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Abstract

Magnetic anisotropy studies have recently come to the forefront as accurate, fast and inexpensive methods in
the investigation of the rock fabric. In this paper we summarize the physical principles and the experimental
techniques commonly used to resolve the Anisotropy of Magnetic Susceptibility (AMS) and the Anisotropy of
Anhysteretic Remanence (AAR) tensors, and we give a description of the parameters which usually describe
the magnetic anisotropy properties of a rock. A synthetic review of the magnetic fabric studies carried out on
sedimentary rocks of the Italian peninsula is also given, discussing the potentiality of this technique in geody-

namic studies.
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1. Introduction

The magnetization M of a rock induced
by a weak magnetic field H (e.g., less than
1 mT) is approximately a linear function of the
inducing field;

- A

M=k

>

A
k being a symmetric tensor of the second rank,
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called the susceptibility tensor;

kll k12 k13 k. =k.
A ij — i
k=1ky ky ks .. . (1D
i,j=1,2,3
k3 kyp ks

Generally, the non-diagonal elements of the
tensor are not zero, but a Cartesian co-ordi-
nates basis can be found in which:

k0 0
k=lo & o (1.2)
0 0 ks

The eigenvalues k; = k, = k; are called princi-
pal susceptibilities and their directions (eigen-
vectors) are the principal susceptibility axes.
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The Anisotropy of Magnetic Susceptibility
(AMS) is often geometrically represented by
an ellipsoid, called the magnitude ellipsoid, in
which the semi-axes are proportional to the
AMS tensor eigenvalues. According to the
eigenvalues, several parameters are used to
quantify the anisotropy degree and the shape of
the AMS ellipsoid (table I). Ellipsoid shapes
are classified according to:

ki > k; > ks — the AMS ellipsoid is triaxial,

k3 « ky = k; — the AMS ellipsoid has an oblate
shape (fig. 1a);

ki = ky = ks — isotropic susceptibility, the AMS
ellipsoid is a sphere (fig. 1b);

ki » ky = ks — the AMS ellipsoid has a prolate
shape (fig. 1c).

Each mineral has a definite magnetic sus-
ceptibility, which ranges from very low nega-
tive values (of the order of 10~ ST for the vol-
ume susceptibility, the susceptibility expressed
in a unit volume basis) for diamagnetism (e.g.,
quartz, calcite), to positive values which are
low in paramagnetism (10107 SI; e.g., clay
minerals) and high in ferromagnetism (e.g.,
magnetite, hematite). Thus, the overall low-
field susceptibility of a rock is a summation of
the contribution from all mineral species com-
posing the rock, weighted according to their
relative abundance and susceptibilities (e. g
Hrouda, 1982; Jackson, 1991).

Table 1. Most commonly used AMS parameters.

Two principal mechanisms control the mag-
netic anisotropy of rocks (e.g., Halgedahl,
1989; O’Reilly, 1989): 1) lattice alignment of
crystals with magnetocrystalline anisotropy;
2) shape alignment of ferromagnetic grains. Mag-
netocrystalline anisotropy is an intrinsic prop-
erty of matter and arises from the coupling be-
tween the spin and the orbital motion of the
electron; it governs the orientation of the spin
axes with respect to the crystal structure to de-
termine «easy» and «hard» directions of mag-
netization in a crystal lattice. The shape an-
isotropy mostly occurs in ferromagnetic miner-
als with high intrinsic susceptibility and low
degree of magnetocrystalline anisotropy (e.g.,
magnetite, maghaemite), where just a slight de-
viation from the isotropic shape produces no-
table magnetic anisotropies, in order to mini-
mize the magnetostatic energy. Concerning the
shape anisotropy, the effective susceptibility k,
along a direction i of a ferromagnetic grain, is
given by:

k.

k"’=1+N,.ki’

(1.3)

where N; is called demagnetization factor,
which minimizes in the direction of the long
axis of the grain, and k; is the intrinsic suscep-
tibility of the grain in the i direction; see fig. 2
for an example in a disc-shaped grain.

Parameter name Parameter Parameter formula Author
symbol
Anisotropy degree P ky/ks Nagata (1961)
Corrected anisotropy P’ expV {20 =’ + -0+ (ns—m>*1}  Jelinek ( 1981)
degree
Magnetic lineation L ki /k, Balsley and Buddington (1960)
Magnetic foliation F kylks Stacey et al. (1960)
Balsley and Buddington (1960)

Ellipsoid shape T 2(M =)l —1m3)— 1 Jelinek (1981)
Mean susceptibility k., (ky +ky + k3)/3 Nagata (1961)

m=Ink, m=Inky, 13 =Inks, n = (M+1,+13)/3.
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spheroidal: k~k~k,

————

©

prolate: k»k,~k,

Fig. la-c. a) Oblate; b) isotropic and c) prolate AMS ellipsoids.

N, minimum
k, maximum

Fig. 2. Anisotropy of magnetic susceptibility on a
disc-shaped grain; the effective magnetic suscepti-
bility k. has a maximum value if the magnetic field
H'is parallel to the horizontalﬁlong axis of the grain
and has a minimum value if H is parallel to the ver-
tical short axis.
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Hence, the magnetic anisotropies of a rock
result from the preferred orientation of the
mineral shapes and/or the crystallographic
axes. The magnetic fabric of a rock reflects the
geometrical and spatial distribution of the con-
stituting grains, in dependence of their intrinsic
magnetic properties, degree of alignment and
abundance. As a rule of thumb, the AMS of a
rock is mostly controlled by the average pre-
ferred orientation of the paramagnetic and/or dia-
magnetic matrix, with a subordinate ferromag-
netic contribution, when the mean susceptibility
K is less than about 3-5x107* SI and P < 1.35,
whereas it reflects the average preferred orienta-
tion of the ferromagnetic fraction if k. is of the
order of 107 ST or higher with P » 1.35 (e.g., Ro-
chette, 1987; Tarling and Hrouda, 1993).

2. Methods
2.1. Determination of AMS

Several different techniques are employed
to determine the AMS tensor of a rock sample
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(e.g., Tarling and Hrouda, 1993); a standard
specimen for magnetic anisotropy studies is a
cylinder of 2.2 cm height and 2.5 cm diameter
(fig. 3a). In the commercial device Kappa-
bridge KLY-2, in which the magnetic field
applied is about 0.1 mT, it is possible to
measure magnetic susceptibility as low as 107° SI
and anisotropy degree P < 1.01. The AMS
tensor is determined by a procedure of 15 mea-
surements of magnetic susceptibility along dif-
ferent directions (fig. 3b). A least-square best
fit method is then used to calculate the six in-
dependent elements of the AMS tensor accord-
ing to the method of Hext (1963), adapted to a
15 measurement cycle by Jelinek (1977); er-
rors are estimated according to residuals
(Keasured=Kestimaed) fOT €ach measurement direc-
tion. The magnetic anisotropy of a rock at a
given site is computed from the AMS data of a
statistically significant set of independent spec-
imens (at least 6 per site). The statistical treat-
ment of AMS data from a set of specimens is
achieved by a multivariate technique (Jelinek,
1978). This site-mean statistics has recently
been checked and improved by means of
Monte-Carlo simulation by Lienert (1991).
AMS data for a set of samples are convention-

ally visualized in Schmidt equal-area projec-
tion, lower hemisphere, indicating k; axes by
squares, k, axes by triangles and k3 axes by cir-
cles (Ellwood et al., 1988). Ellipses indicating
95% confidence regions are drawn around
the mean principal axes; for an example see

fig. 4.

2.2. Determination of magnetic remanence
anisotropy

If a rock specimen is sequentially magne-
tized in several different directions and after
each step the remanent magnetization is mea-
sured and then cleaned, the directional variabil-
ity of the remanences defines the anisotropy of
the remanent magnetization, which, as the
AMS, can be symbolically expressed as a sec-
ond rank tensor (e.g., Jackson, 1991). The
Anisotropy of Anhysteretic Remanence (AAR)
is the most commonly studied anisotropy of re-
manence; an Anhysteretic Remanent Magneti-
zation (ARM) is acquired by a sample when
it is simultaneously exposed to an alternat-
ing magnetic field with decreasing amplitude
(usually with a maximum peak in the range
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Fig. 3a-c. a) Standard (2.2 cm x 2.5 cm) palacomagnetic specimen into its Cartesian reference; b) stereo-
graphic projection of the 15 measurement vectors for the AMS tensor definition, according to Jelinek (1977);
¢) stereographic projection of the 9 measurements directions for the AAR tensor definition, according to

Girdler (1961).
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—lirincipal susc. axes:
W Maximum

A Intermediate
® Minimum

Fig. 4. An example of AMS data presentation:
Schmidt equal-area projection, lower hemisphere, of
the principal AMS axes from 8 samples collected at
a site; the ellipses indicate 95% confidence regions
around the mean principal axes.

10-100 mT) and a steady magnetic field (about
0.1 mT). In the method described by M¢ Cabe
et al. (1985) the sample acquires nine different
anhysteretic remanences along as many axes
(fig. 3c) and a best-fit tensor is then computed
according to Girdler (1961), providing three
ARM principal axes, with AAR parameters
similar to those defined for the AMS.

Whilst the AMS tensor results from all the
minerals (ferro, dia and paramagnetic) compos-
ing a rock, the AAR tensor is pertinent only to
the ferromagnetic fraction. Knowledge of the
ferromagnetic fraction anisotropy is particu-
larly helpful in palacomagnetism: large values
of anisotropy degrees are symptomatic for bad
remanence data, possibly indicating secondary
magnetizations due to re-crystallization and/or
large deflections of the magnetization vector.
New methods based on the determination of
ARM anisotropy degree provide a valuable cor-
rection for palacomagnetic data of sediments af-
fected by inclination error due to ferromagnetic
particles with long axes lying in the bedding
plane; for a review see Jackson et al. (1991).
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3. Magnetic fabric of sedimentary rocks

A sedimentary rock acquires a primary
magnetic fabric during its formation and diage-
nesis; this means that it is possible to consider
a pure sedimentary fabric when the rock has
undergone only depositional diagenetic and
compactional processes, not influenced by tec-
tonic events.

Many factors control the deposition of
grains in a sediment: the first factor is the
Earth’s gravity field, which drives the parti-
cle’s longest axes parallel to the depositional
surface, the second one is the water current,
which tries to orientate the longest axes of the
grains parallel or perpendicular to the flow di-
rection; the third factor, affecting only the fer-
romagnetic fraction, is the geomagnetic field,
which rotates the longest axes of ferromagnetic
grains parallel to the local magnetic meridian.
For ferromagnetic grains, the influence of such
factors depends on the grain size, the gravity
field being more effective on the large Multi-
Domain (MD) particles and the magnetic field
more effective on the small Single Domain
(SD) particles (e.g., Verosub, 1977). When the
deposition occurs in still water, the dominant
factor is the gravity field, which makes all the
platy grains lie in the depositional plane, with
the long axes randomly aligned in the bedding
plane. A foliated fabric is then emphasized by
compaction. Thus, a typical pure sedimentary-
compactional AMS fabric consists of oblate el-
lipsoids, with minimum susceptibility axes per-
pendicular to the bedding plane and maximum-
intermediate susceptibility axes, corresponding
to the long axes of the grains, scattered in the
bedding plane (for a review on sedimentary
AMS fabrics see Tarling and Hrouda, 1993). A
magnetic lineation develops, mostly in sandy
and coarse-grained sediments, only when a
current flow is capable of producing alignment
of the longest grain axes (Hamilton and Rees,
1970). If the currents are low (<1 cm/s) the
long axes of prolate grains are aligned parallel
to the flow direction, producing a magnetic lin-
eation paralle] to the direction of the current;
the susceptibility fabric is still oblate in the
bedding plane due to the low imbrication an-
gle. As the currents get stronger, the magnetic
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foliation plane is tilted by 5°-20° away from
the bedding plane. The prolate shape grains are
in this latter case more stable if they lie with
their long axes perpendicular to the current di-
rection; thus, the magnetic lineation sets per-
pendicular to the flow direction.

If a sedimentary rock undergoes deforma-
tion under a compressional regime, the sedi-
mentary fabric is partly overprinted by a tec-
tonic fabric, which becomes more and more
important as the deformation goes on (e.g.,
Graham, 1966; Kligfield et al., 1981; Hrouda,
1982; Borradaile, 1988; Lowrie, 1989). A sim-
ple speculative diagram of magnetic fabric vs.
deformation was first proposed by Graham
(1966). The starting point (fig. 5a) represents a
primary sedimentary fabric, with k; axes paral-
lel to the bedding pole and k,-k; axes scattered
in the bedding plane. In the first stage of defor-
mation the k; direction remains perpendicular
to the bedding plane, and the k; direction is re-

oriented perpendicular to the maximum short-
ening direction in the bedding plane (fig. 5b).
As the deformation goes on, the AMS ellipsoid
becomes prolate with k; direction still perpen-
dicular to the compressional axis (fig. 5c¢); for
higher deformation the k; direction becomes
parallel to the shortening direction, and the k,
direction remains perpendicular to the shorten-
ing axis (fig. 5d); the ellipsoid gradually re-
turns to an oblate shape. Further, with the de-
velopment of cleavage planes, the k; axis be-
comes perpendicular to the cleavage plane, and
k; lies along the stretching direction in the
cleavage plane (fig. Se,f).

The influence of tectonic deformation on
the sedimentary-compactional AMS tensor in
extensional regime is less known; the first data
were reported from Plio-Pleistocene clays from
the Tyrrhenian extensional margin in Central
Italy and will be discussed in the next sec-
tion.

m el -~ » compressional axis i ¢ —
A €2 vertical compaction w
® e3 increasing deformatjon
@ ® © ©, © ®
esllw  ésl/w  ai és//i  &illi éslli
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(oblate) 7-0  (prolate) k=k, (oblate)
k2: k3 m. ﬁ)hatzon Y/ m. foliation //
cleavage cleavage

Fig. 5. Speculative diagram of the change of the AMS ellipsoid during progressive deformation of a sedimen-
tary rock with initially pure deposmonal -compactional fabric (a). The plane of the figure is parallel to the bed-
dlng plane and the compression is purely horizontal; the eigenvectors related to &, k, and k; are indicated by

e1

€2, €3 respectively. Modified after Graham (1966).
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4. A synthetic review of magnetic anisotropy
studies on sedimentary sequences
of peninsular Italy

The magnetic anisotropy studies carried out
in the past few years in peninsular Italy
showed that the magnetic fabric analyses of
fine-grained sediments can provide new in-
sights into the empirical investigation of fabric
to strain relationships during the very first
stages of deformation. The available data al-
lowed the reconstruction of the strain pattern in
sedimentary sequences that almost lack visible
strain markers. The method was shown to be
effective in a variety of geological structures
both in compressional and extensional set-
tings.

Lowrie and Hirt (1987) first published AMS
data from the late Cretaceous - early Tertiary
Scaglia Formation of the Umbria Apennines.
The authors showed that the magnetic
anisotropy pattern in the Scaglia is compatible
with the earliest stages of tectonic modification
of an original compactional sedimentary fabric.
The magnetic foliation was produced by verti-
cal compaction during diagenesis. The mag-
netic lineation, less developed than the folia-
tion, is close to the local fold axis direction and
was produced by horizontal tectonic forces at
an early stage of deformation in the late Ter-
tiary, before the development of folds, but
when the Scaglia was already indurated.

Sagnotti and Speranza (1993) carried out a
first AMS study aimed at the definition of the
internal strain affecting Plio-Pleistocene sedi-
ments in the Apennines. The results indicated a
close consistency between the overall orienta-
tion of magnetic lineations found in the mildly
deformed upper Pliocene - lower Pleistocene
clays from the Sant’Arcangelo basin (Lucania)
and the compressional directions indicated by
meso-structural analysis in adjacent coarse-
grained sediments (fig. 6). The magnetic fabric
of these clays was interpreted as the result of a
limited tectonic overprint related to compres-
sional episodes on a primary, sedimentary-
compactional, fabric. The origin of the mag-
netic lineation is supposed to be early diage-
netic, due to syn-sedimentary tectonics acting
on the sediment not yet lithified.
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Scheepers and Langereis (1994) compared
the AMS data of early Pleistocene sediments
from different structures distributed in the
Apulia-Gargano foreland, the Bradano unit, the
Southern Apennines and Calabria. They con-
firmed the influence of tectonic deformation on
the development of a magnetic lineation in
fine-grained sediments. No magnetic lineation
was found in the almost completely unde-
formed sediments from the Bradano unit and
the Apulia-Gargano foreland. On the contrary,
a well defined magnetic lineation was found in
the deformed sequences from the Apennines
and Calabria. Comparison with palacomagneti-
cally determined rotations induced the authors
to postulate that the magnetic lineation was
due to a middle Pleistocene compressional
phase, after that differential block rotations
took place in the Tyrrhenian arc.

Further integrated analyses of AMS and
palacomagnetic data from compressional struc-
tures of the Central Apennines (Mattei er al.,
1995) and the Marche Romagna Apennines
(Speranza et al., 1997; Sagnotti et al., 1996)
were recently reported. In these studies, the
comparison of palacomagnetic declination devi-
ations and magnetic lineation deviations (re-
flecting the structural trends variation) indi-
cated an oroclinal mechanism for the develop-
ment of the present chain. In agreement with
the evidence from the adjacent Scaglia Forma-
tion, it was concluded that the magnetic lin-
eation was acquired during the early stage of
deformation and passively rotated during the
following tectonic phases. This magnetic lin-
eation is recorded in sedimentary sequences
that were deposited in almost straight fore-
deeps and were subsequently incorporated in
the chain and rotated in the present-day config-
uration.

Averbuch er al. (1995) joined the AMS
study to detailed meso-structural analysis in
the Montagna dei Fiori structure. This study il-
lustrates the potentiality of the AMS analyses
to structural reconstruction; the authors con-
cluded that layer parallel shortening influenced
the magnetic fabric of the fine-grained levels
of the Messinian Laga Formation before that
folding and thrust emplacement occurred.
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Fig. 6. The Sant’ Arcangelo basin, Southern Italy: the three equal-area plots represent the in-situ AMS data
from clayey sediments lacking classical structural markers. The magnetic lineation closely follows the bedding
strike, which results sub-perpendicular to the local compressional axes (as determined from other lithotypes by

Hippolyte et al., 1991).

Sagnotti et al. (1994) pointed out a close
relationship between the magnetic lineation
and the stretching direction in the neo-
autochthonous sequences from the extensional
Tyrrhenian margin of Central Italy. The consis-
tency between magnetic lineation and maxi-
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mum stretching trends was also confirmed at a
local scale. The authors concluded that the
stretching processes that were able to modify
the original magnetic fabric predated signifi-
cant normal-fault-related tilting. The magnetic
lineations are generally orthogonal to the main
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trend of the tectonic structures and parallel to
the dip of bedding in roll-over antiform with
rotational normal faults (fig. 7). The process of
tectonic overprint of the primary fabric was
supposed to work as follows: 1) extensional
tectonics produce a well defined magnetic lin-
eation in the bedding planes, when sediments
are still almost sub-horizontal, parallel to the
maximum stretching direction; 2) movements
on rotational normal faults tilt the bedding and
originate roll-over structures; then the mag-
netic fabric is not further overprinted and is
passively tilted together with the strata.
Winkler and Sagnotti (1994) compared the
AMS with the ARM anisotropy data from the
upper Pliocene marly clays exposed at the
Tiny quarry section in Valle Ricca, Central
Italy (fig. 8a). They showed that while both ks
and the minimum ARM axis are parallel to the
bedding pole (fig. 8b,c), the maximum ARM
axis is deviated 45° away from the maximum
stretching direction (that is instead parallel to
ki, as indicated by the contour plot of poles to

joint planes, fig. 8d). This suggests that only
the clayey matrix fabric was slightly influ-
enced by the stress that acted on these sedi-
ments and underlines that clay sequences with
low ferromagnetic content are particularly suit-
able for the empirical investigation of AMS
fabric to strain relationships in sediments at the
very first stages of deformation.

Alfonsi and Sagnotti (1996) studied the
AMS of Plio-Pleistocene sediments from the
Fucino intermontane basin of the Central
Apennines. The studied sequences crop out in
the footwall of the seismogenetic structure re-
sponsible for the destructive 1915 Avezzano
earthquake. The results showed a variable
magnetic fabric; a distinct magnetic lineation,
which is thought to be of tectonic origin, was
found in the most anisotropic sites. The rela-
tionships of the magnetic fabric of these sedi-
ments with the main structural elements are
however not fully understood.

In particular cases, the magnetic anisotropy
studies indicated that the magnetic fabric of a
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Fig. 7. Schematic block-diagram for the Ardea basin; arrows indicate mean magnetic lineations for the

5 sampled sites.
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Fig. 8a-d. a) Location of the Vallericca section; Schmidt equal-area projection of AMS (b) and AAR (c) prin-
cipal axes; the ellipses indicate 95% confidence regions around the mean principal axes. d) Contour plot of

poles to joint planes at the Tiny quarry.

. sediment may be almost completely controlled Anomalous magnetic fabrics were found in
by a peculiar mineralogical composition and the Triassic «Calcari con Selce» limestones of
therefore it may not be directly related to sedi- the Lagonegro basin (Gialanella et al., 1994).
mentary processes, compaction, strain and tec- Inverse magnetic fabrics were found both from

tonics. In a Messinian marly sequence near AMS and AAR analyses, which are respec-
Livorno the magnetic fabric gradually passes tively due to magnetite in the superparamag-
from inverse (e.g., k; perpendicular to bedding) netic (SP) state and in the stable SD state. The

to normal (e.g., k; perpendicular to bedding), magnetic anisotropy data can explain the over-
due to a variable content of iron-bearing car- step characteristic remanent magnetization di-
bonates in the rock matrix (Winkler et al., rections found with palacomagnetic analyses.
1996). In these limestones paramagnetic minerals are

The presence of large amounts of antiferro- virtually absent; both SP and SD magnetites

magnetic goethite was found to almost balance have long axes subperpendicular to bedding
the normal fabric due to the paramagnetic clay and they probably suggest internal deformation
minerals in a 40 m thick interval of the Pleis- of the limestones. Alternatively, magnetite may
tocene sequence near Montalto di Castro, pro- be due to chemical remagnetization activated
ducing an almost isotropic susceptibility fabric before or during folding by the main Tertiary

(Lehman et al., 1996). deformative events.
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5. Conclusions

The anisotropy of magnetic susceptibility
study is becoming a common tool for the de-
termination of the rock fabric; its accurate ap-
plicability to practically every kind of rock and
soft sediment, and the high sensitivity and re-
peatability of the measurements, allow fabric
determination even in rocks lacking classical
mesoscopic structural markers. The timely op-
eration (no more than 15 min per specimen) is
valuable for a statistical approach in the deter-
mination of the petrofabric, classical petro-
graphic methods, such as micro-probe analysis
and X-rays diffraction, being more elaborate
and time-consuming. This technique, combined
with the more recent analysis of the anisotropy
of anhysteretic remanence, is also valuable to
better constrain palacomagnetic data, supplying
a precise determination of bedding attitudes
(when not directly detectable in the field), and
a valuable correction for palaecomagnetic data
affected by inclination errors. The AMS stud-
ies of Neogene and Quaternary sediments of
the Italian peninsula provided an accurate esti-
mation of the strain patterns in weakly de-
formed sequences from a variety of structural
settings.
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