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ABSTRACT

Richter, C., Frisch, W., Ratschbacher, L. and Schwarz, H.-U., 1991. The magnetic fabrics of experimentally deformed

clay-water dispersions. Tectonophysics, 200: 143-155.

The development of magnetic fabrics in artificial clay-water dispersions and natural, hematite-bearing mudstones is
investigated in plane-strain pure shear laboratory experiments under strain rates of 1.6 X 1075 and 2x 10™* s~'. The
mixtures contain 0, 15, 30 and 45% chiorite in an illite matrix, and 0, 1, 3, 6 and 8% magnetite in a kaolin matrix. Shortening
up to 40% is imposed. The resulting fabrics show the following characteristics: (1) In the clay mixtures, the principal
susceptibility axes (k ., > ki = k) TOtate away from the well defined initial fabric orientations into the principal strain
directions (e, > e, > e,) at strains > 30%. (2) Both mineralogical composition and initial magnetic fabric, but not the
applied strain, influence the magnitudes of the principal susceptibility axes. (3) The illite~chlorite mixture series show an
almost linear correlation between mineral concentration and susceptibility magnitudes. (4) Magnetite dominates the fabric
of the magnetite—kaolin mixtures; the fabric is independent of the magnetite concentration.

Introduction

The anisotropy of magnetic susceptibility
(AMS, magnetic fabric) is represented by a sec-
ond rank tensor and is visualized by an ellipsoid.
The magnitude of magnetization (M) is a func-
tion of the magnetic field strength (H):

M;=k,;H,

where k;; is the magnetic susceptibility tensor
(e.g., Hrouda, 1982; Nye, 1985).

The principal directions of the magnetic fabric
have been shown to correlate with the principal
axes of strain in deformed rocks (e.g., Kligfield et
al., 1982; Pearce and Fueten, 1989), and labora-
tory experiments (Owens and Rutter, 1978; Bor-
radaile and Alford, 1988; Borradaile and Pu-
umala, 1989). Field studies carried out in areas of
homogeneous lithology proposed a one to one
correspondence between the magnitudes of strain
and the magnitudes of the AMS (e.g., Rathore,

1979, 1980; Hirt, 1986; Ruf et al., 1988). Univer-
sally valid correlation factors, however, do not
appear to exist {Borradaile and Mothersill, 1984;
Borradaile, 1988). Recent investigations demon-
strated marked dependence of magnetic fabrics
on the mineralogical composition (Borradaile et
al., 1987; Borradaile, 1987), that may obliterate
and overprint strain induced AMS.

Magnetic fabrics of undeformed sediments and
igneous rocks were attributed to sedimentary or
volcanic processes (e.g., Channel et al., 1979;
Ellwood, 1982; Schieber and Ellwood, 1988), and
to tectonic processes in deformed rocks. Interme-
diate stages exist where both primary and sec-
ondary tectonic fabrics constitute the total fabric
(e.g., Borradaile and Tarling, 1981j Kligfield et
al.,, 1981; Kissel et al., 1986). The interactions
between the AMS of a sediment, variations in the
mineral composition, and the effects of the first
stages of deformation on the initial fabric is a
topic of general interest since many sedimentary
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rocks and soft ocean floor muds of large-scale
compressional zones (e.g., Bengal fan — Curray
et al., 1979; coastal range Taiwan — Kissel et al.,
1986) are weakly deformed and criteria are
needed to decide whether the magnetic fabric is
strain induced or still of primary depositional
origin. A number of studies (e.g., Crimes and
Oldershaw, 1967; Rees et al., 1968; Hamilton and
Rees, 1971) have investigated the relationship
between the direction of sediment transport and
the orientation of magnetic fabrics. The shape of
the AMS ellipsoid was used to determine influ-
ences of deformation on these primary fabrics
(Crimes and Oldershaw, 1967; Rees et al., 1968).
The proposed values and limits, however, do not
take into account the strong influences of the
mineral composition on the AMS (Borradaile et
al., 1987; Borradaile, 1987) and cannot therefore
be regarded as universally diagnostic criteria.
Kissel et al., (1986), using samples of marine clays
from northwest Greece and Taiwan, demon-
strated that in the early stages of deformation the
k...« axes are aligned perpendicular to the direc-
tion of maximum shortening, but the & _; axes
remained perpendicular to bedding, still marking
the depositional fabrics. Many natural, soft, and
lithified pelites include mixtures of chlorite, illite,
kaolinite, quartz, and magnetite. About 30% of
the ocean-floor sediments consist of pelagic clays,
and despite slow sedimentation rates about 15%
of all sedimentary rocks are pelagic clays
(Chilingarian, 1981).

The purpose of this study is to examine under
experimental conditions the relationships be-
tween the anisotropy of magnetic susceptibility,
mineralogical composition, and strain in weakly
deformed clay-water dispersions. The aim is to
derive criteria for the interpretation of soft sedi-
ment anisotropy data in terms of finite strain.
Since natural samples with exactly identical initial
fabric deformed with varying strain magnitudes
do not exist, we used samples with varying initial
fabrics for each step of the deformation experi-
ments.

The orientations of the principal susceptibility
axes are presented in lower hemisphere equal
area stereograms following the conventions pro-
posed by Ellwood et al., (1988), were k. direc-
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tions are represented by squares, k,,, directions
by triangles, and &, directions by circles. The
magnitudes and ellipsoid shapes of the principal
susceptibilities are visualized in Flinn diagrams
commonly used in strain representation (Flinn
1962). The parameters used to express the magni-
tude properties of the susceptibility ellipsoid are
the degree of anisotropy P =k ,./k min» and the
parameters F =k, /k .. and L=k /k.. the
magnetic foliation and lineation (e.g., Jelinek,
1981; Hrouda, 1982). Strain is expressed as the
elongation ¢ in percent, which is the ratio of the
relative change of the length of a line (A/) with
the initial length (/) of the line (e = 100Al/1).
Since only plane strain deformations under pure
shear conditions were carried out, the amount of
shortening e, corresponds to the amount of ex-
tension e,.

The artificial samples
The materials

The artificial samples were prepared from il-
lite, chlorite, and magnetite obtained from Ward’s
(Ward’s Natural Science Establishment, Inc., New
York). In addition, we used a crushed natural
Keuper mudstone from the European continental
Triassic (“Knollenmergel”, southwest Germany)
and an industrial kaolin clay, a kaolinite bearing
mixture of different clay minerals. The mean bulk
susceptibility of illite is 108.9 X 107° SI /unit vol-
ume (volume susceptibility in SI units is used
throughout the study). We powdered the material
in a laboratory mill and obtained a material size
of 20-60 pm. The chlorite is a mineral aggregate
with a bulk susceptibility of 795.6 X 107°. It was
powdered and sieved and size fractions between
60 and 125 um were obtained. The magnetite
fraction was obtained from crushed and pow-
dered crystal aggregates. The Keuper clay is a red
lithified mudstone with a bulk susceptibility of
75.0 X 1075, The material was powdered in a mill
after drying three days at 100°C. The unsieved
substance consists of quartz, clay, and a silt sized
fraction of quartz and clay aggregates up to 0.5
mm in diameter. The kaolin clay matrix, used to
prepare the magnetite bearing samples, is a com-



MAGNETIC FABRICS IN ARTIFICIAL CLAY-WATER DISPERSIONS

mercially available grey clay containing about 25%
kaolinite, 45% illite, and 30% quartz with a bulk
susceptibility of 36.1 X 105,

Sample preparation

We mixed clay powders containing different
amounts of illite, chlorite, kaolin, or magnetite
with 30 wt.% water. The final mixtures had the
consistency of a modeling clay. The water content
was controlled after the deformation experiments
by weighing, drying (110°C, 24 h), and weighing
once again. We prepared two mixture series, the
first containing 1, 3, 6, and 8 wt.% magnetite in a
kaolin matrix and the second containing 0, 15, 30,
and 45 wt.% (referred to the dry substances)
chlorite in an illite matrix. The powdered Keuper
sediment and the kaolin clay were mixed with
30% water without additions. To obtain a repro-
ducible initial clay fabric, first a random orienta-
tion of the mineral particles was imparted by
kneading the mixtures by hand and machine.
Then the soft clay matrix was placed into the
middle of the mould of the deformation stage
and spread by hand to the rims. After the approx-
imate flattening of the clay, its surface was
smoothed with a slat. The direction of smoothing,
to produce the same initial orientation of the clay
mixtures, was kept constant (45° to the principal
strain axes) for all samples. Micaceous microfab-
rics created in this way are characterized by sub-
horizontally oriented (001) mica lattice planes
that are inclined against the smoothing direction
(Schrader, 1970). Hence, the initial fabric was not
random.

We attained about 150 undisturbed cylindrical
specimens from the deformed and — for refer-
ence — undeformed clay mixtures for the mag-
netic measurements. Two specimens were taken
from the clay after each deformation step.

The clay was positioned into oriented cylindri-
cal plastic tubes of standard dimension (2.5 x 2.2
cm) by gently pressing them into the clay using
electrolytical equipment (electro-osmosis; Chme-
lik, 1967) that cuts the clay dispersion without
destroying the microfabric (Fig. 1). At the actual
contact of the ring-shaped cathode the clay mud
is fluidized by the electrolytical process. This
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clay

Fig. 1. The electrolytical procedure of the specimen prepara-
tion from the soft clay sample: the mud is fluidized at the
actual contact of the metal ring, which allows the i'ing /plastic
tube combination to sink into the mud without destroying the
clayfabric; electro-osmotic cutting (Chmelik, 1967).

allows the metal ring/plastic tube set to sink into
the mud. The open end of the clay filled and
oriented plastic tubes was closed with an appro-
priately sized plastic disc. To prevent the material
from shrinking due to water loss, the specimens
were kept in a water saturated atmosphere until
magnetic measurements were carried out.

Experimental procedures
Plane strain experiments

Plane-strain deformations under pure shear
conditions were carried out on the “Big Bochum
Deformation Stage” (Hoeppener et al., 1969;
Hoeppener and Schwarz, 1980) at the University
of Bochum. The device permits homogenous
plane strain pure shear and simple shear defor-
mations of soft substances at strain rates between
2x1073 57! and 4 X 107® 5™, During straining
the horizontal dimensions are continuously al-
tered, one dimension being lengthened (e,) while
the other is correspondingly shortened (e;) so
that the surface area remains constant (i.e. con-
stant volume deformation; Fig. 2). The sample is
positioned in a latex lined trough (initial surface
area 50 X 50 cm); the possible height of the sam-
ple is 0.5-5 cm. The changes in length, the dis-
placement of the trough rims, and the deforma-
tion of the basal area are controlled by four rails
at the trough rims. Coaxial deformations result, if
two of the rails are shifted parallel with electroni-
cally controlled velocities. The movement of the
rails is transmitted by cubic sleeves at the base of
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50 cm
Fig. 2. The principle of the co-axial plane strain deformations.
Small arrows indicate particle motion of the upper left corner,
large arrows show compressional and extensional directions;
circles and ellipses show initial, intermediate, and final shape
of reference circles.

the stage which allows a homogeneous deforma-
tion of the total sample (compare figs. 2-5 of
Hoeppener et al., 1969).
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The clay mixtures were deformed at strain
rates of 1.6 X 107° s ! and 2.0 X 10™* s ' with
shortening strains of 0, 10, 15, 25, 30 and 40%.

Magnetic measurements

Magnetic measurements were carried out at
the paleomagnetic laboratory of the University of
Leoben (Austria). The AMS was measured with a
Digico anisotropy delineator. The z-axes suscep-
tibilities were combined with the susceptibility
differences to determine shapes and magnitude
of the magnetic susceptibility ellipsoid. The re-
sults were recalculated according to the equations
given by Hrouda et al., (1983). Acquisition curves
of the isothermal remanent magnetization (IRM)
were determined with a Forster fluxgate magne-
tometer and calibrated with a Digico spinner
magnetometer. The magnetic field was produced
using an electromagnet with field strength up to
1.5T.
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Fig. 3. Averaged bulk susceptibilities vs. mineral concentration of (A) magnetite—kaolin mixtures and (B) illite—chlorite mixtures.
The stippled area indicates the standard deviation 2¢. Both curves are almost linear and indicate a simple two component mixture.
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Fig. 4. Normalized acquisition curves of the isothermal remanent magnetization (IRM). (A) Results from two artificial magnetite—
kaolin specimens; saturation is reached in a 0.2 T field; depression suggests the presence of ferromagnetic hydroxides. (B) Typical
hematite curve of the natural Keuper clay; saturation is not reached at 1.5 T. M, is the saturation magnetization.
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Experimental results
Magnetic characteristics of the used materials

The bulk volume susceptibility measurements
showed an almost linear correlation between the
mineral composition and the bulk susceptibility
for the three component systems kaolin-mag-
netite—water and illite—chlorite—water (Fig. 3).
The low scatter of the susceptibility magnitudes
(see 20 area in Fig. 3) indicates considerable
homogeneity of the mineral mixtures. To look
closer at the saturation behavior of the magnetic
carrier minerals, acquisition curves of the isother-
mal remanent magnetization (IRM) were ob-
tained (Fig. 4). The artificial samples containing
3% magnetite reach 90% of their saturation mag-
netization at about 0.2 T applied field (Fig. 4A), a
behavior that is typical for magnetite {e.g., Tar-
ling, 1983; Mauritsch et al, 1987). The small
depression of the IRM curves at about 0.3-04 T
suggests the presence of ferromagnetic hydrox-
ides, possibly originating from oxidation of mag-
netite in the clay—water dispersion. The magnetic
mineral in the Keuper clay (Fig. 4B) is hematite
indicated by the gentle slope of the acquisition
curve and the fact that saturation of the isother-
mal remanent magnetization (M) was not
reached at 1.5 T (Tarling, 1983; Mauritsch ¢t al.,
1987; Dekkers, 1988). The saturation magnetiza-
tion of the magnetite bearing samples is about 0.5
A/m and the achieved saturation of the Keuper
clay is 0.43 A/m.

The undeformed reference samples

In Fig. 5A the principal susceptibility axes of
the unstrained reference samples are shown in a
stereogram orientated according to the geometry
of the deformation stage (Fig. 2). The smoothing
direction is indicated by the large arrow. The
minimum susceptibility axes are subvertical, the
maximum axes are oriented subparallel to the
smoothing direction. The initial magnetic fabric,
therefore, reflects the clay fabric introduced dur-
ing sample preparation. The maximum suscepti-
bility axis parallels the direction of smoothing,
the initial extension direction, and the compres-
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A

Contour levels >0-20-40-60-80 %
Fig. 5. Magnetic fabric and mica orientation of the samples
prior to deformation. (A) The orientation of the principal
susceptibility axes (squares = k., triangles = k.., circles =
kun); the minimum axes are subvertical and the maximum
axes scatter around the smoothing direction. {B) X-ray texture
goniometry of mica (001) reflections {after Schrader, 1970)
demonstrates coincidence between crystallographic lattice ori-
entation and AMS.

sion axis is represented by the minimum suscepti-
bility axes. The initial orientation of the principal
axes is nearly the same in all investigated sam-
ples. No influences of the mineral composition of
the clay mixtures were evident.

Magnetite-kaolin—water dispersions

The magnetic fabrics of the undeformed and
deformed magnetite bearing samples are shown
in Fig. 6 and Table 1. The AMS magnitudes are
represented in two Flinn-type diagrams to show
their dependence on the magnetite content (Fig.
6A) and on the applied strain magnitude (Fig.
6B). The bulk susceptibility of the pure kaolin
matrix is about 30 X 10%, whereas the suscepti-
bility of the magnetite bearing samples is 10 to
100 times higher. Bulk susceptibility, hence, is
influenced mainly by the magnetite and as a
consequence the AMS is a function of the form
and orientation of the magnetite grains. The
magnetic fabric of the 1-% magnetite bearing
samples is almost entirely dominated by the mag-
netite. Although higher magnetite concentrations
cause an increase in bulk susceptibility, the shape
of the AMS ellipsoid is constant for all samples,
and is therefore independent of magnetite con-
tent.

Microscopic investigation of the magnetite
powder shows that the grains are sub-angular in
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Fig. 6. Flinn-type diagrams of the magnetic fabric in the sample series magnetite—kaolin. The same values are plotted twice. All

specimens are shown as (A) a function of their mineralogy and (B) of the applied strain magnitude. (C) Orientation of the principal

susceptibility axes: filled symbols represent unstrained, initial fabric. Symbols as in Fig. 5. The maximum axes rotate parallel to the
extension direction; the minimum axes tend to rotate into the compression direction.

shape and randomly distributed. The shape de-
pendence of AMS on magnetite causes a mag-
netic fabric that is determined by the magnetite
mineral shape and orientation. Qur experiments

TABLE 1

show that shape dependence and randomness of
the initial fabric (which we could not control in
our experiments) dominate the strain-induced
magnetic fabrics. The degree of anisotropy of all

The magnitudes of the principal susceptibilities from the kaolin-magnetite mixture series; values are volume susceptibilities in

SIX 1076 (ky = ks ko= ks k3 =k i)

int>

e Kaolin 1% magnetite 3% magnetite 6% magnetite 8% magnetite
ky ky ks k, ky ky ky k; ks ky ks, ks k, ks, ks

0 32 31 23 636 614 484 1413 1401 1098 3112 2975 2409 3658 3512 2895
0 648 633 503 1305 1273 1024 2997 2951 2355 3778 3651 3052
10 29 28 22 639 555 489 1350 1279 1047 3285 3120 2519 3834 3742 3049
10 634 567 510 1454 1406 1129 3170 3096 2513 4144 3997 3344
15 30 29 23 612 565 451 1417 1371 1098 3266 3095 2436 4220 4137 3235
15 623 600 478 1413 1407 1062 3118 2989 2283 4459 4151 3367
25 34 29 25 658 621 501 1468 1421 1105 3312 3143 2581 4299 4108 3376
25 633 594 487 1433 1403 1095 3310 3160 2554 4034 3876 3158
30 536 497 428 1371 1297 1056 3328 3112 2622 3628 3445 2892
30 550 526 435 1543 1452 1154 2982 2804 2312 3816 3624 3045
40 30 29 23 585 528 470 1369 1319 1086 2787 2631 2163 3643 3347 2815
40 543 499 428 1372 1281 1060 2873 2676 2207 3667 3391 2907
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magnetite bearing specimens, regardless of their
deformation state, are summarized in Fig. 7. The
mean value of all specimens is 1.293 + 0.035. Fig-
ure 7 demonstrates that no relationship between
the amount of magnetite and the AMS ellipsoid
shape exists. Figure 7 also shows the mean P
values for the most deformed specimens. The
weak positive correlation suggests that since all
specimens have the same shape, magnetic inter-
actions between preferentially aligned magnetite
grains occur.

Though the geometry of the AMS ellipsoids
results from magnetite shape rather than from
strain, the principal orientations of the suscepti-
bility axes are strain intensity dependent (Fig.
6C). The AMS axes rotate into the principal
strain directions probably due to a passive rota-
tion of the magnetite grains in the clay-water
dispersion (particulate flow, Borradaile and Tar-
ling, 1981). After a 45° rotation of the long grain
axes, they reach parallelism with the extension
direction after 40% shortening. The minimum
axes of the angular shaped magnetites rotate into
the e, direction, but do not reach parallelism.

Hiite-chlorite dispersions
In Fig. 8 the magnitudes and directions of the

magnetic measurements of the undeformed and
deformed illite~chiorite mixtures are plotted. The
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Magnetite [Wt-94,]
Fig. 7. A piot of the degree of anisotropy vs. the amount of
magnetite in the kaolin matrix. The stippled area indicates the
standard deviation 2¢. The AMS is unaffected by the mag-
netite concentration; the magnetic fabric is magnetite domi-
nated. For the highest strains a positive correlation suggests
magnetic interaction. between preferentially aligned mag-
netites,
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Fig. 8 (A) Flinn diagrams of the sample series illite~chlorite
for various deformations, The quasi-isotropic illite contribu-
tion to the AMS was subtracted to obtain the magnetic fabric
of the chlorite. The scatter is smalilest for the highest defor-
mation; pure chlorite data are from Borradaile et al., {1987).
(B) Stereogram showing orientations of the principal suscepti-
bility axes; symbols as in Fig. 5; filled symbols are unstrained
reference samples. The maximum axes are parallel to the
extension direction in the higher deformed samples.

principal AMS and strain magnitudes are given in
Table 2. Figure 8A shows all the specimens ac-
cording to their mineral composition for different
strain magnitudes in Flinn diagrams. The orienta-
tions of the principal susceptibility axes are given
in Fig. 8B.

The pure illite specimens are quasi-isotropic
(Fig. 8A). Regardless of the applied strain, the
AMS ellipsoids plot near the origin of the Flinn
diagram. The weak anisotropy of the pure illite
specimens demonstrates, that the AMS of the
mixtures is caused mainly by the chlorite miner-
als. We subtracted the illite part (using the mean
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Fig. 9. A plot of the degree of anisotropy vs. the chlorite
concentration in the illite matrix shows a positive correlation;
the AMS magnitudes are mainly a function of the mineral
concentration. The correlation disappears after subtraction of
the contribution of the quasi-isotropic illite matrix. The stip-
pled areas indicate the standard deviation 2¢.

susceptibility of illite multiplied by the percent-
age of illite present) from the AMS ellipsoids of
the mixtures to obtain the chlorite fabric only
(Fig. 8A). The AMS ellipsoid is oblate in most
cases (Fig. 8A) and has a well-defined anisotropy
with an average degree of anisotropy of 1.312 +
0.068 for the chlorite and 1.216 + 0.065 for the
illite—chlorite mixtures (excluding the pure illite).
AMS values of single chlorites were obtained by
Borradaile et al., (1987) and plotted in Fig. 8A
for comparison. Their anisotropy is similar to the

TABLE 2

CRICHTER ET AL

AMS of the investigated illite—chlorite mixtures.
In Fig. 9 the degree of anisotropy of all speci-
mens is plotted versus the chlorite content. De-
spite the broad scatter, indicated by the standard
deviation, a correlation between the amount of
chlorite and the degree of anisotropy is obvious.
This shows that the magnetic fabric, in contrast
to the magnetite~kaolin mixtures, is not entirely
dominated by the stronger susceptible mineral,
but that the AMS of the mixtures is chiefly a
function of the chlorite concentration. The varia-
tion of the degree of anisotropy disappears if the
illite contribution is subtracted.

Though influences of strain on the magnitudes
of the magnetic fabric are obliterated by mineral
variations, strain causes the k,,, axes to rotate in
a position sub-parallel to the extension axis (Fig.
8B). As in the magnetite-kaolin mixtures, the
minimum axes move towards the compression
axis. No quantifiable correlation between the
magnitudes of strain and the AMS shape exists.
The magnitudes of the initial and final magnetic
fabrics are almost identical. However, the scatter
in the Flinn diagram is lowest for the highest
strain. Directional and magnitude results are ba-
sically not different from the results obtained
from the magnetite—kaolin series, although the
reasons for the AMS (shape and magneto-crystal-
line anisotropy) are fundamentally different.

Magnitudes of principal susceptibility axes of the illite—chlorite series

e illite 15% chl

i

30% chl 45% chl

ky ky k3 ky ky ks

ky ky ks ky ky ks

0 81.6 80.7 80.3 165.1 159.6 144.9
0 83.8 83.6 83.1 157.5 150.5 138.7
10 85.2 84.6 84.4 202.1 191.3 167.9
10 85.2 84.8 84.4 197.6 193.3 164.2
15 78.6 78.3 77.9
15 84.4 84.1 83.1
25 85.3 84.6 84.3 205.1 193.1 172.5
25 86.6 86.1 85.1 186.1 184.3 158.9
30 85.6 833 82.2 170.0 165.2 151.9
30 86.6 85.4 85.1 176.0 174.6 155.2
40 84.8 84.3 83.9 183.1 174.8 156.9
40 85.6 84.9 84.1 178.5 170.1 156.4

2935 276.6 246.9 462.0 432.2 366.3
301.8 272.8 249.6 440.0 411.9 3473
298.0 290.8 238.0 386.7 371.2 308.7
270.5 263.7 217.2 397.9 374.1 301.1
303.7 287.9 241.2 399.7 384.6 306.6
331.6 315.6 252.8 448.8 433.3 333.1
264.1 255.6 2320 387.7 383.9 320.8
243.8 2426 226.5 393.7 385.4 3163
302.8 2750 | 2392 432.0 407.4 342.8
304.4 280.6 2419 457.6 421.2 350.5
260.3 238.0 2209 389.7 360.2 305.6
261.8 243.5 2220 360.8 333.7 290.2
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T T T
Kint [Kmin
Fig. 10. The AMS shapes of the deformed and undeformed
Keuper clay samples in a Flinn diagram. The anisotropy is
very weak, a correlation between strain magnitude and AMS
shape is not apparent.

The Keuper clay and the pure illite samples

The Flinn diagram (Fig. 10) shows the princi-
pal susceptibility magnitudes of the undeformed
and deformed Keuper clay samples. The magni-
tudes are given in Table 3. The distribution of the
AMS shapes and the very low degree of anisotropy
(P = 1.02 + 0.01) indicate quasi-isotropic behav-
ior.

Since the susceptibility of pure hematite is in
the order of 1072 up to 3 X 10~2 (Uyeda et al.,
1963) and the susceptibility of the hematite bear-
ing Keuper clay is in the order of 83 x 107% SI
units, paramagnetic and diamagnetic matrix min-
erals contribute dominantly to the bulk suscepti-
bility and, hence, to the magnitudes of AMS.
Despite the weak anisotropy, a distinct preferred
orientation of the clay minerals due to sample
preparation was imparted on the samples, as can

TABLE 3
AMS values from the Keuper clay

€y k, ky ks

0 453 44.8 443

0 50.5 49.9 49.8
10 69.4 69.1 68.5
10 68.0 67.5 67.1
15 542 54.1 53.8
15 59.2 59.0 58.6
25 54.7 54.1 534
25 61.5 60.9 60.4
30 54.6 533 53.0
30 58.8 574 56.4
40 59.8 59.5 59.4
40 63.3 61.7 60.8
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Fig. 11. Flinn diagram of the AMS data from the kaolin clay
showing an almost strong oblate fabric and no apparent
correlation to the imparted strain magnitude.

be seen from the orientation of the principal
susceptibility axes (compare Fig. 5A for the initial
fabric of all specimens).

The pure illite samples show the same charac-
teristics. Weak anisotropies are in the order of
P =1.016 + 0.009 and demonstrate a similar dis-
tribution pattern in the Flinn diagram as the
Keuper samples. The AMS geometry was not
noticeably affected by strain.

The kaolin-water dispersions

The Flinn diagram (Fig. 11) presents the AMS
ellipsoid shapes and the orientation of the princi-
pal susceptibility axes of the kaolin—water sys-
tems. The principal AMS magnitudes are given in
Table 1. Though the bulk susceptibility of this
clay is low, which is partly due to the dilution
effect of about 30% diamagnetic quartz, the
anisotropy ellipsoid shape is comparable to the
AMS attained from the kaolin~magnetite and
illite—chlorite mixtures. The mean degree of
anisotropy is in the order of P=1.34 + 0.09 and
exceeds, in some cases, the values reached by the
higher susceptible magnetite bearing samples
(compare Fig. 7). Quartz thus affects the bulk
susceptibility, but, since it is nearly isotropic
(Hrouda 1986), has no marked effect on the mag-
nitudes of the AMS. Figure 11 shows that the
ellipsoid shape is not controlled by the deforma-
tion. The ellipsoid shape of all specimens is
oblate. The principal directions of the AMS, due
to the oblateness of the magnetic fabric, are
poorly defined in the &, -k, plane. Minimum
susceptibility is well defined in its initial orienta-
tion and reveals no apparent reorientation during
straining.
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Discussion

A distinct initial magnetic fabric was imparted
on all specimens prior to deformation. In all
lithologies the maximum susceptibility parallels
the extension axis and the minimum susceptibility
was found to correspond to the compression axis.
In Fig. 5B the orientations of mica (001) basal
planes, as obtained from X-ray texture goniome-
try (Schrader, 1970), are shown together with the
principal AMS orientations. The perfect paral-
lelism between the maximum of (001) poles and
the orientation of &, shows the relation be-
tween the AMS and the crystallographic orienta-
tion of phyllosilicates. The clustering of the maxi-
mum susceptibility axes in the paramagnetic mix-
tures shows that a preferred orientation not only
of the mica basal planes was acquired, but also of
one of the crystallographic axes in the basal plane.

The initial magnetic fabric [k;;];,; of the clay-
water dispersion is the resultant of the preferred
orientation of grain shape (magnetite) or crystal-
lographic lattice planes of all minerals and phases
present. It is the sum of the single grain AMS
tensors [k;;],, neglecting weak influences of the
diamagnetic and isotropic water:

[kij]ini = gé [kii]g

(i,j=1,2,3; n=number of grains)

The diagonal part of [k, j]ini’ its magnitude, thus
is a function of the magnitude and orientation of
each [k,;], (single grain AMS), whereas the rota-
tional part is determined only by the preferred
orientation of the lattice planes and /or the shape
axes.

[k;;}in is modified by straining the grain aggre-
gate. This causes a particle motion which results
in the rotation of [k;],. Initial susceptibility thus
transforms to the final susceptibility tensor [k, ],
The following quantitative relation between the
strain tensor and the AMS tensor is assumed
(Borradaile and Alford, 1988):

Leii1[%is)imi = M[ Kii] 5,
with [e;;] being the finite strain tensor and M a

(3 % 3) matrix. This equation implies proportion-
ality between strain and AMS. If the variations of
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the initial fabric [k;;],,; exceed the influences of
[e,-j], as was demonstrated for the investigated
samples, the final AMS is more or less a function
of the initial fabric and influences of strain are
not detectable.

The investigated materials are divided into
three groups by different initial fabrics and strain
response, although the fabric producing treat-
ments were essentially the same for all samples:

(1) Mineral grains (“magnetic minerals”) with
magnetocrystalline anisotropy or shape anisotropy
dispersed in a weakly susceptible matrix. The
AMS behavior is controlled by the properties of
the magnetic mineral in two ways. First, when the
susceptibility ratio between the magnetic mineral
and the matrix is extremely high (in the order of
10%), even small traces of less than 1% of the
mineral are sufficient to dominate the AMS fab-
rics and influences of the matrix are completely
overprinted. Secondly, for susceptibility ratios on
the order of 10, an interaction between the mag-
netic fabric and the mineral concentration exists,
the resulting total AMS is a superposition of both
constituents.

Due to passive rotation of the minerals in the
matrix, the extensional axis and the maximum
susceptibility axis approach parallelism during
straining. Up to 45° rotation of the long mineral
axes occurred at 40% shortening. No difference
between the behavior of shape anisotropic mag-
netites or lattice anisotropic chlorites is detected.
The single mineral tensor (k] is random in the
case of the magnetites. The initial fabric there-
fore is unpredictable and shape dependence of
the magnetite AMS completely overprints strain
induced magnetic fabrics. For this reason AMS is
dominated by grain-shape and reveals limited
correlation to strain. Nevertheless, a weak trend
from an oblate ellipsoid shape to a “plane strain”
form may exist. In most cases AMS was repre-
sented by an oblate ellipsoid.

(2) Clay—-water dispersions (illite, Keuper clay)
that are quasi-isotropic. The AMS shape is some-
times oblate and sometimes prolate. This is
caused by random effects on the nearly isotropic
mass during sample preparation. Nevertheless,
the principal susceptibility directions of the initial
fabric are well defined, although the scatter is
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broad. No effects of strain on the weak AMS
magnitudes or directions are apparent. This be-
havior is produced by the dispersion of nearly
equidimensional magnetocrystalline particles. A
preferred orientation is acquired only from some
illite—chlorite platelets whose shape coincides
with the crystallographic lattice. Motion of these
particles during straining could not produce a
preferred orientation defined by the scarce mica
flakes.

(3) Clays with a strongly oblate AMS that
reveal no obvious strain response (kaolin).
Oblateness of the magnetic fabric is caused by
the preferred orientation of the flaky mica miner-
als. A significant strain induced reorientation of
the mica basal planes did not occur, as can be
concluded from the distribution of the suscepti-
bility minimum poles.

Coarser and more susceptible minerals in a
deformed dispersion tend to rotate with the long
axes into the extensional direction causing a par-
allel orientation between k. and the extension
direction. This occurs more rapidly than the rota-
tion of the short axis k., into the shortening
direction. If no such mineral is present, a notice-
able and reproducible effect of a later deforma-
tion on the well defined initial fabric was not
observed. A correlation between applied strain
and principal susceptibility magnitudes, however,
in all cases is obliterated by variations in grain
shape and mineralogical composition. AMS mag-
nitudes did not reveal a correspondence to the
strain magnitudes or the strain geometry.

In soft and lithified natural assemblages, the
compositional scatter is even more uncontrolled,
since the materials that compose a sediment were
not crushed, sieved and weighed as in the labora-
tory experiments. Thus, slight variations of mag-
netite shape, chemical variations in the mica lat-
tice, variations of the amount of different miner-
als or even differences in grain size affect the
total AMS. The origin of the magnetic fabric
magnitudes, even from adjacent specimens, thus
have to be carefully investigated before compar-
isons between strain magnitudes and AMS mag-
nitudes are carried out.

Though the experiments do not show a strain
response of the AMS gecometry this does not
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imply that there is no influence of strain on the
magnetic fabrics. The uncontrolled initial fabric is
responsible for the apparent failure of a correla-
tion between the magnitudes of AMS and strain.
Deformed natural mudrocks therefore may pre-
serve the principal directions of strain, but the
AMS magnitudes can hardly be used for a com-
parison with strain magnitudes.

Conclusions

The investigation of the magnetic fabrics of
undeformed and deformed clay-water disper-
sions of varying mineralogy demonstrates:

(1) The orientation of the principal susceptibil-
ity axes is independent of the mineral composi-
tion of the clay. The initial orientation is deter-
mined by the sample preparation. &k, is paraliel
to the shortening direction and k,,, parallel to

‘the extension direction.

(2) Parallelism between the magnetic fabric
orientation and the principal strain axes was
achieved during deformation (up to 40% shorten-
ing) by a passive rotation of minerals.

(3) The magnetic fabric directly reflects the
preferred mineral orientation. The minimum sus-
ceptibility axes are parallel to the maximum den-
sity of mica basal planes.

(4) The magnitudes of the principal AMS axes
are a function of the mineral composition of the
samples. They are either related to the chlorite
concentration or the shape and orientation of the
magnetite grains.

(5) A correlation between the magnitudes of
strain and the magnitudes of the AMS is obliter-
ated by variations in the mineral composition and
the initial magnetic fabric.
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