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AbstractÐShape fabric and distribution anisotropy of magnetite grains in a highly ferromagnetic (s.l.) syenite
are determined for three mutually perpendicular planes on about 600 magnetite grains. The grains are lenticu-
lar with an average aspect ratio of about 2.0. Their preferred orientation, determined by the inertia tensor
method, is consistent with the principal directions of the magnetic susceptibility ellipsoid and the axial ratios
of the magnetic fabric ellipses are very close to those of the shape fabric ellipses (e.g. 1.41 and 1.39 in the sec-
tion plane perpendicular to the magnetic foliation and parallel to the magnetic lineation). The anisotropic
wavelet transform can detect and quantify the anisotropic distribution of the magnetite grains which are
located interstitially along the feldspar grain boundaries. This anisotropic distribution has no noticeable e�ect
on the rock's anisotropy of magnetic susceptibility (AMS), since only a few percent of grains are close enough
to interact magnetically. Therefore, it is realistic to consider that the AMS of ferromagnetic granitic rocks
originates mainly from the shape fabric of anisotropic magnetite grains and a close correlation between the
magnetic fabric and the magnetite grain shape fabric is expected. # 1998 Elsevier Science Ltd. All rights
reserved

INTRODUCTION

Low-®eld anisotropy of magnetic susceptibility (AMS),

or magnetic fabric, is an excellent tool for unravelling

the petrofabrics of igneous rocks (e.g. Ellwood and

Whitney, 1980; Hrouda, 1982; Borradaile, 1988;

Borradaile and Henry, 1997; Bouchez, 1997). In mag-

netite-bearing rocks, both shape fabric and the distri-

bution anisotropy of magnetite grains have been

advocated to play a major role in the resulting rock

AMS (Hargraves et al., 1991; Stephenson, 1994;

Archanjo et al., 1995; CanÄ oÂ n-Tapia, 1996). GreÂ goire et

al. (1995) experimentally veri®ed that magnetic inter-

action between two magnetite grains occurs when the

centre-to-centre distance between the grains is less than

the mean grain size. They suggested that the magnetic

interaction may either reduce or enhance the magni-

tude of the whole-rock anisotropy depending on the

distribution anisotropy of the magnetite grains.

However, the importance of this contribution is still a

matter of speculation owing to the lack of detailed tex-

tural investigations. In the only case study to date,

Archanjo et al. (1995) concluded that the magnetic

fabric of a magnetite-bearing granite is controlled

mainly by the preferred shape orientation of magnetite

grains, although magnetic interactions between cluster

grains cannot be excluded. To get a more de®nitive ap-
preciation, we selected a syenite with a high magnetite
content of 03% and carried out the three-dimensional
characterisation of shape, shape fabric and distribution
of its magnetite grains. The origin and signi®cance of
the whole-rock AMS are then considered using this
data set.

MATERIALS AND METHODS

The selected rock is a quartz syenite from a several
hundred metre-thick moderately dipping sheet-like
intrusion in Madagascar. Detailed mineralogy and
geochemistry can be found in NeÂ deÂ lec et al. (1995) for
sample number MG 93. The studied rock displays a
conspicuous foliation, acquired under near-solidus con-
ditions during syntectonic emplacement under a high
geothermal gradient. The foliation arises from a crude
preferred shape orientation of the perthitic alkali feld-
spars and from some compositional layering. A well-
de®ned magnetic lineation is determined also by the
AMS measurements. The iron-rich minerals are clino-
pyroxene, hornblende and oxides. The oxide minerals
represent about 3% of the volume of the rock. They
are magnetite and ilmenite in textural equilibrium so
that the crystals are generally devoid of exsolutions.
Magnetite is much more abundant, amounting to
nearly 90% of the oxide minerals. This is a very high
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magnetite content for a granitic rock where distri-
bution anisotropy (if any) could produce the highest
magnetic interactions. AMS measurements were made
with a Kappabridge KLY-2 (AGICO Brno) sus-
ceptibility meter working at 4� 10ÿ4 T and 920 Hz
with a detection limit of about 4� 10ÿ8 SI. Three
oriented cylindrical specimens, each with a volume
of 010.8 cm3, were used. Their mean susceptibility is
5.77� 10ÿ2 SI. This rather high value (for a granitic
rock) is related to the high magnetite content of the
syenite (Nagata, 1953). The directions of the principal
axes (K1rK2rK3) of the magnetic susceptibility ellip-
soid are fairly constant in the three specimens (Fig. 1a)
and the average ellipsoid is oblate (Fig. 1b).
Oriented thin sections were cut from the same

sample, parallel to the three reference planes (K1K2,
K1K3, K2K3) of the magnetic susceptibility ellipsoid
(Fig. 2). The total number of sections amounts to 18
(6� 3). Three-dimensional textural information was in-
terpolated from these orthogonal two-dimensional sec-
tions. Oxide minerals were identi®ed visually as
opaques using a Petroscope (Minox GmbH Giessen)
and outlined manually prior to digitising. Thus,
around 600 oxide grains were studied. As this was
done in transmitted light, magnetite and ilmenite could
not be distinguished so the oxide phase was considered
mixed in the study. Given that magnetite is by far the
most abundant oxide, the results yielded by the oxide
phase constitute a good approximation for the magne-
tite phase and, hence, may be compared with the AMS
properties of the rock. Magnetite is essentially an
interstitial phase in the studied syenite. Most of the
magnetite grains are xenomorphic, even if one or two
crystalline faces are well developed in some cases.
The grain size and shape fabric data were extracted

out of the digitised images by the OPF (`Orientation
PreÂ feÂ rentielle de Forme', i.e. Preferred Shape
Orientation) program of Launeau (1997) using the
inertia tensor method (JaÈ hne, 1995) for determination
of the size, shape and fabric of the grains, and the
wavelet program of Darrozes et al. (1997) for determi-
nation of their spatial distribution. The wavelets,

allowing for both local and multi-scale analysis, are
used to dissociate and quantify di�erent levels of or-
ganisation of complex systems (Meyer and Roques,
1993). Applied to rock fabric analysis, the two-dimen-
sional anisotropic wavelet transform detects organised
patterns due to a non-uniform spatial distribution of
minerals. It discriminates objects and clusters depend-
ing of their area, shape, orientation and position
(Gaillot et al., 1997). The analysing wavelet is an ani-
sotropic ®lter called `Mexican Hat', constructed to
unravel the expected entities. As shown in Fig. 3, the
geometry of the ®lter is determined by four par-
ameters: the wavelet's short axis a (also called the
wavelet resolution), the wavelet shape ratio s, the azi-
muth y of the long axis of the wavelet, and the lo-
cation vector x. At each point in the binary image
(256� 256 pixels), the wavelet transform coe�cient C
is calculated using the software developed by Darrozes
et al. (1997). This coe�cient is a local indicator of the
presence of organised structures of a given scale. Thus,
weak coe�cients are associated with areas of constant
gradient or of other levels of organisation, and strong
coe�cients point out the structures of interest.

GRAIN SHAPE

The length l and aspect ratio r of each grain were cal-
culated using the inertia tensor method. The results for
the three orthogonal sections (K1K3, K2K3 and K1K2)
are given in Fig. 4. The 0.0±0.2 mm class is empty
because these grains are too small to be properly ana-
lysed. The frequency histograms of length measure-
ments are unimodal and present a main class size
ranging from 0.4 to 0.6 mm in all three sections. The
average lengths are 0.75 mm20.32 mm (s),
0.73 mm20.29 mm (s) and 0.70 mm20.29 mm (s) in
sections K1K3, K2K3 and K1K2, respectively. These
values are slightly higher than the peak values due to a
large number of very long grains or grain clusters. The
frequency histograms of the aspect ratios display a main
class (18±25% of the grains) for shape ratios r ranging
between 1.75 and 2.00 in K1K3 section and between 1.50
and 1.75 in K2K3 and K1K2 sections. Classes with higher
shape ratios are also well represented; hence, the average
aspect ratios are about 1.90. The highest values for l and
r do not necessarily correspond to individual grains, but
rather represent aggregates of grains that could not be
analysed separately.

In the K1K3 and K2K3 sections, the average length
and aspect ratios are nearly equal, characterising lenti-
cular grains. In this case, the mean aspect ratio in the
K1K2 sections would be about 1.00, whereas the
measured ratios are noticeably higher. The higher
ratios result from the grains being co-zonally oriented
around the K1 direction. This interpretation is
strengthened by the fact that the K1 direction is well
de®ned by AMS measurements.

Fig. 1. (a) Stereographic plot (lower hemisphere) with projections of
the AMS principal axes (K1rK2rK3); open symbols: specimens, ®lled
symbols: averages. (b) Three-dimensional representation of the AMS

ellipsoid principal axes for the studied rock.
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GRAIN PREFERRED ORIENTATION

The preferred orientation of grain populations, or
shape fabric, was also studied in the three orthogonal
planes K1K3, K2K3 and K1K2. The orientation of the
long axis and mean axial ratio R of the ellipses repre-

senting the population fabrics were calculated by the
SPO program from the average inertia tensor of the
grain shapes. The shape fabric ellipses are presented in
Fig. 5 together with the magnetic fabric ellipses for
each reference plane. The axes of the fabric ellipses ®t
closely with the corresponding axes of the AMS

Fig. 2. Digitised oriented thin sections in: (a) K1K3; (b) K2K3; and (c) K1K2 planes, respectively.
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ellipses, as the average angle departures from K1, K2

and K3 do not exceed 38. These results ®t better than

those of Archanjo et al. (1995) because about 200

grains were measured in each reference plane, whereas

individual thin sections may yield higher discrepancies

with maximum angle departures of 10, 14 and 288 in

the K1K3, K2K3 and K1K2 planes, respectively. AMS

measurements always involve rock volumes where hun-

dreds or thousands of grains are measured, so that

AMS is obviously a powerful structural tool for deter-

mining lineations (K1) and foliation poles (K3) of min-

eral fabrics in ferromagnetic rocks.

The average axial ratios R of the shape fabric
ellipses are 1.3920.13 (s), 1.2820.08 (s) and
1.0820.07 (s) in the sections K1K3, K2K3 and K1K2,
respectively. Not surprisingly, these ratios are in agree-
ment with the oblate shape of the grains.

Comparison of these axial ratios with those of the
AMS ellipses shows that the degree of anisotropy in
the shape fabric of the magnetite grains is very close
to the degree of anisotropy of the magnetic fabric in
the three mutually-perpendicular sections. A linear cor-
relation between the intensities of both fabrics is also
suggested by these results. Hence, magnetite grain
populations appear to be characterized by a property
similar to the one of individual magnetite grains that
display a linear correlation between their aspect ratio
and their anisotropy of magnetic susceptibility (Uyeda
et al., 1963; GreÂ goire et al., 1995).

To be sure that there is a good correlation between
the AMS ellipsoid and the shape fabric ellipsoid, we
need to know how the grains are distributed, i.e. to
explore the spatial con®gurations where magnetic in-
teractions may occur, even if they partially compensate
themselves.

GRAIN DISTRIBUTION

One aim of the present study is to try to recognise
particular con®gurations of fabric caused by larger fea-
tures such as grain aggregates or grain alignments.

Fig. 3. Anisotropic `Mexican Hat', cr(x, a, a s, y), in which the res-
olution is a, the shape ratio is s, the orientation is y, and the lo-

cation is ~x.

Fig. 4. Frequency histograms of the length l (averages and mean standard deviations) and shape ratio r (averages and
standard deviations) of the magnetite grains in the K1K3, K2K3 and K1K2 section planes.
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Magnetic interactions between neighbouring grains is
supported by testing the alignments between grains
whose centre-to-centre distance is less than a critical
value (GreÂ goire et al., 1995; CanÄ oÂ n-Tapia, 1996).
GreÂ goire et al. (1995) studied experimentally the mag-
netic interactions between adjacent magnetite grains.
The results of their two-grain experiments strongly
depend on the spatial con®gurations of the nearby
interacting grains, namely `side-by-side' and `aligned'
con®gurations (Fig. 6). In the ®rst case, the direction
of the easiest magnetization is rotated by 908, when
the grain interspace is less than one grain size. In the

second case, the anisotropy degree becomes higher, but
there is no change of the orientation of the magnetic
axes. CanÄ oÂ n-Tapia (1996) calculated the magnetic in-
teractions occurring in model one-, two- and three-
dimensional arrays of anisotropic magnetic particles.
He demonstrated that the resulting magnetic fabric
may be modi®ed in orientation and intensity when the
intergrain distance is generally less than one grain size.
More precisely, he pointed out that the e�ect of mag-
netic interactions becomes signi®cant only if the inter-
grain distance is less than 0.25 grain size. Otherwise,
magnetic interactions are negligible if the intergrain
distance is more than 1.5 grain size.

The wavelet method can recognise con®gurations
where the magnetite grains are closer together than a
critical distance. The wavelet parameters are selected
in order to detect spatial con®gurations of paired inter-
acting grains as shown in Fig. 7. Assuming a mean
grain size l of 0.73 mm, the chosen wavelet is charac-
terised by its resolution a = 0.22 mm and its shape
ratio s = 4. Wavelet coe�cients were thresholded in
order to determine paired grains separated byR1 aver-
age grain size (for Cr0.22) and separated by R0.25
grain size (for Cr0.42). Because the wavelet resol-
ution, the wavelet shape ratio and the coe�cient
threshold are the same for all analysed images, the
results can be accumulated for each section plane.

The results are presented as rose diagrams for each
section plane in Fig. 8. Interacting paired grains (clus-
ters or alignments) were recognised in both cases,
pointing to the existence of an anisotropic distribution
of the magnetite grains. In some cases, their preferred

Fig. 5. Magnetic fabric and shape fabric ellipses for the three section planes (K1K3, K2K3 and K1K2); averages, standard
deviations and detailed results are obtained by the OPF program using the inertia tensor method.

Fig. 6. Typical con®gurations of interacting magnetite grains show-
ing the: (a) `aligned'; and (b) `side-by-side' con®gurations of
GreÂ goire et al. (1995). kmax is the maximum magnetic susceptibility
of the grain and Kmax represents the maximum magnetic suscepti-

bility of interacting grains (not to scale).
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Fig. 7. Selected wavelet with coe�cient thresholds enabling detection of: `aligned', `side-by-side' and intermediate con-
®gurations corresponding to intergrain distances of interest.

Fig. 8. Rose diagrams for the interacting paired grains (aggregates) in the K1K3, K2K3 and K1K2 section planes; y is the
mean orientation of the aggregates and n is the percentage of grains involved in the pairs or aggregates. Results for the

two di�erent coe�cient thresholds are not to the same scale.
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orientations di�er from the orientation of the magnetic
axes and, hence, from the preferred orientations of in-
dividual grains that are nearly coaxial with the mag-
netic axes (Fig. 5). For instance, three di�erent
orientations are recognised in the K1K2 section for
Cr0.22 and in the K2K3 section for Cr0.42. The
resulting mean angle y is less than 158 in the three sec-
tion planes for Cr0.22, but it amounts to 46.38 in the
K2K3 section for Cr0.42. In this last case, the orien-
tation of the local magnetic ellipsoids may be di�erent
from the bulk magnetic fabric, as a result of magnetic
interactions. Nevertheless, the percentage n of grains
close enough to interact magnetically in a signi®cant
way is quite small. This percentage is less than 6% for
Cr0.42 (i.e. intergrain distanceR0.25 grain size).

DISCUSSION AND CONCLUSIONS

The present study provides a thorough investigation
of the size, shape and spatial distribution of the mag-
netite grains in the selected syenite. Magnetite grains
are dominantly oblate, with an average length of
0.76 mm and a shape ratio around 1.9. This pro-
nounced shape anisotropy of the grains results from
their crystallisation in interstices and also possibly
from some plastic behaviour at near solidus tempera-
tures (Housen et al., 1995), given that the studied rock
is syntectonic.
Shape fabric data in three orthogonal planes show

that the AMS ellipsoid and the magnetite shape fabric
ellipsoid are coaxial and that the ratios of their princi-
pal axes are nearly equal in the selected syenite. This
very good correlation is established by considering a
large number of grains (around 200 in each section
plane). Archanjo et al. (1995) did not establish such a
close correlation for the anisotropy magnitudes
(despite a good agreement between their directions)
and suggested that this could result from magnetic in-
teraction between magnetite grains forming clusters.
We think that another explanation of their results may
be the low number of grains studied (less than 100 in
each section plane).
The wavelet method has unravelled the anisotropic

distribution of the magnetite grains. This new
approach allows us to determine the preferred orien-
tations of grain aggregates and to estimate that around
20% of the grains are distant by R1 mean grain size
and less than 6% of the grains are distant by R0.25
mean grain size. It must be noted that these results
were derived from orthogonal two-dimensional sec-
tions and not from an actual three-dimensional investi-
gation, as could be obtained by high-resolution X-ray
tomography (Denison et al., 1997). Therefore, our
results are only estimates of the actual spatial distri-
bution. Nevertheless, the existence of a distribution
anisotropy of the magnetite grains appears well estab-
lished and probably arises from the interstitial location

of the magnetite grains that crystallised after akali
feldspar, the main mineral phase in the syenite.
Consequently, magnetic interactions occur locally, at
least for a few percent of the grains. However, their
contribution is too weak to have a recognisable e�ect
on the AMS and the shape fabric of anisotropic mag-
netite grains remains the major contribution to the
magnetic fabric, since both fabrics are closely related
in orientations and intensities. This is at variance with
the conclusion of CanÄ oÂ n-Tapia (1996) that emphasised
the e�ect of magnetic interaction, i.e. the e�ect of
grain distribution with respect to grain orientation in
igneous rocks containing more than 1 vol.% of magne-
tite. Thus, we maintain that AMS measurements can
be used with con®dence to infer the mineral fabric in
ferromagnetic granitic rocks.
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