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ABSTRACT 

Housen, B.A., Richter, C. and van der Pluijm, B.A., 1993. Composite magnetic anisotropy fabrics: experiments, numerical 
models, and implications for the quantification of rock fabrics. Tectonophysics, 220: 1-12. 

Magnetic fabrics from rocks with multiple mineral-preferred orientations may have anisotropy ellipsoids whose shape 
and orientation arise from the addition of two or more component fabrics. Our numerical models and experiments 
demonstrate that such composite magnetic fabrics do not directly reflect the shapes and/or orientations of the individual 
mineral fabrics, and we provide criteria for the recognition and interpretation of composite fabrics in natural rocks. These 
criteria include: (1) the orientation of the maximum susceptibility axis is located at the intersection of two planar fabrics, and 
(2) the shape of the susceptibility ellipsoid changes from oblate to prolate and the degree of anisotropy decreases, as the 
relative intensity of two planar component fabrics becomes equal and as the angle between the planar fabrics increases. 

Composite magnetic fabrics are observed in the shales and slates of the Martinsburg Formation, Lehigh Gap, 
Pennsylvania. Modeling of the AMS (anisotropy of magnetic susceptibility) and ARMA (anhysteretic remanent magnetiza- 
tion anisotropy) behavior constrains the relative degree of anisotropy of the bedding-parallel and cleavage-parallel fabrics. 
In particular, ARMA model results allow a good estimate of magnetite fabric strength. 

We conclude that, in the presence of composite magnetic fabrics, quantitative measures of finite strain in deformed rocks 
are limited by the ability to accurately determine the degree of anisotropy and relative susceptibility of each component 
fabric. Such determinations require knowledge of the mineral(s) that are responsible for the measured magnetic fabric and 
their behavior during deformation. 

Introduction 

Magnetic anisotropy fabrics measure the gross 
preferred orientation of either all minerals CAMS, 
anisotropy of magnetic susceptibility) or of mag- 
netite (ARMA, anhysteretic remanent magnetiza- 
tion anisotropy), that are present in a rock sam- 
ple. Magnetic fabrics can thus be used to quantify 
bulk rock fabrics (see reviews by Hrouda, 1982; 
Borradaile, 19881, and in some cases provide a 
measure of finite strain (review by Borradaile, 
1991). The use of magnetic fabrics in structural 
geology, particularly for the analysis of strain, is 
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complicated by (1) compositional control of mag- 
netic anisotropy variations (Borradaile, 19871, and 
(2) the effects of multiple mineral-preferred ori- 
entations (Borradaile and Tarling, 1981; Hrouda, 
1992). Compositional control of magnetic fabric 
variations has been studied in recent years 
(Rochette and Vialon, 1984; Borradaile, 1987; 
Rochette, 1987; Borradaile and Sarvas, 1990; 
Housen and Van der Pluijm, 1990; Jackson, 1991) 
and will not be given further consideration in this 
paper. We will instead focus on the effect of 
multiple mineral-preferred orientations on mag- 
netic anisotropy. 

Multiple preferred-orientation fabrics are 
common in deformed rocks; a typical example is 
found in cleaved sediments, in which bedding- 
parallel minerals define one planar fabric and 
cleavage-parallel minerals another planar fabric. 
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Other examples of multiple-mineral fabrics in- 
dude rocks with crenulation cleavage (Sl and 
S2), and S-C-type mylonites. When minerals that 
contribute significantly to magnetic anisotropy are 
present in more than one preferred orientation, 
the measured magnetic anisotropy will reflect a 
composite of these orientation fabrics (Borradaile 
and Tarling, 1981). Such composite fabrics are 
likely to occur in many deformed rocks, and must 
be identified and compensated for when using 
magnetic fabric analysis to quantify rock fabrics, 
particularly when magnetic anisotropy is used as 
a measure of strain. 

To examine the effects of multiple-mineral 
fabrics, we have conducted experiments with syn- 
thetic samples and numerically simulated com- 
posite magnetic fabrics. We demonstrate the ap- 
plicabili~ of our findings in a quantitative analy- 
sis of a natural composite fabric that is found in 
the Martinsburg Formation at Lehigh Gap, Penn- 
sylvania. 

Experiments 

To test the effect of differing mineral-pre- 
ferred orientations on magnetic anisotropy fab- 
rics, we designed two experiments with synthetic 
samples. First, we examined the effect of relative 
variations in the susceptibility of two orthogonal 
fabrics, second we focused on the effect of varia- 
tion in the angle between two planar fabrics. For 
both experiments, epoxy-magnetite discs were 
used for the planar fabrics. The discs were pro- 
duced by mixing portions of O.l-mm spherical 
magnetite grains in diamagnetic epoxy poured 
into a mold. The discs had uniform dimensions of 
2.5cm diameter and 0.2~cm thickness. The 
amount of magnetite in the discs was varied in 
0.02-g increments from 0.02 g to 0.2 g (with 0.01-g 
increments from 0.08 g to 0.12 g). The magnetic 
fabric of each disc was measured using an SI-2 
AMS device. The susceptibility of each disc was 
linearly proportional to the amount of magnetite 
in the disc (Fig. 0, and ranged from 1.1 X 10e3 to 
11 x 10M3 (SI volume susceptibility units are used 
throughout the paper). The discs were numbered 
according to the percentage of magnetite in the 
disc (100% = 0.2 g). All the discs have oblate 
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Fig. 1. Plot of the mean susceptibility (lx 10-s SI volume 
units) of epoxy magnetite discs versus the weight of magnetite 

(81. Correlation line and coefficient are also shown. 

AMS ellipsoids (Fig. 21. The shape of the suscep- 
tibility ellipsoid is controlled by the shape of the 
discs, while the degree of anisotropy (P = 

kmax/kmin, with Max z kint 2 kmin as the princi- 
pal susceptibiiity axes) is controlled by the amount 
of magnetite in each disc (see Appendix). Be- 
cause the amount of magnetite controls the de- 
gree of anisotropy of the discs, the degree of 
anisotropy decreases from P = 1.28 to P = 1.07 
with decreasing magnetite content. The orienta- 
tion of the three principal susceptibili~ axes re- 
flects the disc geometry, with the maximum and 
intermediate axes oriented in the plane of the 
disc, and the minimum axis perpendicular to the 
disc (Fig. 3a). 

For our experiments, two of the epoxy-mag- 
netite discs were placed in a diamagnetic clay 
matrix in a standard sample holder. The mea- 
sured magnetic fabric is a composite fabric result- 

kint ‘kmin 

Fig. 2. Flinn-type diagram showing the AMS ellipsoid shapes 
of the individual discs. The vertical axis represents magnetic 
lineation (k,,, fki,,), the horizontat axis magnetic foliation 
(kint /k,,,I. The numbers near the markers are the percent- 
age of magnetite in the discs (100 = 0.2 g, 90 = 0.18 g, 80 = 
0.16 g, etc.). All discs have ablate ellipsoid shapes, with a 
degree of anisotropy which decreases with decreasing mag- 

netite content (see Appendix). 
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Fig. 3. Schematic illustration of the susceptibility axes of the 
discs and the composite disc fabrics. (a) The AMS axes of a 
single epoxy-magnetite disc, with the minimum axis perpen- 
dicular to the disc and the intermediate and maximum axes in 
the disc plane. (b) The AMS axes of a composite fabric arising 
from the addition of the susceptibilities of two orthogonal 

discs. 

ing from the addition of the individual magnetic 
fabrics of each disc, which is shown schematically 
in Figure 3b. 

Experiment 1: Orthogonal fabrics 

The first experiment examines the effect of 
variation in the relative susceptibility and degree 
of anisotropy of two orthogonal discs. For this 
experiment the total susceptibility of the two discs 
is held constant at 11 X 10e3. The susceptibility 
of each individual disc is varied: disc 1 defines the 
primary fabric which decreases in susceptibility 
from 9.9 x 1O-3 to 5.6 X 10m3 and anisotropy 
from P = 1.28 to P = 1.17, and disc 2 defines the 
secondary fabric which simultaneously increases 
in susceptibility from 1.1 X low3 to 5.7 X lop3 
and in anisotropy from P = 1.07 to P = 1.17. Disc 
1 is horizontal in the sample holder, while disc 2 
is vertical, with an E-W strike (in sample coordi- 
nates). The results of this experiment are shown 
in Figure 4. The shape of the susceptibility ellip- 
soid trends from oblate to prolate as the suscepti- 
bilities of the two fabrics approach equality (disc 
1 = 5.6 X X 10e3, P = 1.17; disc 2 = 5.7 X 10P3, 
P = 1.17; Fig. 4a). The susceptibility axes (Fig. 4b) 
remain coaxial with disc 1 (k,,, kint parallel to 
the plane of the disc, k,, perpendicular to the 
disc), until disc 2 reaches > 30% of the total 
susceptibility. As the two discs approach equal 
susceptibilities, the minimum and intermediate 
axes shift about 10”. The maximum axes remain 
fixed at the line of intersection of the two discs 

lo- 50 

%disc2 
Fig. 4. Results of experiment 1; two orthogonal, oblate fabrics. 
(a) Flinn-type diagram showing the effect of variations in the 
relative susceptibility (magnetite content) of two orthogonal, 
oblate epoxy-magnetite discs. The numbers denote the rela- 
tive susceptibility of the weaker disc, the total susceptibility of 
the sample is constant. As the two discs become equal in 
susceptibility, the shape of the measured AMS ellipsoid trends 
from oblate to prolate. (b) Equal-area, lower-hemisphere pro- 

jection of the principal susceptibility axes (k,,, Ic~,,~, Ic,,,~,). 
The disc with the higher susceptibility is horizontal, the other 
disc is vertical with an E-W strike (in sample coordinates). 

The numbers shown in the projection correspond to the 
relative intensity of the weaker disc for three experimental 
steps. The AMS axes parallel the shape of the stronger disc 
when the weaker disc is less than 40% of the total susceptibil- 
ity, as the two discs approach equal susceptibilities the mini- 
mum and intermediate AMS axes shift about 10”. The maxi- 
mum axes are always parallel to the intersection line between 
the two discs. Cc) Degree of anisotropy (P = k,, /k,,,) 
versus the relative susceptibility of disc 2 (the initially weaker 
fabric). As the two fabrics become equal in susceptibility, the 

degree of anisotropy decreases. 

regardless of their relative susceptibilities or their 
degree of anisotropy. The degree of anisotropy of 
the composite fabric decreases from P = 1.28 to 
P = 1.10 (Fig. 4c) as the two component fabrics 
become equal in susceptibility and anisotropy. 

Experiment 2: Non-orthogonal fabrics 

The second experiment examines the effect of 
variations in the angle between two oblate mag- 
netic fabrics. We use two discs of equal suscepti- 
bility, with a uniaxial-oblate anisotropy. Both discs 
are initially vertical in the sample holder with an 
E-W strike, one disc remains in this orientation, 
while the other is rotated to a horizontal orienta- 
tion in 15” increments. The shape of the suscepti- 
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Fig. 5. Results of experiment 2: varying angles between two 
ablate fabrics. (a) Flinn-type diagram showing the effect of 
changes in the angle between two epoxy-magnetite discs on 
AMS ellipsoid shape. The two discs (DZ and 02) are essen- 
tially equal in both susceptibility and degree of anisotropy. 
The number near the marker is the angle between the two 
discs. As the angle increases, the AMS ellipsoid changes 
non-linearly from ablate to prolate shapes. (b) Equal-area, 
lower-hemisphere projection of the principal AMS axes. The 
two discs are both initially parallel and vertical with an 
East-West strike. The rotation angle gives the rotating disc a 
southerly dip. The angle between the discs for four steps is 
shown for reference. The minimum and intermediate AMS 

axes change orientation as a function of the angle between the 
discs. The maximum axes remain at the intersection line 
between the two discs. Cc) Degree of anisotropy versus the 
angle between the two planar discs. The degree of anisotropy 
decreases from 1.19 to 1.09 as the angle between the two discs 

increases. 

bility ellipsoid varies nonlinearly with the rotation 
angle, trending from oblate to prolate as the 
angle between the discs increases (Fig. 5a). The 
prolate field is reached at an angle of ca. 7.5”. The 
minimum and intermediate susceptibility axes bi- 
sect the angle between the two discs (Fig. 5b). 
Again, the maximum axes remains fixed at the 
line of intersection between the two discs 
throughout the experiment. The degree of 
anisotropy of the composite fabric decreased from 
P = 1.19 to P= 1.11 as the angle between the 
discs increased from 0” to 90” (Fig. 5~). 

Numerical modeling 

More complex experiments are relatively diffi- 
cult to perform with synthetic samples. Numerical 
modeling, however, provides an easy method to 

examine composite fabrics with more variable 
components. To test this approach, we first com- 
pare numerical simulations with our experimental 
results. Our numerical model utilizes the tensor 
properties of magnetic fabrics to characterize the 
total and component fabrics. The total magnetic 
fabric can be described by a second-order tensor 
[kiJ which is the sum of two (or more) second- 
order tensors that describe the orientation and 
magnitude of the individual fabrics. In our calcu- 
lations the individual com~nent fabrics are per- 
fectly uniaxial-oblate (k,,, = kint > k,,>, and are 
defined by the polar coordinates of the minimum 
axis and the magnitudes of the maximum and 
minimum axes. The equations which are used to 
calculate the six independent components of the 
fabric tensor are given in Owens (1974). Summa- 
tion of these components yields the composite 
fabric tensor and solving for the eigenvalues and 
the eigenvectors of this tensor yields the magni- 
tudes and orientations of the principal suscepti- 
bility axes of the composite magnetic fabric. 

Model I 

The first numerical model uses parameters 
similar to our first experiment. The two orthogo- 
nal fabrics are oblate with a degree of anisotropy 
which varies from P = 1.28 to P = 1.07. The total 
susceptibility of the simulated sample is held con- 
stant while the relative intensity of the two com- 
ponent fabrics is varied, with the initially-stronger 
fabric decreasing in magnitude (from 100% to 
50% of the total), and the initially-weaker fabric 
increasing in magnitude (from 0% to 50%). The 
degree of anisotropy of each fabric was varied 
with the fabric susceptibility to accurately simu- 
late the first experiment, with the initially-stronger 
fabric decreasing in anisotropy from P = 1.28 to 
P = 1.17, and the initially-weaker fabric increas- 
ing from P = 1.07 to P = 1.17. The initially- 
stronger fabric is oriented horizontally, the other 
fabric has a vertical dip and an east-west strike. 
The shape of the model ellipsoid trends from 
ablate to prolate as the two fabrics become equal 
in susceptibility and anisotropy (Fig. 6a). The 
minimum axis is orthogonal to the horizontal 
fabric, and shifts 5” when the susceptibility of the 
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Fig. 6. Numerical model for two orthogonal oblate fabrics 
with variable relative su~eptibili~ and degree of indi~duai 
fabric anisotropy. The su~eptibili~ and anisotropy of one 
fabric increases as the second fabric decreases. The bulk 
susceptibility is held constant. The initially-stronger fabric is 
horizontal, the other vertical with a E-W strike. (a) Flinn-type 
diagram showing changes in ellipsoid shape as the relative 
magnitudes change. Note the trend from oblate to prolate 
shapes. The numbers denote the relative magnitude of the 
weaker fabric. (b) Changes in the orientation of the principal 
axes as the relative susceptibilities of the component fabrics 
change. The numbers denote the vertical fabric susceptibility 
(O-SO%). The axes are parallel to the shape of the stronger 
fabric. The maximum axes are always parallel to the intersec- 
tion of the two planar fabrics. (c) Degree of anisotropy (P = 
k, /k,,,) versus the relative susceptibility of fabric 2 (the 
initially weaker fabric). As the two fabrics become equal in 

su~eptibili~, the total degree of anisotropy decreases. 

fabrics is the same (Fig. 6b). A similar trend is 
observed for the intermediate axis, while the max- 
imum axis remains fixed at the line of intersec- 
tion of the two fabrics throughout the simulation. 
The degree of anisotropy of the composite fabric 
decreases from the initial value of P = 1.28 to a 
value of P = 1.09 when the two fabrics are of 
equal susceptibility and anisotropy (Fig. 6~). These 
trends are essentially identical to those found in 
our first experiment with the epoxy-magnetite 
discs. 

Model 2 

The second numerical simulation mimics the 
second experiment, in which the angle between 
two planar fabrics is varied. Two fabrics with 
equal susceptibilities and equal anisotropies (P = 

1.2) are initially parallel. The orientation of fabric 
1 is fixed, fabric 2 is rotated in 10” increments 
until it is orthogonal to fabric 1. The flexibility of 

the numerical model allows the use of a smaller 
rotation angle than in the experiments, so the 
variations in the composite fabrics with angle can 
be examined in greater detail. Figure 7 shows the 
results of this simulation. The shape of the com- 
posite ellipsoid changes nonlinearly from oblate 
to prolate as the angle between the two compo- 
nent fabrics increases (Fig. 7a). The minimum 
and intermediate axes of the composite ellipsoid 
have orientations in between the two individual 
fabrics; these orientations change systematically 
as the angle between the two fabrics increases 
(Fig. 7b). The m~mum axis remains at the inter- 
section between the two fabrics. The degree of 
anisotropy decreases from P = 1.2, when the two 
fabrics are parallel, to P = 1.1 when the fabrics 
are orthogonal (Fig. 74. These results are essen- 

Fig. 7. Results of numerical model with changing angle be- 
tween two constant susceptibility, constant anisotropy (P= 
1.21, oblate fabrics (a) Changes in ellipsoid shape of the 
composite magnetic fabric with changing angle between the 
two fabrics.. Note the non-linear progression from oblate to 
prolate shapes as the angle increases. (b) Changes in orienta- 
tion of the principal s~ptibili~ axes with changes in the 
angle between the two fabrics. The minimum and intermedi- 
ate axes have orientation in between the two fabrics, and 
rotate with increasing angle between the fabrics. The maxi- 
mum axes remain at the intersection of the two fabrics. (c) 
Degree of anisotropy versus the angle between the two planar 
fabrics. The degree of anisotropy decreases from 1.2 to 1.08 as 

the angle between the two fabrics increases. 
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Fig. 8. Numerical model for two orthogonal uniaxial-oblate 

fabrics with variable relative susceptibility. The susceptibility 

of one fabric increases as the second fabric decreases. The 

bulk susceptibility and degree of individual fabric anisotropy 

(P = 1.2) is held constant. The initially-stronger fabric is verti- 

cal with a E-W strike, the other is horizontal. (a) Flinn-type 

diagram showing changes in ellipsoid shape as the relative 

magnitudes change. Note the trend from oblate to prolate 

back to oblate shapes. The numbers denote the relative mag- 

nitude of the weaker fabric. (b) Changes in the orientation of 

the principal axes as the relative susceptibilities of the compo- 

nent fabrics change. The numbers denote the horizontal fab- 

ric susceptibility (45-55%) for intermediate orientations. The 

axes are parallel to the stronger fabric when the difference in 

fabric susceptibilities is large. Intermediate orientations occur 

when the fabrics have similar susceptibilities. The maximum 

axes are always parallel to the intersection of the two planar 

fabrics. (cl Degree of anisotropy (P = k,, /k,,,I versus the 

relative susceptibility of tensor 1 (the initially weaker fabric). 

As the two fabrics become equal in susceptibility, the total 

degree of anisotropy decreases. 

tially identical to those of our second experiment 
(compare with Fig. 5). 

Model 3 

The third model simulates composite fabrics 
arising from two uniaxial-oblate fabrics with a 
constant degree of anisotropy (P = 1.2). This sim- 
ulation models the effect of variations in two 
orthogonal mica fabrics on the total magnetic 
fabric. The total susceptibility of the simulated 
sample is held constant while the relative suscep- 
tibility of the two component fabrics is varied, 
with the initially-stronger fabric decreasing in 
magnitude (from 100% to 0% of the total), and 

the initially-weaker fabric increasing in magni- 
tude (from 0% to 100%). The initially-stronger 
fabric is oriented with a vertical dip and an east- 
west strike, the other fabric is horizontal. The 
shape of the model ellipsoid trends from oblate 
to prolate as the two fabrics become equal in 
susceptibility (Fig. 8a). The minimum axis is al- 
ways orthogonal to the stronger of the two fabrics 
when the difference in the susceptibility of the 
fabrics is large (Fig. 8b). When the two fabrics are 
nearly equal in susceptibility (between 45% and 
55%), the minimum axis is oriented in between 
the two fabrics. A similar trend is observed for 
the intermediate axis, while the maximum axis 
remains fixed at the line of intersection of the 

Fig. 9. Results of numerical model with one fabric held at 

constant degree of anisotropy (P = 1.21, and the other fabric 

increasing in anisotropy from P = 1.01 to P = 1.5. Both fab- 

rics are maintained at constant susceptibility, and the two 

fabrics have orthogonal orientations. The constant anisotropy 

fabric is vertical with an E-W strike, the other fabric is 

horizontal. (a) Flinn-type diagram of the fabric development. 

The numbers in the plot give the degree of anisotropy of the 

variable fabric. As P of the variable fabric increases from 1.01 

to 1.2, the composite ellipsoid shape trends from oblate to 

prolate shapes. As P increases further to 1.5, the composite 

fabric becomes triaxially-oblate. (b) Changes in principal axes 

orientations. The axes parallel the most-anisotropic fabric. 

When the two fabrics are of equal anisotropy, the minimum 

and intermediate axes lie in between the two fabrics. The 

maximum axes are always parallel to the intersection of the 

two fabrics. (cl Degree of anisotropy of the composite fabric 

versus the degree of anisotropy of the variable fabric (tensor 

2). The degree of anisotropy of the composite fabric changes 

very little as the anisotropy of the variable fabric increases 

from 1.01 to 1.2, then increases as the variable anisotropy 

increases to 1.5. 
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two fabrics throughout the simulation. The de- 
gree of anisotropy of the composite fabric de- 
creases from the initial value of P = 1.2 to a 
value of P = 1.09 when the two fabrics are of 
equal susceptibility (Fig. 8~). 

Model 4 

A more complex example in which a fabric 
increases its degree of anisotropy is examined in 
the fourth numerical simulation. Two orthogonal 
fabrics are used, fabric 1 with a constant (P = 1.2) 
degree of anisotropy, fabric 2 with an anisotropy 
which increases from P = 1.01 to P = 1.5. The 
bulk susceptibility of both fabrics is equal. The 
shape of the composite susceptibility ellipsoid 
trends from uniaxial-oblate when fabric 2 has 
P = 1.01 (oblate when P < 1.0, to prolate when 
1.35 > P > 1.1 (uniaxial-prolate when P = 1.2) 
(Fig. 9a). The anisotropy evolves to an oblate 
shape when the anisotropy of fabric 2 is > 1.35. 
The minimum axes of the composite fabrics are 
perpendicular to the component fabric with the 
higher degree of anisotropy (Fig. 9b), and have an 
intermediate orientation when the AMS of both 
fabrics is equal. The degree of anisotropy of the 
composite fabric remains relatively constant as 
fabric 2 increases in anisotropy to P = 1.2. After 
this fabric 2 dominates and the resulting compos- 
ite AMS increases as the anisotropy of the vari- 
able fabric 2 increases to P = 1.5 (Fig. SC). 

Identification of composite fabrics 

Using the results from our experiments and 
numerical modeling, we can develop some crite- 
ria to identify and interpret composite fabrics in 
natural rocks. We limit our discussion to com- 
monly observed composite fabrics arising from 
two planar rock fabrics, such as bedding and 
cleavage. 

The one characteristic common to all compos- 
ite fabrics is that the maximum susceptibility axis 
is always oriented at the intersection of two pla- 
nar fabrics. The orientations of the minimum and 
intermediate susceptibility axes are relatively in- 
sensitive to the effects of multiple mineral fabrics 
when one of the fabrics dominates by either larger 

bulk susceptibility or greater degree of anisotropy. 
Minimum and intermediate axis orientations in 
between the two fabrics are only expected when 
the fabrics are very similar in susceptibility and 
degree of anisotropy. Thus the minimum and 
intermediate axes can serve as composite fabric 
indicators only when the two component fabrics 
contribute equally to the total magnetic anisot- 
ropy. The maximum axis orientation is a reliable 
indicator of composite fabrics. 

Changes in the shape and degree of anisotropy 
of the susceptibility ellipsoid as a function of (1) 
the angle between planar fabrics, or (2) the rela- 
tive intensity of the component fabrics, can be 
used to identify and interpret composite fabrics. 
For variable angles, our results show that as the 
angle between two planar fabrics increases, the 
degree of anisotropy decreases and the shape of 
the susceptibility ellipsoid trends from an oblate 
to a prolate shape. Such trends will occur in rocks 
where the angle between two planar fabrics varies; 
for example, with cleavage across a fold. When 
the relative intensity of two planar fabrics varies, 
our results show that as two planar fabrics be- 
come equal in susceptibility and degree of 
anisotropy, the shape of the composite suscepti- 
bility ellipsoid trends from oblate to prolate 
shapes, and the degree of anisotropy decreases. 
This variation is also a function of the angle 
between the two fabrics, and is less pronounced 
when the angle between the fabrics is small. 
Observation of similar variations in the shape and 
anisotropy of the susceptibility ellipsoid where 
the relative strength of two planar fabrics varies 
in natural rocks, such as progressive development 
of slaty cleavage or of mylonitic foliation, indi- 
cates that the measured anisotropy represents a 
composite magnetic fabric. 

An application 

The magnetic anisotropy (both AMS and 
ARMA) results from the shale to slate transition 
in the Martinsburg Formation at Lehigh Gap, 
Pennsylvania, provide an opportunity to examine 
the effects of composite magnetic fabrics. The 
geometry of these composite fabrics also provides 
information on the behavior of the associated 
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minerals in these rocks during cleavage forma- 
tion. 

The Martinsburg Formation at Lehigh Gap, 
Pennsylvania, is an example of progressive slaty 
cleavage development. A change from uncleaved 
shale to well-cleaved slate is preserved in a strain 
shadow beneath the overlying, more competent 
Shawangunk Formation (Epstein and Epstein, 
1969). The degree of cleavage development is 
proportional to the distance from the Martins- 
burg-Shawangunk contact, with uncleaved shales 
occurring O-70 m from the contact, pencil slates 
70-100 m, and well-cleaved slates 100 m and 
beyond. Microstructural and X-ray texture stud- 
ies (Holeywell and Tullis, 1975; Wintsch, 1978; 
Lee et al., 1986) have shown that chlorite and 
mica are sub-parallel to bedding in the shales and 
cleavage-parallel in the slates, and that the phyl- 
losilicates mainly reorient via dissolution and 
new-growth during cleavage development. The 
relative proportion of bedding-parallel phyllosili- 
cates decreases, and the relative proportion of 
cleavage-parallel phyllosilicates increases as 
cleavage develops. Field measurements show that 
the two mineral-preferred orientations present in 
these rocks are orthogonal. 

AMS fabrics 

Anisotropy of magnetic susceptibility CAMS) 
study of these rocks (Heusen and van der Pluijm, 
1990, 1991) found that the AMS fabrics are con- 
trolled by chlorite. The orientation of the maxi- 
mum susceptibility axes for all samples is parallel 
to the bedding-cleavage intersection, the mini- 
mum axes are nearly-perpendicular to bedding in 
the shale and pencil slates, and perpendicular to 
cleavage in the well-cleaved slates. No orienta- 
tions of the axes in between bedding and cleavage 
are observed. The shape of the AMS ellipsoid 
(Fig. 10) trends from oblate shapes in the shales 
to the ablate/prolate boundary in the slates. The 
trend in susceptibility ellipsoid shapes is similar 
to that observed in our models of composite 
fabrics resulting from the progressive addition of 
two oblate fabrics with one fabric decreasing, the 
other increasing in susceptibility (Fig. 8). This is 
consistent with the observed behavior of chlorite 

,V I 
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Fig. 10. Flinn-type diagram showing the shape of the AMS 
ellipsoids from the shale-slate transition in the Martinsburg 
Formation at Lehigh Gap. The shape trends from oblate for 
the end-member shale, to prolate for the well-cleaved slate. 

Results from Housen and Van der Pluijm (1990, 1991). 

in these rocks, and indicates that the measured 
magnetic fabric in the slates is a composite fabric. 
One of the end-member magnetic fabrics (the 
shale fabric) is known, so numerical modeling can 
be applied to determine the relative proportions 
of bedding-parallel versus cleavage-parallel chlo- 
rite across the shale to slate transition, using the 
measured composite fabric and the initial shale 
fabric. First, however, we must constrain the pos- 
sible values for the anisotropy of the slate fabric. 
Since the AMS is controlled by chlorite, the shape 
and degree of anisotropy of the slate fabric is 
limited by the single-mineral anisotropy of chlo- 
rite. For the Fe-rich chlorite found in the Mar- 
tinsburg Formation (Wintsch et al., 1991) the 
single-mineral anisotropy is P = 1.2-1.3 (Bor- 
radaile et al., 1987), and is uniaxial-oblate. This 
anisotropy represents the upper limit of the 
anisotropy of cleavage-parallel chlorite with a 
perfect preferred orientation (P,,,,); if the cleav- 
age-parallel chlorite is not perfectly oriented, the 
degree of anisotropy of the cleavage fabric will be 
lower than Pm,. The measured bulk susceptibil- 
ity of the samples from the shale-slate transition 
is constant, which indicates that the total amount 
of chlorite in these rocks remains relatively con- 
stant. The combined component fabrics in the 
model must, therefore, maintain a constant vol- 
ume of chlorite. 

To model the AMS fabrics in these rocks we 
use the initial shale fabric, the constant bulk 
susceptibility of the composite fabric, and oblate 
component fabrics that are orthogonal. Two slate 
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fabrics are i~ustrated, one with P = 1.2-1.3 (rep- 

resenting perfectly-aligned chlorite) and another 
with P = 1.1 (representing chlorite with a lower 
degree of preferred orientation). The develop- 
ment of the cleavage via dissolution/new-growth 
of chlorite is modeled by increasing the relative 
susceptibility of the cleavage-parallel fabric from 
O-100% of the total, while simultaneously de- 
creasing the bedding-parallel fabric from 100-O%. 
Figure lla shows the results of our modeling 
using a cleavage fabric with P = 1.2-1.3 (ruled 
area), and results for the cleavage fabric with 
P = 1.1 (solid line). The numbers on the trends 
are the percentage of the cleavage fabric suscep- 
tibility relative to the total susceptibility. The 
initial shale fabric is represented by the solid oval 
(.Z., = 1.02, F = 1.12). Shown by solid squares are 
the AMS results from the Martinsburg Forma- 
tion. The progression from the oblate initial fab- 
ric, to prolate shapes, back to the oblate end- 
member, matches the general trend observed in 
the Martinsburg Formation AMS. The prolate 
AMS ellipsoid shapes in the well-cleaved Mar- 
tinsburg slates are only attained using P = 1.2-1.3 
for the cleavage-parallel fabric in the model. 
Lower P values do not produce the prolate slate 
fabric that is observed. The ellipsoid shapes ob- 
tained from the model using P = 1.2-1.3 do not, 
however, pass through the measured AMS ellip- 
soids of the pencil slates. These AMS ellipsoid 
shapes are only obtained by using lower 
anisotropies (P = 1.01-1.10) for the initially-de- 
veloped slate fabrics in the numerical model. 
Figure llb shows the model results using P = 
1.01-1.10 for the initial slate fabric (O-30% of 
the total susceptibility), and P = 1.2-1.3 for the 
remainder (30-100%) of the slate fabric, with the 
AMS results also plotted. The fit remains limited, 
but the modeling does suggest that the cleavage- 
parallel chlorite which formed during the incipi- 
ent stages of cleavage formation had a relatively 
low degree of preferred orientation, and that 
chlorite which formed during the later stages of 
cleavage development had a high degree of pre- 
ferred orientation. Using Figure 11, we estimate 
that < 20% of the chlorite is parallel to the 
incipient cleavage, < 30% of the chlorite is cleav- 
age-parallel in the pencil slates, and > 30% of 
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the chlorite is cleavage-parallel in the slates. 3e- 
cause the slates farthest from the Martinsburg- 
Shawangunk contact have prolate .&MS ellip- 

a 1.091 I 

b 

F = kW1 kmin 

1.09, 

F = kint/kmln 

Fig. 11. Numerical model of composite AMS fabrics. (a) Using 
the initial shale AMS and slate fabrics with P = 1.1 and 
P = 1.2-1.3. The latter P values are the single mineral 
anisotropy values for Fe-rich chlorite. A constant total suscep- 
tibility is maintained by the model, with the relative suscepti- 
bility of the shaie fabric decreasing from 100 to O%, and the 
relative susceptibility of the slate fabric increasing from 0 to 
100%. The numbers on each trend refer to the relative 
susceptibility of the slate fabric for each model step. The 
initial shale fabric is plotted as an oval. The measured AMS 
ellipsoid shapes are also plotted. The general trend from the 
oblate, initial shale fabric to prolate composite ellipsoids 
matches the general trend observed in the Martinsburg AMS 
results. The AMS ellipsoids of the well-cteaved slates matches 
the numerical fabric with P = 1.2-1.3. The measured pencil 
slate AMS ellipsoids have a lower degree of anisotropy than 
the modeled composite ellipsoids with P = 1.2-1.3, which 
suggests the initially-foxed cleavage parallel chlorite has a 
relatively low degree of anisotropy. fb) Numerical model of 
composite AMS fabrics using P = 1.01-1.1 for the initial 
(O-20% of total) cleavage-parallel fabric, and P = 1.2-1.3 for 
the remainder (30-100%) of the cleavage-parallel fabric. 
Compare the model results with the Martinsburg AMS ellip- 

soid shapes. 
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soids, bedding-parallel chlorite must contribute 
significantly to the composite fabric of these 
slates. The AMS of these slates is, therefore, not 
an accurate measure of the preferred”orientation 
of the cleavage-parallel chlorite, and the AMS 
elhpsoid from these sampIes cannot provide even 
a qualitative estimate of the strain magnitudes in 
these rocks. 

ARMA fabrics 

Study of the ARM anisotropy (ARMA) found 
that the shape of the ARMA ellipsoid (which 
measures the preferred orientation of magnetite) 
trends from oblate, bedding-parallel ellipsoids in 
the shale, to slightly prolate shapes in the pencil 
slates, to oblate, cleavage-parallel shapes in the 
slates (Fig. 12a; Housen and Van der Pluijm, 
1991). For most of the shales, all the pencii slates, 
and most of the well-cleaved sIates, the orienta- 
tion of the maximum ARMA axes is parallel to 
the bedding-cleavage intersection. Orientations 
of the minimum ARMA axes in between the 
bedding and cleavage orientations, similar to 
those observed in the models (Figs. 4 and 6), are 
observed in the pencil slate samples. These ob- 
servations all indicate that the ARMA is a com- 
posite magnetic fabric that arises from two or- 
thogonal, magnetite preferred~orientations, one 
bedding parallel, the other cleavage parallel. Since 
the ARM intensities are relatively constant, a 
constant volume of magnetite is assumed. To 
maintain a constant total volume of magnetite the 
bedding-parallel magnetite must dissolve and 
grow parallel to cleavage as the slaty cleavage 
develops (Heusen and van der Pluijm, 1991). 

We estimate the relative proportions of bed- 
ding-parallel magnetite and cleavage-paralleli 
magnetite by numerical modeling. Using the ori- 
entation and anisotropy of the initiai shale fabric 
and the final cleavage fabric as end-members, we 
decrease the relative ARM intensity of the shale 
fabric from 100% to 0% of the tota1, while simul- 
taneously increasing the relative ARM intensity 
of the slate fabric from 0% to lOO%, in accor- 
dance with our obse~ations of magnetite behav- 
ior. The general trend of ellipsoid shapes pro- 
duced by the model (Fig. 12b) is identicai to that 
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Fig. 12. Measured and numerical model ARhrlA fabrics of the 
Martinsburg Formation. (a) Summary Flinn-type diagram 
showing the measured ARMA ellipsoid shapes from the 
shale-slate transition. The shape of the ARMA ellipsoids 
trend from oblate shale, to slightly-prolate pencil slate, to 
oblate slate with progressive cleavage formation. (Results 
from Housen and Van der Pluijm, 1991). (b) Flinn-type dia- 
gram showing the ellipsoid shapes of the composite fabrics 
from the numerical model. The initial shale and final slate 
fabrics are indicated. The numbers marking the results are 
the percentage of the state fabric relative to the total fabric. 
Note the trend towards the prolate-shape field with relatively 

small fractions of the slate fabric. 

of the observed ARMA elhpsoids. Based on this 
we estimate that < 20% of the magnetite is par- 
allel to the incipient cleavage in the shales, 20- 
70% of the magnetite is parallel to cleavage in 
the pencil slates, and > 70% of the magnetite is 
parahel to cleavage in the well-cleaved slates. 

Conclusions 

The identification of composite magnetic fab- 
rics is vital to the reliable application of magnetic 
anisotropy to structural problems, particularly 
when anisotropy is used as a measure of finite 
strain. Our numerical and experimental results 
show that the shape of the susceptibil~~ ellipsoid 
is particuIarIy sensitive to the effects of multiple 
mineral fabrics. We find that when composite 
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fabrics are present not only the magnitude, but 
also the orientations of the susceptibility ellip- 
soid, may not correspond to the orientation and 

magnitude of the strain ellipsoid. Since the shape 
of the susceptibility ellipsoid is used in all mag- 
netic fabric-strain correlations (Borradaile, 1991), 
these correlations are also sensitive to the effects 
of composite magnetic fabrics. The observation of 
the maximum susceptibility axis oriented at the 
bedding-cleavage intersection in many magnetic 
anisotropy studies of slates (see review by Bor- 
radaile, 1988) would suggest that composite mag- 
netic fabrics are very common in slates, and this 
may explain some of the difficulties in establish- 
ing AMS-strain correlations. 

The important observation from the ARMA 
model is that variations in the relative amount of 
magnetite in each of the component fabrics can 
produce a significant variation in the shape of the 
ARMA ellipsoid. These composite fabric varia- 
tions can produce changes in the magnetic fabric 
which are larger than those produced by an in- 
creasing degree of mineral-preferred orientation 
during deformation. Because the shape of the 
susceptibility ellipsoid is used to quantify rock 
fabrics, identification of the effects of composite 
fabric variations is vital to any attempt to quanti- 
tatively separate deformation fabrics from total 
(composite) magnetic fabrics. In rocks where a 
gradual development of the component fabrics is 
not preserved, or in which significant composi- 
tional variations exist, it is difficult to accurately 
determine the contributions ofindividual fabrics 
to the composite magnetic fabric. Therefore, 
magnetic fabric-strain correlations based on ten- 
sor separation methods such as Hrouda (19921, 
should not be attempted unless the effects of 
both compositional variation and composite fab- 
rics are considered. 
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Appendix 
The equation describing the susceptibility of 

the experimental epoxy-magnetite discs (modified 

from Piper, 1987): 

ki = 
f 

1/k~gt + [~cci/usG!mgt +fmgt xNi] 
x (l/Q) 

The measured volume-susceptibility axes ( ki) 
are a function of the single grain susceptibility 
(k,,) and demagnetization factor (N,,) of the 
magnetite grains in the discs, the shape anisotropy 
of the discs determined by the demagnetization 
factors (Ni) appropriate for the disc shape (after 
Pfleiderer and Halls, 19901, the volume of mag- 
netite, the disc volume (u,), and the sample vol- 
ume (u,). In the equation, the volume of mag- 
netite is given as the volume fraction of magnetite 
(f,,,) relative to the disc volume, f,,, = vol. mag- 
netite/u, (after Piper, 1987). The anisotropy of 
the discs is calculated by treating the discs as a 
single magnetite grain (Pfleiderer and Halls, 
1990), so the demagnetization factor is a function 
of the disc shape. Because the contribution of the 
disc shape (Ni in the equation) to the measured 
anisotropy is a function of the volume-fraction of 
magnetite in the disc Cf,,,>, the degree of 
anisotropy (P = kmax/kmin) will decrease with de- 
creasing magnetite content. 
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