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Abstract

The crystallographic preferred orientation of hematite in banded iron ores and the orientation of both the measured and the calculated

principal susceptibility axes are strongly related. The maximum susceptibility is aligned with the lineation and the pole of the foliation

coincides with the minimum susceptibility, although there are often distinct differences between the measured and calculated values of the

susceptibilities. A wide variety of con®gurations of c-axis pole ®gures modeled by varying the parameters of the Bingham distribution and

Bingham±Mardia-distribution reveal that quite different c-axis patterns of hematite ores may have the same anisotropy of the magnetic

susceptibility (AMS) parameters. Large deviations between calculated and experimental AMS-data should initiate further investigations to

resolve a probably unnoticed heterogeneity of the fabric. The present investigations show that the structural analysis of the preferred

orientation of hematite ores by means of the rather inexpensive and fast magnetic method must be accompanied by the more expensive

but unambiguous determination of preferred orientation by x-ray and neutron diffraction experiments in order to accomplish a complete and

sound interpretation. q 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The relationship between the c-axis fabric of hematite

ores measured by means of optical and X-ray-methods

and their magnetic fabric measured by means of a torque

magnetometer was investigated and described by Hrouda

et al. (1985). Since then the preferred orientation of a

large series of different hematite ores from several localities

and different metamorphic terrains of the QuadrilaÂtero

FerrõÂfero, Minas Gerais (Dorr, 1969) (Fig. 1) was measured

by means of neutron diffraction (Brokmeier, 1989; Will et

al., 1989) and the magnetic fabric by means of the

Kappabridge KLY-2 of the same specimens. Three typical

examples are presented in Fig. 2, which are interpreted as

c-axis preferred orientations with a rotational degree of

freedom of the a-axes around the c-axis (Siemes and

Hennig-Michaeli, 1985; Will et al. 1990; Wenk, 1998).

The minimum susceptibility is located in the center of

the c-axis maximum, the maximum susceptibility in the

center of the (110)-maximum or in the center of (100)-

maximum (not shown in Fig. 2). The relationship between

the crystallographic preferred orientation and the micro-

fabric is described in RosieÁre et al. (1998, 1999) and

Quade et al. (2000). The abundance of recently acquired

data initiated this new analysis of the relationship

between the measured anisotrophy of the magnetic suscept-

ibility (AMS)-data, the neutron measured pole ®gures, and

AMS-data calculated from the (003)-pole ®gures.

2. Calculation and presentation of AMS-data

The AMS of hematite single crystals is characterized by a

very small susceptibility Kc parallel to the c-axis and a much

larger and isotropic susceptibility Kab in the basal plane

resulting in a ratio of Pc� Kab/Kc . 100 (Hrouda, 1980).

In this case the anisotropy is controlled only by the intensity

of the c-axis orientation; for example, at a constant c-axis

concentration, Pc� 100, Pc� 1000, and Pc� 10 000 give

rise to virtually the same values of ore anisotropy degree. In

accordance with Hrouda et al. (1985) the values Kc� 1.0,

Ka� Kb� 10 000.0 were used for the AMS-calculations.

These values yield the mean susceptibility of Kmean� 6667.0,

and the relative susceptibilities Karel� Kbrel� 1.499925

(approximately 1.5), Kcrel� 1.499925 £ 1024 (approximately
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Fig. 1. Geologic Map of the QuadrilaÂtero FerrõÂfero (modi®ed after Baars and RosieÁre, 1994) showing locations of the major iron ore mines.

Fig. 2. (003), {104} and {110} pole ®gures of iron ores from the QuadrilaÂtero FerrõÂfero and position of principal susceptibility axes. First and second row

example from Andrade Mine, third row from TamanduaÂ Mine. Below the pole ®gures are indicated in mrd the maximum density, the contour increment and

the minimum density, the ®rst contour line is always 1.0 mrd.



0.0). Because of the constraint that the sum of the relative

susceptibilities is 3.0 and Kmax $ Kint $ Kmin the measured

and calculated AMS-data can be easily visualized in a

triangle diagram (Fig. 3) similar to the triangle plot of eigen-

values (Woodcock, 1977). Different parameters and the

shape of the ellipsoid can be read from the plotted data

points within this AMS-diagram. At the corners of the

AMS-diagram the shapes of the susceptibility ellipsoids

are indicated. Kmax� Kint� Kmin� 1.0 yields a sphere,

Kmax� 1.5 and Kint� Kmin� 0.75 a spindle and Kmax�
Kint� 1.5 and Kmin� 0.0 a disk-like ellipsoid. This disk-

shaped ellipsoid has exactly the K-values of the single

crystal of hematite. Along the Kmax-boundary ellipsoids

are uniaxially prolate and along the Kmin-boundary they

are uniaxially oblate. Within the diagram the shape of the

ellipsoids changes from general prolate to general oblate.

The parameters L (magnetic lineation), F (magnetic

foliation), E (ratio F to L), P 0 (magnetic anisotropy), and

T (magnetic shape factor) recommended as standard para-

meters by Ellwood et al. 1988 (Table 1) were calculated

from the principal magnetic susceptibilities Kmax, Kint and

Kmin. Fig. 4(a) shows the plot of a few contour lines of the

lineation and foliation within the AMS-diagram. In the

right ®eld with F . L (E . 1) the ellipsoids are oblate, in

the left ®eld with F , L (E , 1) the ellipsoids are prolate.

The boundary between both ®elds is de®ned by F� L

(E� 1). As an example Fig. 4(b) presents contour lines

for the parameter P 0 describing the degree of anisotropy

and contour lines of the shape factor T.

3. Numerical simulation of the c-axis distribution

In order to get a deeper insight into the relationship

between the preferred orientation of hematite and its mag-

netic fabric a wide range of simulated c-axis distributions was
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Fig. 3. AMS-diagram of hematite indicating the shape of the susceptibility ellipsoids. L� lineation, F� foliation, E� F/L.

Table 1

Selected AMS parameters

Principal susceptibilities of a sample Kmax > Kint > Kmin

Magnetic lineationa L� Kmax/Kint

Magnetic foliationb F� Kint/Kmin

Ratio F to Lc E� F/L

E . 1 oblate susceptibility ellipsoid

E , 1 prolate susceptibility ellipsoid

Shape factord T� 2 £ [ln(Kint)-ln(Kmin)]/[ln(Kmax)-ln(Kmin)]-1.0

Degree of anisotropyd P0 � exp{
p�2 £ ��ln�Kmax�-ln(Kmean))

2 1 (ln(Kint)-

ln(Kmean))
2 1 (ln(Kmin)-ln(Kmean))

2)]}

a Balsley and Buddington, 1960
b Stacey et al., 1960
c Hrouda, 1982
d JelõÂnek, 1981



evaluated. These mathematical c-axis pole ®gures were

generated by a computer code featuring the versatile

Bingham (1974) and Bingham and Mardia (1978) distribu-

tion, respectively. Both distributions are controlled by

location and shape parameters (for details see Appendices

A and B).

For a series of mathematical Bingham-distributions the

location parameters were kept constant and the shape

parameters were systematically varied. The second shape

parameter z2 was set to 25, 10, 5, and 0.5. The ratio of the

second shape parameter z2 to the ®rst z1 was set to 0.0, 0.5,

0.75, 0.95, and 1.0. The mathematical pole ®gures presented

in Fig. 5(a) are quite similar to the ones found in nature

(RosieÁre et al., 1998, 1999; Quade et al., 2000). The related

K-value positions in the AMS-diagram are given in Fig.

5(b). Along the Kmin-boundary the pole ®gures reveal circu-

lar maxima (z2/z1� 1.0) corresponding to uniaxial oblate

ellipsoids, and along the Kmax-boundary pole ®gures depict

H. Siemes et al. / Journal of Structural Geology 22 (2000) 1747±17591750

Fig. 4. AMS diagrams of hematite. (a) Contour lines of magnetic lineation L and foliation F. The line F� L indicates the transition between the ®elds of the

oblate and prolate susceptibility ellipsoids. (b) Contour lines of the degree of anisotropy P 0 and contour lines of the shape factor T.
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Fig. 5. Basal plane pole ®gures mathematically modeled by varying the parameters of the Bingham distribution. In each ®gure the susceptibilities are indicated

on the top line, in the lower left corner the maximum and minimum density, and in the lower right corner the ®rst contour line in mrd and the contour line

interval. (a) Pole ®gures no. 1±5: z1� 25, z2� 0.0, 12.5, 18.75, 23.75, 25.0; ®gures no. 6±10: z1� 10.0, z2� 0.0, 5.0, 7.5, 9.5, 10.0; ®gures no. 11±15: z1�
5.0, z2� 0.0, 2.5, 3.75, 4.75, 5.0; ®gures no. 16±20: z1� 0.5, z2� 0.0, 0.25, 0.375, 0.475, 0.5. (b) Location of the mathematical Bingham pole ®gures in the

AMS-diagram.



great circle con®gurations (z2/z1� 0.0) corresponding to

uniaxial prolate ellipsoids. Within the AMS-triangle the

pole ®gures continuously change from circular maxima, to

elliptical maxima, great circles with an elliptical maximum,

and pure great circle con®gurations. In the general cases

the axis of the minimum susceptibility is centered at the

c-axis maximum and the axis of maximum susceptibility

is perpendicular to the elliptical c-axis maximum or great

circle. In the special cases of axisymmetric c-axis maxima

or perfect great circle con®gurations only the position of the

minimum susceptibility in the center of the maximum resp.

the maximum susceptibility perpendicular to the c-axis

great circle is de®ned.

The modeled pole ®gures of Fig. 6(a) with various para-

meters of the Bingham±Mardia distribution display small

circle con®gurations. Their positions in the AMS-diagram

are presented in Fig. 6(b). The calculated susceptibilities for

a distribution concentrated around a small circle about 558
apart from the z-axis are Kmax� Kint� Kmin� 1.0 that indi-

cates a uniform distribution of the susceptibilities. If the

angle of aperture is greater than 558 the maximum suscepti-

bility in the center of the projection corresponds to a great

circle distribution of the c-axes and if the angle of aperture is

smaller than 558 the minimum in the center corresponds to a

central maximum. Fortunately these con®gurations of c-

axes on small circles are not realistic for hematite ores.

The same holds for four of the ®ve pole ®gures in Fig. 7

where the principal susceptibilities indicate for all of them a

random or uniform distribution of the susceptibilities and

the c-axes.

In Fig. 8(a) in the upper row four superposed pole ®gures

consisting of one great circle con®guration with two

maxima are presented. The maxima have the same shape

parameters, but different location parameters with the

maxima 0, 30, 60 and 908 apart. The values of Kmax remain

constant while Kint and Kmin are allowed to vary, but the

positions of the axes of the principal susceptibilities remain

identical. The pole ®gures in Fig. 8(a) in the lower row are

modeled with single Bingham distributions that generate the

same susceptibilities and identical positions in the AMS-

diagram (Fig. 8b). This means that very different c-axis

pole ®gures cannot be distinguished from each other by

means of their AMS anisotropies.

4. Numerical modeling of c-axis pole ®gures

The AMS-diagram of Fig. 9(a) shows the principal

susceptibilities measured for 44 naturally deformed samples

from 10 different mines at the QuadrilaÂtero FerrõÂfero, Minas

Gerais, Brazil, located at different tectonic settings (RosieÁre

and Chemale Jr., 1991), while Fig. 9(b) depicts the values

calculated from the basal pole ®gures of the same samples.

Obviously there are differences between them. Three

sample points are numbered, and will be used to model

appropriate Bingham distributions. The samples no. 1

(TamanduaÂ) and no. 2 (AÂ guas Claras) are hard massive

hematite ores with a granolepidoblastic fabric of partially

oriented platy hematite crystals (specularite) included in

granular hematite aggregates. Although the shape of both

textures is similar the intensities of the crystallographic

preferred orientation are different because of the different

proportions of oriented specularite. The third sample from

Andrade constitutes only of well-aligned specularite plates.

H. Siemes et al. / Journal of Structural Geology 22 (2000) 1747±17591752

Fig. 5. (continued)
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Fig. 6. Basal plane pole ®gures mathematically modeled by varying the parameters of the Bingham±Mardia distribution: (a) pole ®gures no. 1±5: z� 5.0, n�
0.0, 0.4, 0.54, 0.8, 1.0; (b) location of the mathematical Bingham±Mardia pole ®gures in the AMS-diagram.

Fig. 7. Basal plane pole ®gures modeled by means of the Bingham distribution, the Bingham-Mardia distribution and superposition of three Bingham

distributions, all with Kmax� Kint� Kmin� 1.0.
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Fig. 8. Basal plane pole ®gures modeled Bingham distributions and varying its parameters. (a) Upper row: pole ®gures of three superposed Bingham

distributions, where the maxima lie on the great circle in different symmetric positions to the center of the projection; lower row: pole ®gures of a single

Bingham distribution with the same principal susceptibilities and identical position of the principal axes. (b) Location of these mathematical pole ®gures in the

hematite AMS-diagram.



Specularitic ores of this type represent end members of

originally mylonitic ore types where hematite is completely

recrystallized and any rest of magnetite totally oxidized

(RosieÁre et al., 1998, 1999). The ®rst empirical ®t has

been performed to achieve approximately the same calcu-

lated susceptibilities for the experimental pole ®gures (Fig.

10, upper row) and for the mathematical pole ®gures (Fig.

10, lower row). For the ®rst two samples (TamanduaÂ, AÂ guas

Claras) the ®t seems reasonably good in relation to the

orientation, shape as well as maximum and minimum

densities. For the third sample from Andrade the difference

in shape and especially in the maximum density is not

acceptable. On the other hand the ®t of a Bingham distribu-

tion to achieve conformity for the maximum density (Fig.

11) results in large differences of the susceptibilities. In

order to ful®ll both conditions a further attempt was

successful using two different Bingham distributions (Fig.

12a, no.1 and 2). The superposition results in a very good
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Fig. 9. Location of 44 samples from 10 mines of the QuadrilaÂtero FerrõÂfero in the hematite AMS-diagram: (a) measured susceptibilities; (b) calculated

susceptibilities from (003) neutron pole ®gures.



correspondence between the mathematical (Fig. 12a, no. s)

and the measured (Fig. 12a, no. m) (003)-pole ®gure.

The position of the measured, calculated susceptibilities,

and its components in the AMS-diagram are shown in Fig.

12(b). In spite of these distinct differences between

measured and calculated susceptibilities the principal axes

are occupying approximately the same orientation as

presented in the measured (003)-pole ®gure (Fig. 13).

The differences found between the measured and calcu-

lated susceptibilities are due to the fact that the calculated

values refer to an ideal fabric with hematite point grains

whereas the measured values re¯ect the three-dimensional

real fabric with anisometric specularitic grain shapes, a

grain size distribution, and grain size layering. The micro-

scopic studies and the neutron and X-ray diffraction analysis

of the three samples did not indicate any other accessory
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Fig. 10. Pole ®gures with susceptibilities axes of three samples from the TamanduaÂ-Mine (no. 1), AÂ guas Clara Mine (no. 2) and the Andrade Mine (no. 3).

Upper row: measured (003)-pole ®gures with their calculated susceptibilities; lower row: mathematical pole ®gures with their Bingham parameters modeled to

®t approximately the same susceptibilities.

Fig. 11. Comparison of measured and modeled pole ®gures of the sample from the Andrade Mine: (a) measured pole ®gure; (b) ®tted pole ®gure to meet the

same densities; (c) ®tted pole ®gure to meet the same susceptibilities.



magnetic minerals. In order to get knowledge of the

in¯uence of trace minerals on the AMS measurement

more sensitive analytical techniques have to be employed.

5. Conclusions

c-Axis pole ®gures of hematite ores reveal approximately

circular, to elliptical, to great circle con®gurations. They are

favorably modeled by means of the versatile Bingham

distribution.

A wide variety of con®gurations has been modeled by

varying the parameters of the Bingham distribution in

order to visualize the relationship between c-axis distribu-

tions of hematite ores and calculated susceptibilities.

They reveal that quite different c-axis patterns of hematite

ores may have the same magnetic parameters.

The crystallographic preferred orientation of the c-axes

of hematite ores is strongly related to the foliation and

lineation of ores. The pole of the foliation is centered at

the c-axis maximum. The lineation is oriented perpendicular

to the long axis of the elliptical c-axis maximum or perpen-

dicular to the c-axis great circle.

The calculated principal susceptibilities are determined

by the c-axis crystallographic preferred orientation. The

minimum susceptibility is centered at the c-axis maximum
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Fig. 12. Comparison of measured and modeled pole ®gures of the sample from the Andrade Mine. (a) Pole ®gure no. 1 is the ®rst component for the

superposition, no. 2 the second component, no. s shows the superposition of the two components meeting nearly the same susceptibilities, the same maximum

and minimum densities and no. m is the measured pole ®gure for comparison. (b) AMS-diagram with the locations of the measured and superposed

susceptibility values for the sample, and the susceptibilities of the two components used in the superposed mathematical model.



and the maximum susceptibility is centered at the maximum

of the prism planes.

There might be a difference in the relative positions of

measured and calculated principal susceptibilities with

reference to the foliation poles and lineations. However,

in general the direction of the maximum susceptibility is

parallel to the lineation and the position of the minimum

susceptibility corresponds to the pole of the foliation plane.

Determination of the magnetic anisotropy data is a valuable

tool in the structural investigations of the fabric and the

preferred orientation of hematite ores, but this rather inexpen-

sive and fast magnetic method must be accompanied by the

more expensive but unambiguous determination of preferred

orientation by X-ray and neutron diffraction experiments in

order to accomplish a complete and sound interpretation.
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Appendix A. The Bingham distribution (Bingham, 1974)

The Bingham distribution for the unit sphere S3 in 3d

Euclidean space IR3 is given by f(x;a1,a2,a3,z1,z2,z3� �
C�z1,z2,z3)exp(Szi(aix)2), x, ai [ S3 , IR3. Apparently,

it depends on three mutually orthonormal locations ai [ S3,

i� 1,2,3, and three shape parameters zi with respect to ai,

i� 1,2,3. However, the latter are only determined up to an

additive constant; thus, it is always possible to set one of

the zi equal to zero. The Bingham probability density

function is an even function, i.e. f(x;a1,a2,a3,z1,z2,z3� �
f (2x;a1,a2,a3,z1,z2,z3). Therefore, it is appropriate to

describe antipodally symmetric con®gurations of axes

(lacking a directional sense). If two shape parameters, say

z1,z2 are equal, then the distribution is rotationally sym-

metric with respect to the axis a3 corresponding to the

remaining shape parameter z3. If this remaining shape para-

meter z3 is positive, then the axes (data) form two anti-

podally symmetric clusters around the corresponding

localization parameter a3; if z3 is negative, then the axes

(data) form an antipodally symmetric girdle in the plane

orthogonal to the corresponding localization parameter a3.

Accordingly, if one of the shape parameters, say z1, is much

larger than the other two, which may be different, then the

axes (data) form a cluster, which is not necessarily rotation-

ally symmetric, with respect to its corresponding localiza-

tion parameter a1; if two of the shape parameters, say z1,z2,

which may be different, are much larger then the remaining

one z3, then the axes (data) form a girdle, which is not

necessarily rotationally symmetric, with respect to its corre-

sponding localization parameter a3.

Appendix B. The Bingham±Mardia distribution
(Bingham and Mardia, 1978)

The Bingham±Mardia distribution for the unit sphere S3

in 3d Euclidean space IR3 is given by f(x;a,z,n)�
C(z,n)exp(2z(ax 2 n)2), x, a [ S3 , IR3. Apparently, it

depends on one location parameter a [ S3 and two real

shape parameters z, n with respect to a. For n� 0 it reduces

to a special case of the Bingham distribution. If 0 , n , 1,

z . 0 the probability density function is maximum for all x*

with ax*� n� cos u and minimum in x�^a. Thus, it

refers to a small circle distribution in the plane orthogonal

to a with an angle of aperture of arccos n� u. It should be

noted that the Bingham±Mardia probability density func-

tion is not even. Therefore, it is appropriate to describe

distributions of axes for suf®ciently large z only.
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Fig. 13. Neutron measured (003)-pole ®gure of sample from the Andrade

Mine with the orientation of the measured (closed symbols) and calculated

(open symbols) principal susceptibility axes and the lineation L.
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