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We have quantified effects of experimental deformation on the magnetic properties of a set of 
synthetic "calcite sandstone" samples containing magnetite. The deformation was carded out in a 
microcomputer-controlled apparatus that adjusted the applied differential stress as needed to 
maintain a constant strain rate of 10 -5 s-1. Most samples were deformed under dry conditions, but 
a few were deformed with a pore fitfid present; the samples deformed under dry conditions re- 
quired substantially higher differential stresses. Macroscopically ductile shortening strains of up 
to 25% produced the following irreversible changes in magnetic properties: (1) increased bulk co- 
ercivity, remanence coercivity, and mean anhysteretic remaneiice susceptibility; (2) decreased 
mean low-field susceptibility; (3) decreases in the component of remanence parallel to shortening; 
(4) smaller decreases for most samples in the component n0rffial to shortening, resulting in a net 
"rotation" of the remanence away from the shortening axis; (5) larger decreases in the normal com- 
ponent in a few samples, resulting in a net "rotation" of the remanence towards the shortening axis; 
(6) increased magnetic anisotropy; and (7) increased "deformation" 6f initial magnetic ellipsoids. 
A comparison of data for samples deformed under dry and wet conditions '(higher and lower differ- 
ential stresses, respectively) indicates that remanence reorientation and susceptibility anisotropy 
are controlled primarily by bulk strain (i.e., rotation and displacement oi: particles), whereas coer- 
civity and anhysteretic anisotropy are controlled dominantly by microstrain or intragranular stress. 

INTRODUCTION 

Stress and strain may significantly affect rock magnetic properties 
in a variety of ways. Differential stresses or even hydrostatic 
stresses can directly influence the behavior of magnetostrictive fer- 
romagnetic mineral grains, especially the titanomagnetites [e.g., 
Kean et al., 1976; Carmichael, 1968a, b; Revol et al., 1977; 
Kapicka, 1988]. Strain may reorient ferromagnetic grains (without 
deforming them) by a variety of mechanisms, including ductile de- 
formation of the matrix, particulate flow, and dissolution processes 
acting on the matrix material (see Borradaile [1988, 1991] for a 
recent review). In addition, ferromagnetic particles may 
themselves experience some internal deformation, if sufficiently 
large differential stresses are transmitted by the surrounding 
particles [Muller and Siemes, 1972; Hennig-Michaeli and Siemes, 
1975]. The results of these diverse processes may find expression 
in a variety of magnetic properties, the most important of which are 
anisotropy, changes in remanence orientation and intensity, and 
changes in bulk magnetic properties such as coercivity and 
susceptibility. 

The relationship between magnetic properties and finite strain has 
most often been investigated empirically, that is, by measuring the 
magnetic anisotropy or natural remanence and the strain ellipsoid in 
naturally deformed rocks, and searching for systematic rela- 
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tionships [Graham, 1967; Singh et al, 1975; Kneen, 1976; Wood et 
al, 1976; Kligfield et al, 1977, 1981, 1982, 1983; Rathore, 1979; 
Rathore and Henry, 1982; Cognd and Perroud, 1985, 1987, 1988; 
Hirt et al, 1986, 1988; Lowrie et al, 1986; Ruf et al, 1988]. A fun- 
dmental limitation of the empirical approach is that many of the 
important variables are uncontrolled, including magnetic mineral- 
ogy and grain size [Borradaile, 1987; Rochette, 1987] (see also 
Henry [ 1983] and Henry and Daly [1983]), primary magnetic fabric 
[Hrouda, 1992] and primary remanence characteristics, as well as 
strain rate and stress magnitudes and orientations. A useful alter- 
native approach is experimental rather than empirical [Kodama and 
Cox, 1978; Owens and Rutter, 1978; Borradaile and Alford, 1987, 
1988; Borradaile and Mothersill, 1989], in which samples of con- 
trolled, uniform composition, and known initial magnetic states, are 
deformed under precise laboratory conditions. 

In this paper we present the results of an experimental inves- 
tigation into the simultaneous effects of deformation on magnetic 
remanence, bulk magnetic properties, and magnetic anisotropy in a 
set of synthetic, magnetite-beating samples. This study expands on 
the previous investigation of Borradaile and Alford [ 1987] by ex- 
amining remanence and bulk properties as well as anisotropy, and 
by including measurements of both anisotropy of magnetic suscep- 
tibility (AMS) and anisotropy of anhysteretic remanence (AAR; 
also referred to as anisotropy of anhysteretic susceptibility (AAS) 
[McCabe et al., 1985]. 
Stress effects. Even in the absence of permanent strain, externally 

applied stresses influence the direction and intensity of remanence 
[e.g., Martin and Noel, 1988; Lanham and Fuller, 1988], as well as 
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susceptibility anisotropy [e.g., Kean et al., 1976; Kapicka, 1988], 
because of the phenomenon of magnetostriction. These stress 
effects may be reversible (wih.• removal of the applied stress) or 
irreversible. Additionally, internal stresses (or microstresses) 
associated with dislocations, compositional variations, etc., have 
strong effects on basic magnetic properties [Hodych, 1982, 1986; 
Softel, 1966; Xu and Merrill, 1989, 1990; Xu and Dunlop, 1990; 
Worm et al., 1991]. 
In magnetostrictive materials such as magnetite [Hodych, 1982, 

1986; Worm et al., 1991] and especially Ti-rich titanomagnetite 
[Appel, 1987; Moskowitz et al., 1988], differential stresses of the 
order of 50 to 100 MPa (0.5 to 1 kbar) are sufficient to cause ir- 
reversible remanence rotation and domain wall translation 

[Carmichael, 1968b] as well as nucleation of new domains [Boyd et 
al., 1984; Halgedahl, 1987]. There is clear experimental evidence 
for significant stress effects on the remanence of (titano)magnetites: 
most frequently relatively low stresses result in partial demagneti- 
zation of preexisting remanence, and higher stresses produce new 
components of remanent magnetization [Kern, 1961a, b; Nagata 
and Carleton, 1968; Kinoshita, 1968; Ohnaka, 1969; Nagata, 1970; 
Revol et al., 1977; Martin et al., 1978; Martin and Noel, 1988; 
Lanham and Fuller, 1988; Borradaile and Mothersill, 1989]. In 
addition, several studies have presented empirical evidence for 
stress remagnetization in nature [Graham et al., 1957; Hudson et 
al., 1989]. 

Stress-induced changes in susceptibility, especially the de- 
velopment of AMS, have been described by a number of re- 
searchers [e.g., Kern, 1961a; Kean et al., 1976; Kapicka, 1988]. 
These investigations in the reversible, elastic regime have been 
motivated in part by the importance of devising methods for earth- 
quake prediction; there is some empirical evidence that rocks may 
act as "magnetic stress transducers" producing transient local mag- 
netic field anomalies as stresses change before a seismic event 
[e.g., Smith and Johnston, 1976]. Experimental results indicate that 
susceptibility changes produced by stresses up to 50 MPa are es- 
sentially reversible [Kapicka, 1988], in contrast to the largely irre- 
versible effects on remanence. 

It is now also widely appreciated that internal stress in magnetites 
has a strong influence on bulk magnetic properties such as 
coercivity and intrinsic susceptibility [Hodych, 1982, 1986; Xu and 
Merrill, 1989; Worm et al., 1991]. Empirical evidence for this is 
provided by the significant differences exhibited by crushed and 
sieved magnetites on the one hand, and hydrothermally or chemi- 
cally precipitated magnetites of the same size on the other [Heider 
et al., 1987]. Invariably, crushed grains are magnetically "harder" 
than precipitated grains: they have higher coercivities, higher satu- 
ration remanence, and lower susceptibility. These differences are 
due to the presence of larger energy barriers to domain wall move- 
ment, which are associated with high residual stresses. The stresses 
are presumably related to lattice defects such as dislocation pile- 
ups. 

However, few experimental data exist on how these magnetic 
properties change (irreversibly) as a function of applied stress. 
Carmichael [1968b] reported that repeated application of 50 MPa 
uniaxial stress had no effect on the bulk coercivity and saturation 
remanence (acquired after unloading) in magnetite monocrystals. 
In contrast, Baleyev and Absalyamov [1983] found significant in- 
creases in both dislocation density and coercivity after uniaxially 
stressing magnetite monocrystals to 50 MPa, and also after hydro- 
statically stressing magnetite powders. 
Strain effects. Experimental studies have shown that magnetite 

single crystals or massive ores deform at moderately low 

temperatures by twin- and translation-gliding mechanisms, under a 
differential stress of a few hundred megapascals [Muller and 
Siemes, 1972; Hennig-Michaeli and Siemes, 1975]. Brittle defor- 
mation (fracturing) of magnetites may also be expected to occur 
under some conditions of natural deformation and has been re- 

ported by Hudson et al. [1989] in remagnetized sandstones from 
the Wyoming-Idaho thrust belt. Clearly, either brittle or crystal- 
plastic deformation can be expected to have significant effects on 
magnetic properties. However, in general, strain is thought to alter 
the magnetic propert. ies of a rock principally by reorientation of the 
magnetic grains, rather than by deforming them. 

The mechanism by which magnetic particles reorient during 
deformation is critically important in modeting the effects of strain 
upon magnetic anisotropy and upon remanence [Owens, 1974; 
Hrouda, 1976, 1987; Facer, 1983; Cognd and Gapais, 1986; Cognd 
et al., 1986; Henry and Hrouda, 1989; van der Plu•jm, 1987; 
Kodama, 1988]. Three simple microscopic models are often dis- 
cussed: the particles may behave as rigid spheres or ellipsoids ro- 
tating in a viscous fluid [Jeffery, 1922], as undeformable lin- 
ear/planar elements [March, 1932], or as deformable "passive 
markers" with no mechanical contrast between the magnetic parti- 
cles and the nonmagnetic matrix. Which of these idealized models 
(if any) apply in any particular situation is not obvious. For further 
discussion the reader is referred to Owens [1974], Cognd and 
Perroud [1985, 1987], Lowrie et al. [1986], van der Pluijm [1987], 
Kodarna [ 1988], Hrouda [ 1987], Rochette [ 1988], and Borradaile 
[1988]. 

Empirical evidence for modification of a natural remanence by 
strain has been presented by Kliffield et al. [1983], Cognd and 
Perroud [1985, 1987], and Vetter et al. [1989]; experimental stud- 
ies have been conducted by Ozima [1980], Morash and Bonhommet 
[1981], and Borradaile and Mothersill [1989]. In some cases [e.g., 
Borradaile and Mothersill, 1989], remanence appears to rotate 
faster than a "nonmaterial line", i.e., a linear marker with no me- 

chanical competence contrast; in others [e.g., Cognd and Perroud, 
1985, 1987] a nonmaterial line model appears to be reasonably ac- 
curate; in still others [e.g., Lowrie et al., 1986] remanence rotates 
more slowly than a nonmaterial line, so that "destraining" the final 
remanence vectors (multiplying them by the inverse strain tensor) 
overcorrects the remanence directions. More recent work has 

shown that for multicomponent remanence, deformation may pref- 
erentially remove one component on the basis of coercivity, so that 
the total remanence vector may rotate either toward or away from 
the shortening direction, behavior which is qualitatively different 
from the rotation of a non-material line [Borradaile and Mothersill, 
1991; Borradaile 1992]. Susceptibility ellipsoids always appear to 
"deform" more slowly than passive markers; a relationship of the 
form ln(kmax/kmin)~ a ln(X/Z) has been found in a number of 
cases, with a ranging from about 0.3 downwards [Singh et al., 
1975; Kneen, 1976; Wood et al., 1976; Kligfield et al., 1977, 1981, 
1982, 1983; Rathore, 1979; Rathore and Henry, 1982; Cognd and 
Perroud, 1985, 1987, 1988; Hirt et al., 1986, 1988; Lowtie et al., 
1986; Ruf et al., 1988]. 

EXPERIMENTAL METHODS 

Sample Preparation 

Procedures for sample preparation in this study closely follow 
those described by Borradaile and Alford [1987]. The relatively 
nonmagnetic matrix material consists of Portland cement (30% by 
weight) and calcite (70%), the latter obtained by crashing large 
individual crystals, and sieving to a size range of 150 to 175 !.tm. 
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We have used finer-grained magnetite in this study (mean diameter 
40 I.tm) than that used by Borradaile and Alford (200-300 I.tm), in 
order to better represent the carriers of natural remanence in most 
rocks. Scanning electron microscope (SEM) observations show 
that these commercially obtained crushed and seived magnetite 
grains are predominantly subequant, although a range of shapes is 
present. Preliminary tests showed that the cement contains a slight 
ferrimagnetic contamination, but it contributes less than 5% to the 
anhysteretic remanent magnetization (ARM) and susceptibility of 
the final samples. 

The magnetite was dispersed in a slurry of cement using a 
household electric blender; additional cement and the calcite sand 

were then added and stirred by hand. This method was quite effec- 
tive at dispersing the magnetite; however some heterogeneity in 
magnetite concentration is inevitable. The mixture was poured into 
a flat mold and probed repeatedly with a nonmagnetic wire to re- 
move as many air bubbles as possible. After the cement had cured 
for approximately two weeks, 1.25 cm diameter cores were drilled; 
the cores were then cut to a length of 2.5 cm (to provide the opti- 
mum shape for experimental deformation). The ends were milled 
to precise fight angles, and initial dimensions were measured to 
within +0.03 min. 

Initial Magnetic Characterization 

Low-field magnetic susceptibility tensors [kl] were measured 
using an automated apparatus constructed by J. Marvin. A micro- 
computer-controlled sample handler rotates a specimen through 
three orthogonal planes, and susceptibility measurements are made 
at 1.8 ø intervals. The susceptibility tensor is computed by least 
squares from the resulting 600 directional measurements. Very 
high precision results from the large number of measurements; in 
almost all cases principal axis orientations are reproducible to 
within about 2 ø, and axial ratios and mean susceptibilities are 
reproducible to within about 1%. 

Because the specimen shapes are far from the optimal 
length/diameter (t/d) ratio of 0.86 for magnetic measurements 
[Noltimier, 1971], all measured initial susceptibility ellipsoids were 
prolate, with the long axes parallel to the specimen axes. For this 
reason we have applied a shape correction to the susceptibility 
tensors, derived by measuring the AMS of specimens of isotropic 
paramagnetic Mn20 3 powder packed into containers with precisely 
the same cylindrical shape as the calcite sandstone cores. This 
isotropic standard also yielded a prolate ellipsoid, with roughly the 
same degree of anisotropy as most of the synthetic rocks. The 
correction factor we have applied is the inverse of the Mn20 3 
tensor; by definition this produces an isotropic corrected tensor for 
the Mn20 3, and in practice it results in weakly anisotropic tensors 
for the individual specimens, and nearly random principal axis 
orientations (Figure 1). We note that this correction procedure was 
directly verified for one specimen (specimen 11) when it was acci- 
dentally broken; one of the resulting pieces was very close to the 
optimum lid ratio of 0.86, and its measured tensor was essentially 
identical to the corrected tensor for the whole long core. 
Following the AMS measurements, ARM tensors [ka] were also 

measured for each sample. Remanences were imparted in an 
alternating field (af) of 95 mT with a superimposed parallel steady 
field of 150 I.tT; measurements were made on a three-axis 2-G 
superconducting magnetometer. Because this instrument is quite 
insensitive to sample shape, no correction was necessary for the 
ARM tensors (this was directly verified for specimen 11). Tensors 
and mean k a values were determined following the procedure of 
McCabe et al. [1985] (adapted from Girdler [1961]), involving 
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Fig. 1. Equal-area and Flinn-type plots illustrating orientations and shapes 
of initial anisotropy of magnetic susceptibility (AMS) and anisotropy of an- 
hysteretic susceptibility (AAS) ellipsoids; note weak anisotropies and 
essentially random orientations. 

measurements in nine different directions and derivation of the 

ellipsoid by least squares. As was the case for the corrected 
susceptibility ellipsoids, the initial ARM ellipsoids are rather 
weakly anisotropic and not consistently oriented (Figure 1). 

The final step in the ARM anisotropy algorithm is to impart and 
measure an ARM at a 45 ø angle to the core axis (with a declination 
of 270ø). Due to the weak initial ARM anisotropy and to careful 
orientation during magnetization, the actual measured ARM was in 
all cases within 2 ø of this orientation. For almost all of the cores, 

this constituted the predeformational remanence. However, two 
sets of specimens started with somewhat different remanence 
states. In one set of samples, the inclined ARM was demagnetized, 
and an ARM was given parallel to the axis of the core. Another set 
of four specimens was subjected to high-field hysteresis measure- 
ments in a vibrating sample magnetometer (VSM); due to the ge- 
ometry of the specimens and the VSM, these measurements were 
made at fight angles to the core axis (azimuth 270 ø, plunge 0 ø in the 
sample coordinate system). These were then given an ARM in the 
same orientation as the other samples (270 ø , 45ø). 

Deformation 

Methodology for the deformation runs closely followed that of 
Borradaile and Alford [1987]. The samples were jacketed in 
Teflon tubing, and then shortened parallel to their cylindrical axes 
in a microcomputer-controlled triaxial deformation apparatus 
[Donath, 1970], at room temperature under a confining pressure of 
150 MPa. A constant strain rate was maintained by automatic 
adjustment of the applied differential stress; stress-strain histories 
were recorded by the microcomputer, which applied corrections for 
apparatus distortion and change of specimen shape. For most 
samples the strain rate was 1 x 10 -5 s -t, but in a few cases this was 
reduced to 5 x 10 -6 s-1 in order to observe the effects of deforma- 
tion at lower differential stresses. For the same reason, one set of 
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samples (samples 23-28, Table 1) was deformed with a pore fluid 
present at a pressure of 100 MPa; the rest of the cores were 
deformed under dry conditions. Shortening strains up to 25% 
(e 3 = (Ill 0 -1)>-0.25) were attained without macroscopic brittle 
failure. Finally, several samples were subjected to the same hydro- 
static confining pressure but no differential stress. 

TABLE 1. Peak Applied Stress and Strain 

Differential 

Sample Stress, Shortening, Z = 1 + e 3 
MPa percent 

2 172.0 18.96 0.81 
3 144.0 15.27 0.85 
4 122.0 15.00 0.85 

5 95.0 12.47 0.88 
6 151.0 20.40 0.80 
7 38.0 15.00 0.85 
8 48.0 14.70 0.85 

9 89.0 11.60 0.88 
10 170.0 26.50 0.74 

11 0.0 0.00 1.00 
12 82.0 10.34 0.90 
13 48.0 9.80 0.90 
14 38.0 7.20 0.93 

15 0.0 0.00 1.00 
16 90.5 11.80 0.88 
17 140.7 14.50 0.86 
18 199.2 19.96 0.80 

19 166.3 17.24 0.83 
20 103.9 14.00 0.86 
21 166.8 21.90 0.78 
22 129.5 14.90 0.85 
23 91.0 23.40 0.77 
24 24.0 3.90 0.96 

25 63.5 15.80 0.84 
26 46.0 11.80 0.88 

27 55.0 20.10 0.80 
28 32.7 8.20 0.92 

Postdef ormational Magnetic Characterization 

Magnetic measurements for the deformed samples were 
performed in the following sequence: measurement of [kl]; 
measurement and stepwise AF demagnetization of the postdefor- 
mational remanence; a second measurement of AMS (for some 

samples); measurement of [ka]; and finally, measurement of high- 
field hysteresis properties. The second set of AMS measurements 
was intended to evaluate the possible presence of metastable 
domain anisotropies, which Park et al. [1988] have shown to be 
removable by AF demagnetization. 

RESULTS 

Nature of Deformation 

A typical stress-strain curve for a dry sample .(Figure 2a) shows 
that continually increasing differential stresses are required to 
maintain a constant strain rate; there is no clear yield point. The 
presence of a pore fluid substantially alters the mechanical behav- 
ior, with a well-defined yield point and a relatively low flow stress 
(Figure 2a). A summary plot of maximum applied differential 
stress and finite strain for the individual samples shows a clear, 
approximately linear relationship (Figure 2b and Table 1). Samples 
deformed under wet conditions also define a generally linear trend 

in Figure 2b, but with a substantially lower slope (i.e., they deform 
at lower differential stresses, as expected [Rutter, 1974]). The 
quasilinear trend defined by the dry deformation experiments 
exhibits small discontinuities at approximately 10% and 15% 
strain; slightly higher strains in each case appear to require signifi- 
canfly higher differential stresses. The 15% discontinuity corre- 
sponds to the final closure of initial porosity; measurements of 
external dimensions show continuous volume loss up to 15% short- 
ening, and constant-volume strain thereafter. 

Stress-relaxation tests [e.g., Rutter et al., 1978] show a weak 
dependence of differential stress upon strain rate (Figure 2c), with 
e proportional to c• n, and n ~ 14. There is perhaps some indication 
of a greater sensitivity for strain rates below about 10-7 s-1, but 
this is less clear than the change observed by Borradaile and Afford 
[1987] for quartz sand samples. The sample deformed under wet 
conditions was slightly weaker at all strain rates (Figure 2c). 

Several mechanisms are probably responsible for the overall 
strain. Microcracking at cement-grain boundaries and deformation 
of the cement gel enables grain rotation and disordered grain-scale 
translation, or "particulate flow" [Borradaile and Tarling, 1981, 
1984; Borradaile, 1981, 1988]. The calcite framework grains also 
deform by e-twinning, especially at higher strains. It appears that 
particulate flow, accompanied by closure of pore space, accounts 
for most of the strain in the earlier stages of deformation (Figure 3). 
As shortening proceeds, the framework grains come into increasing 
mutual contact, and both systematic rotation and internal deforma- 
tion of these grains is more efficient thereafter (Figure 3). The 
transition between these dominant modes of deformation may 
account for the apparent stress-strain discontinuity at about 10% 
strain (Figure 2b); this appears to represent the point where porosity 
is sufficiently diminished that a framework of clasts begins to 
support the applied load, although volume loss continues to 15% 
shortening. 

Changes in Rock Magnetic Properties with Deformation 

Both mean susceptibility and mean k a change significantly with 
deformation (Figure 4, Table 2). Bulk susceptibility is largely 
unaffected in samples with less than about 10% strain; in more 
strongly deformed samples it is diminished by as much as 10 or 
15%. However, for the most strongly deformed samples (with 
shortening strains near 25%) the bulk susceptibility after deforma- 
tion is nearly the same as the initial value. Mean k a values show a 
significant increase in almost all samples; even those that only 
experienced hydrostatic stress have values 10% higher than the. 
original measurements. Otherwise, the ARM data fall on the plot 
in a rough mirror image of the susceptibility data: mean ARMs are 
nearly constant (at about 1.1 times initial values) up to about 10% 
strain, and they are significantly increased in more strongly 
deformed specimens, in some cases by 25%. There is significant 
scatter in the data, both as a function of strain and as a function of 

peak differential applied stress (Figure 4). 
The ratio of k/ARM is often taken as a measure of relative or 

effective ferromagnetic grain size [Banerjee et al., 1981; King et 
al., 1982]. Figure 4 also shows how this ratio is changed by the 
deformation. Even in the most weakly deformed or undeformed 
samples (with one exception), the relative grain size indicated by 
(k/ARM)d/(k/ARM) o (where the subscripts d and o refer to the 
deformed and original states, respectively) is reduced to about 90%. 
For samples shortened by more than about 10%, this ratio is sharply 
decreased, by an amount that is roughly proportional to the strain 
magnitude. 
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It is important to point out that in this context, the changes in the 
ratio k/ARM do not necessarily indicate changes in the actual size 
of the magnetite grains. This ratio is essentially an indicator of 
magnetic "hardness." In natural rocks and sediments with a range 
of grain sizes, hardness is in general inversely related to grain size; 
hence the success of its application to granulometry. In the samples 
of this study, grain size reduction by fracturing (as in Figure 3) is 
quite rare, and in general the magnetic hardness is increased at 
constant grain size (e.g., by accumulation of internal stress or by 
mechanical deformation). The microscopic processes responsible 
for the enhanced magnetic hardness of the deformed samples will 
be the subject of future investigation. 

Hysteresis properties were measured for four samples prior to 
deformation, and for all samples after deformation (Table 2). The 
samples for which these properties were initially measured all 
yielded essentially identical results: the ratio of saturation rema- 
nence to saturation magnetization (Jrs/Js) was 0.055 (_+0.002), 
and the bulk coercivity (H c ) was 5.0 + 0.1 mT. Comparison with 
published data summarized by Dunlop and Argyle [1990] shows 
that these values are typical for crushed magnetites of 40 I.tm diam- 
eter. Figure 5 shows the variation in hysteresis properties measured 
after deformation. The ratio Jrs/Js and the bulk coercivity H c 
both increased significantly for samples shortened by 10% or more. 
The increases were smaller for samples deformed with a pore fluid 
present than they were for samples shortened by the same amount 
under dry conditions at higher differential stresses (Tables 1 and 2). 
Thus the hysteresis properties vary more systematically with peak 
applied stress than they do with bulk strain (Figure 5). 
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Fig. 2. (a) Stress-strain history for two typical samples, one deformed with 
a pore fluid present, the other deformed under dry conditions (c½ is differen- 
tial stress; e is shortening; Pc is confining pressure; Pf is pore fluid pres- 
sure). Note the dry specimen (Pf = 0) undergoes a corfipactional flow with 
no dear yield point whereas the wet specimen shows a yield point and a low 
flow stress of about 60 MPa. (b) Summary plot showing maximum differ- 
ential applied stress as a function of shortening strain, for all samples. 
Open (solid) symbols represent samples deformed under dry (wet) condi- 
tions. (c) Stress relaxation tests for two samples, strained to 5.3% and 6.9% 
respectively. There is a weak dependence of flow stress upon strain rate; 
the wet (Pf = 110 MPa) specimen is slightly weaker at all strain rates. 

Figure 6 correlates coercivity (normalized by Ms) with inverse 
susceptibility (per unit volume of magnetite) for the deformed 
samples. As expected theoretically [Stoner and Wohtfarth, 1948; 
Stacey, 1963] (see also Hodych [1986] and Dunlop et at. [1987]), 
there is a roughly linear relationship (regression coefficient R 2 = 
0.43). The intercept on the 1/k axis provides an estimate of the 
average demagnetizing factor N; for these samples the intercept 
value is 0.18 + 0.02. Possible values for N range from 0.13 for 
two-domain grains up to 0.33 for large multidomain (MD) grains 
[Dunlop, 1983]. Thus, as found by Dunlop et al [1987], Figure 6 
seems to give a rather low estimate for N, although the uncertainty 
is rather large due to the scatter of the data. The slope of the best- 
fit line for the data of Figure 6 is approximately 10, similar to the 
slopes reported by ttodych [1986] for a variety of igneous rocks as 
well as for magnetite. Such a slope is theoretically consistent with 
both susceptibility and coercivity being controlled dominantly by 
residual stresses opposing domain wall motion [Hodych, 1986]. 

Somewhat surprisingly, however, there is virtually no correlation 
between peak applied stress and the stability of ARM against low- 
temperature demagnetization (LTD) (Figure 7). However, it may 
be noted that the "memory ratio" is weakly correlated with strain: it 
exceeds 0.5 only for samples that have been shortened by 15% or 
more, and it is on average considerably higher for those samples 
than for those shortened by less than 15%. Previous studies [e.g., 
Kobayashi and Fuller, 1968; Heider et al., 1990] have generally 
found that the memory of saturation remanence after LTD was 
strongly stress-sensitive for a large range of magnetite grain sizes. 
The apparent lack of stress sensitivity in the ARM memory fraction 
of these samples may be due to significant residual stresses in the 
magnetites of our undeformed samples. Figure 8 shows the 
temperature dependence of M s and H c for an undeformed sample, 
and for a strongly deformed one. In both cases, H c (T) varies to a 
good approximation as M s 2(T), consistent with stress as the 
principal control on coercivity [e.g., Heider et al., 1987; Xu and 
Merrill, 1990]. Magnetocrystalline anisotropy, in contrast, varies 
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Fig. 3. Scanning electron microscope images of the calcite/cement/magnetite samples. (a) Overview of undeformed aggregate. C 
is calcite, M is magnetite. Note well-spaced calcite grains. (b) Close-up of undeforrned aggregate. Note the porous cement matrix, 
and well-spaced calcite dasts. (c) Deformed aggregate, 200 MPa confining pressure, dry conditions, peak differential stress 
144 MPa, strain e = 15.3%. Note compaction of cement matrix, and cracking of magnetite (M). (d) Deformed aggregate, 200 MPa 
confining pressure, 180 MPa pore fluid pressure, peak differential stress 63.5 MPa, strain e= 15.8%. Note less compaction of 
matrix, greater spacing of calcite, and less cracking of magnetite. 

with temperature as M s 8(T) [e.g., O'Reilly, 1984], and is clearly 
not the major control on coercivity in these samples (Figure 8). 

Changes in Magnetic Rernanence With Deformation 

In many samples, both the declination and inclination of the 
postdeformational remanence were strongly different from the pre- 
deformational values (Figure 9). Because the samples were short- 
ened parallel to their cylindrical axes, it is reasonable to expect that 

only the inclination of the predeformational remanence was directly 
affected by strain (i.e., by grain reorientation); the declination dif- 
ferences thus indicate the acquisition of an additional component of 
remanence during the deformation experiment, undoubtedly due in 
part to the applied stress. However, stepwise AF demagnetization 
is quite effective at removing this overprint (Figure 9), as also 
found by Lanham and Fuller [1988]. In almost all cases, AF 
treatment at 30 mT brings the declination back to its initial 270 ø 
value; thus we can conclude that the stress-related secondary 
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Fig. 4. Changes in bulk magnetic properties with deformation: (top) Mean susceptibility (open circles) and anhysteretic 
susceptibility (plus symbols) (both normalized to predeformational values) as functions of strain (left) and of peak applied 
differential stress (right). (bottom) The grain size-sensitive ratio k/ARM (normalized to predeformational values) as a function of 
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TABLE 2. Rock Magnetic Properties 

Sample k 0 k d ARM• 
10 -7 m3/kg 10 -7 m3/kg 10 -5 Am•/kg 

ARMd HcO HcrO Jrs /Jso Hcd Hcrd Jrs /Jsd 
10 -5 Am2/kg mT mT mT mT 

2 5.57 4.72 4.72 5.47 7.21 26.31 0.065 
3 5.24 4.72 4.53 4.91 

4 5.50 4.95 4.72 5.09 5.68 25.67 0.049 
5 5.47 5.19 4.72 4.91 5.91 26.38 0.051 
6 5.78 5.07 4.72 5.64 5.02 24.53 0.055 6.25 26.14 0.058 
7 5.66 5.52 4.81 5.13 4.93 24.58 0.055 5.33 25.49 0.050 
8 5.66 5.33 4.77 5.25 4.92 24.86 0.055 5.64 25.01 0.053 
9 5.52 5.38 4.66 5.55 5.14 25.89 0.057 5.43 25.20 0.051 

10 5.50 5.47 4.79 5.94 6.42 27.10 0.056 
! 1 5.35 5.45 4.72 4.74 5.30 25.95 0.047 
t2 5.42 5.47 4.62 4.87 5.56 26.25 0.046 
.3 5.35 5.42 4.62 5.19 5.52 24.58 0.047 
x4 5.33 5.45 4.60 5.17 5.47 25.97 0.045 
15 5.38 5.52 4.57 5.09 5.38 26.06 0.047 
16 5.66 5.90 4.79 5.29 5.81 26.34 0.05 
17 5.52 5.54 4.72 5.30 6.30 25.54 0.054 
18 5.61 5.38 4.81 5.72 6.92 26.07 0.059 
19 5.42 5.24 4.70 5.44 6.81 27.57 0.057 
20 5.47 5.61 4.70 5.05 5.74 25.46 0.048 
21 6.08 5.38 4.58 5.86 6.96 27.71 0.057 
22 5.99 5.61 4.52 5.22 5.78 24.45 0.05 
23 6.11 5.90 4.65 4.93 5.51 26.21 0.05 
24 5.78 5.71 4.42 4.83 5.18 25.71 0.043 
25 5.71 5.64 4.34 5.32 

26 5.71 5.66 4.32 5.14 5.41 26.06 0.046 
27 5.40 5.28 4.15 4.84 5.52 26.06 0.046 
28 5.64 5.52 4.28 4.77 

Symbols are: k, mean susceptibility; ARM, mean anhysteretic remanent magnetization acquired in an alternating field of 100 mT with a bias 
field of O. 1 mT; O, original state; d, deformed state; Jrs, saturation remanence' Js, saturation magnetization; Hcr , remanent coercivity; H c , 
coercivity. 
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10, consistent with stress control of k and H c [Hodych, 1986], and an inter- 
cept of 0.18, the apparent average demagnetizing factor [Dunlop, 1983; 
Dunlop et al., 1987]ß Open (solid) symbols indicate dry (wet) deformation. 

remanence has been effectively removed, and any remaining 
difference in inclination is (presumably) directly related to bulk 
strain, i.e., due to rotation of the magnetite particles. 

The orientations of the soft overprints are not consistent, but their 
magnitudes generally correlate with intensity of deformation 
(Figure 9). Following removal of the soft component, the magneti- 
zation for almost all of the samples followed straight trajectories 
toward the origin; inclinations of these linear segments were 
calculated by principal component analysis [Kirschvink, 1980]. For 
the samples that had been magnetically saturated before acquiring 
their ARM, the magnetization decays not toward the origin, bu! 
instead to the direction of saturation remanence. This is due to the 

presence of magnetic carriers with coercivities high enough to be 
unaffected by ARM acquisition and AF demagnetization. The 
ARM appears to be somewhat "underprinted" by the saturation 
remanence: the inclination of the remanence removed above about 

60 or 70 mT is considerably shallower than that removed at lower 
AFs (Figure 9c). The inclination of the surviving ARM in these 
samples was calculated by fitting a line to the interval between 
about 20 mT and about 60 or 70 mT. 

The change in inclination of the cleaned remanence as a function 
of strain is shown in Figure 10. It appears that there is a 
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Fig. 7. Anhysteretic remanent magnetization (ARM) "memory ratio" (fraction of ARM retained after low-temperature 
demagnetization, or LTD), as a function of shortening strain (left) and of peak applied stress (right). Open (solid) symbols indicate 
dry (wet) deformation. 
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"threshhold strain" of about 10%, below which there are essentially 
no changes. At strains above 10% there is a rather surprising pat- 
tern. Most of the samples exhibit shallower inclinations after 
deformation, with the amount of shallowing (A/= I o - I d ) directly 
related to the amount of strain. However there are four samples (3, 
4, 5, and 19) with inclinations that are actually steeper after 
deformation, and the inclination changes again appear to be a linear 
function of strain. Similar behavior has been found by Borradaile 
and Mothersill [1991] and by Borradaile [1992] for 
multicomponent IRMs, but it was not expected for these samples, 
which carry a single-component ARM. We will consider this 
further in the discussion section. 

Overall, inclination changes appear to correlate more strongly 
with bulk strain than with peak applied stress. This suggests that 
the remanence is reoriented primarily by rotation of the magnetite 
grains, rather than by the intracrystalline changes that have given 
rise to the magnetic hardening. The samples deformed under wet 

TABLE 3. Remanence Characteristics 

Sample I 0 Id20 JzO Jza2o •o -ira JzdJo 

2 42 36 17.2 1.86 6 0.108 
3 43 49 18.0 2.53 -6 0.141 
4 42 47 16.7 4.17 -5 0.250 
5 44 47 17.6 3.59 -3 0.204 
6 44 31 17.5 2.01 13 0.115 
7 43 34 18.0 2.58 9 0.143 
8 43 40 18.4 2.86 3 0.155 
9 43 43 17.6 2.84 0 0.161 

10 90 25.4 4.31 0.170 
11 90 6.84 
12 90 25.0 5.87 0.235 
13 90 25.2 6.13 0.243 
14 90 24.3 6.16 0.253 
15 90 24.0 6.61 0.275 
16 46 44 18.1 4.18 2 0.232 
17 44 17.2 
18 45 33 18.4 2.14 12 0.116 
19 46 52 17.8 3.96 -6 0.223 
20 45 17.8 3.32 0.186 
21 46 36 18.4 2.95 10 0.160 
22 43 33 17.9 3.24 10 0.181 
23 43 43 18.2 3.97 0 0.218 
24 41 41 16.6 4.29 0 0.258 
25 43 34 17.2 3.50 9 0.203 
26 43 40 17.0 3.30 3 0.194 
27 41 33 15.7 3.41 8 0.217 
28 48 48 18.3 5.11 0 0.279 

Symbols are: L inchnation (degrees); Jz' axial remanence component 
(10 -8 Arn2); 0, original state; d, deformed state; 20, demagnetized in 20 mT 
alternating field. 

conditions appear to behave somewhat differently at high strains; 
final inclination for the most strongly deformed of these samples 
(sample 23) is essentially identical to initial inclination (Table 3). 
It is useful to compare these results with the simple "nonmaterial 

line" or "passive linear marker" model, in which the remanence is 
considered to behave as a line drawn on the sample [e.g., Morash 
and Bonhomrnet, 1981; Kligfield et al., 1983; Cognd and Perroud, 
1985, 1987]. This is described by 

tan l d Z (1 +e3) 
.... (l) 

tan I o X (1 + e 1) 

This behavior is represented by the dashed line in Figure 11. 
Figure 11 shows that up to strains of 10% (Z/X ~ 0.9), the rema- 
nence rotates much more slowly than a "passive line," remaining 
close to the initial inclinations. At higher strains, the remanence 
rotates much more rapidly than a material line, and the data slope 
more steeply than the dashed reference line. In addition, the 
steeper postdeformational remanence found in some samples 
clearly indicates behavior that is very different (qualitatively as 
well as quantitatively) from that of a material line. 
The component of remanence parallel to the shortening axis (Jz) 

is considered separately in Figure 12. In each case the postde- 
formational vertical component of remanence (after 30 mT AF 
treatment) is normalized by the vertical component of the initial 
remanence (untreated). Here strain is plotted as 1 +e 3 
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Fig. 11. Comparison of postdeformational inchnations with those predicted 
by the "passive hne" model: tan(Id)/tan(l 0 ) = Z/X. Note that strain 
increases to the left in this plot. For these samples, inclination changes 
more slowly at low strains than a material line, but more rapidly at higher 
strains. Open (solid) symbols indicate dry (wet) deformation. 
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Strain is plotted as 1 + e 3 (= Z = l/lo), which is the material analog of the remanence ratio. Note that strain increases to the left in 
this plot. Open (solid) symbols indicate dry (wet) deformation. 

(= Z = I/l 0), which is the material analog of the remanence ratio. 
Several important observations may be made. 

First, all of the deformed samples have smaller normalized 
vertical components of remanence than the undeformed samples. 
Thus, in the samples with steeper inclinations after deformation 
(Figures 10 and 11 and Table 3), the remanence is reduced parallel 
to shortening, but it is reduced even more strongly perpendicular to 
shortening. Similar observations have been made by Borradaile 
and Mothersill [1989, 1991] and by Borradaile [1992], using 
strong-field multicomponent IRM. Of the four samples with 
steepened postdeformational remanence, two have unusually large 
fractions of their initial Jz remaining (4 and 19), whereas the other 
two show the same fractional retention as the other samples. It is 
interesting to note that of these four samples, three of them (3, 4, 
and 5) had maximum k a axes (before deformation) close to, but 
slightly steeper than, the predeformational remanence orientation, 
while the fourth (19) had an initial k a maximum axis close to 
vertical. Thus the remanence in each of the "steepened" samples 
has rotated toward the direction of particle alignment, as indicated 
by ARM anisotropy. 

A second observation to be made from Figure 12 is that the 
"threshhold" of 10% shortening (1 + e 3 =0.9) is very apparent; 
normalized intensities diminish only slightly between 0 and 10% 
shortening and then decrease (for most of the samples) by a factor 
of 2 between 10% and 20% strain. The samples with initially 
vertical remanence follow the same general trend as those with 
inclined initial remanences, as do those that had previously been 
exposed to saturating horizontal fields (Table 3). The trend of the 
wet-deformation data is somewhat different from that of the dry 
data (Table 3): the most strongly deformed wet samples (23 and 27) 
retained a very large fraction of their initial Jz; maximum relative 
remanence loss for the wet samples occurred between 10% and 
15% shortening, along the dry data trend. 

Magnetic Anisotropy as a Function of Stress and of Strain 

Figure 13 shows the orientations and axial ratios of [k 1 ] and 
[k a ] after deformation. All but the most weakly deformed or 
undeformed samples have oblate magnetic ellipsoids that are 
essentially coaxial with the horizontally oblate strain ellipsoid. 

The magnitude of susceptibility anisotropy as a function of strain 
is shown in Figure 14 and listed in Table 4. Two observations are 
immediately apparent. First, there is a fairly strong linear 
relationship between the ratio k max/k rain and strain; second, a 
"threshhold strain" of about 10% separates data points arrayed 
along a line of very shallow slope from data lying along a relatively 
steep slope. Small anisotropies of 5% to 10% (max/min_< 1.10) 
characterize the undeformed samples as well as those with strains 
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Fig. 13. Equal-area and Flinn-type plots illustrating orientations and shapes 
of AMS and ARM ellipsoids after deformation: note larger anisotropies and 
strong vertical grouping of minimum axes, parallel to the axis of shortening. 

up to 10%; anisotropies reach a maximum of more than 30% in 
samples with about 20% strain. 

Samples deformed with a pore fluid present (at relatively low 
differential stresses) have anisotropy ratios very close to those of 
samples deformed by the same amount under dry conditions (at 
much higher differential stresses). Thus it is clear that the AMS is 
controlled primarily by mechanisms associated with bulk strain, 
rather than by stress. AMS in these samples arises dominantly as a 
result of rotation of the magnetite particles accompanying strain, 
rather than by development of metastable "domain anisotropies" 
due to stress, as envisioned by Park et al. [1988]. Repeat 
measurements of AMS for a few specimens after AF demagnetiza- 
tion showed negligible changes. 

Figure 15 shows ARM anisotropy as a function of strain and as a 
function of peak applied differential stress. In contrast to the AMS 
results, the ARM anisotropies attained in the wet deformation 
experiments are distinctly lower than those resulting from the same 
amount of dry strain (Table 5). Thus the ARM anisotropy ratio 
varies somewhat more systematically as a function of peak applied 
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stress than as a function of strain. This suggests that the ARM 
anisotropy of individual particles is significantly increased by the 
applied stress. 

Changes in Magnetic Anisotropy With Deformation 

An important advantage of experimental as opposed to empirical 
studies is that the initial magnetic anisotropy is known; it is 
therefore possible to directly evaluate the change in the magnetic 
fabric. In effect, one can compare the shapes of the initial and final 
magnetic ellipsoids, and calculate the shape change or "magnetic 
strain": 

[k deformed ] = [d] [k undeformed ] (2a) 

whence 

[d] = [k undeformed ] [k deformed ] -1 (2b) 

[Hrouda, 1992]. The ellipsoid described by the matrix [d] is analo- 
gous to the strain ellipsoid, but it refers to the shape change of the 
magnetic ellipsoid rather than that of the material itself. 

Figure 16 compares the minimum principal length of the 
"magnetic strain ellipsoid" (d 3 ) for susceptibility with its material 
analog (Z = 1 + e3). In all cases d 3 was essentially vertical and 
identical in magnitude to d33. The dashed line represents the 
hypothetical case in which the magnetic ellipsoid is deformed in 
exactly the same way as the material, i.e., the magnetic ellipsoids 
act as passive strain markers. It is obvious that all of the data lie 
significantly to the left of this line, indicating that the susceptibility 
ellipsoids are less deformed than the material. It is interesting to 
point out, however, that the data generally define a linear trend 
nearly parallel to the dotted line in the figure, and that this linear 
trend intercepts the top of the figure at about 10% strain 
(1 + e 3 = 0.9). This indicates that strains of 10% or less have had 
negligible effect on the shapes of the AMS ellipsoids (as could be 
surmised from Figure 14); moreover for strains exceeding 10%, the 
magnetic susceptibility ellipsoids are deformed at essentially the 
same rate as the material. 

The results of the wet deformation runs show the same pattern as 
the dry data when plotted as a function of strain, but a very 
different pattern as a function of applied differential stress (Figure 
16). The wet samples exhibit much larger changes in AMS (i.e., 
smaller values of d33 ) at a given stress than the dry samples do. 
This again leads to the conclusion that the development of AMS in 
these samples is controlled dominantly by the effects of bulk strain 
(particularly reorientation of magnetite grains) rather than by those 
of stress. 

TABLE 4. Susceptibility Anisotropy 

Sample kzd/k m kzdlkzO d33 PO Pd Pd- PO 

2 0.878 0.883 0.872 1.072 1.230 0.158 
3 0.915 0.913 0.912 1.048 1.165 0.117 
4 0.936 0.924 0.923 1.048 1.129 0.081 
5 0.946 0.923 0.922 1.063 1.116 0.053 
6 0.886 1.220 
7 0.920 1.143 

8 0.928 1.146 
9 0.932 1.119 

10 0.855 0.863 0.862 1.022 1.263 0.241 
11 0.999 0.997 0.995 1.050 1.040 -0.010 

12 0.983 0.971 0.964 1.049 1.051 0.002 
13 0.973 0.957 0.956 1.070 1.069 -0.001 
14 0.976 0.980 0.976 1.037 1.059 0.022 
15 0.977 0.982 0.980 1.027 1.060 0.033 
16 0.945 0.986 1.045 1.116 0.071 
17 0.903 0.919 1.046 1.191 0.145 
18 0.892 0.857 1.068 1.218 0.150 
19 0.910 0.883 1.036 1.174 0.138 
20 0.941 0.955 1.027 1.110 0.083 
21 0.885 0.878 0.868 1.087 1.238 0.151 

22 0.900 0.927 0.926 1.087 1.195 0.108 
23 0.853 0.869 0.868 1.065 1.300 0.235 
24 0.984 0.972 0.971 1.055 1.055 0.000 
25 0.921 0.922 0.922 1.034 1.147 0.113 
26 0.935 0.934 0.931 1.035 1.122 0.087 
27 0.902 0.892 0.890 1.063 1.201 0.138 
28 0.958 0.956 0.951 1.071 1.081 0.010 

Symbols are: k z , axial susceptibility; km, mean susceptibility; 
[d] = [k0]- 1 [kd] (see text); P, max/min; 0, original state; d, deformed state 

In contrast, ARM anisotropy appears to be overwhelmingly 
controlled by the magnitude of applied differential stress. Figure 
17 illustrates the changes in the shapes of the ARM ellipsoids as a 
function of both stress and strain. The dry data, when considered 
separately, show a similar pattern to the AMS data, defining a 
roughly linear trend with unit slope (i.e., parallel to the passive 
marker reference line) intercepting the top of the diagram at about 
0.9. The wet-sample data are also arrayed along a linear trend in 
Figure 17, but with a slope of about 0.5 (in comparison with the 
unit slope for the dry data). However the wet and dry data are 
neatly superimposed when plotted as a function of peak applied dif- 
ferential stress. 

DISCUSSION 

The magnetic properties of our synthetic samples have been 
altered in important and rather complex ways by the stresses and 
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Fig. 15. Anisotropy of anhysteretic remanent magnetization (ARM) as a function of shortening strain (left) and of applied stress 
(right). Open (solid) symbols indicate dry (wet) deformation. 

TABLE 5. Anhysteretic Remanence Anisotropy 

Sample AzdlA m AzdlAzO d33 PO Pd Pd ' PO 

2 0.848 0.846 0.837 1.32 1.07 0.25 
3 0.939 0.928 0.916 1.13 1.14 -0.01 
4 0.952 0.922 0.904 1.09 1.14 -0.05 
5 0.952 0.939 0.937 1.08 1.19 -0.11 
6 0.911 0.936 0.923 1.17 1.04 0.13 
7 0.949 0.983 0.980 1.10 1.07 0.03 
8 0.948 0.967 0.956 1.12 1.12 0.00 
9 0.948 0.968 0.952 1.09 1.06 0.03 

10 0.860 0.860 0.858 1.26 1.09 0.17 
11 0.968 1.07 
12 0.953 0.973 0.961 1.12 1.11 0.01 
13 0.937 0.956 0.954 1.10 1.03 0.07 
14 0.961 0.984 0.951 1.04 1.07 -0.03 
15 0.982 1.009 0.967 1.09 1.07 0.02 
16 0.971 0.971 0.969 1.07 1.05 0.02 
17 0.883 0.900 0.896 1.24 1.08 0.16 
18 0.862 0.856 0.851 1.30 1.12 0.18 
19 0.886 0.871 0.869 1.23 1.04 0.20 
20 0.982 1.06 
21 0.884 0.877 0.868 1.22 1.15 0.08 
22 0.911 0.946 0.946 1.20 1.13 0.07 
23 0.904 0.928 0.923 1.18 1.10 0.08 
24 1.014 1.004 0.945 1.06 1.10 -0.04 
25 0.972 0.953 0.941 1.07 1.09 -0.01 
26 0.974 0.961 0.953 1.05 1.07 -0.02 
27 0.955 0.942 0.927 1.08 1.07 0.01 
28 0.984 0.982 0.955 1.07 1.14 -0.07 

Symbols are: A., axial ARM; A m, mean ARM; [d] = [A0] -1 [A d] (see 
text); P, max/finn; 0, original state; d, deformed state 

strains of laboratory deformation. Several phenomena are 
undoubtedly important in producing these changes. Rotation and 
reorientation of the magnetite grains probably contribute to the 
changes in remanence inclination as well as to the changes in AMS 
and ARM anisotropy. Deformation microstinctures produced 
within the magnetite grains, such as dislocation pile-ups, may con- 
tribute to these effects as well, particularly for ARM anisotropy. 
The increase in magnetic hardness, manifested by increased H c, 
Jrs/Js, and mean ARM, and decreased mean susceptibility, must 
involve some type of microscopic deformation of the magnetite 
grains, rather than particle reorientation. Similar changes occur 
with decreasing grain size in magnetites; some of the changes we 
observe may thus be due brittle failure and grain size reduction. 
However it seems more likely that increasing defect concentration 
is the major factor. Here we will consider each of the observed 
changes in some detail. 

Changes in Rock Magnetic Properties 

Xu and Merrill [1989, 1990] calculate that microcoercivity h c 
increases as the square root of n, where n is the number of defects 
within a domain wall (thus h c depends upon defect concentration 
and wall thickness). Defect densities in magnetite range from 
about 105 cm -2 in stress-free particles precipitated hydro- 
thermally [Heider et al., 1987] or from a gel [Arnin et al., 1987], up 

to more than 10 12 cm-2 in crushed or deformed grains [Baleyev 
and Absalyarnov, 1983]. According to theory, the macroscopic or 
measurable coercivity_ H c in grains with low defect concentrations 
is proportional to h c 2 and therefore to n, whereas in particles with 
high defect concentration, H c is linearly proportional to h c , and 
therefore to n 1/2 [Xu and Merrill, 1990]. Baleyev and Absalyarnov 
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Fig. 16. Change in susceptibility anisotropy as a function of shortening 0eft) and of peak applied stress (right). The change in AMS 
is described by the matrix [d], whose vertical component d33 is analogous to the strain ratio Z = 1 + e 3 . The dashed line in the plot 
on the left shows the behavior of passive strain markers. Note that strain increases to the left in this plot. Open (solid) symbols 
indicate dry (wet) deformation. 
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[1983] found in laboratory deformation experiments that defect 
density n first increased linearly with stress, and then as the square 
of stress. They also reported that H c in their samples was propor- 
tional to n 1/2, consistent with the calculations of Xu and Merrill 
[1989, 19901. 

In this study we find that H c increases systematically with 
applied differential stress, slowly at first and then more rapidly with 
higher stresses (Figure 5). If, as seems likely, this is due to 
increasing defect concentration (with H c proportional to n 1/2), it 
implies that n increases very slowly at low stresses, and more 
rapidly above about 150 MPa. Above this point, H c is nearly 
proportional to peak applied stress (i.e., linear with an intercept of 
zero), as would be expected for H c proportional to the square root 
of defect density (n 1/2) and n proportional to the square of 
differential stress (C•d2). A possible explanation for the sudden 
change in the rate of increase in H c at about 150 MPa is that these 
magnetites suffered stresses approaching that magnitude during 
their initial preparation (crashing and seiving), with resulting 
defects that determined the initial sample properties; application of 
lower stresses in our experiments produces relatively small changes 
in H c , whereas application of higher stresses causes dramatic 
changes. Perhaps a better explanation for this apparent 
discontinuity in stress dependence may be found in Figure 2b, 
where it can be seen that differential stresses exceeding 150 MPa 
were applied only to samples shortened by more than 15% (i.e., 
beyond final porosity closure). After closure of porosity, the 
applied stress may have been transmitted more efficiently to the 
magnetite particles in the sample interior. A final possible 
explanation for the observed dependence of H c on applied stress is 
that there may be a threshhold stress for increasing defect density in 
magnetite. 

Intrinsic susceptibility of ferrknagnetic material is in general 
inversely related to coercivity: 

k i H c = const (3) 

[Stacey and Banerjee, 1974]. The measured or observed suscepti- 
bility k o of ferrimagnetic particles is determined by their intrinsic 
susceptibility and by self-demagnetization. Observed susceptibility 
is related to intrinsic susceptibility by: 

1/k o = 1/k i + N = H c/const + N (4) 

This is the basis for the plot shown in Figure 6. The reduction in 
observed susceptibility after deformation (Figure 4) can be 
attributed to either reduced intrinsic susceptibility due to increased 
defect density impeding domain wall translation and rotation of the 
magnetization within domains, or increased demagnetizing factor 
N, or both. On the plot of 1/k o versus H c/M s (Figure 6), there is 
a strong cluster of data points containing the weakly deformed and 

undeformed samples. More strongly deformed samples generally 
plot higher and/or to the right of this cluster. The samples that plot 
directly above the cluster (samples 4 and 5) have lower mean 
normalized susceptibility than undeformed samples, but similar 
coercivity, suggesting that k i has not changed (equation 3) but N 
has increased (equation 4). Conversely, samples far to the right 
(e.g., 2 and 23) have increased H c , implying reduced k i . Baleyev 
and Absalyamov [1983] also found an irreversible decrease of 
approximately 10% in k o in 35-75 [tm magnetites after application 
of 120 MPa quasihydrostatic stress. Their measured defect 
densities showed strong increases, suggesting that the reduction in 
k o was primarily due to decreased k i . 

For high intrinsic susceptibility, 1/k o is approximately equal to 
the average demagnetizing factor N. The intrinsic susceptibility of 
magnetite is on the order of 50 SI, and the approximation should be 
very good [e.g., Stacey and Banerjee, 1974]. Thus the question 
arises: can the observed 10% reduction in k o be accounted for by a 
decrease in k i ? A 50% increase in H c for the most strongly 
deformed samples (Figure 5) implies a reduction of k i by 1/3 
(equation 3). Taking 0.2 (the intercept of the best fit line in Figure 
6) as the mean value for N, and 50 SI for intrinsic susceptibility 
before deformation gives, by (4), 1/k o = 0.22. The same value of N 
and an intrinsic susceptibility reduced by deformation to 2/3 
(k i = 33) predicts 1/k o = 0.23, less than a 5% change in observed 
susceptibility. In order to attain a 10% decrease in observed 
susceptibility with a constant value of N ~ 0.2, either the intrinsic 
susceptibility must decrease by more than a factor Hco/Hcd (in 
violation of equation 3), or the initial value of k i must be lower 
than 50 SI. If the magnetites we have used were "prestressed," they 
may have had low k i , but in order to satisfy equations 3 and 4 with 
a constant value of N ~ 0.2 and the measured values of k o before 
and after deformation, we require very low starting values of k i , in 
the neighborhood of 10 SI. Thus it seems that N may have changed 
during deformation, as well as k i . Since N>> 1/k i , a 10% in- 
crease in N should result in about a 10% decrease in k o . 

Until recently, the average value of N for any multidomain 
ferrimagnetic particle was considered to be constant (1/3 in SI 
units). However, Merrill [1977] showed that N is dependent upon 
the internal domain configuration. Dunlop [1983] has calculated 
that N varies with grain size, from a minimum of 0.13 for two- 
domain (2D) particles, up to 1/3 for large MD grains. It is possible 
that the samples lying above the undeformed cluster in Figure 6 
(samples 4 and 5) happen to have a different mean grain size due to 
heterogeneity of the magnetite powder and imperfect mixing. 
Dunlop [1983] calculates that N also increases with displacement of 
domain walls from their minimum energy position, by as much as 
40% for saturated 2D grains. It is conceivable that stresses may 
move and pin domain walls with displacement sufficient to increase 
N at least by a few percent, and thus help to decrease k o . 
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In contrast to the changes in mean susceptibility and coercivity, 
which were relatively small for applied differential stresses less 
than about 100 or 150 MPa, mean ARM increased significantly 
even after application of hydrostatic stress. However it is important 
to point out that the stresses experienced by the magnetite particles 
were not hydrostatic, especially while shortening strains were less 
than about 15% and porosity was significant. Under those circum- 
stances, the stresses applied at the specimen boundaries are trans- 
mitted to the interior particles across discrete grain contacts. This 
has two important consequences. Fixst, even though the externally 
applied stress was hydrostatic, the stress field experienced by indi- 
vidual magnetite particles must have been more complex, deter- 
mined by the contact geometry with other particles. Second, the 
stresses at the grain level were higher, and perhaps much higher, 
than those applied externally, because the grain contact areas are 
much smaller than the sample's external surface area. Zhang et al. 
[1990] for example, have recently studied crushing of quartz grains 
in porous sandstones subjected to only moderate applied hydro- 
static stresses. 

The increase in mean k a after application of a hydrostatic 
external stress, therefore, is probably due to highly localized devel- 
opment of deformation microstructures near grain contacts, where 
stresses are largest and most heterogeneous. It is not surprising that 
increased anhysteretic susceptibility is the first effect observed in 
these samples, because the other properties we have considered, 
low-field susceptibility and high-field hysteresis, are essentially 
"whole grain" phenomena, whereas ARM in coarse magnetites is 
often considered to reside in localized "pinning sites," where high 
defect concentrations or high stresses provide stability. This may 
also account for the apparent lack of stress sensitivity of ARM 
memory after LTD: if the ARM resides primarily in localized 
"hardened" areas, even in the samples which were only stressed 
hydrostatically, then there is no strong reason for the ARM stability 
to increase with externally applied stress. However, the total vol- 
ume of such "hardened" areas increases with higher applied 
stresses, and therefore the anhysteretic susceptibilities increase as 
well. 

Shive [1969] showed that experimental TRM intensities in nickel 
monocrystal sam½les were proportional to defect density, in 
contrast to the n 112 dependence of Mrs and H c . Our data appear 
to indicate that the ARM intensities in MD magnetite depend much 
less strongly on defect density. The 50% increase in H c implies 
roughly a factor of two increase in defect density in the magnetites 
of the most strongly deformed samples 
(1.5 ~ Hcd/HcO = In d/n o ] 1/2 ). However the maximum increase 
in anhysteretic susceptibility is only 25% to 30%, indicating 
approximately an n 1/3 or n I/4 dependence for k a 
(kad/kaO ~ 1.25 = In d/n o ] 1/4 ). ARM theory [Jaep, 1971' 
Gillinghatn and Stacey, 1971], summarized by Dankers [1978] pre- 
dicts 

k a = M rs/H cr (5) 

This is in broad agreement with an n 1/4 dependence for k a , since 
Mrs is closely proportional to H c and thus to n 1/2 (Figure 5), 
while Hcr changes more slowly as a function of stress and of 
defect density. 

The progressive, irreversible changes we have documented in 
rock magnetic properties as a function of applied stress are qualita- 
tively compatible with previous observations of enhanced magnetic 
"hardness" in crushed and seived magnetites, in comparison to un- 
stressed or annealed particles of similar size [e.g., Lowrie and 
Fuller, 1969; Heider et al., 1987]. However, relatively few 

previous experimental studies have quantified progressive 
irreversible changes in these properties with increasing applied 
stress or deformation [Carmichael, 1968b; Shive, 1969; Baleyev 
and Absalyamov, 1983]. Therefore we have reexamined 
unpublished data obtained in four sets of earlier experiments, 
involving deformation by pure shear and by simple shear, and with 
sand-sized calcite or quartz in the matrix [Borradaile and Alford, 
1987, 1988]. All of these previous experiments used natural 
magnetite, comer than that used in the present study. A decrease 
of kmean with strain occurred in one set of experiments, using pure 
shear and quartz sand (Figure 18). No significant changes in mean 
susceptibility were produced by experimental deformation of quartz 
sandstones by simple shear, or of calcite sandstones by either pure 
or simple shear. 

The different strain sensitivities of kmean in different materials 
and under different conditions of deformation can be readily 
explained, at least in a qualitative sense. The difference between 
the results obtained using silicate sand (kmean decreasing with 
pure shear strain) and calcite sand (kmean constant) is undoubtedly 
related to the greater ductility of calcite. The magnetite particles 
experience larger differential stresses in a silicate matrix, and thus 
whatever the mechanism of the "magnetic hardening" may be, it is 
driven more efficiently in the quartz samples. Similarly, the differ- 
ence between pure and simple shear results may be qualitatively 
explained in terms of the larger differential stresses applied in the 
former. 

It is more difficult to explain the difference between the previous 
pure-shear calcite-matrix experiments, where no change in kmean 
was observed, and the present set. The principal difference in the 
two sets of experiments is the nature of the magnetite; Borradaile 
and Alford [1987, 1988] used natural magnetite with a mean grain 
diameter of approximately 200 [xm, whereas in this study we have 
used a commercially obtained magnetite powder with a mean 
particle diameter of 40 [xm. It seems unlikely that the magnetite 
grains of this study experienced substantially higher stress levels 
during laboratory deformation than those of the previous 
experiments. However, it is conceivable that the magnetite used in 
the previous experiments had even higher initial internal stress 
levels (as a result of prior history) and was thus "prehardened," as 
discussed above, with high defect concentrations substantially 
unaffected by the deformation experiments. Alternatively, it is 
plausible that the finer-grained magnetite used in the present study 
lost a fraction of its measured susceptibility because of an increase 
in demagnetizing factor rather than a reduction of intrinsic 
susceptibility. 

Changes in Remanence 

The changes in orientation and intensity of remanence are 
probably due to a combination of stress and strain effects. The 
low-coercivity overprint is present, but small, even in the samples 
to which only a hydrostatic stress was applied. The intensity of the 
overprint is much larger in samples subjected to higher differential 
stresses (Figure 9), but it is confined to the same range of relatively 
low coercivities (up to about 20 roT). This behavior is essentially 
identical to that described by Lanham and Fuller [1988], which 
they attributed to unblocking of "soft" domain walls by stress, en- 
abling the walls to respond to weak ambient fields. 
The reorientation of the stable ARM appears to be controlled 

primarily by particle rotation associated with bulk strain rather than 
by applied stress (Figure 10 and Table 3). This is compatible with 
the idea discussed above, that ARM resides primarily in localized 
areas of high stress and/or high defect concentration. Such areas 
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Fig. 18. Changes in k mean with deformation for different styles of deformation and different matrix compositions (unpublished 
data from earlier experiments of G. J. Borradaile and C. Alford). 

produced during initial sizing of the magnetites acquire the ARM 
before deformation and hold it as the particles reorient by particu- 
late flow. The observed strain dependence, with little change in 
inclination up to 10% shortening, and rapid rotation thereafter 
(Figures 10 and 11), reflects the change in mechanism of strain 
accomodation inferred from Figure 2b. Initial shortening is taken 
up by reduction of porosity with little fabric development (Figure 
3). After about 10% shortening and 10% volume loss, the matrix 
grains are in sufficient contact to transmit the applied stresses 
through the volume of the sample, and fabric development begins 
as the particles reorient in response to the stress. 

However, the fact that some samples exhibit a steeper postde- 
formational remanence is difficult to explain without calling upon 
preferential demagnetization of the horizontal component, presum- 
ably by stress. An additional observation to be made from Figure 
2b is that 10% strain roughly corresponds in these samples to a 
maximum applied differential stress of 50 MPa (500 bars). This 
coincides closely with the differential stress required to override the 
magnetocrystalline anisotropy of magnetite, according to the theo- 
retical and experimental work of Carmichael [1968b] (Syono 
[1965] estimates 75 MPa). Much lower stresses (5 MPa) can 
trigger domain wall nucleation [Boyd et al., 1984], but there is little 
evidence for any effects of such low stresses on the magnetic 
properties of these samples. The sudden onset of changes in 
remanence orientation and intensity at about 50 MPa may indicate 
magnetocrystalline control of part of the ARM. This relatively soft 
part of the ARM would be more easily removed by stress during 
deformation, as well as during low-temperature demagnetization. 
Preferential removal of such a soft ARM fraction could account for 

steepening of the remanence, if the harder fraction has a steeper 
orientation [Borradaile and Mothersill, 1989, 1991; Borradaile, 

1992]. As noted previously, the predeformational maximum [k a ] 

axes were steeply inclined for the samples with steepened postde- 
formational remanence. 

Changes in Magnetic Anisotropy 

It is clear from Figures 14 through 17 that susceptibility 
anisotropy changes very systematically as a function of bulk short- 
ening, whereas ARM anisotropy changes more systematically as a 
function of peak applied stress. This implies that AMS arises pri- 
marily by reorientation of magnetite particles, while ARM 
anisotropy develops by the production of localized anisotropic re- 
gions within magnetite grains near their points of contact with other 
grains, where stresses are highest. 

The changes in AMS with strain show some interesting sim- 
ilarities to, as well as differences from, the results of the the most 

directly relevant Previous study, that of Borradaile and Alford 
[1987]. There it was reported that the change in the anisotropy 
ratio (AP'= P'd -P'o; for values near 1, P'~ P = max/min 
[Jelinek, 1981]) was essentially linearly related to the strain ratio 
X/Z. The slope of this linear relationship was very close to unity, 
suggesting that the deformation of the magnetic ellipsoids was 
almost precisely the same as that of the material, as in this study 
(after allowing for the "threshhold strain"). It can also be seen on 
the plot of AP' versus X/Z of Borradaile and Alford [1987] that the 
linear trend defined by the data does not pass through the origin, 
but intersects the strain axis at about 3% strain. Thus the 10% 

strain threshhold that is such a prominent feature in the results of 
this study is absent in the earlier results; this is probably related to 
the much larger grain size of the magnetite used in the previous 
study. The magnetite particles used in this study are significantly 
smaller than the calcite framework grains, which may have shielded 
them during the initial stages of deformation. 
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Our results also echo those of Borradaile and Alford [1987] in 
showing that bulk strain, involving particle reorientation, rather 
than microstrain or stress, controls the development of AMS. They 
reported that "wet" specimens showed anisotropy changes that were 
comparable to those of the "dry" samples, as is the case for AMS in 
this study. 

ARM anisotropy, in contrast, appears to be more strongly 
controlled by stress. If, as we have discussed above, ARM resides 
primarily in localized regions of high defect concentration within 
grains, we can interpret the development of ARM anisotropy in the 
following way. ARM initially resides in areas stressed during 
preparation of the magnetite powders. Anhysteretic susceptibility 
is essentially isotropic because the magnetite grains, and these 
stressed areas within them, are randomly oriented. On application 
of a hydrostatic external stress, deformation microstructures are 
generated by stresses at grain-grain contacts, and mean anhysteretic 
susceptibility increases, but it is still essentially isotropic because 
the contacts and associated stresses are not systematically oriented. 
On application of moderate external differential stresses, porosity 
reduction and fabric development begin. After about 10% 
shortening, a load-supporting framework of grains has developed, 
and the stresses associated with vertical grain-grain contacts 
become larger than those associated with horizontal contacts. An 
anisotropic distribution of dislocations is thereby generated, 
resulting in horizontal maximum anhysteretic susceptibility. 

Implications of Experimental Results to Naturally Deformed Rocks 

In these experiments we have simulated the processes that occur 
in natural deformation of magnetite-bearing granular rocks of low 
to moderate porosity. The dominant mechanism of strain was 
disordered grain-scale translation, or particulate flow. Both flow 
associated with bulk strain and anelastic response of magnetite 
particles to stresses transmitted by neighboring grains played 
important roles in changing the magnetic properties. Obviously, 
there are many naturally deformed rocks to which these results are 
not applicable. The dominant mechanisms of natural deformation 
in many settings involve dissolution and removal or recrystalliza- 
tion of material [e.g., Marshak and Engelder, 1985; Meike and 
Wenk, 1988; Drury and Urai, 1990], in contrast to the constant- 
volume (after porosity closure) deformation that we have simu- 
lated. Many studies of the effects of strain on anisotropy and on 
remanence have focussed on hematite-bearing rather than mag- 
netite-bearing rocks. It is important to recognize that magnetic 
mineralogy and strain mechanisms play critical roles in determining 
the effects of deformation on the magnetic properties of rocks. The 
conclusions we draw from these experiments should therefore be 
applied only to rocks with similar magnetic carriers, deformed by 
similar mechanisms in nature. 

An important implication of these results is that initially 
homogeneous rocks with uniform susceptibility may, during natural 
deformation, develop susceptibility gradients that are inversely 
related to strain gradients. Such a situation, for example, has been 
described by Goldstein and Brown [1988], in a study of mylonitic 
rocks from the Brevard zone. Mean susceptibility was observed to 
decrease substantially toward the center of the mylonite zone; 
Goldstein and Brown explained this in terms of comminution of 
magnetites during mylonitization. 

Unfortunately, the decrease we have observed in mean sus- 
ceptibility with deformation complicates the method suggested by 
Henry [1983] and Henry and Daly [1983] for analysis of AMS 
data, wherein the variation in anisotropy as a function of mean sus- 
ceptibility is used to determine the separate ferromagnetic and 

paramagnetic susceptibility tensors for a set of samples. The 
method is based on the premise that for rocks that have undergone 
reasonably homogeneous deformation, the relative content of fer- 
romagnetic trace minerals is likely to be more variable than the 
major mineral content or the intensity of the bulk rock fabric. Thus 
the paramagnetic susceptibility tensor is considered invariant over 
the sample set, and changes in mean susceptibility and in 
anisotropy are both directly related to ferromagnetic content. If, for 
example, anisotropy is observed to decrease with increasing mean 
susceptibility, this method of analysis would lead to the interpreta- 
tion that the anisotropy derives primarily from paramagnetic matrix 
material, and that the ferromagnetic material is relatively isotropic 
or even possesses an inverse anisotropy. However, the results of 
this study show that such a dependence of anisotropy upon mean 
susceptibility may have a very different explanation. The more 
strongly deformed samples here show both increased anisotropy 
and decreased kmean relative to the weakly deformed samples; this 
closely matches the hypothetical pattern described above. It is 
clear that application of Henry's method to this set of samples 
would lead to an entirely erroneous interpretation. Thus it is 
important to exercise due caution in the application of this method. 

SUMMARY AND CONCLUSIONS 

We have found that experimental deformation of synthetic 
sandstone analogs containing 40 gm magnetite produces significant 
changes in orientation of anhysteretic remanence, in bulk magnetic 
properties, and in magnetic anisotropy. All of these changes pro- 
ceed slowly for shortening strains below about 10% and much more 
rapidly at higher strains. Samples deformed with a pore fluid 
present experienced lower differential stresses, and their coercivity, 
saturation remanence, and ARM anisotropies did not increase as 
much as those deformed dry; however, their remanence orientation 
and their AMS showed changes comparable to those of the samples 
deformed without pore fluid present. The former properties thus 
were controlled primarily by stress, whereas the latter were more 
strongly controlled by bulk strain. 
For samples deformed up to about 10%, the remanence is 

reoriented much more slowly with strain than a "nonmaterial line," 
the mean susceptibility is not significantly decreased, the mean 
ARM is increased by about 10%, and the ARM and AMS ellipsoids 
are only slightly "deformed." For samples strained beyond 10%, 
remanence orientation changes much faster than a "nonmaterial 
line," ARM increases and susceptibility decreases rapidly with 
increasing deformation, and the AMS ellipsoids behave more or 
less as "passive markers," deforming at the same rate as the 
samples themselves. 
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