that the fourth data from the fourth 
experiment is corrected for bulk simple shear, this 
is due to the faulting of the shear zone assembly. 
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Figure 4-31. Illustrating the correlation between the change In 
the degree of anisotropy and the shear strain ratio 
for SZ-3 of Series B. The correlation coefficient Is 
0.989. 
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For each of the tests in Series C, there was an attempt to 

position the initial susceptibilities in the 'special' orientation 

discussed earlier. For SZ-1 and SZ-2 in Series C the orientation of 

the principal susceptibility directions (Figures 4-32 & 4-33) 

corresponded to the 'fixed' position noted in many of the previous 

sand-cement shear zone experiments. In SZ-3 the initial 

susceptibility directions were initially very similar to those of 

SZ-2 in Series B (Figure 4-34), but due to an Initial increment of 

strain that was either too small or too large, a rotation towards 

the initial schistosity was not observed. Eventually the principal 

susceptibility directions became 'fixed' in an orientation, except 

for the reversal in the positions of and (as noted in 

SZ-2 Series B), similar to all of the sand-cement shear zone 

experiments. 

The rotations of the susceptibility axes for the shear zones of 

Series C display a varied behaviour with respect to their 

respective 'real' line elements. Within SZ-1 the principal 

susceptibility axis rotates at a rate very nearly equal to that 

expected for the 'real' line (Figure 4-35). In SZ-2 of the 

series displays a markedly different rate of rotation from that 

expected from a similarily orientated 'real' line element (Figure 

4-36). Within SZ-2, Kp^jp, rotates much faster toward the direction 

of shear than does the 'real' line. Within SZ-3, the principal 
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Figure 4-32. Illustrating the progressive changes in orientation 
of the principal susceptibility directions for SZ-1 
of Series C. 



N 

Figure 4-33. The progressive changes in orientation of the 
principal susceptibility directions of SZ-2 Series 
C. 
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Figure 4-34. The progressive changes in orientation of the 
principal susceptibility directions of SZ-3 Series 
C. 



SZ-2 SERIES C 

Figure 4-36. Illustrating the measured change in angular 
position of the susceptibility axes (dashed 

line) of SZ-2 Series C against that of a real 
material line of a similar initial orientation 
experiencing an equivalent shear strain. 



20 

susceptibility axis initially rotates much faster than the 

'rear line, however with further shear strain Kj^jp begins to rotate 

In a manner which is similar to that of its equivalent 'real' line 

element (Figure 4-37). 

All of the undeformed susceptibility ellipsoids in series C lie 

in the field of the flat-shaped ellipsoids (Figures 4-38 & 4-39). 

The initial increment of shear causes the susceptibility ellipsoids 

to become slightly less fiat-shaped. Further experimental shear 

strain deforms the ellipsoids such that their degree of anisotropy 

progressively increases and the ellipsoids become Increasingly 

flatter. (Note the initial data point of SZ-3 may be in error). 

Again, there was a reasonably good linear correlation of the 

data for these sand-cement shear zones for the change in 

anisotropy with shear strain (Figures 4-40 to 4-42). 

Microscopic Observations 

The undeformed sand-cement material is superfically like a 

matrix-supported sandstone in thin section (Plate 4-1). The 

material consists of randomly oriented, round to sub-angular 

grains supported In a fine grained matrix of Portland cement. Grain 

to grain contacts are few (0 to 2 per grain) and because the sand 

was sieved prior to cementation the grain size variation is 

minimal. 



SZ-3 SERIES C 

Figure 4-37. The change in angular position of the Kmin 
principal susceptibility direction of SZ-3 Series C 
(dashed line) plotted against that of a real 
material line of similar initial orientation 
experiencing an equivalent amount of shear strain. 



SAND - CEMENT SHEAR ZONES (SERIES C) 

In ( k|*nt / kmin ) 

Figure 4-38. Illustrating the progressive changes in shape of 
the susceptibility ellipsoids of Series C as 
expressed by the ratios of the principal 
susceptibilities. 



SAND-CEMENT SHEAR ZONES (SERIES C) 

Figure 4-39. Illustrating the progressive changes in shape (T) 
and degree of anisotropy (P’) of the susceptibility 
ellipsoids of Series C. 
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Figure 4-40. The correlation between the change in the degree 
of anisotropy before and after successive 
increments of experimental simple shear 
deformation (AP’) and the shear strain ratio 
(In (X/Z) for SZ-1 of Series C. The correlation 
coefficient is 0.979. 



SZ-2 SERIES C 

(simple shear) In X/Z 

Figure 4-41. The correlstion between the change in the degree 
of anisotropy and the shear strain ratio for SZ-2 
of Series C. The correlation coefficient is 0.982. 



SZ-3 SERIES C 

Figure 4-42. The correlation between the change in the degree 
of anisotropy and the shear strain ratio for SZ-3 
of Series C. The con‘el8tion coefficient is 0.997. 



Plate 4-1. Photograph of the undeforrned sand-cement 
material. 
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The grains within the material are essentially monomineralic. 

The predominant grain minerals ,in order of abundance, are 

pyroxene, magnetite, feldspar and quartz. 

The pyroxenes are predominantly of a cllnopyroxene 

composition displaying well a developed cleavage. Orthopyroxene 

exsolution lamellae are found in a number of the pyroxene grains. 

Neither the cleavage planes nor the exsolution lamellae within the 

pyroxene grains exhibit any preferred orientation In the 

undeformed material. 

The magnetite grains are opaque in thin section. Approximately 

10% of the grains contain inclusions of quartz. 

Individual feldspar grains are twinned according to either 

simple or polysynthetlc twin laws. The twin planes of the 

feldspars display no preferred orientation within the undeformed 

material. 

From Series A, two samples, representing a relatively small 

=0.025 In SZ-A) and large (X'=0.378 in SZ-K) amount of shear 

strain were chosen for microscopic analysis. 

Within SZ-A there is little evidence of deformation except 

along the boundary of the shear zone where it meets the end 

pieces. In this region there appears have been some compaction, as 

evidenced by the cracking of grains and a greater number of grain 

to grain contacts. Within the centre of the shear zone the fabric 

could be representative of the undeformed material. This suggests 
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that shearing starts at the edges of the zone and progresses into 

the central portion. 

The material, in SZ-K, is more intensely compacted, evidenced 

by a greater number of grain to grain contacts and cracked grains 

appearing throughout the whole of the shear zone (Plate 4-2). 

Undulose extinction is noted in the quartz grains. Twin lamellae 

within the feldspars are thinner and more numerous. A weak 

preferred dimensional orientation of magnetite appears to have 

formed at an angle of approximately 40® to the shear zone. Grains 

along the boundary of the shear zone are reduced In size and 

pervasively cracked. 

SZ-1 and SZ-3 of Series B were sectioned. Both shear zones 

displayed a fabric similar to the highly deformed SZ-K of Series A. 

The number of grain contacts had inreased and many grains were 

cracked and some fragmented. One important feature noted in SZ-3 

of Series B was the Inclusion of magnetite grains within several 

microfaults. The magnetite appears to have 'flowed' in a 

quasi-plastic sense rather than broken and rolled Into the faults, 

as it remains visually cohesive (Plate 4-3). 

Only SZ-1 from Series C was sectioned. The fabric of the shear 

zone appears largely similar to the previous multiply deformed 

specimens of Series B. The grains display a pervasive cracking, 

twins within the feldspars are thinner and more numerous, 

undulose exinctlon is common In quartz grains and there appears to 



Corfiposity pholoprsph of bP~K ot benss A 
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of the sand-cement shear senes. ^ = 0.376. 





Plate 4-3. Optically continuos magnetite vv'ithin a microfault 
(centre of photograph) from experiment SZ-3 of 
Series B. 
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be a moderate to weak preferred dimensional orientation of the 

magnetite grains. 

Stress Relaxation 

Stress relaxation tests on three 0.75 inch diameter cylindrical 

specimens of sand-cement material were conducted at the 

confining pressures utilized In the shear zone series. At the time 

of the stress relaxation tests the material had been set for 8 

months, which Is ample time for the cement to cure. (Neville 

1981) 

Figure 4-43 displays the result of stress relaxation of the 

sand-cement material at a confining pressure of 10,000 p.s.i. For 

strain-rates between 2.0x10"^ and 3.98x10"^ s'^ (on graph the 

range would be from 10““^*^ tol 0'®-^ ) the data from the two tests 

yielded slopes (n values) of 48 and 54. Due to a slow confining 

pressure leak in the first test data pertaining to strain-rates less 

than 2.0x10"^ s’^ were dismissed, however, the second test was 

quite successful and a slope of 25 was determined for 

strain-rates from 2.5x10"® to 2.0x10'^s'^ (on graph range is 

from lO"®-"^ to lO"”^-® ). 

Figure 4-44 displays the results of relaxation at 14,500 p.s.i. 

(1.0 kbar). Significant fluctuations of the line voltage occurred 

during the second test, thus the results are probably invalid, 

however the results of the first test indicate that a slope of 42 
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Figure 4-43. The results of two stress relaxation tests of a 
0.75 Inch diameter cylindrical specimen of the 
sand-cement material at 0.689 Kbar or 10,000 
p.s.1. confining pressure (a = differential stress In 
bars and ep = the rate of permanent strain 
accumulation). 
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Figure 4-44. The results of stress relaxation of a 0.75 Inch 
diameter cylindrical specimen of the sand-cement 
material at 1.0 Kbar confining pressure. 
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fits the data from strain-rates between 3.16x10"^ and 6.31x10"^ 

s“^ (on graph range is 10"^*^ to 10’®-^ ) and for strain-rates in 

the range between 2.51x10"^ and 3.16x10"^ s"^ to 

10’^*® ) a slope of 26 fits the data. 

Both stress relaxation tests were good for the 1.5 kbar 

confining pressure experiment (Figure 4-45). For strain-rates 

between 2.0x10"^ and 3.16x10"^ s"^ ( on graph the range would be 

10”^*^ to 10'^-^) a line with a slope of 49 to 50 fits the data. At 

lower strain-rates, between 1.0x10'® and 2.0x10'^ s'^ (10'®-^ 

to 10'®'® ) a slope of 21 to 22 occurs. 

The relaxation results are all similar In their overall form. 

Although there is an Increase In the amount of load supported at 

5% axial strain with confining pressure, the fact that the data 

have similar slopes and a common inflection point indicates that 

there is no significant effect, on the stress-strain behaviour, 

caused by altering the confining pressure over the range employed 

by the experiments. 

In each graph two distinct slopes (n values) are present. At 

relatively 'fast' strain-rates, between 3.0x10'^ and 6.31x10'® 

s'^, the value of n ranges from 42 to 54 and decreases to a n value 

between 21 and 26 at strain-rates slower than 2.5x10'^ s'**. This 

distinct slope break is thought to mark a change In the dominance 

of one deformation mechanism to another. 
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SAND-CEMENT Pc=l*5 Kbar 

Figure 4-45. The results of two stress relaxation tests of a 
0.75 inch diameter cylindrical specimen of the 
sand-cement material at 1.5 Kbars confining 
pressure. 
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Calcite-Cement Shear Zones 

For the calcite-cement shear zones two separate series (1 and 

2) of tests, each at a particular confining pressure, were 

conducted. 

Changes in anisotropy, shape and orientation of the 

susceptibility ellipsoid: 

For the first series, Series 1 at 1.0 kbar confining pressure, 

three individual specimens were deformed, totalling 12 

experiments. 

The changes in the orientation of the principal susceptibility 

directions of SZ-C1 and SZ-C2 in Series 1 (Figures 4-46 & 4-47) 

are somewhat reminiscent of the previous sand-cement shear 

zones as movements are not great. However, with increasing shear 

strain, there appears to be a continuous movement of 

towards the edge of the stereonet, subtending an angle of 70° to 

the shear zone. Unlike the sand-cement material, the principal 

susceptibility directions and are typically In the same 

hemisphere with respect to the shear direction, thus lying in a 

plane at a small angle to the shear plane. 

In SZ-C3 of Series 1 the principal susceptibility directions, 

Kmax *^int’ continually rotating about a fixed 

Kmin (Figure 4-48). Within this shear zone the trend of is 
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CALCITE“ CEMENT 
SERIES I 

SZ-CI 

Figure 4-46. The progressive changes in orientation of the 
principal susceptibility directions for the 
calcile-cement SZ-CI of Series 1. 
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CALCITE- CEMENT SERIES I 
SZ-C2 

Figure 4-47. The progressive changes in orientation of the 
principal susceptibility directions for the 
calcite-cement SZ-C2 of Series 1. 
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SZ-C3 

Figure 4-48. The progressive changes in orientation of the 
principal susceptibility directions for the 
calcite-cement SZ-C3 of Series 1. 
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nearly perpendicular to the direction of shear, and the rotation of 

Kmax ^int within a plane that Is parallel to the shear 

direction. Although and had experienced a rotation of 

40° by the end of testing, there is no indication where or if the 

rotation would stop, as the condition of the sample would not 

allow further testing. 

The rotations of the principal susceptibility axes, and 

Kmax» SZ-C1 are slower but very close to that expected of 'real' 

line elements of the same initial angular position (Figure 4-49). In 

SZ-C2, all three principal susceptibility directions are beyond the 

20° limit from the plane parallel to the shear direction and 

perpendicular to the shear zone, and thus their rotations cannot be 

compared to those of 'real' lines rotating within this plane. In 

SZ-C3 of the series, the rotation of Kppj^ susceptibility direction 

diverges considerably from its respective 'real' line (Figure 4-50). 

Kmax displays an initial rotation away from the direction of shear, 

and with further shear strain rotates toward the shear direction 

at a much faster rate than the 'real' line element and eventually 

rotates considerably beyond the shear direction. 

All of the susceptibility ellipsoids in Series 1 of the 

calcite-cement material originated In the field of flat-shaped 

ellipsoids (Figures 4-51 & 4-52). The effect of experimental shear 
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SZ-CI SERIES I 

Figure 4-49. Illustrating the measured changes in angular 
position with respect to the shear zone (a) of the 

and principal susceptibility directions 

of SZ-CI of Series I (dashed lines) against those 
calculated for real material lines (solid lines) of a 
similar initial orientation experiencing a 
equivalent shear strain. 
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Figure 4-50. Illustrating the measured changes in angular 
position of the Kmax susceptibility direction of 
SZ-C3 of Series 1 (dashed line) against that 
calculated for a similarily orientated material 
line. 
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CALCITE - CEMENT SHEAR ZONES (SERIES I) 

In ( kint / kmin ) 

Figure 4-51. Illustdting the progressive change of shape of the 
magnetic susceptibility's magnitude ellipsoids for 
Series 1 of the calcite-cement shear zones. 



CALCITE - CEMENT SHEAR ZONES ( SERIES I ) 

Figure 4-52. Illustating the progressive changes in the shape 
(T) and degree of anisotrotpy (P‘) of the 

susceptibility ellipsoid of Series 1. 
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strain on the susceptibility ellipsoids in each of the specimens, 

except for the initial increment, In SZ-C2 and second to last 

increment of shear strain in SZ-C3, caused the ellipsoids to 

become Incresingly flatter and more anisotropic. 

Reasonably good to very good linear correlations could be 

discerned between the change in anisotropy (AP’) and the shear 

strain (In (X/Z)) (Figures 4-53 to 4-55). 

Three Individual specimens were deformed in Series 2, 

totalling 20 experiments. A confining pressure of 1.5 kbars was 

employed throughout this series. 

Figure 4-56 displays the changes in orientation of the 

susceptibility ellipsoid for SZ-2 of the series. The principal 

susceptibility directions demonstrate consistently directed 

progressive movements during shear strain. Is observed to 

rotate into the plane of shear however, the final orientation of 

the plane containing both and cannot be easily related to 

the shear sense. K^jp is observed to rotate towards the edge of 

the stereonet. 

The Initial susceptiblltly orientation of SZ-3 of Series 2 

(Figure 4-57) was very near to the 'fixed' orientation described in 

the sand-cement shear zone experiments. Kp^jp is noted to move 

towards the plane perpendicular to the shear zone and parallel to 

the shear direction (the edge of the stereonet) at an angle of 
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Figure 4-53. The correlation between the change in the degree 
of anisotropy before and after each increment of 
deformation (AP’) and the shear strain ratio (In 
(X/Z)) for SZ-CI of the calcite-cement Series 1. 
The correlation is significant at the 95^ level 
with a coefficient of 0.996. 
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Figure 4-54. The correlation between the change in the degree 
of anisotropy and the shear strain ratio for SZ-C2 
of Series 1. The correlation coefficient is 0.995. 
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(simple shear) InX/Z 

Figure 4-55. The correlation between the change In the degree 
of anisotropy and the shear strain ratio for SZ-C3 
of Series 1. The con"elat1on coefficient Is 0.936. 



CALCITE- CEMENT SERIES 2 
SZ-C2 

Figure 4--56. The progressive changes in orientation of the 
principal susceptibility directions for SZ- C2 of 
the calcite-cement Series 2. 
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Figure 4-57 The progressive changes in orientation of the 
principal susceptibility directions for SZ-C3 of 
Series 2. 



CALCITE- CEMENT SERIES 2 
SZ-C4 

Figure 4-58. The progressive changes in orientation of the 
principal susceptibility directions for SZ-C4 of 
Series 2. 
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approximately 70° to the shear direction. The initial rotations of 

Kmax *^int show any simple relationship to the direction 

of the Initial 'schistosity'. Further rotations of and Kjp^ are 

toward a plane that makes a small angle with the shear plane. 

Figure 4-58 displays the rotations of the principal 

susceptibility directions for SZ-4. and rotate in a sense 

towards the direction of shear to a plane nearly parallel to the 

shear plane, rotates towards the plane which is 

perpendicular to the shear zone and parallel to the shear direction 

(the edge of the stereonet) to a position approximately 70° to the 

shear direction. 

All of the rotations of the significant principal susceptibility 

directions for Series 2 display non-conformable behaviour to their 

respective 'real’ line elements. In SZ-C2, initally rotates 

away from the shear direction and with further shear strain 

rotates in a mildly erratic manner toward the shear direction 

(Figure 4-59). In SZ-C3 the susceptibility axis, K^pjp, rotates away 

from the direction of shear (Figure 4-60). The susceptibility 

axis also rotates away from the direction of shear during the 

deformation of SZ-C4 (Figure 4-61). In all the experiments of this 

series the movement of the susceptibility axes are not wholely 

contained within the plane which Is perpendicular to the shear 



SZ-C2 SERIES 2 

Figure 4-59. Illustrating the measured change in angular 

position with respect to the shear zone (a) of the 
susceptibility axis of SZ-C2 of Series 2 

(dashed line) against that calculated for a real 
material line of similar initial orientation 
experiencing the equivalent shear strain (solid 
line). 



SZ-C3 SERIES 2 

Figure 4-60. Illustroting the measured change In angular 
position of the susceptibility axis of SZ-C3 

of Series 2 (dashed line) against that calculated 
for a similarilu oriented material line. 
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Figure 4-61. Illustating the measured change in angular 
position of the Kint susceptibility axis of SZ-C4 of 
Series 2 (dashed line) against that calculated for a 
simllarily oriented material line. 
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zone and contains the direction of shear. 

The undeformed susceptibility ellipsoids of SZ-C2 and SZ-C3 

originated as within the field of flat-shaped ellipsoids, while 

SZ-C4 originated within the field of rod-shaped ellipsoids (Figures 

4-62 & 4-63). The effect of experimental shear strain caused in 

each case a general flattening of the ellipsoids and an increase in 

the ellipsoids' degree of anisotropy. SZ-C2, however, displayed an 

initial decrease in its flat shape and anisotropy before becoming 

progressively flatter and more anisotropic. It is interesting to 

note that as the susceptibility ellipsoid of SZ-C4 was 

incrementally deformed from a rod-shaped ellipoid to a 

flat-shaped ellipsoid It experienced a couple of increments where 

the shape parameter T did not change while the anisotropy still 

increased (See Figure 4-63). This was also observed in the 

deformation of the sand-cement specimen SZ-3 of Series B as the 

susceptibility ellipsoid changed shape from rod-shaped to 

flat-shaped. 

Each of the AP versus natural log (shear strain) plots displays 

a different relationship between the anisotropy changes during the 

first and later increments of shear strain (Figures 4-64 to 4-66). 

Initially, the data fits a line that curves upward and, after some 

amount of shear strain, specific to each specimen, becomes linear 

in a power-law correlation similar to previous experiments. 



CALCITE - CEMENT SHEAR ZONES ( SERIES 2 ) 
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Figure 4-62 Illustrating the change in shape of the 

susceptibility ellipsoids of the calcite-cement 
Series 2. 



CALCITE -CEMENT SHEAR ZONES (SERIES 2) 

Figure 4-63 Illustrating the change in shape and degree of 
anisotropy of the susceptibility ellipsoids of 
Series 2. 
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jgure 4-64. The correlation between the change in the degree 
of anisotropy and the shear strain ratio for S2-C2 
of Series 2. The correlation coefficient for the 
linear section (experiments 3 to 8) is 0.949. 



Figure 4-65. The correlation between the change in the degree 
of anisotropy and the shear strain ratio for SZ-C3 
of Series 2. The correlation coefficient for the 
linear section is 0.994. 
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Figure 4-66. The correlation between the change in the degree 
of anisotropy and the shear strain ration for SZ-C4 
of Series 2. The correlation coefficient for the 
linear section is 0.935. 
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Microscopic Observations 

The undeformed calcite-cement material consists primarily of 

variously shaped angular to rhomboid calcite and sub-angular to 

rounded magnetite fragments supported In a fine grained matrix of 

Portland cement (Plate 4-4). Approximately 70% of the calcite 

fragments are twinned (predominantly by one law), the twin planes 

are straight and are commonly wide, such that there are few 

twins per grain. Grain to grain contacts are few (0 to 2 per grain). 

There is no preferred dimensional orientation of either the grains 

within the aggregate, or of the twin lamellae within the grains. 

At least two samples in each of the deformed series were thin 

sectioned. The features of the deformed specimens from Series 1 

were very similar; grain to grain contacts have incresed in number 

(1 to 3 per grain), each calcite grain now possesed new twin 

planes that are thinner and more numerous than the original twin 

lamellae. The new twin planes display a weak preferred 

dimensional orientation (Plate 4-5)and In some grains the planes 

are kinked or slightly bent (Plate 4-6). A moderate preferred 

dimensional orientation of the calcite fragments has developed, 

while the magnetite grains display no preferred dimensional 

orientation (Plate 4-7). 

The deformed specimens of Series 2 display a similar 

deformation fabric to those of Series 1. Magnetite is randomly 



Plate 4-4. Photograph of the undeforrned calcite-cernent 
material. 



Photoqniiph of fhp. 'vYPdk to moderate preferred 
orientation of new twin larneilae relative to tf 
shear zone Doundarq from SZ-C3 of Senes 2 (P 
1.5 kbars), - 0.129. 

SZ~L 1 Series I iPo = 1 0 kbar) Several caicite 
grains display bending and kinking of the new t 
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Plate 4-7. Composite photograph of SZ-C1 Series I (Pc = 1.0 
kbar) illustrating the deformed fabric of the 
calcite-cernent shear zones. ^ = 0.111 
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oriented throughout the shear zone. The calcite fragments no 

longer display their original rhomboid shapes and are now 

sub-rounded and display a moderate preferred dimensional 

orientation. The calcite fragments are now prevasively twinned 

with many fine twin planes that display a weak preferred 

dimensional orientation throughout the shear zone. 

Stress Relaxation 

The results of stress relaxation on two 0.75 inch diameter 

cylindrical specimens of the calcite-cement material conducted at 

the appropriate confining pressures are presented in Figures 4-67 

& 4-68. At the time of the stress relaxation tests the 

calcite-cement material had been set for approximately 7 months. 

The data from the two relaxation tests of the calcite-cement 

material at 1.0 kbar (Figure 4-67) produce a slope of 25 to 26 for 

strain-rates ranging between 2.0x10"^ and 5.0x10'^ s"^ (values 

range from 10“’^-^ to 10"®-^ on the graph ). Data from strain rates 

slower than 2.0x10*^ s’^ were dismissed due to the noise caused 

by voltage fluctuations, however, In the second run some of this 

data was acceptable, but was insufficient to define an accurate 

slope. 

Figure 4-68 displays the results of relaxation at 1.5 kbar 

confining pressure. Both tests were successful, and a slope of 22 

to 24 was determined for the data from strain-rates ranging 



Figure 4-67. The results of two stress reloxation tests on a 
0.75 inch diameter specimen of the calcite-cement 
material at 1.0 Kbar confining pressure. 



CALCITE-CEMENT Pc = 1-5 Kbar 

Figure 4-68. The results of two stress relaxation tests on a 
0.75 inch diameter specimen of the calcite-cement 
material at i.5 Khars confining pressure. 
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between approximately 4.0x10"^ and 2.0x10"^ s"^ ( between 

and on the graph ). For strain-rates ranging between 

2.0x10-8 and 4.0x10-7 s"*' (10'^-^ to 10'^*^) a slope of 11 to 13 

fits the data. 

The increase in confining pressure between the two tests 

appears to have only a slight effect on the relaxation results. A 

definite change in slope, or value of n, occurs at a strain-rate of 

approximately 4.0x10"^ s‘^ in the relaxation of the calcite 

material at 1.5 kbar confining pressure. A similar change in slope 

occurs at a slightly slower strain-rate in the results from 

relaxation of the material at 1.0 kbar. Thus the Increase of 

confining pressure may cause this presumed change in deformation 

mechanism to occur at a slightly faster strain-rate. There also is 

a slight decrease in the load (or stress) supported at the beginning 

of the higher confining pressure relaxation. 
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Calcite-Cement Pure Shear Experiments 

One series of pure shear tests were conducted on 0.75 inch 

diameter cylindrical specimens of the calcite-cement material at 

1.5 kbars confining pressure. 

Chances in the anisotropy, shape and orientation of the 

susceptibility ellipsoid : 

Initially, nine specimens were deformed by the single-step 

deformation method. Thus, the magnetic susceptibility changes 

occurring with bulk pure shear of the calcite material could be 

compared with the results from the pure shear tests on the 

sand-cement material of Borradalle and Alford (1987). 

Specimens were deformed by axial shortening of the cylindrical 

specimens. Ductile behaviour, in the macroscopic sense, was 

achieved within the range of the experimental deformation (4% to 

18% shortening). However, even the best attempts at bulk 

homogeneous deformation of the calcite-cement material are 

merely approximations to that state. The typical sequence 

involving the change in the specimens' cylindrical shape with 

progressive shortening was; firstly, the specimen takes on a weak 

hourglass shape, after about 3.5% shortening this effect 

disappears and further strain causes the specimen to become 

progressively barrel-shaped. The initial compaction of the 

specimen under confining pressure, coupled with the frictional 
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resistance at the specimen-piston contacts inhibiting the 

compaction of the ends of the specimen is thought to account for 

the initial ’hourglass' shape (Borradaile and Alford 1987). 

A general trend is observed in the changes of the principal 

susceptibility directions for the experiments. is noted to 

rotate towards the Z-axis, and both and rotate towards 

the plane of flattening (i.e. Figure 4-69) 

Similar rotations of the susceptibility axes were observed for 

the deformation of the sand-cement material of Borradaile and 

Alford (1987). 

Using a diagram showing the change in angular position of Kp^j 

with respect to the Z-axis (0^ changing to 9'), it is possible to 

compare the rotation of with that of a hypothetical line 

element undergoing homogenous strain, as given by: 

tan 9* = Z 
tan 0Q X 

Figure 4-70 displays the changes in angular position of 

with the strain expressed as the ratio Z/X. 

In cases where the initial angle (0Q) is 30° or less, the line 

connecting the initial angle with the final angle (0') after strain 
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CALCITE- CEMENT AC-8 

Figure 4-69. Lower hemisphere equal area stereonet 
illustrating the progressive changes of the 
principal susceptibility directions of the 
calcite-cement pure shear test AC-8. 



SINGLE STEP CALCITE PURE SHEAR TESTS 

Figure 4-70. The dashed lines show the change in angle 

expected for a line rotating In horriogenous strain 
with ratio Z/X. The solid lines connect the values 
of the angle between Kmln and the Z-axis before 
(left) and after (right) shortening. 
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(the actual path is not known) is usually steeper than the path 

which predicts the rotation of a line element. For susceptibility 

ellipsoids with an initial angle between and the Z-axis 

greater than 30°, the slope of the line connecting the initial angle 

and final angle after strain is usually gentler than that predicted 

for the rotation of the hypothetical line elements. 

Thus it would appear that the original orientation of the 

principal susceptibility directions in the calcite-cement material 

has an influence on the rate of rotation of the susceptibiltiy axes. 

The susceptibility ellipsoids with their axis within 30° of 

the maximum shortening direction (the Z-axis), experience a 

rotation of the axes which is faster than would be inferred 

from the effects of homogenous strain on a linear line element. 

Those susceptibility ellipsoids possessing a axis subtending 

an angle greater than 30° from Z, will experience a slower 

rotation. 

For most of the undeformed specimens, the susceptibility 

ellipsoids lie in the field of flat (or pancake) shaped ellipsoids 

(Figure 4-71). In nearly all cases the effect of deformation, which 

is of a flattening character (X=Y>Z), due to the symmetry of the 

triaxial rig, is to move the susceptibility ellipsoid; 

(i) away from the origin, and 



SINGLE STEP CALCITE PURE SHEAR TESTS 

In ( kinf / k|-njn) 

Figure 4-71. Illustrating the changes in shape of the 

susceptibility’s magnitude ellipsoids (from the 
changes in the ratios of the principal 
susceptibilities) for the single-step 
calcite-cement pure shear tests. 
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(ii) further toward or into the field of flat-shaped ellipsoids 

However, the susceptibility ellipsoid does not always adhere to 

the previous observations during the shortening history. After 

some amount of pure shear deformation, the susceptibility 

ellipsoid can be found to have become either less anisotropic (a 

decrease in the value of P', AC-6) or less eccentric (a decrease in 

the value of T, AC-7 and AC-9), or both (AC-2) (see Figure 4-72). 

This effect is most likely caused by an Initial orientation such 

that the ellipsoid is elongate parallel or nearly parallel with the 

direction of maximum shortening. For the most part, however, the 

symmetry of the susceptibility ellipsoid tends to conform to that 

of the bulk strain ellipsoid for pure shear. 

When the change in the degree of anisotropy (AP) Is plotted 

against axial strain (In X/Z) for the deformed specimens a 

scattering of the data is observed (Figure 4-73). This effect is 

thought to occur due to the variance in Initial shape and 

orientation of the susceptibility ellipsoids. 

To test for any possible power-law correlation between the 

change in the degree of anisotropy and axial strain for the 

calcite-cement pure shear experiments it was decided that 

multiple testing would be conducted. Two individual specimens 

were deformed by the multiple-step method, totalling 14 

experiments. 



SZ-1 SERIES C 

Figure 4-35. Illustrating the measured change in angular 
position of the susceptibility axes (dashed 

line) of SZ-1 Series C against that of a real 
material line (solid line) of a similar initial 
orientation experiencing an equivalent shear 
strain. 



SINGLE STEP CALCITE - CEMENT PURE 
SHEAR TESTS 

Figure 4-72. IHuststing the changes in shape and degree of 
anisotropy (from Jelinek’s T and P’ parameters) for 
the susceptibility ellipsoids of the single-step 
calcite-cement pure shear tests. 



SINGLE STEP CALCITE - CEMENT 
PURE SHEAR TESTS 

Figure 4-73, illustrating the change In the degree of anisotropy 
before and after shear strain (AP‘), against the 
natural logarithm of the bulk strain ratio (X/Z) 
for all the calcite-cement single step 
experiments. Note that no significant correlation 
Is observed from the data from the individual pure 
shear tests. 
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The progressive orientations of the principal susceptibility 

directions for the multiple-step pure shear tests are displayed in 

Figures 4-74 & 4-75. Both specimens dispay an initial rotation 

opposite to the latter and progressive movement of and 

towards the plane of flattening and towards the Z-axis. 

Figure 4-76 displays the strain (Z/X) versus changes in the 

angular position of Kppjp with respect to the Z-axis for AC-10 and 

AC-11. The lines connecting the data from the multiple-step tests 

illustrate the paths through which the K^pjp axes In the 

single-step tests may have taken during deformation. 

In specimen AC-10, begins at an angle of 28° from Z and, 

during the first increments of deformation, swings further away 

from the shortening axis (as was noted on the stereonet). Further 

axial shortening, rotates Kppjp toward Z through a much steeper 

line than that predicted for a hypothetical line element. The net 

result for AC-10 is a rotation of Kp,jp that is faster than would be 

inferred from the effects of strain on a line element. 

Kpjjp in specimen AC-11 begins at an angle of 30° from the 

Z-axis. During specimen shortening, K^pjp initally rotates further 

away from Z and then towards the shortening axis at a rate 

approximately equal to that predicted for a similarly oriented line 



CALCITE 

Figure 4-74. 

“CEMENT 
PURE SHEAR 
AC- 10 

The progressive changes in orientation of the 
principal susceptibility directions for the multiply 
deformed pure shear specimen AC-10. 
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CALCITE- CEMENT AC-II 

Figure 4-75. The progressive changes in orientation of the 
principal susceptibility directions for the multiply 
deformed pure shear specimen AC-11. 



MULTIPLE STEP CALCITE - CEMENT 
PURE SHEAR TESTS 

Figure 4-76. Comparison of the progressive changes in the angle 
between the susceptibility direction for the 

two multiply deformed pure shear experiments and 
that expected for a line rotating in homogenous 
strain (dashed lines). The solid lines display the 
actual paths of the principal susceptibility 

direction, while the dashed and dotted lines 
indicate the net rate of change in the angle from 
the original to the final susceptibility orientation. 
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element. The net result of deformation in AC-11 is a rotation of 

Kppjp that is slower than that which would occur if the 

susceptibility axis rotated as a line element. 

The progressive shapes of the susceptibility ellipsoids for the 

two multiple-step experiments are illustrated In Figure 4-77. 

Both display a tendency to take on a slightly less flattened shape 

than the original during the initial increment of deformation and 

with further strain the ellipsoids become progressively flatter. In 

the P' vs T diagram (Figure 4-78) an Initial decrease in both 

anisotropy (P) and shape (T) is observed. Further increments of 

deformation increase both P and T in a manner similar to that 

noted in many of the simple shear experiments. 

Changes In the degree of anisotropy with strain, for the two 

specimens, are illustrated in Figures 4-79 & 4-80. The data from 

specimen AC-10 displays an initial negative change in anisotropy 

(AP') that curves upward and becomes linear as progressive 

positive changes in AP' occur. Specimen AC-11 displays a fairly 

large initial negative change in the degree of anisotropy with 

further positive changes occurring in a linear fashion. 

Microscopic Observations 

The undeformed calcite-cement material has been previously 

described for the microscopic observations in the calcite-cement 

shear zones. The main features of the undeformed material 
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Figure 4-77. The progressive changes in shape of the 
susceptibility ellipsoids in pure shear as 
expressed by the ratios of the principal 
susceptibility directions. 



MULTIPLE STEP CALCITE - CEMENT PURE 
SHEAR TESTS 

Figure 4-78. Illustrating the progressive changes in shape (T) 
and degree of anisotropy (P') for the two multiply 
deformed pure shear specimens. 



Figure 4-79. The correlation between the change in the degree 
of anisotropy before and after each increment of 
strain (AP*) and the bulk strain ratio (In (X/Z)) for 
the calcile-cement pure shear specimen AC-10. 
The correlation coefficient for the linear section 
is 0.987. 

Figure 4-80. The correlation between the change in the degree 
of anisotropy and the hulk strain ratio for 
specimen AC-11.The correlation coefficient is 
0.994. 
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consisted of: 

(i) few grain to grain contacts 

(ii) the angular to rhomboid calcite and rounded to 

sub-angular magnetite grains displayed no preferred 

orientation within the aggregate 

(iii) few twin lamellae per calcite grain were visible, within 

the material the twin lamellae displayed no preferred 

orientation 

Three specimens from the deformed calcite-cement pure shear 

experiments were sectioned. These sections represent differing 

intensities of deformation; AC-3 (4.42% shortening), AC-9 (13.26% 

shortening), and AC-8 (18.03% shortening). 

Microscopic investigation of AC-3 (4.42% shortening) revealed 

the development of new fabric features (Plate 4-8). The number of 

grain to grain contacts did not increase significantly, however, it 

Is difficult to find a grain that was not In contact with another 

grain. No preferred dimensional orientation of the calcite or 

magnetite grains exists within the deformed aggregate. New twin 

planes are observed within the calcite fragments. These twin 

planes appear to be thinner and more numerous and often cut 

across or displace the existing twin lamellae (Plate 4-9). Within 

the aggregate, the new lamellae show no preferred dimensional 

orientation , however, when the twinned calcite grain was in 



Plate 4-8. Composite photograph of AC-3 ( 4.42:^ shortening). 
The -TiaKirnum compression is paranel to tiie 
length of the photograph, grain contacts have 
increased in numoer and calcite grains displag nevv 
twif: planes. 
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contact with only one other grain, a consistent angle (35° ± 5°) 

between the grain boundary and the twin lamellae was noted. 

Within AC-9 (13.3% shortening), the number of grain to grain 

contacts have increased slightly (2 to 3 per grain). The calcite 

grains are less angular and display a weak preferred dimensional 

orientation perpendicular to the maximum shortening direction. A 

greater number of new twin lamellae are observed per grain of 

calcite, almost entirely obliterating the initial twin lamellae. 

The fabric of AC-8 (Plate 4-10) depicts the most intense 

deformation (18.3% shortening). The calcite grains no longer 

possess the original rhomboidal shape. There is a moderate 

preferred dimensional orientation of the calcite grains within the 

aggregate and a weak preferred dimensional orientation of the 

twin lamellae, within the calcite, perpendicular to the maximum 

shortening direction. Within most of the calcite grains there is 

little to no evidence of the original twin lamellae and a greater 

density of the new twin lamellae are now observed (Plate 4-11). 

These twin lamellae show evidence of kinking and bending when 

the host calcite grain is In contact with a magnetite grain. 



D1 H + die - r f ! Composite Dhotograph of AL- 
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oriented parallel to the length of the photograph. 
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Plate 4-11. Photograph ill u s t ra 11 n g the v e ry t h i n a n u n u rn e ro u e 
twin larnellae within the cal cite grains of AL’-o 
( 18.0 3 % s h u r t e n 1 n g ). 
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CHAPTER FIVE 

Discussion 

How closely does the experimental deformation relate to 

natural deformation: 

Simple Shear- During the experimental shear zone deformation 

it has been noted that, unlike true simple shear, some change In 

the width of the zone occurs along with the displacement parallel 

to the shear zone boundary. The shear zone makes a fairly large 

angle (55°) with the maximum shortening direction for the shear 

zone assembly, thus during deformation some compaction of the 

shear zone is to be expected. 

Within a shear zone of similar orientation to that used 

experimentally, displacement parallel to the shear zone could 

arise simply by a change in width, due to the orientation of the 

shear zone to the maximum compression axis. 

In order to show that the displacement occurring parallel to the 

shear zones within the experimental procedure is not solely due to 

the change in width, a plot of the width versus the shear 

displacement was constructed for one arbitrarily chosen 

experiment for both types of shear zone material, SZ-3 of series B 

of the sand-cement material and SZ-C3 of series 1 from the 

calcite-cement material. The results (Figures 5-1 & 5-2) indicate 

that the displacement occurring parallel to the shear zone exceeds 

that which could occur by a change in width alone. 



Figure 5-1. Comparison of the measured changes in width and 

shear displacement for SZ-3 of the sand-cement 

shear zone Series B (dashed line) against the 

shear displacement that would occur simply by a 

similar change in width of the shear zone (solid 

line). 

Figure 5-2. Comparison of the measured changes in width and 

shear displacement for SZ-C3 of the 

calcite-cement shear zone Series 1 (dashed line) 

against the shear displacement that would occur 

simply by a similar change in width of the shear 

zone (solid line). 
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In terms of the deformation within the shear zone, what effect 

will the change in width of the zone have on the change of 

anisotropy and shape of the magnetic susceptibility ellipsoid? To 

test this effect, a comparison of the change in anisotropy between 

each increment of deformation (AP") and the change in width of 

the shear zone relative to the change in shear displacement 

([AW+1]/[ASD+1]) was initiated for one randomly chosen shear 

zone experiment from each series of experiments (Figures 5-3 

through 5-7). It was necessary to plot only the change in 

anisotropy of the susceptibility ellipsoid since the shape and 

anisotropy parameters both increase in a positive sense with 

shear strain. Each of the factors, AP" and (AW+1)/(ASD+1) are 

plotted against the shear strain (2) occurring within their related 

shear zone experiments. 

The results from SZ-L of the Sand-cement series A, SZ-2 of the 

sand-cement series C and SZ-C3 of the calcite-cement series 1 all 

display an direct correlation between a decrease in the change of 

anisotropy between individual tests and a Increase In the relative 

importance of the change in width in the deformation of the shear 

zone. However, both SZ-3 of the sand-cement series B and SZ-C2 

of the calcite-cement series 2 show that a relative increase in the 

importance of the change of width in the shear zone deformation 

may correlate with an increase In the degree of anisotropy. 

Thus It Is to be expected that changes in the orientation, shape 

and degree of anisotropy of the magnetic susceptibility ellipsoids, 



Figure 5-3, In order to assess the effect of the width change 
occuring within the shear zone on the degree of 
anisotropy, a comparison of the change in the 
degree of anisotropy between increments of shear 
deformation (AP", solid lines) and the relative 
importance of the change of width of the shear 
zone on the deformation within the shear zone 
([AW^-I]/[ASD+1], dashed lines) made. The results 
here are for S2-L of the sand-cernent Series A. 



SZ-3 SERIES B 

Figure 5-4. Comperison of the change in the degree of 

anisotropy between increments of shear 

deformation (AP"; solid lines) and the relative 

importance of the change of width of the shear 

zone on the deformation within the shear zone 

([AW+1]/[ASD+1); dashed lines) for SZ-3 of the 

sand-cement Series B. 
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AP SZ-2 SERIES C 

Figt/re 5-5. Illustrating tlie cliange in tlie degree of 
anisotropy between increments of shear 
deformation (AP"; solid lines) against the relative 
importance of the change of width of the shear 
zone on the deformation within the shear zone 
(lAW+1 1/[ASD+ 11; dashed lines) for SZ-2 of the 
sand-cement Series C. 



Figure 5-6. Illustrating the change in the degree of 
anisotropy between increments of shear 
deformation UP"; solid lines) against the relative 
importance of the change of width of the shear 
zone on the deformation within the shear zone 
(lAW+ll/liSD+ll; dashed lines) for SZ-C3 of the 
calcite-cement Series 1. 
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anisotropy between increments of shear 
deformation (AP“; solid lines) against the relative 
importance of the change of width of the shear 
zone on the deformation within the shear zone 
([AW+11/[ASD+ll; dashed lines) for SZ-C2 of the 
calcite-cement Series 2. 



3 

within the experimental shear zones, will result from deformation 

possessing both a flattening and a shearing character. 

The net deformation can then be considered to be equivalent to 

a simple shear deformation with negative dilatancy. So, although 

the experiments are not truly simple shear, the experimental 

deformation, combining pure and simple shear, may more closely 

represent natural situations. 

Pure Shear- During the deformation of the cylindrical 

specimens there Is a tendancy for the specimens to take on a 

slightly hour-glassed shape during the initial stages of 

deformation and a slight barrel-shape after approximately 15% 

shortening. However, for most specimens the experimental 

shortening approximates deformation by homogeneous pure shear. 

Changes in orientation of the magnetic susceptibility ellipsoid 

with respect to strain: 

Shear Zone Experiments: 

Sand-Cement Shear Zones- During the three series of 

experiments on the sand-cement shear zones a consistent pattern 

of rotation of the principal susceptibility directions was observed. 

The progressive rotations of the three principal susceptibility 

directions were commonly clockwise during deformation, although 

in the first Increments of deformation some counter-clockwise 
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rotations were observed. would commonly rotate towards a 

orientation that was nearly perpendicular to the primitive plane of 

the stereonet while and would often rotate toward or 

within this plane (ie. Figure 5-8). The direction of the minimum 

susceptibility axes, Kp^j^, would usually rotate toward a position 

that had an angular orientation of approximately 60° to the shear 

zone. The 'typical' orientation of was sometimes occupied by 

the Kjp^ principal susceptibility direction and vice versa, however, 

the direction appears to be the most favourable for this 

position. In one experiment (SZ-H of Series A) the orientation of 

the Kjp^ and principal susceptibility directions were 

exchanged during deformation (Figure 5-9). 

The rate of rotation experienced by the susceptibility axes in 

the sand-cement material were shown, except for the Initial 

increments of deformation, to be much like that of a similarily 

oriented material line. Ghosh and Ramberg (1976) have shown that 

for deformation by simultaneous pure and simple shear the rate of 

rotation of a rigid elliptical Inclusion varies according to Its 

orientation and axial ratio. This also appears to be true of the 

magnetic susceptibility ellipsoid, however it must be remembered 

that the susceptibility ellipsoid is the combined result of each 

magnetic grain within the material. Knowing that such grains are 

originally randomly oriented, indicates the effectiveness of the 
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Figure 5-8. The change in the orientation of the principal 
susceptibility directions for SZ-H of the 
single-step sand-cement simple shear deformation 
Series A. Note that the orientation of the and 

susceptibility directions have been exchanged 

during deformation. 
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Figure 5-9. Illustrating the angular position of the 

plane with respect to the shear zone (8") as the 

degree of anisotropy (P') changes for SZ-L of the 
sand-cement Series A. 
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re-orientating mechanisms during the experimental deformation. 

The plane containing and Kint- measured on the primitive 

plane of the stereonet from the shear zone, would typically rotate 

towards the shear zone as the anisotropy increased (le. Figures 

5-10 to 5-12). As the ellipsoid became 'fixed' the rotation of the 

Kmax'^int would decelerate. This effect is most likely due 

to the combination of simple and pure shear deformation within 

the shear zone, the simple shear causing the plane to rotate 

clockwise towards the shear zone, while the pure shear effect 

would oppose this when the plane attempts to rotate 

beyond the principal plane of flattening corresponding to the 

compaction influence. 

Calcite-Cement Shear Zones- Although the progressive 

rotations experienced by the principal susceptibility directions in 

the two series of calcite-cement shear zones are more varied than 

those in the sand-cement material, a common orientation of the 

Kppjp direction and the plane containing the intermediate and 

maximum susceptibility directions appears to exist. Kp^jp, in each 

of the experiments rotates toward the primitive plane of the 

stereonet, to a direction within this plane that has an angular 

position of approximately 70® to the direction of shear. Kpp^ and 

Kjp^ commonly rotate toward or within the shear plane (le. Figure 

5-13), and in some instances the plane containing these two 
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Figure 5-10. Illustrating the angular position of the Kp^0x“*^int 

plane with respect to the shear zone (8") as the 
degree of anisotropy (P’) changes for SZ-3 of the 
sand-cement Series B. 
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Figure 5-11. Illustrating the angular position of the Kmax'^int 

plane with respect to the shear zone (8") as the 

degree of anisotropy (P*) changes for SZ-2 of the 
sand-cement Series C. 
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Figure 5-12. Illustrating the angular position of the Kmax-Kint 
plane with respect to the shear zone (8") as the 
degree of anisotropy (P*) changes for SZ-C3 of the 
calcite-cement Series 1. 
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Figure 5-13. Illustrating the angular position of the Kmax -Kint 
plane with respect to the shear zone (8") as the 
degree of anisotropy (P‘) changes for SZ-C2 of the 
calcite-cement Series 2. 
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susceptibility directions was nearly coplannar with the shear 

plane (ie. Figure 5-12). 

In the calcite-cement shear zones the rate of rotation of the 

susceptibility axes was usually much different and in some cases 

their rotation was toward a direction opposite to that of the shear 

zone. This later effect Is attributed to the rotation of the 

principal susceptiblltiy axes Into preferred orientations generated 

by the combination of pure and simple shear deformation. 

Pure Shear Experiments: 

Within the Calcite-cement pure shear tests a common pattern 

to the progressive rotation of the pricipal susceptibility 

directions was distinguished: Kppjp rotates toward the centre of 

the stereonet, corresponding to the axis of maximum shortening 

(Z-axIs) and both and rotate away from the Z-axIs, 

toward the primitive plane of the stereonet which corresponds the 

plane of flattening for the specimen. During the initial increments 

of deformation, some specimens displayed a rotation of the 

magnetic susceptibility axes opposite to the typical pattern. This 

effect has been noted in the pure shear experiments within the 

elastic range by Nagata (1970) and for experiments involving large 

strains (Borradaile and Alford 1987). 

For the calcite-cement material, the rotation of the 
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susceptibility axis has been shown to be faster than would be 

inferred from the effects of homogenous strain on a linear element 

when It Is within approximately 30° to the principal strain axes. 

When the susceptibilty axes are beyond this apparent 30° limit 

they tend to rotate at rate slower than or equal to that expected 

from a material linear element. 

Within the sand-cement pure shear tests of Borradalle and 

Alford (1987) the rotations of the susceptibility axis within 

40° of the Z-axIs were shown to be much faster than the rotation 

of linear material elements. 

Thus the rate of rotation of the susceptibility axis within the 

calcite-cement material appear to be not only orientation 

dependent, but overall, slower than similar rotations in a 

sand-cement material. 

Changes in shape and anisotropy of the Magnetic 

SusceDtibilitv*s Magnitude Ellipsoid: 

Shear Zone Experiments: 

Sand-Cement Shear Zones- Within the sand-cement shear zones 

deformation of the susceptibility ellipsoid was predominantly of a 

flattening character. In both the Flinn type of susceptibility plot 

and the Hrouda-Jellnek anisotropy plot progressive deformation 

within the shear zones consistently moved the susceptibility 
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ellipsoid into or further into the field of flat-shaped ellipsoids. In 

quite a number of shear zones the initial increment of deformation 

caused the susceptibility ellipsoid to become slightly prolate and 

in some Instances less anisotropic. 

Calcite-Cement Shear Zones- Much like the sand-cement shear 

zones, the deformation of the magnetic susceptibility ellipsoids 

within the calcite-cement material produces progressively more 

anisotropic and flat-shaped ellipoids, except in some specimens 

during the Initial increments of deformation. 

Ramsay and Wood (1973) predicted, using a modified Flinn 

diagram, the deformation path of a sphere deforming by conditions 

of plane strain including those with an Initial and incremental 

volume loss. 

Like plain strain, simple shear deformation occurs along two 

(the Z and X) of the three pricipal strain directions. Thus, If we are 

to Imagine a sphere deforming by simple shear we need only 

observe the change in shape of the ellipsoid In the plane containing 

these two directions (perpendicular to the Y pricipal strain 

direction). In the case of a sphere deforming by simple shear with 

no loss in volume the deformation path on a natural log Flinn 

diagram (ln(XA^ vs ln(Y/Z)), will be a line originating from the 

origin with a slope of 45°. Subsequently, if a volume loss were to 

occur before the onset of simple shear, the result will be a 
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deformation path again possessing a 45° slope, but originating at a 

position along the abscissa corresponding to the initial Y/Z ratio. 

The present shear zone experiments are equivalent to a simple 

shear deformation with progressive loss of volume. The results of 

experimental deformation exhibit a deformation path akin to that 

calculated by Ramsay and Wood (1973), who indicated that for 

simple shear with progressive volume loss, the deformation path 

on the Flinn-type susceptibility plot would possess a slope of less 

than unity and curve toward the axis of foliation, hence the 

ellipsoid shape becomes progressively more flattened than 

rod-shaped. 

Correlation of the chance in magnetic anisotropy with strain: 

There exists, for both the shear zone and pure shear 

experiments, a power-law correlation between the change in the 

degree of anisotropy of susceptibility (AP) and the bulk strain 

ratio. 

The Increase in anisotropy of the susceptibility ellipsoids is 

believed to be principally due to the aligning effect of deformation 

on the slightly elongate magnetite grains. 

Within the sand-cement material the rotations of the pricipal 

susceptibility directions have been shown to be much like that of 

real material lines, this may indicate that within this material 

the grains are simply rotating and rolling (ie. particulate flow). 
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Thin sections of the sand-cement material indicate a moderate 

preferred dimensional orientation of the magnetite grains, thus 

the magnetite has suffered an alignment either by 1) an intact 

grain rotation or by 2) a 'passive' flow of the magnetite. 

Within the calcite-cement shear zones a weak to no preferred 

alignment of the magnetite was observed in thin section, yet the 

measured change in anisotropy occurring within simple shear 

experiments is much like from the sand-cement tests. 

The fact the magnetite grains do not show as preferred an 

orientation within the calcite-cement material as within the 

sand-cement material may be due to the strain compatibility 

contrast of the grains within the cement mixtures. Within the 

sand-cement, the grains are roughly the same shape 

(sub-sphereical) and roughly possess similar 'hardnesses', thus 

during deformation a particular grain could jostle about much like 

its neighbour. In the calcite-cement material, the calcite grains 

shape and much 'softer' nature would hinder the rotation of the 

sub-spherical magnetite by becoming elongate, hence 'pinning' the 

magnetite by impeding its rotation. 

Comparison of Experimental Results with Natural Examples: 

Primarily, natural deformation appears to produce flat-shaped 

magnetic susceptibility ellipsoids. Experimental deformation in 



either pure shear (this study; Borradaile & Alford 1987) or under 

conditions approximating simple shear both exhibit a flattening of 

the magnetic susceptibility magnitude ellipsoid. 

Coward (1976) described the change in the orientation, 

anisotropy and shape of the magnetic susceptibility ellipsoid for 

rocks across a natural shear zone in North Uist, Scotland. Here 

Coward estimated that the character of deformation was not 

simple shear alone but a combination of pure and simple shear. The 

magnetic susceptibility ellipsoids were shown to become 

flattened and suffer and Increase in anisotropy toward the centre 

of the shear zone. In studying the magnetic fabric of shear zones 

Rathore (1980; with Becke, 1980; and Rathore et al., 1983), has 

found that the direction consistently parallels the cleavage 

poles throughout shear zones, and has used the rotation of the 

principal susceptibility directions to analyze the sense of 

movement along a shear zone. 

Susceptibility directions have been shown to parallel principal 

strain directions in nature. Within the pure shear experiments, the 

rotations of the principal susceptibility directions are clearly 

toward the orientations of the principal strains and the results 

from the simple shear experiments show the susceptibility 

directions rotating as would a ellipsoidal marker. 

Thus the susceptibility fabrics produced by both the 

sand-cement and calcite-cement materials in this study are 
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similar in orientation and shape to the fabrics produced in most 

naturally deformed rocks. 

Stress Relaxation and Microscopic Observations with 

inferences on deformation mechanisms: 

Stress relaxation of cement mixtures have been previously 

conducted (ie. Klug & Whittman 1970; Brooks & Neville 1976), 

however examination of such materials has been predominately for 

material strength research and not towards the understanding of 

the predominant mechanisms of deformation within the cement 

gel. Nevertheless, deformation within the sand-cement and 

calcite-cement materials undoubtably involves deformation of the 

cement gel, microcracking at the cement-grain boundary and 

rotation and other intergrannular motions of the grains within the 

cement matrix. 

Cataclasis appears to be the dominant mechanism of 

deformation of the grains in the sand-cement material. Supporting 

evidence for this are the numerous broken grains in thin section, 

also a high n value or slope on the stress relaxation graphs 

indicating that the materials strength is independent of 

strain-rate. This is a commonly reported feature of cataclasis. 

The n value recorded within the experimental strain-rates 

ranges from approximately 42 to 50, thus for this material that 

value of n may describe a flow law wherein cataclasis and 
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particulate flow predominate for this material. 

Rotation of the magnetite grains, supported by their preferred 

direction indicates that deformation by particulate flow is also 

occurring within the sand-cement material. Previous work on the 

deformation of magnetite (Muller & Siemes 1972; Hennig-MIchaell 

& Siemes 1975) indicates that plastic deformation of magnetite 

may occur at room temperature. Although evidence for 'flow' of a 

magnetite grain was discovered In SZ-3 of Series B, it is doubtful, 

due to the rate of rotation of the susceptibility axes which are 

most like material lines, that this mechanism predominates in the 

deformation of the magnetite within the sand-cement shear zones. 

Within the calcite-cement shear zones. Intra-crystalline glide 

appears to be the dominant deformation mechanism affecting the 

grains. Evidence for this is supplied in thin section, as the calcite 

grains have changed shape and display new twin lamellae. 

The slope of the relaxation data within the range of the 

experimental strain-rates ranged from approximately 22-26. This 

relative insensitivity of strain-rate upon differential stress 

suggests that cataclasis may be important. However, microscopic 

observations Indicate that deformation by dislocation slip, 

twinning and particulate flow have also occured. Thus, such a 

range of n values perhaps describes the stress exponent for a flow 

law which incorporates complex inter- and intra-grannular 

deformation mechanisms within this material. 

It Is uncertain, however, by what mechanism the magnetite 
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within the calcite shear zones is deforming. The degree of 

magnetic anisotropy is increasing within the material, thus the 

magnetite grains are undoubtably being affected by deformation 

either by 1) rotating towards some preferred direction, or 2) are 

undergoing a re-arrangment of their grain shape by some 

dislocation glide process, much like the calcite. The second 

hypothesis is unlikely, however, since the magnetite grains are 

apparently much 'stronger' than the calcite grains and are thus 

acting more or less like rigid particles in a 'softer* matrix. 

Although the first hypothesis is seemingly correct, no marked 

preferred alignment of the magnetite grains within the deformed 

calcite-cement shear zones was observed. 

The question of the validity of quoting the stress relaxation 

results (preformed In pure shear geometry) for the shear zone 

deformation still remains. Thin section examination of the 

calcite-cement material deformed in pure shear reveals similar 

deformation mechanisms as were described in the shear zone 

experiments. Thus, although the shear zone geometry must 

undoubtably possess a slightly different stress-to-permanent 

strain relationship during relaxation, the tests appear valid for 

the experimental strain-rates employed. 
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Summation 

Under experimental conditions: 

Simple Shear 

1- The character of deformation within the experimental shear 

zones Is transpressive, combining both simple and pure shear. 

2- The original susceptibility's magnitude ellipsoid becomes 

progressively flatter and more anisotropic with deformation, and 

thus behaves somewhat like an ellipsoidal strain marker in Its 

shape and anisotropy changes toward the final susceptibility. 

3- Wlthln the sand-cement shear zones the rotations of the 

pricipal susceptibility directions are directed toward a consistent 

orientation. Their rate of rotation Is much like that expected of a 

line element. 

4- Within the calcite-cement shear zones the rotations of the 

K^jp, principal susceptibility direction and the plane containing 

the and directions are directed towards a consisted 

orientation. The principal susceptibility directions rotate much 

differently than would be expected from line elements. 
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5- There exists a correlation between the change in the degree 

of anisotropy of susceptibility (AP') and the bulk shear strain ratio 

(In X/Z) within the experimental shear zones. 

6- The predominant deformation mechanisms for the two 

materials differ, the sand-cement material deforming by a 

combination of particulate flow and cataclasis, while the 

calcite-material by twinning, dislocation slip and perhaps some 

inter-crystalline mechanism. Although the rate of rotation of the 

susceptibility ellipsoids may differ, within both materials the 

experimentally produced susceptibility fabrics are similar to 

those produced in naturally deformed materials. 

Pure Shear 

1- The magnetic susceptibility's magnitude ellipsoid behaves 

somewhat like an ellipsoidal strain marker in its rotations, 

anisotropy and shape changes. 

2- The rate of rotation of the principal susceptibility directions 

for the calcite-cement material appear to be orientation 

dependent. Those susceptibility ellipsoids having their 

directions within 30® of the maximum shortening direction 

(Z-axis) rotate faster than would be expected from hypothetical 

line elements while those ellipsoids possessing an angle greater 
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than 30° between their Kj^j^ susceptibility direction and the 

Z-axis rotate slower. 

3- There exists a correlation between the change in the degree 

of anisotropy of susceptibility (AP') and the bulk strain ratio for 

pure shear. 

4- Comparlson of the calcite-cement pure shear experiments to 

the sand-cement pure shear tests of Borradalle and Alford (1987) 

illustrates as do the two materiais in simple shear that although 

the deformation mechanism differ, the magnetic fabrics produced 

are similar to each other and to those produced in natural 

situations. This suggests that the orientation of the susceptibility 

fabric may be essentially independent of the bulk deformation 

fabric when the carrier of susceptibility is a disseminated 

accessory mineral. 
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APPEMDIX A 

SASIC PROGRAM "RATSR"; G. Sorradaile C. Alford (22/10/85) 

Another version of this program exists: ”DISPR“ for constant displacement 

rate, 

SASIC LINE(S): note in this version of basic (AIM) variable/constant names 

are only recognised by the first tv/o characters. 

01 PROGRAM TITLE 

10 Turns off the analog output converter and hence the pump 

motor (v;nen in remote mode). The converter output is held at 

zero volts until USR(9) is called. Also sets K% used in the 

time loop to zero. 

Allows user to account for the cross-sectional area change 

through the specimen during constant volume deformation (QA 

set to 1) if not desired (QA=0) at the beginning of the 

experiment, it can be later accounted for (see line 910) 

presumably after volume change in the specimen has ceased. 

12-19 Allows user to set the variable parameters of specimen length 

and diameter, confining pressure, specimen shortening due to 

confining pressure, strain rate and percent strain to be 

achieved. Also sets the averaging time desired per printout 

of strain rate and sets a voltage factor v/hich is necessary 
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in altering the speed of the pump when the strain rate is 

outside the possible rates attainable by the present upper 

and lower voltages. (A good voltage factor is 0.7, when 

-fi -1 strain rate is 5 x 10 sec for Berea sandstone vnth time 

gap of 40 seconds). These can be changed during a test, see- 

line 902-908. 

20 Sets a 10% window about the desired strain rate (ED), defined 

by 5% belov/ ED ( the lower estimate LE) and 5% above (the 

upper estimate UE). 

21 Calculates the area (AR) of cross-section of the cylindrical 

specimen. 

22-23 Sets the constants of machine distortion in inches/volt. Mote 

- these v/ill differ for individual apparatus, (constant kl x 

k2 = kl2). 

24 Calculates the specimen length under confining pressure: 

Sets L0 equal to this length. 

26-29 Sets to zero several parameters. 

30 Informs the computer to go to a gain setting subroutine at 

1500. 
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(subroutine) 

1500 to 1550 

60 

62-70 

102-112 

Allov/s user to set the gains for the load and displacement 

channels. The gains are set at 1, 10 or 100. This subroutine 

can also be used to alter the gains settings during an 

experiment vihen CA=1. The later part of the subroutine allows 

the user to adjust the position of the linear variable 

differential transformer (LVDT) so that the displacement 'O' 

value on the screen is close to zero. When this is done , 

press "E” and the-program v/ill return to line 60. 

Sets CA=1 

Reads the average initial load valve over a period of 10 

loops, so reducing the effect of voltage fluctuations. This 

initial load v;ill later be used as the "zero" point for 

calculating the* axial differential load on the specimen 

during the experiment. 

Starts the pump with a voltage proportional to the integer 

“8000“ thus the pump will start at a high speed and should 

give the specimen a good seating. 

Sets values for the upper voltage (UV) and the lower voltage 

(LV). These are an estimate of the voltages which will 

produce strain rates bracketing the desired strain-rate. 
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120-134 . Reads the average displacement and load values and sets any 

previous strain rate (S2) to SI. 

136-142 Commands the computer to display the current displacement and 

load values on the screen. 

150-165 The time loop. This introduces a delay of a desired integral 

number of seconds (the time gap-DT%) before reading the new 

displacement and load voltages. The counter GB keeps a total 

of the number of seconds passed during the averaging time. 

500-512 Reads the new displacement and load at the end of the delay 

time, DT%. 

514 If for some reason (electronic fluctuation) the new 

displacement is less than the old one, then the computer will 

subtract 1 from AI<% and go back and read displacement and 

load all over again, thereby allowing proper control of the 

strain rate. 

515 If it is the first recording of displacement and load in an 

averaging time (AK%=1) then the computer will store the load 

value (LI) for later calculation of the change in 

differential stress over an averaging time. 
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520 Prints the new displaceraent and load on the screen. 

600-630 Calculates the strain rate over the time interval DT. The 

total displacement measured (Y) is a combination of machine 

distortion (Z) and the shortening of the specimen (D). The 

distortion of the machine must be subtracted from the total 

displacement to give the actual displacement of the soecimen 

(D=Y-Z). 

If for some reason D is less than zero (Z>Y) then the strain 

rate is fixed at zero (negative values not permitted). 

632 Displays the strain rate on the screen. 

634 Sums the strain rates. 

636 Sets the strain-rate SR equal to S2 for purposes of 

comparison v/ith the previous strain rate, SI, 

540 'Jhen the number of strain rates desired (AT) have been 

recorded this line informs the computer to go to the strain 

rate averaging subroutine. 

(subroutine) 

980-1010 Strain rate averaging subroutine where the cross- 

section area of the specimen is modified if QA=1 and the 
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average strain rate (ASR), the percentage shortening (RS), 

the axial differential load on the specimen (W), the change 

in axial differential load (SG) and the total time in 

seconds (GC) are calculated and are printed. 

700-901 Refer to section and flow chart on the ''Funnel'' procedure. 

This essentially sends a voltage to the pump, which produces 

a small deformation for which the strain rate is determined. 

If it does not produce the suitable strain rate it reduces or 

increases the voltage by using the average of the last lowest 

and present voltage or by using the average of the present 

voltage and the last highest voltage respectively. 

902-910 If, during the experiment any of the input parameters need to 

be changed, this can be accomplished by pressing the 

appropriate key. 

(5 = strain rate, T = time gap, V=voltage factor, E=% strain, 

A=tim.e over v/hich average strain rate is fixed, G=the gains, 

Fl=break from program). 

"C" is depressed if the correction for change of cross- 

sectional area is desired from that time onwards. 

Furthermore, if the user wishes to perform a stress 

relaxation text, "R" is depressed (see line 1990). 
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911 Determines the percent strain that has occured. It if is 

greater than that desired (PS) the program returns to line 10 

and stops the pump, ending the experiment. 

922 If the percent strain that has occured is less than that 

desired the computer returns to line 120. 

1990 Segins the stress relaxation program. 

1991 STOPS THE PUf^P 

1992 Inputs the elastic rock compliance value (KR) for the 

material. (See notes). 

1993 If the correction for change in cross-sectional area had not 

already been made, the computer now begins to make the 

correction. 

1994-1995 Informs the computer to turn on the printer so that 

subsequent calls of the print statement vnll output data to 

the printer as well as the display. 

1997-2003 Calculated and prints the percent strain of the specimen and 

the axial differential stress acting at the start of stress 

relaxation. 



2004 

2005-2009 

2010-2015 

2020-2040 

2045-2055 

2060-2068 
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Remark to remind the user to close valve 6, thus locking the 

lower piston into place with respect to 

Sets the time gap (TG%) over which readings of displacement 

and load change are made. Initially the value is set at 10 

seconds, afterwards the time gap is set according to the rate 

of strain to allow for optimum machine performance (see 

notes). 

Reads the average displacement and load values. 

The time loop. Performs the same function as the time loop 

on the main program (lines 150-165) with the option to return 

to the main program, if "O" Key is depressed. The time loop 

will be repeated a number of times equal to the value of CA 

which is dependent upon the strain rate (lines 2400-2404). 

Reads the new displacement and load at the end of the desired 

delay time. 

Calculates the strain rate over the set time interval, T6%. 

the displacement measured (DO) will not account for total 

shortening of the specimen (SD), which is a sum of the 

displacement measured, the elastic compliance of the machine 

(2) and the elastic compliance of the rock (KR). See notes. 



2069 

2070 

2071 

2072-2076 

2111-2113 

2400-2404 
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If for some reason (electronic fluctuation) the SR is 

calculated to be negative the computer is instructed to 

return to 2010. 

Determines the nev/ length of the specimen. 

Determines the nev/ area of cross-section of the specimen. 

Calculates the axial differential stress (DS) and the change 

in DS over the delay time. 

Prints the strain rate, the change in axial differential 

stress, the new area of cross-section, the average axial 

differential stress and the time elapsed in seconds. 

Since the maximum allowable time gap is 32767 seconds and the 

“8 amount of time necessary for strain rates below 1.84 x 10 

exceeds this^it is necessary to set the counter CA to an 

increasingly greater value as the strain rates decrease. This 

counter represents the amount of times the time gap must be 

repeated for the proper duration of time to elapse. 
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2406 

2500 

3000 

-9 -1 When the SR rate has decreased below 1.0 x 10 sec the 

precisian/accuracy of the reading is in question due to the 

lengthy period of time between readings. Thus the experiment 

is terminated. 

Informs the computer to return to line 2006. 

END. 
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The funnel procedure (lines 700-710 and 800-808) 

This is the procedure for adjusting the voltage output to the pump so 

that the strain rate (SR) is adjusted to be close to that desired (ED). 

Basic Theory 

We can consider the unknown relationship between strain-rate and input 

voltage on a graph (Fig. 1). 

The desired strain rate is ED, with a range of acceptability UE to LE 

where UE=1.05 x ED and LE=0.95 x ED (line 20). 

Initially a high voltage is input to the pump and the strain rate 

determined (A on graph). Then a low voltage is input and the strain rate is 

redetermined (3 on graph). 

A new voltage is chosen which is the average of the two first input 

voltages (Upper voltage UV-j and Lower voltage LY^). This average voltage causes 

a certain strain-rate which is determined as SRI (point C on graph). 

By now the properties of the rock could have changed and the new 

relationship between voltage and strain-rate may be elsewhere (see graph). If 

SR^ was too low (<ED) then the last input voltage (LY-j + UY^)2 now becomes the 

new low voltage LY^ and the old UV^ becomes the new UY2* Another voltage is 

input to the pump which is the average of UV2 and LY2. This causes a strain A13 
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rate SR^. In a troublesome case as shown, SR2<'SR^, which is even further away 

from ED. Thus the upper voltage UV^ is increased by a factor VF to LV2 x (2-VF) 

(line 807). 

The procedure is then repeated. This procedure continually attempts to 

restore a strain rate which is close to ED; if the strain rate lies betv/een UE 

and L£ the voltage to the pump is not changed. However, in that situation the 

rock properties will eventually change and a new relationship on the 

strain-rate versus voltage graph will cause the strain rate to wander outside 

the limits of acceptibi1ity on either side of ED. Then the funnel procedure, 

outlined above, is again invoked. 

Note that the procedure works also if the determined strain-rates are 

too high, but then in the worst case successive strain rates SR^ and SR^ are 

progressively higher than ED, and the lower voltage is reduced by the factor 

VF, thus becoming LVxVF (line 805). 



THE "FUNNEL" ROUTINE 

Figure A2. 
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The correction for apparatus distortion 

The apparatus distortion is given by the constant (=KlxK2) and the 

change in load 

thus: l<^2 ^ (line 616 Z=L2-L1) 

Note that the load may increase or decrease. The displacement measured (D^-D^), 

is always>0 (except for electronic fluctuations), and is the sum of the 

effects of apparatus distortion and rock distortion. 

Given: total distortion s = 

apparatus distortion a = s^-a-j 

rock distortion r = ^2’'^! 

v/e can idedntify the following conditions. 

S2“S-j = (r2“r^) + (a2-a-|) (load increasing) 

or 

+ (a^-a2) (load decreasing) 

^2*^1 " ’^2’’^! apparatus distortion, since no change in load. 

. ^2-s-j = (a2“a-j) - (r^-r2) because apparatus distortion has now changed 

sense such that it helps rock deformation. 
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Thus we use 622: 

D = ACS (Y - Z) 

where Y=f {D2-O1) 

2=f (4-1^) 

The changes in sign in lines (1) to(3) above are taken care of by the 

signs of Y and of Z. 



P?.QG;^AiI SYIIBOLS 

a 1 '0 

SpGci.uen parameters 

OL original length (under ^Iso) 

00 original diameter 

DP apparent shortening due to P^ 

LO = current length of speciriien 

voluiua of specir.ien 

AR = area of the end of the cylindrical specii.ien 

= elastic cor.ipli ance of rock type 

its = present total axial strain on the specimen 

Condition parameters 

PC ^ the confining pressure in psi 

DSM - the axial differential stress in bars 

SG the cliange on axial differential stress in bars over the averaging 

tiiae 

SR ■■■ rjie current strain rate 

ASS = the average strain rate over the averaginvc titvie 
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Prorrui.i PcraiiGters 

(Variables with certain values which cause the operation of certain parts of 

the program) 

involved with gain setting subroutine and tlie large ti'a'.e gap necessary 

for strain-rates less than 1.34 E-3. 

(necessary because the AIM computer '/ill not count in a loop 

involving more than approximately 32,000 cycles), 

involved in area correction during shortening of the specimen. 

ixM = counter involved in early stages of voltage setting for motor control. 

?S total percent strain of specimen desired, program will end if value 

exceeded. 

set value of strain rate 

Counters: AK% counts number of times through time loop 

used in time loop 

H used for reading average values of displacement and load 

Q3 adds accumulated tiwe in seconds during an averaging time 

LSUH, 03UM = sums the load and displacement readings 

S5R 3U5DS the strain rate readings 



P3rfQrrnancG Parar.:etGTS 

(Values v.'hich contribute to the accuracy and perforriiance of the prograia) 

c n 
^L. 

the output voltage to the parajust motor control unit 

the lower limit of rate of strain per^issable before a change of 

voltage 

the upper limit of rate of strain permissable fore a change of 

voltage 

the factor in which the voltage is .ultiplied according to the 

comparison of S2 + SI 

the current strain rate 

the. previous strain rate 

displacer.ient gain setting 

load of gain relating to channel 0 (Jisplaceme.'t) 

value of gain relating to ciiannel 1 (Load) 

numbers which sets the gain for one channel of the analog to 

digital converter 

TGV,DT?i = value of delay time between readings of displacement and load, se^ 

according to uiachine accuracy needs 

the averaging time over v;hich the data is calculated 

the previous voltage to the parajust tlwat was less tiian the 

current vol ta.'ge 

the previous voltage to the parajust tiiat was greater than the 

current volta'^e 

PD, PL 
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Cciculation Variabl2s (values used in the calculation of strain rata etc.) 

Y,0D = the total displacement in inches measured t>y tlia LYDT during a time 

gap loop 

' the displacement of the LVDT caused by machine distortion during a 

tiiiie gap loop 

D,5D - the change in length of the specimen in inches during a time gap 

1 oop 

2 
tiiG nev/ axial load in Ib/in after an averaging time 

tlie average value of axial load during a time gap loop for stress 

re1axation 

LV3T and Load Cell Output (in volts) 

the value of the Linear Voltage Displacement Transducer at the 

beginning of a time gap loop. 

the value of the LVDT at the end of a time gap loop, 

w. the value of axial load at the start of a time gap loop. 

L4 the value of axial load at the beginning of a averaging tim.e loop. 

tiie value of axial load before tiie pistons begin to advance (evpual to 

the value of axial load at tiie end of a ti/^e gap and/or averaging 

tiwe Icoip. 
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itadrine constants 

K12 = the rfiachine distortion value for increases in differential stress 

K3 = the displacement constant for the LVDT 

K4 " the r»achine distortion value for increases in confining pressure 

For load cell TP 795 and the standard pressure vessel without 

extension piece for high tGifiperature v;crk, the following are examples 

of the values in the Fall of 1985: 

K12 = 1.857 in/volt 

(note the AIM GASIC Complier only recognises variables or constants 

with two characters but K12 is still used to remind us that K12 = K1 x 

ly O \ 
^\{. J . 

The actual apparatus constant iKl = 189.7 x 10*^ in/lb. X2 = 10^, is a 

factor due to the fact that the input to the load cell is adjusted so 
/- 

that the loadcell's output is ImVolt per 1000 lbs of load (hence lO'^ 

1bs/volt). 

:<3 = 0.1374 

K4 = 1.397 X 10 ^ in/p.s.i. (1C4 is derived from an apparatus constant 

whicii is approximately 0.1 x 1(12). 

Specimen constant (1(R) 

For stress relaxation texts, that use the last part of the program, i 

is necessary to know the elastic constant for the rock. This is usually 

obcained from the unloading curve of a sample of the rock. 

As an example, for the cemented sand-magnetite mixture used by 

Oorradaile and Alford in the Summer and Fall of 1985 KR = C.ZOl in/volt. 
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CONSTANT STRAIN-RATE PROGRAM 

I REM..NATSR WITH AR CHANGE & STRESS RELAX 

10 A=USR(12): K%=0 

II INPUT "AREA CHANGE, 1/0";QA 

12 INPUT "CONFINING PRESSURE IN PSI";PC 

13 INPUT "TIME GAP";DT% 

14 INPUT "AVERAGING TIME";AT 

15 INPUT "VOLTAGE FACTOR";VF 

16 INPUT "ORIGINAL LENGTH";0L INPUT "SHORTENING UNDER 

PC";DP 

17 INPUT "DIAMETER";OD 

18 INPUT "STRAIN RATE";ED 

19 INPUT "PERCENT STRAIN";PS 

20 UE=1.05^ED:LE=0.95^ED 

21 AR=3.1416^(0D/2W0D/2) 

22 K 12=1.897 

23 K3= 1374:K4=1.897E-7 

24 OL=OL-DP+ (PC^K4); LO=OL 

26 AK%=0; VL=OL^AR 

27 SSR=0 

28 ASR=0 

29 CA=0;GB=0 

30 GOTO 1500 
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60 CA=1 

62 LSUM=0 

64 F0RM=] TO 10 

66 L3=USR(j): L5UM=LSUM+L3 

68 NEXTM 

70 L3=LSUf1/10.0 

102 REM..START PUMP 

no A=USR(9) 

112 A=USR(4096*6^-8000) 

113 UV=7000:LV=50 

120 REM..READDISPL8cL0AD 

122 D5UM=0: LSUM=0 

123 sns2 

124 F0RM=1 TO 10 

126 D1=USR(0): D5UM=DSUM-^D1 

128 L1 =USR( 1): LSUM=L5UM+L 1 

130 NEXTM 

132 D1=D5UM/10.0 

134 L1=LSUM/10.0 

136 A=USR(10) 

142 PRINT D1;L1 

150 REM..START TIME GAP LOOP 

152 6B=GB+DT% 
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155 J%=0: K%=K%*1 

156 AK%=AK%*1 

160 IF (USR(8))=0 THEN J%=J%+1 

162 IF J%=DT% THEN 500 

165 GOTO 160 

500 DSUM=0: LSUM=0 

502 FOR 11=1 TO 10 

504 D2=USR(0); DSUM=DSUM+02 

506 L2=USR(1): LSUM=LSUI1+L2 

508 NEXT 11 

510 02=DSUI1/10,0 

512 L2=LSUM/10.0 

514 IF D2<0t THEN AK%=AK%-1: GOTO 120 

515 IF AK%=1 THENL4=L1 

520 PRINT D2;L2 

600 REM..CALC STRAIN RATE 

609 REM..T0TAL DISPL 

610 Y=((D2-DI)/4096)*(10/GO)^K3 

612 RE11..I1ACH DISTORTION 

616 Z=((L2-L1)/4096)*(10/GLPK12 

620 REM,.REAL DISPL 

622 D=Y-Z 

624 IFZ>YTHEND=0 
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626 DT=DT% 

628 SR=(D/LO)/DT 

630 L0=L0-D 

632 PRINT SR 

634 5SR=55R+5R 

636 S2=SR 

640 IF AK%>-AT THEN 980 

700 IFK%>2THEN800 

702 IFED<SRTHEN V=I:LV=V 

706 IF ED>SR THEN V=7000: UV=V 

710 GOTO 810 

800 IF 5R<UE AND SR>LE GOT 902 

802 IF K%=3 GOTO 808 

804 IFED<SRTHENUV=V 

805 IF52>51 AND S1>UE THEN LV=LV*VF 

806 IF ED>5R THEN LV=V 

807 IFS2<S1 AND SKLE THEN UV=UV^(2-VF) 

808 V=(LV+UV)/2.0 

809 IF V>8100THEN V=8100 

810 X%=V 

900 REM..OUTPUT VOLTAGE TO PUMP 

901 A=USR(4096*6^X%) 

902 GETA$ 



903 IF A$="S" THEN INPUT "STR RATE";ED: 

UE= 1.05*ED:LE=ED^0.95 

904 IF A$=T' THEN INPUT "TIME GAP";DT% 

905 IF A$="V" THEN INPUT "V0LTA6E FACT0R";VF 

906 IF A$="E" THEN INPUT "PERCENT STRAIN";PS 

907 IF A$="A“ THEN INPUT "AVERAGING TIME";AT 

908 IF A$="G"THEN 1500 

909 IF A$="R" THEN 1990 

910 IF A$='C" THEN QA= 1; VL=L0^AR 

911 IFPS<((1-(L0/OL))*1OO)THEN 10 

922 GOTO 120 

980 IFQA=1 THEN AR=VL/LO 

982 DK=(((L2-L4)/4096)*( 10/GD* 1 E6)/AR 

985 SG=DK/14.5 

1000 ASR=SSR/AK% 

1001 RS=(1-(L0/0L))*100 

1002 W=(((L2-L3)/4096)*( 10/GL)^ 1E6)/AR 

1003 W=W/14.5 

1004 A=USR(14) 

1005 PRINT "A,S,R.=";ASR 

1006 PRINT "RS=";RS 

1007 PRINT "DS=";W 

1008 PRINT "DELTA DS=";SG: PRINT 'T1ME=";GB 
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1009 SSR=0: AK%=0 

1010 6B=0: GOTO 700 

1500 REM..SET GAINS 

1502 INPUT "DISPL GAIN’;GD 

1504 INPUT "LOAD 6AIN";GL 

1506 IFGD=I THENG0=0 

1508 IFGL’l THENG1=0 

1510 IFGD=10THENG0=I 

1512 IFGL=10THENG1 = 1 

1513 IFGD=100THENG0=2 

1514 IFGL=100THENGI=2 

1524 PD=64*G0+0 

1526 PL=64*G1H 

1528 A=USR(4096*1+PD) 

1530 A=USR(4096*1*PL) 

1532 IFCA=I THEN 911 

1534 DSUM=0 

1536 FORM=l TO 5 

1538 D3=USR(0): DSUM=DSUM^-D3 

1540 NEXTM 

1542 D3=0SUM/5.0 

1544 A=USR(IO) 

1546 PRINT D3 
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1548 GET A$: IF A$="B" THEN 60 

1550 IF A$=""THEN 1534 

1990 REM..STRESS RELAXATION 

1991 A=U5R(12) 

1992 INPUT "ROCK CONSTANT";KR 

1993 IF QA=0 THEN VL=LO*AR: QA= 1 

1994 A=USR(9) 

1995 A=USR(I4) 

1997 LSUM=0 

1998 F0RM=1 TO 8 

1999 L5=USR( 1): LSUM+L5 

2000 NEXTM 

2001 L5=LSUM/8.0 

2002 RS=(l-(L0/OL))^1OO: PRINT "RS=";RS 

2003 DS=((((L5-L3)/4096WI0/GL)^1E6)/AR)/14.5: PRINT 

"DS=";DS 

2004 PRINT "CLOSE VALVE 61!" 

2005 TG%=10: G0T0 20I0 

2006 TG%=(6,0E-4/SR)/CA 

2010 DSUM=0: LSUM=0 

2011 F0RM=1 TO 20 

2012 01 =USR(0): DSUM=DSUM^-D 1 

2013 L1=USR(1); LSUM=LSUM+L1 
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2014 NEXTH 

2015 Dl=DSUM/20.0: LI=LSUM/20.0 

2020 REM..TIMEGAP 

2025 J%=0 

2026 IF (USR(8))=0 THEN J%=J%+1 

2028 IF J%=T6% THEN 2040 

2029 6ET A$; IF A$="0" THEN CA=1; GOTO 102 

2030 GOT 2026 

2040 NEXTM 

2045 DSUM=0: LSUM=0 

2046 F0RM=1 TO 20 

2048 D2=USR(0): DSUM=DSUM*D2 

2050 L2=USR( I); LSUM=LSUh*L2 

2051 NEXTM 

2055 D2=DSUM/20,0: L2=LSUM/20.0 

2060 REM..CALC STR RATE & DIFF STRESS 

2061 Z=((L2-L 1 )/4096)*( 10/GL)*K 12 

2062 DD=((D2-D1)/4096)*(I0/GD)^«K3 

2063 SD=D0-Z-((KR*Z)/K12) 

2064 LL=((L2^Ll)/2)-L3 

2066 LL=(LL/4096WI0/GL)*1E6 

2068 SR=((SD/LO)/TG%)/CA 

2069 IF SR<0 THEN 2010 
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2070 L0=L0-SD 

2071 AR=VL/L0 

2072 DSKLL/14.5)/AR 

2075 DK=(((L2-L 1 )/4096W10/GL)^ IE6VAR 

2076 S6=DK/14.5 

2111 PRINT "SR=";SR 

2113 PRINT "DELTA DS=";DS 

2114 PRINT "AR=";AR 

2116 PRINT'*DS=‘;DS 

2118 PRINT'TIME=";TG%^CA 

2400 IF SR< 1.84E-8 AND SR> 1 .OE-8 THEN CA=S: GOTO 2006 

2402 IF SR<1.0E-8 AND SR>5.0E-9 THEN CA=4; GOTO 2006 

2404 IF SR<5.0E-9 AND SR> 1 .OE-9 THEN CA=20-G0T0 2006 

2406 (FSR<1.OE-9 THEN 10 

2500 GOTO 2006 

3000 END 
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i^Glaxation testing can oe conducted at any point in the history of 

a constant strain rate test, hov^ever testing is commonly perforitied once 5 or 

lu percent axial strain has occurred in a speciiiien. 

Stress relaxation is achieved by first stopping any further advance 

of the pistons in contact v/ith the specimen and 'locking' their, into place, 

■rflicn time the total axial differential stress will decrease as the rock is 

furtner strained. 

If v.'e think of the specimen and machine as a system we can define 

an equation relating tiie strain rate and stress drop. (Figure 3) 

The elastic compliance (10 2) of the machine can be found by 

experimental loading of some standard sample. The elastic compliance of the 

rock will have to be discovered through earlier testing by the examination 

of a load vs. displacement graph for tne rock type. (Figure 4) 



Machine K12 

Specimen 

Machine 

KR 

SR 

KI2 

Figure A3. 

Schematic representation of the inachine sample system. 

tfie elastic cotupliance of tno machine. 

the elastic compliance of tne rock 

tne sa:iiples di sol ace.aent v/hich is a result of a viscous 

and a plastic (B) coiaponent. 
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Figure A4, 

Thecretical load versus displ acenient graph, upon unloading tiie rock appears 

to spring hack ^ distance 'D' frorri point ‘TV. 

The distance u is tne suni of the slope due to i.iachine distortion 'L' an^ 

tjiat due to the actual elastic con'.pl iance of the rock 'e' 



L
O

A
D

 

Figure A5. 

l£nl arced section from previous graph displaying typical stress relaxation 

curve. Wote ho'.' vJien load is reduced KK and K12 assist in the shortening of 

the rocK which is nof strictly JD. Tiius even if line ^.-9 was vertical (00=G) 

then some shortening of the sainple will still occur. 
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However during relaxation the LVDT records some shortening on the 

sample, Figure 3, thus from the load vs. displacement graph we can now 

write: 

total sample shortening = DO + L + e 

L and e are values of displacement dependent upon the change in 

stress. 

Thus L = - cr[) (K12) 

e = (Of - af) (KR) 

where erf and cr[ are successive (initial, final) differential 

stresses. Since the stress is dropping, the values for L and e will 

be negative thus equation (1) can be rewritten as: 

(2) total sample shortening = DD - L - f 

which can be written in terms of strain rate as 

(3) e - ((DD - L - e)/L0)/TG 

where L0 is the length of the specimen previous to the samples 

shortening at that increment and TG is the time gap. 



APPENDIX B 

ACCURACY AND PRECISION 

In quoting results from measurements taken from the SI-1 AMS 

unit, the graticule, micrometers, the LVDT and the load cell 

throughout this study some mention of the accuracy of the 

measurements must be made. In the case of the SI-1 AMS unit and 

the triaxial rig apparatus a brief review of the proceedures in data 

processing is in order. 

Sensitivity and Accuracy of the Sapphire Instruments SI-1 AMS 

unili 

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

sample essentially by recording the Inductance of the sensing coil 

with the specimen within the coil, Lg, and then subtracting from 

that the Inductance of the air and background, L^, measured with 

the coil empty. 

The SI-1 measures Lg and to 7 significant digits (Stupavsky 

1983). The precision of the SI-1 Ms measurement is, for the most 

part, dependent on three inter-related factors; 

1. Volume of the sample, 
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2. Measurement time, 

3. The bulk susceptibility of the sample, 

and one independent factor; 

4. Background noise. 

The first three factors are related as: when the bulk 

susceptibility of a sample Is high, the need for a large volume of 

the sample or a long measuring time would be significantly 

lessened than If the bulk susceptibility of that sample were low. 

Volume-The precision of the MS measurement increases as a 

specimens' volume approaches that of the sensing coll. 

The volume of the SI-1 sensing coil is 160 cm^ and throughout 

this investigation the volume the simple shear and pure shear 

specimens ranged from approximately 4.5 to 8 cm^. When the 

specimens fill only a fraction of the coil volume, as is the case in 

this study, the SI-1 unit determines the susceptibility of the 

specimen using a coil calibration factor recorded by measuring the 

MS of an equal sized sample of Mn02. 

Measurement time-The precision of the MS of a sample is 

usually Increased if the measuring time is lengthened. Four 

separate measuring times are available on the SI-1 unit 2, 4, 6, 

and 8 seconds. 
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Repeat MS measurements on a 1 inch long, 0.75 inch diameter 

sample of the high bulk susceptibility sand-cement material has 

shown that the degree of accuracy is not significantly improved by 

increasing the measuring time from 4 seconds to 6 or 8. Thus the 4 

second measuring time was used exclusively for the determination 

of the AMS for the simple and pure shear experiments. 

For the measurement of the low bulk susceptibility materials, 

the calcite and cement, a 6 second measuring time was employed 

as well as a sample volume equal to that of the sensing coil. 

Bulk Susceptibility- The bulk susceptibility values of the 

sand-cement material and the calcite-cement material are both 

greater than 3x10"^ c.g.s./cm^. Stupavsky (1983) has indicated 

that the absolute accuracy of MS measurement for materials 

having MS > 3 x 10’^ c.g.s./cm^ is better than 95% and that for a 2 

second measurement time the number of significant figures for 

such high susceptibility materials Is at least 4 and longer 

measuring times may improve the accuracy. 

Background nolse-The measurement proceedure Involves 

comparison of a sample and an air-background reading. Thus the 

precision of the instrument may decrease If significant changes in 

external conditions occur within the sensing range of the inducting 

coll between the two readings or between consecutive 

measurements. 
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That is, the air-background reading is considered a ''null" 

reading. If any two air-background readings are not the same, the 

deviation is due to external factors termed "background noise". 

Measurement of the MS of the specimens occurred under 

conditions of constant temperature and relatively low background 

noise conditions (le. no moving objects). Also the measurement 

procedure is such that Lg and are measured within a few 

seconds of each other so that the influence of backgound noise on 

the determined MS is minimal. 

The AMS of a sample is determined by MS measurements for 

either 6,12 or 24 specified orientations inside the measuring coil. 

The degree of accuracy of the individual MS measurements of the 

experimental materials appears to be ensured, but what of the 

orientation of the principal susceptibility directions. 

When employing the 12 or 24 orientation measurment of AMS 

the SI-1 program will give the 95% confidence limits for the 

magnitude and directions of the principal susceptibilities. 

Typically the indicated 95% confidence limits of the orientations 

are remarkably good, sometimes being on the order of 1/100 of a 

degree. 

To test the "true' precision of the given orientations the AMS of 
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one specimen was repeatedly measured; 10 measurements were 

made of the sample with the sample left in Its holder between 

measurements, also great care was taken during these readings so 

that the sample and 'boat' were being placed in exactly the same 

position inside the sensing coil; a further 10 measurements were 

made in conditions equally that of a normal reading, with the 

sample removed from its holder between each measurement and a 

slightly lesser amount of care in placing the sample and 'boat' in 

exactly the same position inside the coil. For both of thel 0 

measurements Fisherean radii (^95) were statistically 

determined for the principal susceptibility directions. 

The results from the first 10 readings (Table B-1) indicate 

perhaps the most precise 95% confidence limits the SI-1 is 

capable of for orientation determination. The ocg^ radius of 'cone 

of confidence' in each case is less than 1®. The second 10 readings 

(Table B-2) reveal a slightly larger (Xg^ radius for the principal 

susceptibility directions. These readings are problably more 

realistic in their estimation of the cone of confidence about the 

susceptibility directions determined from the SI-1 unit ( >1.5°). 

However, in the authors estimation, during the course of data 

collection a 95% confidence limit of at least 3° should be ascribed 

to the derived susceptibility directions, which, although quite 
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large, is approximately the size of the sybol used to indicate the 

directions on the stereonet projections. 

Stress Relaxation: 

Voltages, indicating displacement in Inches, from the LVDT, or 

pounds from the load cell, are converted into digital readings on a 

scale of 1 to 4096. 

The LVDT is accurate to .0005 inches, thus this displacement 

can be said to be the smallest reliable measurement. Since the 

accuracy of the control system is only as good as 1 part in 4096, 

to have reliable strain-rates It Is necessary to allow the amount 

of time necessary for this small Increment of displacement to 

occur. 

If 5 X 10"^^ inches Is the smallest displacement allowable, the 

necessary time to elapse for this displacement to occur can be 

determined according to the strain rate: 

re: SR = 5_xJ£^ 

dt 

or dt = 5 X 10“^ 

SR 
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ie. dt = 5x10“^ = 500 seconds 

SR 

Since this value (dt) is at the very limit of machine sensitivity 

the dt value are given an added 20%. Thus, during a relaxation test, 

the time gap is set at a value proportional to an expected 

strain-rate lower than the previously measured strain-rate in 

order to 'capture' a precise reading. 

However, as the rate of permanent strain accumulation 

continually decreases the amount of time necessary to receive a 

meaningful result becomes in itself a problem. During rather long 

time gaps (those over 1 hour) significant fluctuations may occur in 

the voltage supplying the LVDT and load cell. 

Line voltage was monitored on several occasions by first 

setting the LVDT at a fixed position and conecting it and the load 

cell to the computer and the strip chart recorder. Results 

indicated that for a period of one day the drift experienced by the 

load cell was negligable (at worst; ±1 unit in 4096) while the drift 

experienced by the LVDT could be extreme (± 50 units In 4096). 

However, it was noted that for the LVDT the worst drift occurred 

during 'peak' hours of electrical demand (between 8:00 and 9:00 

am, and between 4:00 and 6:00 pm). Beyond these fairly drastic 

times of fluctuation, and during the weekend, when demand is 
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lowest, the drift was within the expected range for the unit (± 

0.22 %). 

Thus relaxation test were always conducted during the weekend 

in order to minimize errors due to line voltage fluctuations. 

Nevertheless, during each test any potential drift was monitored 

on the strip chart record such that results could be dismissed if 

any significant drift did occur. 

Specimen Measurement: 

0-1 inch and 1-2 inch micrometers were used for the 

measurement of specimen length and width. Both micrometers are 

accurate to 0.0005 inches, hence specimen sizes quoted for tests 

are reliable. 

Determination of shear zone displacements and width were 

achieved by the use of a graticule with a measuring accuracy of 

0.05 mm. However, since the specimens are cylindrical the 

measuring surface is round, hence the graticule could be placed in 

a variety of locations along the circumferance of the specimen 

thus making it difficult to accurately record the incremental 

changes in shear zone width and displacement. Subsequently, 

measurements were often repeated and throughout each recording 

great care was taken in ensuring the graticule was placed at an 

appropriate tangent in order to view the shear zone. 



APPENDIX C 
Experiments 

SAND-CEMENT SHEAR ZONES 

Series A (0.689 kbars P^) 

Single Step Tests 

# 

Experiment 
No. 

SZ-A 
SZ-B 
SZ-C 
SZ-D 
SZ-E 
SZ-F 
SZ-G 
SZ-H 
SZ-I 
SZ-J* 
SZ-K 

w 
Initial 
Width 
(cm) 

0.508 
0.521 
0.457 
0.495 
0.445 
0.469 
0.508 
0.546 
0.483 
0.521 
0.521 

W| 

Final 
Width 
(cm) 

0.495 
0.483 
0.419 
0.457 
0.419 
0.432 
0.483 
0.495 
0.438 
0.469 
0.469 

SD 

Shear 
Displacement 

(cm) 

0.013 
0.044 
0.051 
0.038 
0.013 
0.025 
0.063 
0.089 
0.064 
0.139 
0.178 

Shear 
Strain 

.025 

.092 

.121 

.083 

.03 

.058 

.13 

.179 

.146 

.297 

.378 

'faulted during defcrmaticn 

# 

SZ-L 
SZ-M 

W. 

(cm) 

0.457 
0.49 

W. min 
Minimum 
Width 

(cm) 

0.394 
0.435 

Multiple Step Tests 
SD 

(cm) 

0.127 
0.114 

^n\cix 
Max.Shear 
Strain 

.322 

.263 

AP 

Change in 
Anisctrcpy 

.002 

.0184 

.0146 

.0165 

.0007 

.0053 

.0237 

.0182 

.0332 

.0395 

.0373 

AP' 

0388 
0291 



SAND-CEMENT SHEAR ZONES 

Series B (1.0 kbar P^) 

Multiple Step Tests 

# 

SZ-1 
SZ-2 
SZ-3 

w 
(cm) 

0.465 
0.5 
0.52 

W • ’'''min 
(cm) 

0.43 
0.465 
0.47 

SD 

(cm) 

0.051 
0.038 
0.152 

.118 

.085 

.324 

SAND-CEMENT SHEAR ZONES 

Series C (1.5 kbars P^) 

Multiple Step Tests 

# 

SZ-1 
SZ-2 
SZ-3 

W 

(cm) 

0.51 
0.51 
0.39 

W • 

(cm) 

0.49 
0.49 
0.32 

SD 

(cm) 

0.051 
0.038 
0.032 

max 

.104 

.078 

.099 

AP' 

.0314 

.0227 

.044 

AP' 

.0306 

.0194 

.0175 



CALCITE-CEMENT SHEAR ZONES 

Series 1 (1.0 kbars 

Multiple Step Tests 

# 

SZ-C1 
SZ-C2 
SZ-C3 

w 
(cm) 

0.44 
0.51 
0.52 

W min 
(cm) 

0.4 
0.49 
0.47 

SD 

(cm) 

0.044 
0.038 
0.089 

.111 

.077 

.189 

CALCITE-CEMENT SHEAR ZONES 

Series 2 (1.5 kbars P^) 

Multiple Step Tests 

# 

SZ-C2 
SZ-C3 
SZ-C4 

w 
(cm) 

0.5 
0.49 
0.54 

W mm 
(cm) 

0.46 
0.44 
0.5 

SD 

(cm) 

0.057 
0.057 
0.025 

mt 

.124 

.129 

.051 

Cl faulted during early stages of deformation 

AP' 

.0341 

.0241 

.0121 

AP' 

.0332 

.0563 

.0141 



CALCITE-CEMENT 
PURE SHEAR EXPERIMENTS 

Single Step Tests 

# 

Experiment 
No. 

AC-1 
AC-2 
AC-3 
AC-4 
AC-5 
AC-6 
AC-7 
AC-8 
AC-9 

•-0 

Initial 
Length 
(cm) 

1.912 
2.029 
1.953 
2.151 
2.037 
2.456 
1.816 
2.098 
1.953 

Final 
Length 
(cm) 

1.786 
1.874 
1.867 
1.994 
1.829 
2.167 
1.704 
1.719 
1.694 

e 

Percent 
Shortening 

6.64 
7.63 
4.42 
7.32 
10.22 
11.78 
6.15 
18.03 
13.26 

AP' 

Change in 
Anisotropy 

.0009 
-.002 

.0028 

.0037 

.0205 
-.008 

.0022 

.0213 

.0022 

# 

Experiment 
No. 

AC-10 
AC-11 

CALCITE-CEMENT 
PURE SHEAR EXPERIMENTS 

Multiple Step Tests 

‘-o 

Initial 
Length 
(cm) 

1.948 
2.327 

•-min 
Mlnumum 

Length 
(cm) 

1.592 
1.925 

e 

Percent 
Shortening 

18.3 
17.25 

AP' 

Change in 
Anisotropy 

.0181 

.0108 



APPENDIX D 

MSA DATA AND THIN SECTION LIST 



MAGNETIC SHAPE TESTS OF INCLINED DISKS FOR 

SHEAR ZONE TESTING 
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SINGLE STEP SAND-CEMENT SHEAR ZONES 



h- 
LLI 
LU 
X 
CO 

I 
Q 

CO 

< 

T 
CO 

I 
N 
Kn 

00 
UJ 

QC 
U4 
00 

C/) 
cc 
LU 
H 
LU 

< a: 
Q_ 

>o 
O 

f^. C 

ro 
N 

o 
6 

in 

O 

N. 
O 

O 

Uo 
W 
O 

0^. 
C\J 
0 

N 

ro 

O 

c^ 

d 

:D- 

O 
o LU 

\D 

0 

o Cf- LU 

o 
lU 
Q 

o 

(n 

v9 

Lb 

(O 0 



CO 
I 

N 
cP 

CD 

LU 

ciir 
UJ 

(/) 
a: 
LU 
h- 
UJ 

< 
cr. 
< 
CL 

>o 

N 

a 
(n 

0 

0 

o 
M) 

vS 

o 
0 

0 

CN 
to 
O 

in 

i' 

o- 
O 

o- 
O 

O 
'vO 

■3- 
o 

00 
IT 

LA 
O 

lO 
lO 
cr- 
ro 

> 
QJ 

O 

O 
lU 
O 

UJ 

CO 

fO 

> 
lU 

o 

o 
UJ 
Q 

(n 

lu 

> 
UJ 

u 

lO 

lJU 

o 
UJ 
Q C< 

V) 0 Vl 



u 
I 

t/) 

c 

\n 
LU 

oiT 
ILI 

C/) 
cc 
LU 
H 
LU 

< 
a: 
< 
Q_ 

>o 

N 

Q 
V) 

0 

0 

r- 
V 

o 
d 

vO 

d 
vO' 
CO 
<o 
0 

Cr- 
0- 

lO 

r^ 
O 

r< 

o 

<\/ 
:r 

d 
CNi 
rO 

o 

ro 

N 

X 
< 

> 
UJ 

o 

o 
UJ 
Q 

o- 

> 
ui 

o 

JO 

o 
UI 
Q 

(K ro 

v£> 

> 
LU 

O 

O 
LU 
Q 

CQ 

CO 0 



J 
N 

iu 

C/) 
ct 
LU 
H 
liJ 

< 
Q: 

< 
Q. 

>o 

N 

> 

Q 
O) 

0 

0 

>- 

K 

o 
d 

■3“ 

d 
vO 
ro 
>* 
O 

cv 
00 

7- 

to 

CO 
O 

to 
CO 
O 

C'l 

K 

00 

S 

v£> 

d 

o 
ND 

O 

Cr- 
lO 
C3Q 

X 
< 

u 

o 
UJ 
Q 

IX 

o 
viD 

> 
LU 

O 

vO 

in o 



LLi 
I 

LU 
vn 

(/) 
tr 
LU 
H 
LU 

< 
Q: 

< 
Q_ 

>o 

N 

O 
> 

Q 
cn 

0 

o 

rv. 

K 

O 

d 

::r 

d 

f^ 
O 

h- 
sO 
O 
> 
d 

^0 
o 

0 

o 
\ 

h* 

o 

«v 

d 

M) 
h- o 
in 

rO 

d 

> 
LU 

O 

O 
lU 
Q 

> 
lU 

o UJ 

o 
lU 
Q 

> 
LU 

O 

O 
LU 
Q 

CO O 



LL 

t 
N 
{/) 

if) 
Hi 

S 
OL 

(/) 
cc 
LU 
l~ 
LU 

< 
CL 
< 
CL 

>o 

N 

> 

Q 
if) 

0 

0 

00 
o- 

O 

6 

6 

o 
K 
O 

NT) 

CD 
> 
6 

00 
to 
o 

CO 
to 
o 

to 
oD 

vi) 

lO 

o 

Nl 

O' 

6 

s 
o 

CO 

Z> 

X 
< 

> 
tlJ 

o 

o 
UJ 
o 

IJJ 

:r 

ro 

\ 

> 
UJ 

o 
2 

00 

o 
Ul 
Q 

r 

Ui 

> 
UJ 

o 

o 
UJ 
Ci 

uo a- 

cn o 'H 



CJD 
I 

uo 

c 

CO 
LU 

cv: 
LU 

(/) 
QC 
LLI 
H 
LU 

< 
a: 
< a. 

>o 

N 

TJ~ 

fO 
ro 

0 

o 

o 
6 

o 
Co 
cr- 
•3- 

O 

0 
6 

ro 

d 

00 
d 

ro 

Q 

CO 

d 

r- o 
:r- 
O 
rv 
cy 
6 

o 

til 

o 

CO 0 H 



I 

N 
c/9 

(O 
Oi 

0^ 
Uj 
vr) 

X) 

N 

Q 
<n 

0 

0 

so 
o 
K 

o 
d 

in 

d 

o 

<]0 

'30 
CO 

o— 

o— 

N. 
r'- 
d 

0-- 

0~~ 
> 

d 
lo 
N 

r- 
cy 
(O 
!>• 

d 

> 
UJ 

u 

o 
UJ 
o 

U1 

to 
o- 

d" 

yv) 

Uj 

o 
UJ 
Q 

U 

O 
UJ 
Q 

cn o V-) 



H 
I 

in 

m 

Qc: 
UJ 
CO 

</) 

LU 
H 
UJ 

< 
Q: 

< 
Q. 

>o 

N 

> 

o 
> 

Q 
V) 

0 

0 

vO 

VQ 

0 
0 

00 

d 

o 
'o 
O 

O 
:a- 
in 

d 

cn 

io 

r>- 
co 

no 

O 

OJ' 

d 
Sp 

00 
O 

00 
io 
o- 

o 

> 
Hi 

o 

o 
HJ 
Q 

UJ 
h- 
< 
Q 
LU 

O 

L/i 

<x 

:> LU 

U 
UJ 
Q ‘O 

> 
UJ 

o 

o 
U1 
Q 

(O O H 



h" 
LU 
LU 
X 
(/) 

Q 

{/) 

< 

(/) 

h 
I 
N 
to 

r 

iii 

cii: 
LU 
KO 

(/) 
Ct 
UJ 
H 
LU 

< 
Q: 

< 
CL 

>o 

N 

> 

Q 
cn 

0 

0 

NO 
N 
v9 

O 

o 

c\ 
to 

6 

io 
O 

o 

r< 
6 

o- 

Cr- 

CX 

c- 
to 

d 

oc 

O 

r- 
oo 
ro 
vD 
CS 

> 
LU 

O c\ 

O 
lU 
Q 

LU 

Nl 

O 
:J- 

O 
lU 
Q 

LU 

CO 

O LU 

O 
LU 
Q 

O 

V) o 



I 
N 
(/) 

00 

LU 
C/) 

(/) 
Q: 
LU 
h- 
LU 

< 
(T 
< 
Q. 

>o 

N 

> 

0 

o 
N-) 
o 

0 
d 

o' 
r) 
fvo 
vO. 
o 
U1 
IT) 

T 
d 

CO 

Kv 

tn 

rO 
oo 
id 

CO 

r^ 
r- 
d 

v£) 
O 
Q 

O 
vS 
d 

> 
LU 

O 

> 
LU 

vD 

J- in ■=0 

> 
LU 

O 

O 
LU 
Q 

>x> 

o o 

2 
</) O 



MULTIPLE STEP SAND-CEMENT SHEAR ZONES 
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LIST OF SLIDES 

SLIDE NO. SUBJECT 

1 UNDEFORMED SAND-CEMENT MATERIAL 
2 UNDEFORMED CALCITE-CEMENT MATERIAL 

SAND-CEMENT SHEAR ZONES 

SLIDE NO. EXPERIMENT SERIES FINAL SHEAR STRAIN (^) 

5 SZ-A A 
6 SZ-K A 
7 SZ-1 C 
8 SZ-3 B 
9 SZ-1 B 

.025 

.378 

.104 

.324 

.118 

CALCITE-CEMENT SHEAR ZONES 

SLIDE NO. EXPERIMENT SERIES FINAL SHEAR STRAIN (H) 

10 SZ-C1 1 
11 SZ-C3 2 
12 SZ-C3 2 
13 SZ-C3 1 
14 SZ-C2 2 

.111 

.129 

.129 

.189 

.124 

CALCITE-CEMENT PURE SHEAR TESTS 

SLIDE NO. EXPERIMENT FINAL STRAIN 

20 
21 
22 

AC-3 
AC-9 
AC-8 

4.4% 
13.26% 
18.03% 
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Abstract 

Borradaile, G. and Alford, C., 1987. Relationship between magnetic susceptibility and strain in laboratory experiments. 
Tectonophysics, 133: 121^135. 

Under experimental conditions of 1.5 kbar confining pressure and at a strain-rate of 5X10“^ sec“* at room 
temperature the principal directions of magnetic susceptibility of a dry, synthetic, magnetite-bearing sandstone rotate 
toward principal strain directions. The rotation is faster than that expected from rotation of a line in homogeneous 
strain. Fluid pressures of 200 or 700 bars do not appear to affect the development of anisotropy of susceptibility. 

The change in bulk anisotropy shows a power law correlation with strain ratio where the initial susceptibility 
ellipsoid was nearly coaxial with the bulk strain axes during the experiment. More generally, in those situations, as well 
as ones in which the initial susceptibility ellipsoid was strongly inclined to the bulk strain axes there exists a common 
matrix M which relates the initial susceptibility tensor kjj, the final susceptibility tensor k'j and the strain tensor e,j,: 

e^jkij = Mk'ij 

Introduction 

Recently there has been considerable interest in 
the use of magnetic susceptibility in structural and 
tectonic geology. In brief, we know from the work 
of Graham (1954) and the schools of Tarling (e.g. 
Singh et aL, 1975), Hrouda (e.g. Hrouda, 1982), 
Kligfield (e.g. Kligfield et al., 1977, 1982) and 
Owens (e.g. Owens and Bamford, 1976; Owens 
and Rutter, 1978), that the orientations of prin- 
cipal susceptibilities can correspond to the orien- 
tation of sedimentary, magmatic or tectonic 
fabrics. Furthermore, in the case of tectonically 
deformed rocks the principal susceptibilities often 
correspond to the principal strain directions de- 
termined from conventional strain markers (e.g. 
Rathore, 1979; Borradaile and Tarling, 1981,1984; 
Borradaile and Mothersill, 1984). This correspon- 

dence has lead to the notion of a susceptibility 
ellipsoid, represented by the tensor components 
kij, whose principal directions may have tectonic 
significance. 

We may rapidly and easily determine the sus- 
ceptibility ellipsoid’s orientation and magnitudes 
of susceptibility for a rock although conventional 
strain or fabric markers are absent. In this way it 
is possible to determine the cryptic fabric of the 
magnetic minerals and this may provide informa- 
tion on the principal strain orientations. More- 
over, it has been suggested by Rathore (1979) and 
Rathore and Henry (1982) that the magnitudes of 
susceptibility (and thus the shape of the suscep- 
tibility ellipsoid given by ratios of magnitudes) 
may correspond to the shape of the strain el- 
lipsoid. 

To refine our knowledge of the correlations 
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between susceptibility and strain in naturally de- 
formed rocks we must focus our attention on the 
following items. Some literature citations indicate 
where these problems have been addressed to some 
degree: 

(1) Which minerals are the source of the sus- 
ceptibility? Are they matrix-forming minerals or 
minor phases? (e.g. Schwarz, 1974; Owens and 
Bamford, 1976; Wagner et al., 1981; Borradaile et 
al., 1986). 

(2) What is the nature of the pre-tectonic sus- 
ceptibility of rocks? (e.g. Graham, 1966; Rees, 
1966, 1968; Hamilton et al., 1968; Rees and 
Woodall, 1975). Does this influence the post- 
tectonic susceptibility? (e.g. Borradaile and Tar- 
ling, 1981). 

(3) What is the nature of the processes acting 
to change the original susceptibility k^j to the 
final susceptibility k'^j (Goldstein, 1980, touched 
on this problem). Were the magnetic minerals 
affected by recrystallisation processes (e.g. Bor- 
radaile et al., 1986), rotations (Owens, 1974), by 
pressure solution (Borradaile and Tarling, 1981) or 
other deformation mechanisms? 

(4) What is the state of finite strain of the rock 

In naturally deformed rocks there are inevita- 
bly problems in determining these four items and 
while this does not undermine the value of sus- 
ceptibility studies it does leave questions un- 
answered in linking the four items. 

We attempt to address the problems frorh sus- 
ceptibility studies of experimentally deformed 
materials: (a) of known mineralogy; (b) of known 
original susceptibility (A:,y); (c) subjected to ex- 
perimental deformation of a macroscopically 
ductile nature; so that (d) the bulk finite strains 
{e^j) are known. 

Owens and Rutter (1978) adopted a similar 
approach. However, they investigated the changes 
in diamagnetic susceptibility of marble and of 
single calcite crystals and the accompanying crys- 
tallographic fabrics. They calibrated crystallo- 
graphic fabric in terms of susceptibility for single 
crystals. Our study focusses on the bulk strain 
effects upon a multigranular, polymineralic 
material with disseminated ferrimagnetic marker 
grains. We address the problem of calibrating bulk 
strain in terms of bulk susceptibility changes. 

The material used 

The specimens used in the experiments had to 
be of relatively small size (approx. 10 cm^) to fit in 
the tiiaxial rig. Consequently, the bulk susceptibil- 
ity had to be high so that the anisotropy of 
susceptibility could be determined accurately. 
Moreover, the initial anisotropy of susceptibility 
of the specimens before deformation had to be 
low, so that the difference in shapes of the speci- 
men before and after strain did not produce a 
shape effect which adversely affected the de- 
termination of the susceptibihty ellipsoid. Further, 
the material had to be suitably strong so that it 
permitted the pistons of the triaxial rig to be 
precisely seated against the specimen at the start 
of a test; suitably ductile at the range of confining 
pressures and strain rates permissible, and of a 
suitable grain-size to favour homogeneous defor- 
mation. 

Being unable to find a natural material which 
met these requirements we synthesised an artifi- 
cially cemented “sandstone”. This was prepared 
by sieving a glacio-lacustrine beach sand to retain 
an aggregate in the grain-size range 3.0 to 3.5 0 
(0.125 to 0.088 mm). The sieved sand had at this 
stage an enhanced magnetite content of about 4 
wt.% and a mineralogy dominated by quartz and 
feldspars. To improve the confidence of measure- 
ment of susceptibility directions, crushed mag- 
netite was added to the mixture. These grains had 
similar shape ratios to the natural grains of the 
sieved beach sand and were sieved to give the 
same grain size as the naturally present magnetite. 
The magnetite is thus present in approximately 
the same size range as the other grains. Whilst this 
is not usually the case in natural metamorphic 
rocks, it was our intention to investigate the ef- 
fects on magnetite “re-orientation” where the 
magnetite might be expected to behave in a broadly 
similar fashion to the matrix-forming grains. 

The aggregate was cemented with 40% (dry 
volume proportion) of Portland cement which was 
distributed evenly through the well-mixed aggre- 
gate. The cement was set by the addition of warm 
water. The effects of “flow fabrics” produced by 
mixing the cement were reduced by setting the 
aggregate in a large shallow tray. This was re- 



peatedly probed with a fine copper wire during 
setting to reduce any preferred orientation pro- 
duced during mixing. The setting tray was also 
rotated to minimise the aligning effect of the 
earth’s magnetic field on the magnetite. The set 
block had 8% magnetite by weight and was air- 
dried for 1 month. The specimens were then core- 
drilled from the block. Small bubbles at the surface 
of the cores were filled with the same mixture of 
the aggregate and cement. This was necessary to 
reduce the frequency of jacket failures during the 
triaxial rig tests. Cement on its own has a suscep- 
tibility of 7.26 (±0.04 s.e.) X 10~^ cgs cm~^ 
(twenty determinations on a specimen of 143 cm^). 
Thus it makes a negligible contribution to the 
susceptibility of the samples for which the bulk 
susceptibilities are about 3 X 10"^ cgs cm~^. 

Determination of magnetic susceptibility 

The magnetic susceptibility of cylindrical core 
specimens was determined before and after defor- 
mation in ?m SI-1 meter developed by Sapphire 
Instruments of Ruthven, Ont., described elsewhere 
(Borradaile and Mothersill, 1984). 

Specimen shape, especially the length/diameter 
ratio (1/i/), can influence the determination of 
anisotropy of susceptibility where the bulk sus- 
ceptibility is low. Where \/d > 0.82 the maximum 
susceptibility will be parallel to the axis of the 
cylindrical specimen and where \/d< 0.82 the 
minimum susceptibihty will be parallel to the axis 
(Stupavsky, 1983). Thus we have taken a some- 
what longer than usual core of the material and 
determined its anisotropy of susceptibility re- 
peatedly as its length was reduced gradually by 
grinding off the ends. There was little change in 
the orientations of the principal susceptibility di- 
rections (Fig. 1). Since the 95% cone of confidence 
about the determined principal directions can be 
as much as 3®, and in view of the data distribution 
in Fig. 1, we consider the shape effect upon the 
determination of susceptibility directions to be 
minor in this material. This permits us to de- 
termine anisotropy of susceptibility from the same 
specimen before deformation and after deforma- 
tion, when its shape had changed. It should also 
be noted that the \/d ratios actually used in our 
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Fig. 1. Condensed parts of a lower hemisphere equal area 
steronet. This shows how the principal susceptibility directions 
of a single, never-deformed cylindrical sample change as the 
cylinder’s length is gradually reduced by grinding. No. 1 

indicates the greatest length, when the length/diameter ratio of 
the specimen was nearly 1.4. No. 12 indicates the shortest 
length when the specimen had a length/diameter ratio of just 
less than 0.6. 

tests were in quite a narrow range (1.2> l/^f> 
0.94 at the start of the test). 

The shape effect influences the magnitudes of 
anisotropy. We used the P' parameter of Jelinek 
(1981), expression of total degree of anisotropy 
given by: 

P' = txp^j2[al ^ a\-\- a\) 

where = \n{ky^^/k) etc. and: 

^ ~ (^11 ' ^22 ■ ^33) ^ 5 ^11 ~ ^max 

The way in which P' varies with the ratio 

^max Aim etc. is shown in Fig. 2. 
We note a slight decrease in P' as the \/d 

ratio was reduced from 1.4 to 0.6 (Fig. 3). Again 
we emphasise that this range of \/d ratio is 
actually much greater than that used in the tests to 
be described subsequently. 

A systematic change in the shape of the sus- 
ceptibility ellipsoid also occurs as the specimens 
\/d ratio changes. This change is expressed in 
terms of the single parameter T (Jelinek, 1981) 
which is given by: 

T= [2(ln - In k22)/(ln ^22 — In AT33)] - 1 
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Fig. 2. Illustrating the variation of the anisotropy parameter, 
P\ in terms of the ratios of the principal susceptibilities. P' 
expresses the degree of anisotropy (Jelinek, 1981). 
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Fig. 4. Illustrating the variation of the sense of anisotropy 
parameter, T, with the ratios of the principal susceptibilities. 

The variation in T vyith the ratios etc. is 
shown in Fig. 4. The change in T shown by the 
specimen is indicated in Fig. 5. While this shape 
change appears substantial it should be realised 
that the ellipsoids described are very nearly 
spherical and plot near the origin of a graph of 

^ max /^im against k^^/k^^, since their P' values 
are so low. 

In the experimentally deformed samples a ref- 
erence arrow was placed on one end of the cylin- 

drical specimens to permit changes in susceptibil- 
ity orientations to be detected. 

Experimental deformation 

The samples of known magnetic susceptibility 
were deformed in a triaxial rig designed by Donath 
(1970). The specimens were jacketed in Teflon or 
a combination of Teflon and heat-shrink tubing. 

Since these materials have negligible susceptibili- 

Fig. 3. Illustrating the shape effect upon the anisotropy parameter. P'. The ratio of length/diameter for a single, never-deformed 
specimen was changed by grinding away the ends of the specimen. 
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Fig. 5. Illustrating the shape effect upon the anisotropy parameter, T. The same specimen was used as in Fig. 3 as its length was 
reduced by grinding. 

ties and the susceptibility of specimens is high (ca. 
3 X 10~^ cgs cm“^) it permitted us to leave the 
specimens in their jackets for the susceptibility 
determination after deformation. Some specimens 
could be removed from their jackets and this 
permitted us to reuse the same specimen with a 
new jacket for subsequent tests to examine the 
effects of progresive deformation in increments of 
several percent shortening. 

The specimens were all deformed at a confining 
pressure of 1.5 kb (1.5 X 10* Pa) and at a strain- 
rate of 5.11 + 0.25 (s.d.) X 10“^ sec“^ The strain 
rate was a “natural” strain rate in which the 
incremental change in length was in a constant 
ratio to the length of the specimen at the start of 
that increment (Pfiffner and Ramsay, 1982). Load- 
ing was achieved hydraulically via a syringe pump 
driven electrically through a multi-rate gearbox. 
Separate chart recorders plotted load versus dis- 
placement and displacement versus time, and in 
the later tests a microcomputer system permitted 
automatic control of the strain-rate via a variable 

speed control to the loading pump. Synchronous 
data reduction and corrections were similar to 
those outlined by Donath and Guven (1971) and 
Rutter (1972) and used a microprocessor system 
supplied by Dr. J. Holder (C.G.S. Inc.). The con- 
stant strain-rate programs and stress relaxation 
programs were written by the authors in BASIC to 
utilise Dr. Holder’s machine language subroutines. 

The artificially cemented sandstone showed 
work hardening stress-strain curves without sharp 
yield points for all tests. Neville (1981, p. 364) 
attributes most deformation at low strains to mi- 
crocracking at the boundaries between rock par- 
ticles and the cement “gel” in concrete. The ce- 
ment gel is a cryptocrystalline aggregate of hy- 
drated calcium silicates and calcium aluminates 
which progressively crystallise over a period of 
months or years. The artificial cement that we 
used was a Portland variety which achieves nearly 
all of its ultimate strength after 28 days. During 
the next 28 days it only increases its strength by 
5% and thereafter more slowly. Thus during our 
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tests, performed in this second interval of 28 days, 
the samples did not increase substantially in 
strength and we do not believe that any substan- 
tial change in the mode of deformation occurred 
over this period. 

Stress-relaxation tests of the type used by 
Rutter et al. (1978) and Schmid (1976) were per- 
formed on the artificial cement-sand material. 
There is some indication that there is a change in 
deformation mechanism at a strain rate of about 
7.9 X 10“^ sec“^ (Fig. 6b). Nevertheless, both the 
singly deformed material and the multiple de- 
formed material (corresponding to pre-stressed 
concrete) show the same slope on the logjo (dif- 
ferential stress) versus log^o (strain-rate) graph at 
the strain rate used in the tests (5 X 10“^ sec“^). 
This suggests a relationship between differential 
stress (in bars) and strain rate (e) of the form: 

e a a" 

with n = 40. 
This weak effect of differential stress (strength) 

upon strain rate is typical of sandstones defor- 
ming by cataclastic flow (Donath and Fruth, 1971) 

Fig. 7. A selection of specimens, from left to right these are not 
deformed, shortened by 13%, by 21%, and by 35%. The two 
specimens on the right are still encased in teflon jackets. The 
most deformed specimen shows shear zones that normally 
developed beyond 24% shortening. 

but in our samples most of the deformation is 
confined to the cement gel. 

For the constant strain-rate tests at 5 X 10“^ 
sec“^ we chose a specimen shape by experimenta- 
tion which would suppress faulting as a mode of 
failure and instead fail in a macroscopically ductile 
fashion. The actual length varied from test to test 
so that the final 1/d ratio expected after a certain 
shortening would produce the least shape-effect 

Fig. 6. Stress-relaxation results for the artificially cemented sandstone performed at the percentage strain indicated. Note that 
multiple deformed specimens (= “ pre-stressed concrete”) are stronger than single deformed specimens. In the subsequent tests which 
were used to study the effects of strain on the magnetic susceptibility a strain-rate of 5 X 10"* sec~^ was chosen; the actual average 
(AS) and standard deviation are indicated on the graph above, (o = differential stress in bars, Cp = rate of accumulation of 
permanent strain). 



upon the determination of the anisotropy of mag- 
netic susceptibility. 

Examples of the initial and deformed speci- 
mens are shown in Fig. 7. 

Comparison of anisotropy of susceptibility before 

and after deformation 

The principal susceptibilities and their orienta- 
tions were determined for each specimen before 
deformation. A reference arrow was placed on one 
end of each cylindrical specimen so that the sus- 
ceptibility could be determined relative to it after 
the experimental deformation. Susceptibility was 
determined immediately after each specimen was 
removed from the triaxial rig. To check whether 
any time-dependent inverse magnetostrictive (pi- 
ezomagnetic) effects occurred during the release of 
stored strain energy, the susceptibility of two de- 
formed specimens and a never-deformed control 
specimen were measured at repeated intervals for 
some time after the experiments (Fig. 8). 

The value P' did not change significantly after 
experimental deformation. In fact the individual 
susceptibility values rarely moved beyond the 95% 
confidence limits of previous determinations. (As 
an example of the size of the confidence limits the 
values for a typical deformed specimen, B8520, 
were: 

= 2.6698 + 0.002 
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Fig. 8. This illustrates that the magnetic anisotropy shows no 

significant, consistent changes with time after a sample has 
been experimentally deformed. 

= 2.8250 ± 0.003 

^max= 3.0377 ±0.003 

all in units of 10“^ cgs cm“^.) 
Despite the lack of time-dependence on the 

susceptibility values within the time-frame con- 
cerned, post-deformation susceptibility tests were 
always performed immediately following removal 
of the specimen from the triaxial rig. 

Changes in orientation of the principal susceptibili- 
ties during experimental deformation 

Specimens have been deformed by axial shor- 
tening in the range 2% to 35%. Fully ductile 
behaviour in the macroscopic sense has been 
achieved to 25% axial shortening. It has thus been 
possible to monitor rotations of the principal sus- 
ceptibilities in this range. However it is necessary 
to draw attention to the fact that the best attempts 
at bulk homogeneous deformation are merely ap- 
proximations to that state. The typical sequence of 
events with progressive shortening is that, firstly, 
the cylindrical specimen takes on a very weak 
“hourglass shape”. This accompanies a small 
volume reduction that we attribute largely to the 
collapse of bubbles in the cement matrix although 
pure cement gels are known to contract during 
creep (Neville, 1970, p. 260). At about 3.5% shor- 
tening this effect disappears and the specimen 
becomes progressively more barrel-shaped (see Fig. 
7). At about 24% shortening some macroscopic 
faulting occurs. The load-displacement curve for 
the experiment usually indicated the onset of 
faulting so that it was possible to isolate partly 
the component of axial shortening due to bulk 
strain and that due to faulting where the net 
shortening exceeded this 24% limit. 

A typical example of the effect of progressive 
movement of the susceptibility axes is illustrated 
by experiment B8513 (Fig. 9). This specimen was 
shortened along its axis by 3%, then further shor- 
tened in a subsequent test to a total shortening of 
21%. The initial motion of the susceptibility axes 
shown by this and other specimens is that the 
minimum susceptibility may not move to- 
ward the axis of shortening (the axis of the cylin- 
der), Z, in the initial stage (Fig. 9a). This effect 
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Fig. 9. Changes in anisotropy of susceptibility in a specimen 
shortened in two stages, first by 3% and then further to give a 
total shortening of 21%. a. (inset) Lower hemisphere stereonet 
showing the rotation of principal directions of susceptibility, b. 
Graph showing change in ratio of susceptibilities. 

Fig. 10. Changes in anisotropy of susceptibility in a specimen 
shortened in a single test by a total of 27%. a. (inset) Lower 
hemisphere stereonet showing rotation of the principal direc- 
tions. b. Graph showing change in ratio of susceptibilities. 

persists to about 4% shortening while the speci- 
men develops and keeps an hourglass shape. Fur- 
ther deformation beyond the 4% level produces a 
distinct rotation of toward the Z axis and 

and away from the Z axis. 
Moreover, the shape of the susceptibility el- 

lipsoid does not always become progressively more 
eccentric during the early part of the shortening 
history. As shown in Fig. 9, the ellipsoid may 
initially become slightly more prolate. Subsequent 
substantial shortening, however, produces a more 
eccentric susceptibility ellipsoid further into the 
field of flattening (Fig. 9). 

The initial irregular motion of the susceptibility 
axes and the irregular change in shape of the 
susceptibility ellipsoid is, we believe, associated 
with the hourglass shape of the specimen at the 
early stage of shortening. We speculate that during 
this early shortening the ends of the cylindrical 
specimen spread against the steel pistons and that 
a locally strong magnetic fabric develops at the 
specimen ends. This irregular magnetic fabric is 
thus an artefact of the experimental method and is 
suppressed after 4% shortening when the bulk 
deformation of the specimen produces a magnetic 
fabric which dominates. A typical experimental 
result, for a test producing 27% shortening in a 
single event (B8514) is shown in Fig. 10a and 10b. 
The k^^J^ axis moved toward Z (Fig 10a) and the 
susceptibility ellipsoid became flatter-shaped and 

lies further from the origin of the shape-ratio 
graph (Fig. 10b). 

Interesting examples of transformations of 
original to post-deformation susceptibility el- 
lipsoids have also been discovered. For example, 
in some instances where the original susceptibility 
ellipsoid has its axis at large angles (> 40°) 
to Z there occur transformations initially to lower 
anisotropies and then with significant further 
strain to higher than original anisotropies. Such 
geometrical transformations can be considered 
analogous to the sequence of homogeneous pro- 
gressive strain of ellipsoidal markers (e.g. Ramsay, 
1967, pp. 204-209). However, it is not suggested 
that the susceptibility elUpsoid actually behaves 
precisely as a passive elliptical marker. 

Figure 11 illustrates shape and directional 
changes which accompany typical experiments 
(B8518) and ones in which the initial elHpsoid was 
elongate parallel to the shortening direction 
(B85PF1). In experiment B8518 it was possible to 
use the same specimen repeatedly so that a se- 
quence of successive anisotropies indicated the 
“deformation path” of susceptibility. The ani- 
sotropy becomes progressively greater (further 
from the origin) as the specimen is shortened to 
4%, then to 9%, 11.5% etc. The anisotropy also 
moves to a more flat-shaped ellipsoid (by analogy 
with the T-value distribution of Fig. 4). It should 
be noted that the differences between the initial 



Fig. 11. Showing the changes in ratios of the principal susceptibilities, equivalent to changes in the shape of the susceptibility 

ellipsoid, a. In experiment B8518, the same specimen was shortened in steps by the percentages indicated. The susceptibility ellipsoid 
describes a path to progressively more strained, flattened shapes, b. In experiment B85PF1 a specimen was shortened by 11.2%. In 

this case the original susceptibility ellipsoid was inclined steeply, near to the axis of shortening (see stereonet) and the ellipsoid 

actually became less eccentric with advancing strain. 

and final anisotropies on plots such as Figs. 11 
and 13 are not proportional to the amount of 
shortening. They also depend strongly on the 
original orientation of the susceptibility ellipsoid. 

This last point is shown well by experiment 
B85PF1 in which an initial susceptibility ellipsoid 
was inclined with its axis at 27® to the axis 
of shortening {z) of the specimen (Fig. 11). The 
effect of an 11% shortening on this specimen is 
actually to reduce the anisotropy near to that 
position neutral between the fields of constricted 
and flat shapes. This emphasises the importance 
of the initial susceptibility in influencing the 
post-deformation susceptibility. 

Rate of rotation of susceptibility axes with strain 

In cases where the susceptibility ellipsoid has 
its axis within 40® of the Z axis of the 
specimen the rotations of the k^^^ axes follow a 
consistent pattern, k^^ rotates toward Zj, though 
the actual path is not known and the arrows on 
Figs. 9a and 10a merely act as tie-lines and are not 
meant to indicate actual paths. 

Using a diagram showing the change in angular 

Angle e, degrees 

Fig. 12. The broken lines show the change in angle expected 

for a line rotating in homogeneous strain with ratio Z/X 

where X > Z (Ramsay, 1967, fig. 4-6). The arrows connect the 

values of the angle between and the Z-axis before shor- 
tening (left) to the values after shortening (on the right). In all 

cases rotates more quickly than the hypothetical line 

element. N. B. Not all experiments can be represented in this 

way because some initial susceptibility ellipsoids were elongate 

parallel to the shortening direction. Their shape changes were 
thus not towards progressive eccentricity; early in the experi- 
ments they became less eccentric (this is shown in Fig. 11b). 



position of with respect to Z (^Q changing to 
O') it is possible to show that the rotation of 
exceeds that of a line element undergoing homoge- 
neous strain which would be given by: 

tan 0' _ Z 
tan OQ X 

The graph in Fig. 12 shows the changes in angular 
position of with the strain expressed as a 
ratio Z/X. In all cases the line connecting initial 
(^o) angles with final {O') angles is steeper than 
the path which predicts the rotation of a line 
element. Susceptibility axes thus rotate faster than 
would be inferred from the effects of homoge- 
neous strain on a linear element. 

Changes of shape of the susceptibility ellipsoid with 
strain 

The susceptibility ellipsoids for most of the 
undeformed specimens lie in .the field of cigar- 
shaped ellipsoids (Fig. 13). In nearly all cases the 
effect of advancing deformation, which is of a 
flattening {X= Y> Z) character due to the sym- 
metry of a triaxial rig, is to move the susceptibility 
ellipsoid, 

(a) away from the origin to a more eccentric 
shape, and 

(b) further toward or into the field of flat- 
shaped ellipsoids. 

This confirms that the symmetry of the suscep- 
tibility ellipsoids tend to conform to that of the 
bulk strain ellipsoid. 

Correlation between susceptibility changes and 
strain 

If it could be shown that susceptibility ani- 
sotropy correlated with strain, it has been con- 
tended that it may be possible to calibrate the 
anisotropy in terms of strain. This might enable 
one to estimate strain from the magnetic suscep- 
tibility ellipsoid even in the absence of conven- 
tional strain markers. However, in this study as 
earlier (Borradaile and Mothersill 1984), it has not 
been possible to correlate the /)oj/-deformation 
susceptibility with strain. 

It has, however, been possible to correlate the 
change in anisotropy of susceptibility with strain. 
This has only been possible of course because 
both the pre-deformation and post-deformation 

susceptibilities are known. As shown in Fig. 14 
there exists a correlation between strain and the 
difference P' in total anisotropy before (/Q) and 
after (P') deformation where: 

Strain has been plotted as ln( AyZ) so that a 
power-law relationship of the type proposed by 
Rathore (1979) does in fact exist with: 

AP'aln(;ir/Z) 

In ( kmax /kjnt) 
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Fig. 13. Showing the change in shape of the susceptibility ellipsoid (given by the ratios of principal susceptibilities) resulting from 
experimental shortening. The arrows connect the initial anisotropies to the final ones. In all the.se cases the susceptibility ellipsoid 
becomes flatter, in agreement with the flattening character of the experimental deformation. N.B, In some experiments initially 
susceptibility ellipsoids were elongate parallel to the shortening direction and they became less elliptical in the early parts of the test 
(e.g. see Fig. 11b). These are omitted here. 
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Fig. 14. The correlation between the change in the degree of anisotropy P' before and after shortening, with the logarithm of the 
strain ratio X/Z for all experiments. The correlation is significant at the 95% level with a coefficient of 0.973. The data of experiment 
B8515 were corrected for a set of visible macroscopic faults which actually produced more shortening than shown. (Only penetrative 
macroscopically ductile deformation is of interest here.) The data of experiment B8512 were omitted because a pore-fluid pressure 
was accidentally introduced in this specimen. 

The correlation is significant at the 95% level and 
the correlation coefficient is 0.973. It should be 
emphasised, however, that this correlation was 
established using a knowledge of the anisotropy of 
susceptibility before deformation. 

The regression line suggests a relationship of 
the form; 

In AP' = 0.122 ln( X/Z) - 0.573 

(Z) often the magnitude changes were non-pro- 
gressive (e.g. like in Fig, 11, experiment B85PF1) 
and the results cannot be plotted on Fig. 14. 

We have utilised the data more fully by relating 
all the tensor components of susceptibility to the 
strain tensor (the e^j of Means, 1976, p. 210). We 
predict a relationship of the kind 

for the results of these particular experiments. 
This correlation was established with the exclu- 

sion of the data for experiment B8512. This 
anomalous point indicates a high level of ani- 
sotropy development at quite low strain. However, 
in that experiment there existed a pore pressure 
due to accidental slow or late failure of the speci- 
men jacket, In a later section we present results of 
our investigation into the effects of pore-fluid 
pressure. 

The linear relationship of Fig. 14 only partly 
illustrates the dependence of the anisotropy 
changes on strain. For example, in special cases 
where the initial susceptibihty ellipsoid was ori- 
ented nearly parallel to the shortening direction 

where k is the tensor describing the initial suscep- 
tibility and k' is the tensor describing the suscep- 
tibility after strain. The matrix M we have de- 
termined which relates these quantities for the 
seven best experiments in which the bulk strain 
was most homogeneous is: 

0.066 
( + 0.024) 

-0.002 
( + 0.003) 

-0.014 
(±0.025) 

0.001 
( + 0.004) 

0.065 
(±0.027) 

-0.025 
(±0.034) 

-0.004 
(±0.011) 

-0.010 
(±0.014) 

-0.175 
(±0.071) 

The quantities in parentheses are standard de- 
viations. 
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The effects of pore-fluid pressure 

The accidental jacket failure of experiment 
B8512 caused a pore-fluid pressure to develop in 
the specimen due to infiltration by the silicone oil 
used as a confining pressure medium. The fluid 
pressure in the specimen was sufficient to saturate 
the specimen but not so great as to escape to the 
atmosphere through the vented upper piston of 
the pressure vessel. This experiment produced an 
anomalously large change in magnetic anisotropy 
and we suspected that this might have been in- 
fluenced by a low pore-fluid pressure. Indeed, 
enhancement of ductility by low fluid pressures 
has been noted by Rutter (1974) and Rutter and 
Mainprice (1978). Consequently we performed 
more tests using an external apparatus to apply 
double-distilled water at pressure through the vent 
of the upper piston to the deforming specimen. 
The pressure of the fluid was controlled manually 
and required constant adjustment during the ex- 
periments as the specimens changed in porosity 
and permeability. Nevertheless it was possible to 
control the fluid pressures to ± 10% in the exter- 
nal apparatus. 

Stress relaxation tests at fluid pressures equal 
to 12% and 36% of the confining pressure do show 
that the material is weaker at lower strain rates 

Fig. 15. Stress-relaxation tests for three different specimens 

(one at 4.99% strain, two at 4,95% strain). The specimens were 
loaded at a strain-rate of 5 X10“^ see” * and with the pore-fluid 
pressures shown (12% or 36% of the confining pressure, P^). 

The effect of thc.se pore-fluid pressures is to weaken the 
material (compare with the dry tests shown in Fig. 6b). 

AP' 

Fig. 16. The change in magnetic anisotropy degree {P') is 
plotted against strain ratio for .seven tests with low fluid 
pressure.s. It is concluded that the effects of these pore-fluid- 
pressures do not significantly change the relationship derived 
from dry samples (the straight line is taken from Fig. 14). 

than the dry material (compare the slope of Fig. 
15 with Fig. 6b). 

Nevertheless, the changes in degree of magnetic 
anisotropy show a similar correlation with strain 
as in those earlier experiments performed with 
zero pore-fluid pressure (Fig. 16). At the present 
time we believe that pore-fluid pressure has a 
negligible effect on the development of suscep- 
tibility anisotropy. We can offer no explanation of 
the anomalous anisotropy of experiment B8512. 

Conclusions 

Under experimental conditions: 
(1) The original susceptibility behaves some- 

what like an ellipsoidal strain marker in its rota- 
tions and shape changes toward the final suscep- 
tibility. 

(2) The principal directions of susceptibility 
rotate faster than expected. There occurs a rapid 
alignment of with X and with Z at 
small strains (less than 20% shortening in Z). 

(3) There exists a correlation between change 
in the degree of anisotropy of susceptibility (AP') 
and the bulk strain ratio (In X/Z). 

The application of these results to natural stud- 
ies warrants some discussion. The experimental 
evidence is most applicable to the natural situa- 
tion also in which the susceptibility is carried by a 
disseminated accessory mineral. The results may 



not be applicable to situations in which matrix- 
forming minerals carry the susceptibility. Further, 
in the experiments the magnetite was the same size 
as the rest of the grains in the synthetic rock. 
Different effects might be noted where there is a 
large disparity in grain size. 

In the experiments the principal susceptibilities 
satisfactorily align with the strain axes at modest 
strains. This is encouraging for field studies, we 
may predict that susceptibility will accurately in- 
dicate strain orientations at even modest strains, 
with parallel to X and parallel to Z 
under most circumstances. Indeed, field studies of 
more highly strained rocks have shown this re- 
peatedly (Wood et al., 1976; Singh et al., 1975; 
Hrouda and Janak, 1976; Rathore, 1979; Hrouda, 
1982; Kligfield et al., 1982; Borradaile and Tar- 
ling, 1984; Borradaile and Mothersill, 1984). 

The deformation mechanisms in the samples 
undoubtedly involved microcracking at boundaries 
between the cement gel and the sand grains, rota- 
tion and other intergranular motions (particulate 
flow) of the sand grains. The sand grains show 
little evidence of cracking or plastic deformation. 
However, earlier work does lead us to suspect 
some plastic deformation of the magnetite (Muller 
and Siemes, 1972; Hennig-Michaeli and Siemes, 
1975). Indeed, the latter could explain the rapid 
rotation of the principal susceptibility directions 
since a passive re-shaping of the magnetite grains 
would turn the principal directions of susceptibil- 
ity more rapidly than rotation alone. 

The susceptibility fabrics produced are similar 
in orientation to the fabrics produced in most 
naturally deformed regional metamorphic rocks in 
which other deformation mechanisms dominate. 
This suggests that the orientation of the suscept- 
ibility fabric may be essentially independent of 
bulk deformation mechanism where the carrier of 
susceptibility is a disseminated accessory mineral. 
An exception would be if the deformation mecha- 
nisms produced a domainal heterogeneity of the 
mineral carrying the susceptibility as, for example, 
in pressure solution (Borradaile and Tarling, 1981). 
This result would not of course be applicable to 
natural situations in which the susceptibility was 
chiefly carried by matrix-forming minerals such as 
calcite and chlorite (e.g. Owens and Bamford, 

1976; Owens and Rutter, 1978; Borradaile et al., 
1986). In those situations the actual deformation 
mechanisms and re-crystallisation processes would 
influence the final magnetic fabric. 

In the experiments a correlation was found 
between the change in total degree of magnetic 
susceptibility anisotropy (AP') and the strain ratio 
{X/Z). This is not regarded as a universal law 
applicable to all or any natural situation. Nev- 
ertheless, it does lead us to suggest that in nature a 
simple relationship may exist between AP' and 
strain where the premises are valid (particularly 
concerning deformation mechanism and degree of 
dissemination and spatial distribution of the mag- 
netic mineral). Unfortunately, this does require a 
knowledge of susceptibility magnitudes both be- 
fore and after straining. 

In the case of ductile shear zones in a single 
lithology this approach may be useful because one 
might determine the pre-strain susceptibility near 
the margins of a shear zone and successive post- 
strain susceptibility fabrics progressively towards 
the centre of a shear zone. 

Another situation which might lend itself to 
analysis was suggested to us by Brian Bayly. Where 
one has a train of folds such that unstrained 
flanks alternate with strained hinge regions it may 
be possible to assume that fairly uniform sedimen- 
tary magnetic fabrics prevail in the flanks. These 
fabrics would represent the pre-strain susceptibil- 

ity (^o)- The modified fabrics of the hinges would 
then be represented by a k' tensor. In this way 
one might bracket the changes in magnitude and 
orientation of the principal susceptibilities due to 
strain in the hinge regions. 
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Magnetic susceptibility and its anisotropy in the Borrowdale Volcanic slates at Kentmere in the English Lake District 
are attributed largely to preferred orientation of a paramagnetic chlorite of diabantite-ripidolite composition. In units of 
10“^ cgs/g, the principal susceptibilities for the slates are 9.61; 9.42; 8.69 and for the chlorite grains the minimum 
anisotropy is represented by principal susceptibilities of 11.57; 11.22 and 9.15. Because the magnetic susceptibility is 
carried by a tightly packed, matrix-forming mineral that has recrystallised during the deformation it is not possible to 
imagine simple grain rotation as being responsible for the anisotropy of susceptibility. 

1. Introduction 

We have been investigating the magnetic sus- 
ceptibility anisotropy (MSA) of basic metavol- 
canic rocks, and of mylonites, and metaclastic 
rocks [1,2]. During the course of this work we have 
attempted to determine fabric anisotropies using 
magnetic and petrofabric methods. To some de- 
gree we have also attempted to relate magnetic 
fabrics to the macroscopically determined finite 
strains from field studies. The interpretation of the 
magnetic fabrics requires a knowledge of the major 
sources of the susceptibility in the rocks. If we are 
to attempt to assess the degree to which MSA 
related to a preferred orientation of matrix-for- 
ming phyllosilicates, we must be sure that the bulk 
susceptibility, or at least its anisotropy, is due to 
those minerals. If the susceptibility is carried by 
some disseminated marker mineral such as mag- 
netite, it is also important to know this, for char- 
acteristic magnetic fabrics can develop if pressure 
solution operates and produces a regular domainal 
heterogeneity of magnetite [3]. Our attention was 
particularly focussed on this problem, while we 
were comparing magnetic fabrics of Archean 
metavolcanic rocks with those of the classic Bor- 
rowdale Volcanic sequence [4]. In this study we 
have determined susceptibilities using the SI-1 unit 
of Sapphire Instruments, Ruthven, Ontario de- 
scribed elsewhere [2]. 

2. Sources of susceptibility in the Borrowdale 
Volcanic rocks 

This sequence of English Ordovician volcanic 
rocks has been thoroughly studied with regards to 
its petrology, structure, strain and magnetic prop- 
erties [5-9]. The rocks are slates which experienced 
a single fabric-forming tectonic episode during 
greenschist facies regional metamorphism. The 
minerals present are chlorite, biotite, quartz, al- 
bite, amphibole, calcite, muscovite with traces of 
garnet, pyrite, magnetite, molybdenite and pent- 
landite. ^ 

Rock specimens were carefully partly crumbled 
to separate minerals while preserving their shape 
anisotropy as much as possible. Partly crushed 
samples were sieved in order to separate the 
mineral grains from finer dust and coarser poly- 
mineralic fragments. Desirable mineral-grain sep- 
arations were trapped between 1.50 <(> (0.353 mm) 
and 2.0 (0.25 mm) mesh sizes in sieves manufac- 
tured from non-ferrous materials. We are aware 
that not all minerals may be equally represented in 
this mineral-grain sample since some minerals are 
reduced to powder more easily. However, we have 
determined that the powder is not anomalously 
rich in magnetic minerals. 

Optical examination of the separated compo- 
nent mineral grains of the Borrowdale Volcanic 
rocks indicates that magnetite is rare, as a separate 
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mineral. Density and magnetic separations en- 
abled us to estimate that such separate grains form 
~ 0.001% of the rock by weight. 

The susceptibility of grain-aggregates of impure 
magnetite that were separated from Archean 
metavolcanic rocks (in which separate magnetite 
grains are much more abundant) is given in the 
table of Appendix 1. If the magnetite grains in the 
Borrowdale volcanic rocks have susceptibilities of 
that order of magnitude they would account for 
less than 10% of the bulk susceptibility of the 
Borrowdale Volcanic rocks at Kentmere. 

Successive separations isolated a fraction of the 
rock, 60-80% by weight, which accounts for about 
95% of the bulk susceptibility of the Borrowdale 
Volcanic rocks. The susceptibility of this fraction, 
termed the chlorite-rich fraction and, for compari- 
sons, the mean susceptibility of seventeen samples 
of Borrowdale Volcanic rock are given in Appen- 
dix 1. 

X-ray diffraction indicates that the chlorite-rich 
fraction is composed primarily of a diabantite- 
ripidolite chlorite with minor contaminations (less 
than 10% by volume) of albite and calcite. Mag- 
netite and other magnetic minerals could not be 
detected by this method in the chlorite-rich frac- 
tion. 

Regarding the mineralogical sources of the sus- 
ceptibility, the acquisition of isothermal remnant 
magnetism (IRM) indicates that micro-sized mag- 
netite may be present in the chlorite fraction. This 
is the possibility which is most consistent with the 
petrographic observations. Further magnetite is 

X 10"®Am^ kg"' 

probably produced during the heating of the chlo- 
rite-rich fraction but the fourfold increase in IRM 
for previously heat-treated samples still only pro- 
duced a low-field susceptibility of about 0.7 X 10“^ 
cgs/g, as determined in the laboratory at Newcas- 
tle. Even accounting for differences in instrumen- 
tation between Lakehead and Newcastle this in- 
dicates that the ferromagnetic contribution to the 
susceptibility is relatively minor. It seems most 
likely that the magnetic properties of the chlorite- 
rich fraction are due to paramagnetism, presuma- 
bly as an inherent property of the chlorite lattice. 
This effect was considered in the literature at an 
early stage [10]. (We wish to point out that Roy 
Kligfield has suggested to us previously that sheet 
silicates may make a significant paramagnetic con- 
tribution to the susceptibility of other rocks; per- 
sonal communication to G.B. and D.T., 14-08- 
1981.) 

3. Anisotropy of susceptibility of the chlorite-rich 
fraction 

The bulk susceptibility of the Borrowdale 
Volcanic rocks is primarily due to the chlorite-rich 
fraction. Still, without some knowledge of the 
magnetic anisotropy of individual chlorite grains it 
is not easy to proceed with the analysis of any 
model of the development of susceptibility-ani- 
sotropy in metamorphic rocks. To attain this goal 
we have generated artificial fabrics using the chlo- 
rite-rich fraction from the Borrowdale Volcanic 
rock. Firstly, linear fabrics were produced by pre- 
paring samples in a strong magnetic field adjacent 
to a magnetic-separation device. The chlorite grains 
were allowed to settle into araldite under the in- 
fluence of the strong magnetic field while being 
simultaneously mechanically shaken. The result 
was to produce a very pronounced linear fabric 
(L-tectonite fabric; [11]). This fabric was observed 
directly because araldite is transparent and the 
specimens were settled into the transparent plastic 
containers used in the magnetic susceptibility unit 
produced by Sapphire Instruments Incorporated. 
From this magnetically aligned specimen (see Fig. 
2a) it was possible to determine the maximum 
susceptibility of the chlorite grains from the 2-di- 
rection in that figure. The directions one and three 
yield susceptibilities which are blends of the prin- 
cipal intermediate and minimum susceptibilities. A 
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(a) (b) 

Fig. 2. Schematic representation of the fabrics synthesised from 
aggregates of chlorite grains, (a) represents an L » 5 fabric 
produced by magnetic alignment, (b) represents an S'» L 
fabric produced by mechanical compaction. The directions 1, 

2, 3 are used for reference purposes in the text. 

correction was made for the diamagnetic contribu- 
tion of the known weight of araldite. 

Secondly, planar fabrics of chlorite (S-tectonite 
fabrics, see Fig. 2b) were produced by mechanical 
compaction of layers of chlorite sprinkled onto 
successive films of congealing araldite. Again, vi- 
sual inspection permitted control of the quality of 
the planar fabric. From this fabric (see Fig. 2b) it 
is possible to determine the minimum susceptibil- 
ity from the 3-direction. The 1- and 2-directions 
yield blends of the maximum and intermediate 
susceptibilities. Once more, a correction was ap- 
plied for the known weight of araldite. 

From our knowledge of the maximum, mini- 
mum and bulk susceptibilities it is possible to 
calculate the intermediate value. Unfortunately, 
two factors cause the principal values to be under- 
estimated. The first of these concerns the imper- 
fection of the fabric-generating technique. Because 
of the edge effects in the sample near the con- 
tainers’ walls, the linear fabric was not as good as 
that shown in Fig. 2a, nor is the planar fabric as 
good as 2b. Thus the maximum susceptibility will 
be underestimated and the minimum value over- 
estimated, if these are associated with the shape of 
chlorite grains. Nevertheless, the preferred orien- 
tations of the magnetic fabrics of the fabricated 
specimens are qualitatively comparable to those of 
the natural rocks from which the chlorite was 
separated (Fig. 3a, b). The natural rocks actually 
had L-S fabrics transitional between the symmetri- 
cal fabrics generated artificially. 

The second factor influencing the underesti- 
mate of the anisotropy of the chlorite grains con- 
cerns the preparation procedure. During the crum- 

■ minimum 
A intermediate 
• maximum 

Fig. 3. (a) Principal susceptibility orientations in 23 different 
specimens of Borrowdale Volcanic Slate. For convenience the 
plane of preferred mineral orientation ( = slaty cleavage) is 
shown horizontal and the mineral lineation ( = L) is shown in a 
N-S direction. The specimens’ volumes were 10.55 cm^. (b) 
Principal susceptibilities of several synthetic chlorite aggregates 
aligned in the laboratory as described in the text. The contours 
are 95% confidence limits about the nearest principal suscep- 
tibility direction. The specimens’ volumes were 8.00 cm^. 
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bling of the rock the aspect ratios of the chlorite 
grains were certainly reduced. This may cause the 
maximum and intermediate principal susceptibili- 
ties to be underestimated, especially since the sus- 
ceptibility appears to be a paramagnetic property 
of the chlorite, rather than a property of ferromag- 
netic inclusions. 

Comparison of the anisotropies of the artificial 
linear and planar fabrics of the chlorite-rich frac- 
tion with the anisotropy of the whole rock is made 
using a T-P' diagram [12,13]. This facilitates a 
more symmetrical distribution of degree or shape 
or anisotropy (T) and magnitude of principal 
values (P') than the diagram commonly used to 
represent strain in the geological literature. Fig. 4 
indicates that the bulk susceptibility of the chlorite 
fraction is comparable to that of the rock from 
which it is derived, thus confirming that chlorite is 
the primary source of susceptibility. 

Of the two types of synthetic fabric, the planar 
one (CF2) has a slightly lower shape of anisotropy 
(T-value) than that of the whole rock (BY). This is 
to be expected since the laboratory fabric was not 
as perfect as the natural ones. Nevertheless, the 
calculated anisotropy for the chlorite-rich fractions 

Fig. 4. A Jelinek-Hrouda diagram to illustrate shape of ani- 
sotropy (T) and total degree of anisotropy P'. FF=mean 
value for 17 different specimens of Borrowdale volcanic slate, 
data in [2]. “ CF” = synthetic specimens of grain aggregates of a 
chlorite-rich fraction separated from the Borrowdale Volcanic 
slate. 1 = magnetically aligned, 2 = mechanically compacted; 
CF without suffix is the calculated minimum value for individ- 
ual chlorite grains. 

(CF) has a slightly higher T-value and a greater 
P'-value than that for the whole rock. This is 
compatible with the whole rock data because the 
rock is not entirely composed of chlorite, nor does 
its chlorite show a perfect alignment. The suscep- 
tibility anisotropy of the chlorite is approximated 
by the data for the chlorite-rich fraction which has 
principal values in the ratios 1.09 :1.06 :0.86. 

However, the error limits would permit a nearly 
perfectly oblate symmetry, in which the maximum 
and intermediate values would be equal. The bulk 
susceptibility is 10.590 + 0.350 X 10“^ cgs/g. 

4. Remarks 

The magnetic susceptibility of the slates is al- 
most entirely due to its chlorite grains. The ani- 
sotropy of susceptibility may also be due to chlo- 
rite exclusively, but the present experimental 
method has prevented this from being checked. It 
seems to us important that the susceptibility is not 
due to a widely spaced, minor marker mineral but 
due to a matrix-forming mineral which was ac- 
tively involved in metamorphism. The chlorite 
grains impinge upon one another in the rock and 
their growth overlapped with deformation. The 
explanation of susceptibility-anisotropy in these 
slates is inextricably intertwined with the explana- 
tion of the inetamorphic texture of the rock. How- 
ever, the association of susceptibility-anisotropy 
with rock-forming sheet silicates does provide 
encouragement to those who wish to detect cryptic 
fabrics or further quantify metamorphic fabrics 
hitherto ranked in the L-S scheme [14]. Moreover, 
the values that we offer as minimum estimates of 
the chlorite grains’ magnetic anisotropy may per- 
mit numerical modelling of the same property for 
certain rocks and for certain deformation mecha- 
nisms. 
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Appendix 1—Principal susceptibilities 

Maximum Intermediate Minimum 

Borrowdale Volcanic 
rock specimens 
(p = 2.748 g/cm^) 

Chlorite-rich fraction 
(magnetically aligned) 
(CFl) 

Chlorite-rich fraction 
(mechanically ahgned) 
(CF2) 

Calculated chlorite 
grain-anisotropy (CF) 

Magnetite (aggregate 
magnetically aligned) 

Araldite 
(hardened) 

9.612X10"^ 
(±1.086) 

±1.640 X10 
(±0.294) 

11.497X10“® 
(±0.89) 

11.574X10“® 
(±0.38) 

10.0471X10 
(±0.005) 

isotropic, 

9.422X10“® 
(±1.098) 

10.800x10“® 
(±0.141) 

10.757X10“® 
(±0.46) 

11.219X10“® 
(±0.37) 

9.347X10 
(±0.029) 

-2.587±0.410X10“® 

8.686X10“® 
(±1.054) 

10.165X10“® 
(±0.197) 

8.925X10“® 
(±0.28) 

9.149X10“® 
(±0.30) 

8.990X10“^ 
(±0.006) 

All values in cgs/g (error values indicated are 95% confidence estimates). 
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The anisotropy of susceptibility of metamorphic rocks can be due to paramagnetic rock-forming silicates such as 
amphiboles, chlorites and micas. It is not always necessary to invoke fabrics of separate grains of iron oxide to explain 
the anisotropy. Minimum estimates of lattice anisotropic of typical samples of silicates have maximum-to-minimum 
ratios of 1.1-1.7. Since the magnetic anisotropies of most metamorphic rocks are less than this, these minerals can 
control the anisotropy of susceptibility because their preferred crystallographic orientations are usually very strong in 
comparison with the preferred dimensional orientation of magnetite and because they are more abundant than 
magnetite. 

1. Introduction 

There is now considerable interest in the use of 
anisotropy of susceptibility in studying metamor- 
phic rocks, their fabrics and even their strain 
(Owens and Bamford, 1976; Hrouda, 1982; Tar- 
ling, 1983). Unfortunately, for metamorphic rocks, 
data is lacking on the contribution from, typical, 
natural examples of rock-forming minerals to the 
susceptibility and its anisotropy. This is because 
large single crystals of many common metamor- 
phic species are very rare, especially those of slates 
and schists which are, by definition, fine-grained. 

Our approach is to separate grains of individual 
minerals from natural metamorphic rocks. Grains 
a few millimetres long of a single mineral species 
from a given rock are then reassembled in an 
aggregate with a strong preferred crystallographic 
orientation. If the preferred orientation of the 
aggregate were perfect it would be possible to 
determine accurately the anisotropy of the natural 
grains. It is not possible to orientate the grains 
perfectly but we do provide a close, minimum 

estimate of the anisotropy in this way. Each of the 
minerals for which data are tabulated is taken 
from a different metamorphic rock. 

It would be useful to have such data for chem- 
ically pure minerals. However, metamorphic grains 
are naturally impure and, in any case, our purpose 
is to appreciate the magnetic susceptibility and 
anisotropy of typical natural metamorphic rock- 
forming grains. These form the matrices of meta- 
morphic rocks and we shall show that they can 
contribute to the magnetic susceptibility and fabric 
of the whole rock. 

Of course we have separated other distinct 
mineral grains from those we consider but since 
we must preserve the grain-shapes of the minerals, 
to aid in their alignment, they have not been 
reduced to a powder. Therefore, they must contain 
impurities as inclusions. If such inclusions in- 
fluence the magnetic properties of the host grains, 
this does not disturb us. It is our intention to 
investigate how those typical, impure metamor- 
phic grains contribute to the overall metamorphic 
fabric of the rock. For example, in a hypothetical 

0031-9201/87/$03.50 © 1987 msevier Science PubUshers B.V. 
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chlorite schist there may be separate grains of 
magnetite. The question arises, ‘Does the mag- 
netite cause the susceptibility anisotropy of the 
rock?’ Whilst a fraction of 1% of magnetite may 
contribute much to the bulk susceptibility, it is 
difficult to know whether the fabric of the mag- 
netite or the fabric of the less magnetic but more 
numerous and more anisotropic chlorite flakes 
controls the magnetic anisotropy of the schist. 
Thus we need knowledge of the susceptibility ani- 
sotropy of typical chlorite grains with any inclu- 
sions that they might contain. Even with the 
minimum values of anisotropy determined by our 
methods we can go some way to evaluating the 
role of matrix minerals. 

2. Analytical methods 

Chiefly, we have used a standard induction coil 
instrument for the determination of susceptibility. 
This is a Sapphire Instruments SI-1 unit (Stupav- 
sky, 1983). It consists of a sensing coil and at- 
tached control and data-acquisition circuitry. The 
comparison of the inductances of the coil with and 
without a sample present is used to compare the 
susceptibility of the specimen parallel to the coil 
axis with that of a standard. The instrument is 
regularly calibrated using Mn02 as a standard 
which has a susceptibility of 3.29 X10"^ SI 
units/g (Weast and Astle, 1978). Using specially 
designed holders, we position granular Mn02 in 
the coil so as to occupy the same volume, the same 
shape of space and the same location as the 
material whose susceptibility is to be determined 
by comparison. This required standards of be- 
tween 20 and 160 g of Mn02 for the specimens 
used in the present study. 

Results obtained using this single-coil instru- 
ment were supported by measurements made with 
an inductive bridge assembled by W. Keeler. The 
latter uses a lock-in amplifier as a detector and, 
because of its phase sensitivity, the sample signal 
can be separated into electrical conduction and 
susceptibility components. The bridge can dis- 
tinguish between diamagnetic and paramagnetic/ 
ferrimagnetic response and was thus used to con- 

firm the sign and magnitude of the signals de- 
termined by the single-coil instrument. This was 
especially useful with minerals such as talc and 
caldte, which have very feeble magnetic responses. 

The anisotropies of individual species of rock- 
forming minerals are sometimes difficult to de- 
termine in conventional coil instruments. This is 
because large (c. 10 cm^) single crystals are nor- 
mally required and these must be shaped so as to 
minimise any contribution of specimen shape to 
anisotropy. Many common rock-fonning meta- 
morphic minerals are rarely available in suffi- 
ciently large crystals so we have extended a re- 
cently developed technique (Borradaile et al., 
1986). 

This involves the use of grains of the mineral in 
question that have been separated from metamor- 
phic rocks. The separation procedure involves 
picking, flaking and gently crushing the rock to 
yield the grains. With sufficient care it is possible 
to do this while preserving most of the metamor- 
phic grain-shapes. Grains of other mineral species 
were removed from these fragments by gravity- 
separation procedures in heavy liquids and by 
magnetic separation methods. The chosen grains 
were then washed and further hand-picked under 
a binocular microscope to remove any remaining 
foreign grains. In this way we obtained essentially 
monomineralic aggregates. 

Compositions of sub-samples were conrirmed 
by X-ray diffraction and the grains were then 
physically aligned and cemented with araldite into 
transparent cubical plastic containers, gradually, 
until the box was filled. The boxes have a volume 
of 8 cm?. Grains were aligned with their long axes 
parallel to a reference direction marked on the 
box and their intermediate axes were aligned in a 
common plane with the longest axes. Thus the 
cubical specimens contained very strong preferred 
orientations of the mineral. In the case of some 
micas and one chlorite it was possible to obtain 
large flakes, each of which was trimmed to stack 
neatly in the box. For one chlorite sample, a small 
fragment of monomineralic schist with extremely 
strong preferred mineral orientations was ma- 
chined and fitted directly into the box. 



163 

3. Results 

The anisotropy of susceptibility of the cubical 
samples relates to the anisotropy of susceptibility 
of the mineral lattices and any microscopic 
lattice-controlled inclusions in these typical sam- 
ples. In the case of the aggregates of small grains, 
the anisotropy is imderestimated because it is not 
possible to obtain a perfect crystallographic align- 
ment of those grains. Nevertheless, the alignments 
are much better than in most natural metamorphic 
rocks. 

3.J. Minerals with moderate susceptibility 

The metamorphic rock-forming sUicates that 
f£ill into this category possess mean susceptibilities 

of > 10“*^ SI units/cm^. Data for these para- 
magnetic siUcates, each from a different metamor- 
phic rock, are recorded in Table I, together with 
information for metamorphic grains of magnetite 
for comparison. The values tabulated have been 
corrected for the susceptibility contribution of the 
plastic specimen containers and for any significant 
amounts of araldite cement if that was used. 

The anisotropies are presented as normalised 
principal values such that the product of these 
three values is unity: The ratios of the principal 
susceptibilities are thus more readily s^arent 
from the numbers and (Table I). 
Actual principal values in SI units per unit volume 
are obtained by multiplying a normalised value by 
the mean (or bulk) susceptibility which is also 

TABLE I 

Susceptibility data for common minerals of different metamorphic rocks and for magnetite 

Mineral k„:„ k:„ 

(±95% limits) 

SG Mean susceptibility Mass of 
SI/cm^xlO“* sample used 
(±s.d.) (g) 

Actinolite (1) 

Actinolite (2) 

Hornblende (1) 

CroddoUte 

Glaucophane 

Chlorite (1) 
(diabantite-ripidolite) 
Chlorite (2) 
(leuchtenbergite) 
Chlorite (3) solid ** 

Chlorite (4) 
(Thuringite) 
Biotite (1) (large sheets) 

Biotite (2) (large sheets) 

Phlogopite (large sheets) 

Muscovite (large sheets) 

Magnetite 

0.947 
(0.005) 
0.899 
(0.002) 

0.809 
(0.002) 
0.958 
(0.03) 
0.908 
(0.013)' 
0.864 
(0.028) 
0.734 
(0.2) 
0.866 
(0.01) 

0.921 
(0.02) 
0.812 
(0.01) 
0.832 
(0.01) 

0.838 
(0.01) 

0.820 
(0.07) 
0.951 
(0.001) 

0.982 
(0.007) 
1.027 
(0.002) 
0.917 
(0.001) 
0.992 
(0.03) 
1.006 
(0.016) 
1.060 
(0.035) 
1.058 
(0.25) 
1.023 
(0.01) 
1.020 
(0.02) 

1.106 
(0.02) 

1.095 
(0.01) 
1.091 
(0.01) 
1.052 
(0.004) 
0.989 
(0.001) 

1.076 
(0.01) 
1.083 
(0.003) 
1.347 
(0.001) 
1.052 
(0.03) 
1.094 
(0.01) 
1.093 
(0.035) 
1.287 
(0.24) 
1.128 
(0.01) 
1.063 
(0.02) 

1.114 
(0.03) 
1.098 
(0.01) 

1.098 
(0.01) 

1.159 
(0.09) 
1.063 
(0.001) 

2.90 

3.42 

3.28 

3.44 

3.17 

2.76 

2.80 

2.99 

2.76 

2.94 

3.03 

2.80 

2.82 

5.17 

3560.4 
(8.9) 
6506.0 
(19.1) 
8919.0 
(11.0) 
332.5 
(8.2) 
787.1 
(43.8) 
358.4 
(53.7) 
68.8 
(23.0) 
1553.6 
(184.0) 
371.9 
(8.0) 
1234.6 
(6.5) 
1183.4 
(170.0) 
1178.2 
(6.5) 
165.0 
(17.3) 
5841000 
(40000) 

8.10 

12.79 

21.00 

9.60 

5.76 

11.01 

3.11 

12.94 

6.44 

6.08 

9.62 

10.21 

5.21 

25.0 

“ These densities were taken from published values. 
^ This was an unseparated, polygranular, solid sample of highly oriented schist. 
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given. We use the geometric mean of the principal 
susceptibilities as the mean value. In the de- 
terminations, known masses were used so that 
densities had also to be determined for the mineral 
grains to permit values to be presented on a 
volume basis. 

The anisotropies of these minerals are plotted 
on a ‘Flinn’ diagram with vs. k;^yk^„ 
(Fig. 1). In general the anisotropies are reasonably 
high for the matrix-forming silicates, and greater 
than for metamorphic magnetite. The magnetic 
anisotropy of detrital magnetite, also shown in 
this figure, is more extreme than for metamorphic 
grains of magnetite but the determination is also 
less precise. However, even this sample of detrital 
magnetite is less magnetically anisotropic than 
most of the silicates. It is also worth noting that 
the detrital magnetite is from a very immature 
fluvial sediment and its grain-shape may be less 
rounded than detrital grains from more exten- 
sively abraded sediment that has been further 
transported. 

The error bars give some measure of the repro- 
ducibility of the anisotropy determination of the 

Fig. 1. ‘Flinn’ plot of the ratios of principal susceptibilities for 
the moderately susceptible paramagnetic metamorphic miner- 
als and for magnetite from metamorphic and from detrital 
sedimentary rocks. The minerals are identified by their initial 
letters in Table I. 

T 

Fig. 2. Sense of anisotropy (T) vs. degree of anisotropy (/*') 
for the minerals determined (indicated by their initial letters, 
see Table I). The field outlined indicates the main range for 
metamorphic rocks presented in Hrouda (1982). The triangle 
represents metamorphic magnetite from a large number of 
different rocks and the triangle inside a circle represents detri- 
tal magnetite from a very immature sediment. 

synthesised aggregates. How closely these relate to 
the true anisotropies of the lattices depends on the 
success of the aligning procedure, which can be 
judged only qualitatively. The chief factors in- 
fluencing the alignment procedure are the shape 
and size of the grains in question. We believe that 
the anisotropy determinations that are closest to 
the true values lare for biotite, phlogopite and 
muscovite. The worst approximations to the true 
anisotropy are for hornblende and glaucophane. 
The chlorites, actinolite and crocidolite would be 
intermediate between these extremes in the degree 
to which they approach the true anisotropy. How- 
ever, we emphasise that it is not possible to exag- 
gerate the anisotropy in our procedure—all the 
estimates of anisotropy are minimum estimates. 

The anisotropies are plotted also on a 
Hrouda-Jelinek diagram (Fig. 2) of P' vs. T 
where 

P' = exp(^[2((a -kf + (b-kf +{c- )] j 

r=2((6-c)/(a-c))-l 

In these equations a, b and c are the natural 
logarithms of the principal susceptibilities in de- 
scending order and k is the logarithm of the mean 
susceptibility. This type of more modem and use- 
ful representation distinguishes degree (F') from 
sense (T) of anisotropy more successfully than the 
conventional Flinn plot. 

3.2. Minerals with low susceptibility 

A large proportion (30-60%) of the volume of 
many slates and schists is occupied by minerals 



165 

that have low susceptibility (< 10“^ SI units/cm^) 
e.g. Hrouda (1986). The instruments designed to 
deal routinely with the anisotropy of metamorphic 
rocks, like our SI-1 meter, are not capable of 
determining the isotropy of very weakly suscep- 
tible materials. Nevertheless, we attempted this to 
compare the relative contributions of weakly sus- 
ceptible materials with the overall rock susceptibil- 
ity. 

The noise level of our SI-1 meter is equivalent 
to a susceptibility difference of about 1.25 X 10 
SI units under favourable circumstances. For the 
strongly susceptible materials, which were dis- 
cussed in the previous section, this presented no 
problems for the biggest specimen sizes that can 
be turned inside the coil to determine susceptibil- 
ity in different directions. The typical specimens 
occupied volumes of 8 cm^ representing 10-25 g 
of material. . 

However, the weak magnetic responses of 
minerals such as quart2L, feldspar and calcite re- 
quire such large specimens to produce a measura- 
ble signal that we are unable to orient that size of 
specimen within the coil in any required direction. 
For these materials we utilised the full coil volume 
of 140 cm^ and compared sample signals with the 
signal from the amount of Mn02 standard re- 
quired to fill that space. In this way we were able 
to determine the bulk or mean susceptibilities of 
randomly oriented powders of the minerals by 
comparison with the same volume of Mn02 

powder. 
The results for the weakly magnetic matrix-for- 

ming minerals are presented in Table II. The most 
disappointing result is the low susceptibility of 
pure calcite. 

Calcite and calcareous rocks are important in 

geomechanical analysis because the mineral is 
amenable to petrofabric analysis and it is useful in 
experimental work because it deforms relatively 
easily (Owens and Rutter, 1978; Friedman et al., 
1981). Using a chemically pure calcite powder 
(Fisher Chemical Corporation), we were able to 
fix a diamagnetic value of about —13.8 X 10~^ SI 
units/cm^. While we are unable to determine the 
anisotropy at this level, Voigt and Kinoshita (1907) 
reported a moderate anisotropy from 12 measure- 
ments on two small (0.036 cm^) specimens of 
single crystals. They reported two principal values 
for this uniaxial mineral of: 

-13.83(±s.d. 0.004) and -12.39(±s.d. 0.010) 

In various studies of four marbles, a chalk rock 
and natural vein excite, we have recorded larger 
susceptibilities. In some cases we have been able 
to detect reproducible anisotropies even with the 
SI-1 meter using samples of 11 cra^. However, in 
aU these instances we have been able to confirm 
the presence of natural impurities upon subse- 
quently destroying the samples. For example, one 
marble, from Vermont, when dissolved yielded an 
insoluble residue of 2% weight chlorite and 2% 
weight muscovite. We believe that such impurities 
may override the magnetic anisotropy of the 
calcite’s tectonic fabric. 

4. Discussion 

It is well known that small amounts of mag- 
netite or other iron oxides can cause most of the 
susceptibility of many rocks including metamor- 
phic rocks. Indeed in some rocks, especially ig- 

TABLE II 

Weakly susceptible minerals. Mean susceptibilities in units of 10"^ SI units per cm^ 

Mean 
susceptibility 

Standard 
deviation 

Number of 
measurements 

Sample 
size(g) 

Specific 
gravity 

Plagioclase 
(Oligoclase) 
Quartz 
Calcite 
Talc 

-2.78 

-9.29 
-13.8 
+ 5.36 

0.34 

1.26 
0.34 
0.82 

10 

20 
30 
20 

212.5 

166.1 
83.6 

162.1 

2.650 

2.654 
2.715 
2.750 
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neous ones, there is even a correlation between the 
volume of magnetite and the mean susceptibility 
of the rock (Balsey and Buddington, 1958). Never- 
theless in most metamorphic rocks iron oxides are 
present only in traces as accessory minerals or can 
also be absent. Although small amounts of mag- 
netite considerably raise the mean susceptibility, 
paramagnetic and diamagnetic silicates form the 
bulk of most metamorphic rocks. While their mean 
susceptibilities are low (see Tables I and II) the 
anisotropies of many common paramagnetic sili- 
cates are high (Figs. 1 and 2) and since they can 
form a major portion of the rock they may 
dominate the anisotropy of magnetic susceptibility 
in some instances (e.g., Borradaile et al., 1986). 
This is possible in most mature meta-sedimentary 
rocks such as pelitic slates, schists and phyllites 
where micas dominate the susceptibility fabric. 
Similarly, amphiboles and chlorite may control 
the anisotropy of many greenschists, amphibolites 
and blueschists. The minerals whose anisotropies 
are tabulated represent the common, natural ex- 
amples of metamorphic minerals that are expected 
to have moderately high susceptibilities on the 
basis of known compositions. 

The potential for the contribution of mod- 
erately susceptible paramagnetic sihcates to rock 
anisotropy is reviewed in Fig. 2. The anisotropies 
for our minerals are compared with determina- 
tions for a variety of metamorphic rocks by the 
Czechoslavakian group (Hrouda, 1982, fig. 17). 
This graph shows that the anisotropies of such 
minerals are much higher than that of most meta- 
morphic rocks so that it may be inferred that these 
silicates can dominate the anisotropy of suscept- 
ibility, even if minor traces of magnetite are pre- 
sent. Furthermore, we should consider the relative 
degrees of preferred crystallographic orientation 
of the silicates versus the preferred dimensional 
orientation of magnetite in metamorphic rocks 
since these are the factors that influence suscept- 

ibility anisotropy (Owens and Bamford, 1976). 
The preferred dimensional orientation of mag- 
netite is normally low, so that the mineral’s mag- 
netic fabric anisotropy will rarely be appreciated 
to"* its fullest extent. In contrast, the preferred 
orientation of the lattices of the silicates il- 
lustrated in Table I and Figs. 1 and 2 is normally 
extremely high. This is because metamorphic 

processes are very effective in producing a near- 
saturation ahgnment of such crystal lattices. Thus 
the magnetic anisotropies of these silicates, under- 
estimated in Figs. 1 and 2, will be appreciated to 
their fullest extent in the overall magnetic fabric 
of the rock. 
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