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The anisotropy of magnetic susceptibility is used as a geophysical method, based on the non-uniform magnetic properties of
rocks, within which it exploits the individual types of minerals, their quantity, and distribution in the rocks. The anisotropy of
minerals may be a result of their crystalline structure or the shape of mineral grains. If the anisotropy is connected to the
shape of the minerals, as in the case of magnetite, the axis of maximum magnetic susceptibility is perpendicular to the grain
long axis. This indirectly allows determination of grain orientation in the rocks studied. Therefore, this method can be used to
reconstruct the directions of transport of rock components, such as in loess, fluvial or ice-dammed sediments, and to deter-
mine the directions of ice-sheet movement based on glacial till studies. The method is also used in tectonic stress recon-
struction, complementing the results of palaeomagnetic dating or the logging of borehole cores. The rapid, inexpensive
measurement of anisotropy of magnetic susceptibility along with low human error in measurement has made this method
competitive with traditional research methods.
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INTRODUCTION Quaternary deposits, reflecting its ever greater use among
Quaternary researchers.

The anisotropy of magnetic susceptibility (AMS) method is a
geophysical one that relies on the use of the non-uniform mag- THEORETICAL ASSUMPTIONS
netic properties of the rocks and minerals being analysed. It has OF THE METHOD
been known for over 80 years and has found many applications
in geological research, including the study of Quaternary depos-

its. The AMS method has been used for such purposes as to re- MAGNETIC SUSCEPTIBILITY
construct the directions of transport of rock material in aquatic
environments (e.g., ice-dammed sediments) or aeolian environ- All substances occurring in nature react to an external mag-

ments (e.g., loess), the directions of ice-sheet movement using  netic field, producing a magnetization J in them, which can be
glacial tills, to reconstruct the directions of tectonic stress acting  described by the formula:

on rocks, and to complement data obtained from palaecoma-
gnetic dating or to indicate environmental thresholds. Despite
certain methodological limitations, this method has become
competitive with the traditional methods used in these areas in ) o
many cases. The attributes of this method include low cost, the ~ Where: x — magnetic susceptibility; H — the value of the external
ease and speed of measurement, as well as a reduction in hu- ~ magnetic field acting on a given substance (Butler, 1992).
man error through automation of the measurements. ) ) ) )
This paper reviews the theoretical assumptions of the AMS Substances, including rocks, react differently to an applied

method and selected applications of this method in the study of external magnetic field and therefore have different magnetic
susceptibilities, which can be described by transforming the

above formula:

J=yxx-H

J
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Based on this formula, we can conclude that magnetic sus-
ceptibility is the proportionality coefficient between J and H and
determines the ability of the substance analysed to magnetize
in a given external magnetic field.

Due to their “reaction” to an external magnetic field, sub-
stances can be divided into three main groups: diamagnetic,
paramagnetic and ferromagnetic (Collinson, 1983; Butler,
1992; Dunlop and Ozdemir, 1997; Evans and Heller, 2003;
Tauxe, 2005; Liu et al., 2012). As a result of the action of an ex-
ternal magnetic field, diamagnetic substances acquire weak
magnetization opposite to the given field. This magnetization
disappears with the removal of the magnetic field from the sam-
ple. The magnetic susceptibility for these substances takes low
negative values. Examples of typical minerals classified as dia-
magnetic are quartz and calcite. An external magnetic field in
paramagnetic substances generates magnetization consistent
with the direction of the applied field and disappears with the
cessation of this field. The magnetic susceptibility of paramag-
netic minerals is low but greater than zero. Examples of para-
magnetic minerals are pyroxenes, hornblende, olivine, biotite
and muscovite. As a result of the action of an external magnetic
field in ferromagnetic substances, strong magnetization is cre-
ated in the direction consistent with the given field. After remov-
ing the magnetic field, their magnetization does not drop to
zero, which we call remanent magnetization. The magnetic
susceptibility of ferromagnetic substances is positive and much
higher than that of the two previous types of substances. Exam-
ples of ferromagnetic minerals are magnetite, hematite, pyrrho-
tite, maghemite, goethite and greigite.

The magnetic susceptibility of rocks depends on the sum of
the susceptibility of all minerals in the rock, and in particular on
the type, quantity and size of ferromagnetic minerals. The sus-
ceptibility of rocks with values above 5 x 107 Sl is controlled
only by magnetite, while the susceptibility with values below 5 x
107 Sl is controlled by paramagnetic minerals (Hrouda, 2007).
The dominant influence of a particular type of mineral on mag-
netic susceptibility does not necessarily affect the source of
magnetic susceptibility anisotropy.

ANISOTROPY OF MAGNETIC
SUSCEPTIBILITY

Most substances occurring in nature have an inhomoge-
neous shape or internal structure. This also applies to minerals
and the rocks that they build, and also affects the magnetic
properties of these substances.

The ability to magnetize a magnetically anisotropic sub-
stance depends on the plane in which an external magnetic
field acts:

My = ky1Hy + Ki2H2 + kizHs3
Mz = ka1Hy + kooHz + kasHs
M3 = k31Hy + kaoHo + KasHs

where: M (i = 1, 2, 3) - components of the magnetization vector (in
the Cartesian coordinate system); H; (j = 1, 2, 3) —components of the
applied external magnetic field; k; (k; = k;) — constants representing
the components of the second-rank tensor called the susceptibility
tensor (Hrouda, 1982).

In the Cartesian coordinate system, the non-diagonal com-
ponents of the susceptibility tensor are zero. Therefore, we can
write the above equations in the form:

My = ky1H,
My = kyoH,
M3 = kazHs3

where: ki1, Kk, ksz — the principal susceptibilities respectively
termed the maximum (knax), intermediate (ki) and minimum sus-
ceptibility (Kmin).

The tensor of magnetic susceptibility anisotropy can be
graphically represented by an ellipsoid based on three mutually
perpendicular principal axes corresponding to the values of
Kmax, Kint@nd knin (Fig. 1). Based on magnetic susceptibility mea-
surements in different planes, it is possible to calculate the
length, direction, declination and inclination that determine the
position of the principal magnetic susceptibility axes in three-di-
mensional space (Jelinek, 1977). In addition to the principal
susceptibility axes, a series of parameters describing suscepti-
bility and susceptibility anisotropy are determined, such as
mean magnetic susceptibility K, = (Kmax + Kint + Kmin)/3, magnetic
lineation L = Kpax/kin, magnetic foliation F = Kj,/kmi,, corrected
degree of anisotropy [Pj = (Kmax/kmin)® Where: a = y/(1+ T2 / 3)]

and shape parameter [T = (212 — 11— nN3)/(n — N3), where ny =
N Kax, N2 = IN Kint, N3 = In Kyin] (Jelinek, 1981; Hrouda, 1982).

Fig. 1. Magnetic susceptibility ellipsoid with orientation
of the principal magnetic susceptibility axes (Kmax; Kints Kint)

AMS VERSUS MINERALS

Anisotropy of magnetic susceptibility (AMS) depends on the
type of minerals that make up the rocks and their distribution in
the rock. The magnetic anisotropy of minerals can result from
the shape of the minerals or their crystallographic structure
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(Hrouda, 1982; Butler, 1992; Rochette et al., 1992; Tauxe,
2005; Borradaile and Jackson, 2010; Biedermann, 2018).

The AMS resulting from the crystalline structure of minerals
is called magnetocrystalline anisotropy (Butler, 1992; Tauxe,
2005). The AMS axis orientations are related to the crystal
structure and symmetry, the iron content in individual minerals,
and the degree of oxidation. In this type of anisotropy, magneti-
zation M is more easily obtained in certain specific crystallo-
graphic directions (a, b, or c) due to low magnetocrystalline en-
ergy values. Therefore, magnetic susceptibility k in different
crystallographic directions is different. Magnetocrystalline ani-
sotropy is characteristic of diamagnetic (quartz, carbonates),
paramagnetic (silicates), and some ferromagnetic minerals
(hematite, pyrrhotite) (Borradaile and Jackson, 2010; Biede-
rmann, 2018).

For pure diamagnetic minerals such as trigonal quartz or
calcite, a specific “inverse” magnetic fabric occurs. The situa-
tion is often observed where the “longest” susceptibility axis is
parallel to the elongation of the crystal. Because diamagnetic
minerals have negative susceptibility, the “longest” axis is the

A ¢ Ihkmin c Il kmin
kmax = kint kmax = kint
TRIGONAL CALCITE TRIGONAL QUARTZ
B c Il kmax c Il kint
b Il kint
all kmin or kmin
or kint
all kmin
OLIVINE ORTHOPYROXENE
C c Il kmin
kmax = kint

HEMATITE, PYRRHOTITE

© kmin
kmax
b Il kmax b Il kmay
b Il kint
kint

axis of least susceptibility, i.e., kmin. This means that the ki, axis
is parallel to the elongation of crystals (crystallographic axis c)
(Borradaile and Jackson, 2010; Fig. 2A). This can cause some
problems in interpreting magnetic fabric. However, the AMS of
rocks resulting from the presence of diamagnetic minerals is
rare. A specific “inverse” magnetic fabric occurs for carbonate
minerals with low iron content (<1000 ppm). Diamagnetic car-
bonate minerals with high iron content have k. parallel to the
crystallographic axis ¢ (Biedermann, 2018).

For paramagnetic minerals with high symmetry (e.g., cubic,
tetragonal, orthorhombic), the AMS axes coincide with the crys-
tallographic axes a, b, ¢ of the minerals (Borradaile and Jack-
son, 2010; Biedermann, 2018). Nesosilicates (e.g., orthorho-
mbic olivine) are an example of such minerals (Fig. 2B). Many
researchers state that the k.« axis is parallel to the ¢ axis, the
kinrand ki, axes are parallel to the other crystallographic axes,
and their position relative to the crystal axes depends on the
iron content. The AMS ellipsoid of olivine changes from prolate
to more oblate with increasing iron content. Due to their high
symmetry, orthopyroxenes are also characterized by AMS axes

Fig. 2. Orientation of the principal susceptibility axes
with respect to the crystallographic structure
of different types of minerals

A — diamagnetic, B — paramagnetic, C — ferromagnetic

Kkmin MICA

CLINOPYROXENE (DIOPSIDE)

MULTI-DOMAIN MAGNETITE

SINGLE-DOMAIN MAGNETITE


http://earthref.org/MAGIC/books/Tauxe/2005/
http://earthref.org/MAGIC/books/Tauxe/2005/
https://doi.org/10.1029/92RG00733
https://doi.org/10.1007/BF01450244
https://www.sciencedirect.com/science/article/abs/pii/S0191814109002041?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0191814109002041?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0191814109002041?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0191814109002041?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0191814109002041?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S004019511730495X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S004019511730495X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S004019511730495X?via%3Dihub
https://www.mdpi.com/2076-3263/8/8/302
https://www.mdpi.com/2076-3263/8/8/302

4 Artur Teodorski / Geological Quarterly, 2023, 67: 50

parallel to the crystallographic axes (Fig. 2B); however, various
authors state different relationship between individual suscepti-
bility and crystallographic axis. The AMS ellipsoid is rather
prolate.

However, most paramagnetic minerals that make up rocks
are monoclinic or triclinic. In such cases, the crystallographic axis
orientations differ somewhat from the AMS axis orientations
(Borradaile and Jackson, 2010; Biedermann, 2018). Most clino-
pyroxenes (inosilicates) have ki, parallel to the b axis, and the
other axes are located in the plane formed by the a and ¢ axes.
For example, in diopside, the k. axis is set at an angle of 45° to
the c axis (Fig. 2B). The AMS ellipsoid of clinopyroxenes takes a
varied shape. However, for micas, chlorites, and clay minerals,
the knin axis is almost perpendicular to the basal plane ¢, and in
the basal plane, anisotropy is practically imperceptible; if it oc-
curs, the AMS axes may not perfectly coincide with crystallo-
graphic axes (Fig. 2B). They have an oblate magnetic fabric.

Due to differences in AMS axis orientations and crystallo-
graphic axis orientations, even perfectly oriented paramagnetic
minerals can create imperfectly oriented AMS. This can also
lead to a situation where a desired AMS resulting from the ar-
rangement of mineral grains (see magnetite) is obscured by
magnetocrystalline anisotropy of paramagnetic minerals. On
the other hand, for minerals that form elongated and platy
grains, as previously noted, the k. axis can be parallel to the
elongation of grains. This is also corroborated by AMS studies
in clay rocks where magnetic lineations have been observed.
Clay minerals that break along the basal plane can align parallel
to the stretching direction in rocks (Parés and van der Plujim,
2002; Ciffeli et al., 2005, 2009).

Hematite, hemo-ilmenite, and pyrrhotite, which are ferro-
magnetic minerals, have magnetocrystalline anisotropy with
kmin perpendicular to the basal plane (Borradaile and Jackson,
2010; Biedermann, 2018; Fig. 2C). In some cases, pyrrhotite
has anisotropy resulting from its shape.

In AMS resulting from the shape of mineral grains, the sus-
ceptibility is highest in the direction of elongation of the mineral
grain because magnetization is most easily obtained in this di-
rection due to the lowest value of magnetostatic energy (Butler,
1992; Tauxe, 2005). If the anisotropy results from the shape of
mineral grains, as is the case with magnetite, then the maxi-
mum magnetic susceptibility axis is parallel to the longest axis
of the mineral grain (Fig. 2C). In this case, the AMS indirectly
shows the arrangement of magnetic mineral grains in the rock,
which can be used to reconstruct directions of transport of rock
material in different geological environments, directions of mag-
ma flow or directions of tectonic stress. Large multi-domain
(MD) magnetite grains are characterized by k. parallel to the
longest axis of the grain, while fine single-domain (SD) magne-
tite grains have an inverse magnetic fabric, where the k., axis
is parallel to the longest axis of the mineral grain (Hrouda and
Jezek, 2016; Cerny et al., 2020).

Dia-, para-, and ferromagnetic minerals often contain inclu-
sions and impurities of other minerals or mineral phases that
can significantly affect the magnetic properties of individual
minerals.

In geological research, there are cases where the AMS ob-
tained may come from different groups of minerals. For exam-
ple, in clay rocks, the anisotropy resulting from the arrangement
of paramagnetic minerals may obscure the anisotropy of ferro-
magnetic minerals (magnetite), which can complicate proper
geological interpretation. Difficulties in interpretation can also
arise from the presence of SD magnetite in samples, which may
be responsible for inverse magnetic fabric. To distinguish AMS
resulting from the arrangement of paramagnetic minerals from
those resulting from the arrangement of ferromagnetic minerals

or to identify inverse magnetic fabric, we can use methods
based on the anisotropy of magnetic residues — anhysteretic
(AARM) and isothermal (AIRM) remanent magnetization
(Borradaile and Henry, 1997; Borradaile and Jackson, 2010;
Almqvist et al., 2012; Schdbel et al., 2013).

MAGNETIC FABRIC VERSUS ROCK FABRIC

Based on the parameter T describing the shape of the ani-
sotropy ellipsoid, we can distinguish four types of magnetic fab-
ric occurring in rocks (Fig. 3). The first of these occurs when T >
0 and is close to 1. This indicates that magnetic foliation Fis sig-
nificantly more prevalent than the magnetic lineation L in the re-
sulting fabric (Butler, 1992; Tauxe, 2005). This type of aniso-
tropy is called oblate magnetic fabric and is associated with the
occurrence of preferentially oriented platy minerals such as clay
minerals or minerals from the mica group, which also create a
macroscopic foliation in rocks. Elongated magnetite grains, for
example, arranged in the plane of foliation can also create foli-
ated AMS. An anisotropy in which foliation is clearly dominant is
characterized by a scattered orientation of the k,.x and ki, axes
in the plane of foliation and well-oriented k., axes perpendicu-
lar to the plane of foliation (Kmax - Kint > Kmin)- The second type of
the anisotropy occurs when T < 0 and is close to —1. In this
case, L clearly dominates over F, and this anisotropy is called
prolate magnetic fabric. This anisotropy is associated with the
preferred orientation of elongated minerals, which also create a
macroscopically visible lineation. This type of anisotropy is ex-
pressed by well-oriented k,.x axes and scattered orientation of
the remaining axes in the plane perpendicular to the maximum
axis (Kmax > Kint - kmin)- Triaxial magnetic fabric occurs when the
values of the T parameter are positive or negative, but close to
0. The principal axes of magnetic susceptibility are well-oriented
on the stereographic projection in three groups (Kmax > Kint >
kmin). In rocks where there is no magnetic anisotropy, isotropic
magnetic fabric occurs. In this case, the anisotropy ellipsoid is a
sphere, and the susceptibility axes are randomly distributed on
the projection (Kmax - Kint - Kmin). This means that the minerals
constituting the rocks do not exhibit any preferred orientation.

To determine whether the orientation of AMS axes is consis-
tent with the rock fabric, the orientation of the principal suscepti-
bility axes is compared with rock fabric elements visible macro-
scopically, such as measurements of the orientation of long peb-
ble axes, orientation of sand grains in thin sections, sedimentary
structures or orientation of tectonic structures, etc. (see below).
The results of AMS are also compared with more advanced re-
search methods that allow determining the preferred crystallo-
graphic orientation of minerals, such as X-ray pole figure gonio-
metry or neutron texture goniometry. A correlation has been ob-
served between the orientation of phyllosilicate and AMS fabric
resulting from the arrangement of paramagnetic minerals (Ltne-
burg et al., 1999; Parés and van der Pluijm, 2003; Chadima et al.,
2004; Cifelli et al., 2009; Kuehn et al., 2019). Similarities between
the mineral fabric and magnetic fabric have also been observed
in amphibole-bearing rocks (Biedermann et al., 2018) and car-
bonate rocks (Schmidt et al., 2009). This shows that AMS can be
used to determine rock fabric.

TYPE OF AMS SAMPLES AND SAMPLING METHOD

Samples for AMS analysis should be taken from unwea-
thered sediments and rocks. Three types of sample are used in
AMS studies. The first are cylindrical samples with a standard
diameter of 2.54 cm and a height of 2 cm. This kind of sample is
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oblate
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Fig. 3. Types of magnetic fabric

Red squares — Knax, green triangles — kiy;, blue circles

— Kmin; L — magnetic lineation, F — magnetic foliation,

Pj — corrected degree of anisotropy; T — shape parameter; k4, ka2, ks — semi-axes of mean susceptibility tensor

obtained from lithified rocks such as limestone or basalt or
unlithified sediments such as loess, tills, or clays. Cubic sam-
ples with dimensions of 2 x 2 x 2 cm are also used, which are
most often cut from rock blocks. Plastic boxes with a shape sim-
ilar to a cube are also prepared to collect samples from bore-
hole cores (e.g., in lake sediments) (Rosenbaum et al., 2000;
Liu et al., 2001; Yang et al., 2019) or soft sediments collected
from exposures (Gentoso et al., 2012; Ankerstjerne et al., 2015;
Ives, 2016).

The AMS samples in the forms mentioned above can be
taken directly from a previously cleaned exposed wall. A variety
of tube samplers (Nawrocki, 2006; Teodorski et al., 2021) made
of brass, for example, are used to collect sediment cores. The
cores obtained can be hardened with sodium silicate before be-
ing cut to the standard AMS sample size. Cores may be sam-
pled from solid rocks using mechanical coring drills (Cifelli et al.,
2004; Fleming et al., 2013a; Caricchi et al., 2016). Samples of
poorly lithified rocks and deposits can also be taken in the form
of blocks, which are optionally stabilized with sodium silicate
(Maffione et al., 2012; Fleming et al., 2013b; Bradak et al.,
2018b). Hardening may be achieved by stabilizing the desired
sediments or rocks in the exposed wall (Anastasio et al., 2021).

This applies mainly to deposits characterized by significant po-
rosity because penetration and solidification of sodium silicate
take less time. For clays, Kubiena cans can be used (Thoma-
son and lverson, 2009; Hopkins et al., 2016), and then the
blocks obtained can be saturated with sodium silicate in the lab-
oratory. Next, standard-sized AMS samples are cut from the re-
sulting block. For lithified rocks, manual blocks can be taken,
from which individual AMS samples are cut in a laboratory. The
AMS samples must be oriented relative to the three-dimen-
sional coordinate system and north using a compass. Addition-
ally, the strike and dip of the rock layers from which the samples
were taken can be measured for tectonic correction.

SELECTED HISTORICAL USES
OF THE AMS METHOD IN SEDIMENTARY
RESEARCH

The first description of magnetic susceptibility anisotropy
comes from the work of Swedish researcher Gustaf Ising
(1942), who studied Swedish varved clays. He found that the
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magnetic susceptibility measured parallel to the lamination of
the clays is greater than that measured perpendicular to the
lamination, which is evidence of the anisotropic structure of
rocks and the minerals that are activated in the applied field.

After World War I, numerous laboratory studies were con-
ducted to understand the depositional mechanisms responsible
for a given type of AMS. King (1955) conducted laboratory work
that involved determining factors affecting the orientation of
magnetic mineral grains other than those associated with the
Earth’s magnetic field. The studies were carried out using a wa-
ter tank in which suspensions of silt from Swedish varved clays
were deposited in a magnetic field generated by magnetic coils.
King (1955) found that in addition to the Earth’s magnetic field,
other factors affecting the arrangement of mineral grains, and
thus the interpreted directions of magnetization, are the angle
of inclination of the surface on which sediments are deposited
and the possible presence of water currents.

In connection with the conclusions drawn from King's
(1955) experiments, researchers began to search for a method
that could help identify mechanical factors affecting the ar-
rangement of mineral grains. Numerous laboratory studies
were conducted by Rees (1961). He examined the influence of
water currents acting during sediment deposition on the record
of magnetization directions in the sedimentary layers. Once
again, silts from Swedish varved clays were analysed. He found
that in many cases the magnetization vector lies in the same di-
rection as the maximum susceptibility axis because magnetic
grains are most easily magnetized in the direction of their great-
est elongation (Rees, 1961). He suggested that based on the
arrangement of the maximum magnetic susceptibility axis, it is
possible to correct the magnetization directions obtained in
sediments deposited from water currents. The results of his lab-
oratory experiments were transferred to studies of sediments
deposited in nature. He conducted research on varved clay
samples from the Stockholm area. By examining the natural
remanent magnetization (NRM) of the clays, he found that the
magnetization vector obtained for the same age varves, indi-
cated by local varvochronology, was different at two different
sites. Because the varves studied were synchronous this phe-
nomenon could not be explained by an excursion of the Earth’s
magnetic field pole. According to Rees (1961), water currents
with different directions that affected the arrangement of depos-
ited mineral grains had an impact on the different magnetization
directions obtained. This was demonstrated by noting the di-
verse orientations of the k.« in contemporaneous varves and
the orientations of landforms indicating the direction of water in-
flow into the basin (Rees, 1964). Rees (1965) conducted further
research on contemporary beach sediments from Scripps Be-
ach and Pliocene heterogeneous deposits (from clay to gravel)
from Santa Paula Creek in California. In beach sands, he found
that the orientation of k. is identical to that of longer mineral
grain axis. In the Pliocene deposits, he noted that the k. orien-
tation indicates a similar direction of water currents as deter-
mined from orientations of cross-bedding, shell fragments and
sole markings. His research showed that the AMS method can
be an alternative to traditional macroscopic and microscopic
methods for determining directions of rock material transport
(Rees, 1965). Rees (1966) also conducted laboratory research
on the influence of deposition on the arrangement of mineral
grains and AMS. Again, he conducted research on sands from
Scripps Beach. The research showed that magnetic foliation
planes are inclined in the same direction as the bed on which
the sediments were deposited, but with a smaller inclination.

With increasing substrate inclination (<25°), the degree of Kiax
orientation (magnetic lineation consistent with substrate inclina-
tion direction) and the degree of grain orientation observed in
thin sections increase; that is, in addition to foliation, we have an
increasing share of lineation. Rees (1966) noted that sediments
deposited on a steep slope characterized by a more pro-
nounced magnetic lineation may be confused with sediments
deposited through the involvement of water currents. The linear
arrangement of grains may be related to sediment movement
down the slope (Rees, 1966).

In the early 1960s, the first work on the use of AMS in glacial
till studies was also carried out (Fuller, 1962) on ftills from
Barrington chalk pit (Cambridge, England). He was the first to
state that AMS can be used to determine the arrangement of
magnetic minerals in glacial tills. He showed that the axis of
maximum magnetic susceptibility is parallel to the arrangement
of the longer axis of pebbles as well as sand grains. Based on
these observations, he concluded that the AMS method can be
used to determine the directions of ice-sheet movement.

The AMS method in loess has a briefer application com-
pared to other geological materials. This is because it was more
difficult to develop a proper method for sampling poorly consoli-
dated deposits such as loess. The first publications on this sub-
ject began to appear in the 1980s. One of them was by Liu et al.
(1988), describing research at a site near the Chinese town of
Xifeng. Originally deposited loess, redeposited alluvial sedi-
ments from loess, and red clays underlying loess were studied.
The authors characterized magnetic fabrics in the loess studied
for which anisotropy resulting from foliation is typical. The axis
of minimum susceptibility is perpendicular to the surface on
which the loess was deposited, with a deviation from the vertical
of <15°. They also found that a primary magnetic fabric charac-
teristic for the loess studied also occurs in palaeosols. How-
ever, the values of magnetic anisotropy are slightly lower for
paleosols than for loess, despite the presence of hematite —
which is characterized by strong magnetocrystalline anisotropy
—in palaeosols. Based on magnetic fabrics and other magnetic
properties, it was possible to distinguish loess from alluvial de-
posits and also to determine that the red clays underlying loess
have an aeolian genesis, which was corroborated by additional
macroscopic studies.

EXAMPLES OF APPLICATION OF AMS METHOD
IN STUDIES OF QUATERNARY DEPOSITS

LOESS

Based on the type of magnetic fabric in loess, several
depositional or post-depositional processes can be determined
(Bradak-Hayashi et al., 2016; Bradak et al., 2020):

— Magnetic fabrics characterized by scattered k.« and ki
along the horizontal plane and well-oriented vertical K
which are deposited mainly through gravitational forces
(Tarling and Hrouda, 1993; Hus, 2003; Baas et al., 2007;
Wang and Lrvlie, 2010);

— Magnetic fabrics with well-oriented principal axes of mag-
netic susceptibility in aeolian deposits, where the orientation
of the k.,.x and/or imbrication of k., axes indicates the di-
rection of aeolian material transport (e.g., Ge et al., 2014;
Zeeden et al., 2015; Obersteinova, 2016; Xie et al., 2016;
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Nawrocki et al., 2019); the imbrication of the ki, axis usu-

ally does not exceed 20°; with strong winds, the k. axis

may be oriented perpendicular to the wind direction (Lagroix

and Banerjee, 2004; Nawrocki et al., 2006);

— Magnetic fabrics indicating sediment deposition on a slope
and/or material transport down a slope (Bradak-Hayashi et
al., 2016; Bradak et al., 2020); the ky, axis is well-oriented,
and the other axes are characterized by greater dispersion;
the imbrication of the ki, axis exceeds 20°;

— Magnetic fabrics within palaeosols that have the character
of primary fabrics recorded in loess or may have the charac-
ter of an “inverse magnetic fabric”, where the ki« axis is ori-
ented almost vertically, which may be related to the occur-
rence of fine super paramagnetic single-domain magnetite
produced by soil bacteria (Jordanova et al., 1996; Lam et
al., 2010; Li et al., 2010; Bradak et al., 2018b; Hrouda et al.,
2018);

— Magnetic fabric changed by other post-depositional pro-
cesses such as permafrost activity (Lagroix and Banerjee,
2004; Taylor and Lagroix, 2015), pedogenetic processes
(Liu and Sun, 2012; Taylor and Lagroix, 2015; Bradak et al.,
2018a), the formation of new magnetic minerals (Hrouda et
al., 2018) and bioturbation (Taylor and Lagroix, 2015).
Correct interpretation of magnetic fabric types is crucial in

further stages of research. In loess, AMS can be used to recon-
struct palaeowind directions during loess deposition. The
palaeowind directions can be determined based on magnetic
lineation, i.e. the orientation of k., and/or based on the imbri-
cation of the k,, axis.

An example of the reconstruction of aeolian transport direc-
tions using the imbrication of the ki, axis was described by
Nawrocki et al. (2006), studying loess sites in Poland and west-
ern Ukraine. The loess analysed was deposited during the
Weichselian Glaciation, and was found to have a typical oblate
AMS ellipsoid resulting from the predominance of foliation over
lineation. Magnetic fabrics indicated that the mean direction of
the ki axis is inclined from the vertical by 4—16°. In most of the
sites studied, the minimum susceptibility axes are character-

Fig. 4. Mean orientations of the principal magnetic susceptibil -
ity axes (red squares — kpax, green triangles — ki, blue circles —
kmin) in loess based on Nawrocki et al. (2006) along with the de-
termined mean palaeowind direction during loess deposition
(black arrow)

ized by an imbrication towards the east or north-east. Based on
the imbrication of the ki, axis in the sites studied, Nawrocki at.
al. (2006) concluded that the wind during loess deposition blew
from the west or south-west (Fig. 4), a direction described as
consistent with the orientation of the ice-sheet front of the
Weichselian Glaciation and with the course of the Carpathians
and Podolian Upland. This direction is also generally consistent
with results obtained by Chlebowski et al. (2000) and Nowaczyk
(2002). In summary, when mineral grains in loess are charac-
terized by some inclination, it may be concluded that the wind
during loess deposition blew from a direction opposite to that of
imbrication of minimum magnetic susceptibility.

Reconstructions of aeolian transport directions based on
magnetic lineations were carried out by Zhang et al. (2010). The
research was conducted on three profiles of the youngest loess
located in the western and central part of the Chinese Loess
Plateau. Again, foliation predominates over lineation in the
loess studied. Although the orientation of k.« axes in the pro-
files studied is characterized by a large dispersion and a small
inclination, one can notice a certain peak of orientation density
of these axes falling in the SE direction for Xifeng and Yichuan
and SSE for Baicaoyuan. According to the authors, this indi-
cates the transport of aeolian material by wind from the SE or
SSE direction. The authors chose the k..« axis for reconstruct-
ing transport directions because the orientation of magnetite
grains is responsible for the magnetic lineation. Magnetite ani-
sotropy resulting from grain shape gives more reliable informa-
tion about the arrangement of mineral grains in loess. Gener-
ally, wind direction from SE is associated with the summer mon-
soon. Strong summer monsoonal wind transported dust and re-
oriented mineral grains deposited during the winter monsoon
blowing from the opposite direction.

AMS studies have also been conducted on the loess island
of Korzecko located near Checiny in the Holy Cross Mountains
(Fig. 5). The loess rests on the southeast slope of Grzywy
Korzeczkowskie (Dzierzek et al., 2022). Based on correlation
with other loess sites in the region, it corresponds in age to the
youngest loess from the Weichselian Glaciation. Drilling sho-

study site

Fig. 5. Location of the study site on the map of Poland
showing the extent of the Vistulian Glaciation
(after Marks at al., 2016)
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Fig. 6. Results of AMS studies in the loess of Grzywy Korzeczkowskie

1 - GK 1 site, 2 — GK 2 site

wed the thickness of loess in the vicinity of Korzecko to be 10
m. The upper 2.5 m of the loess profile at two locations (GK 1
and GK 2) were studied using AMS. The mean orientation of
Kmax is 41/13° for GK 1 and 222/1° for GK 2 (Fig. 6). Despite the
large angle of imbrication in GK1, which may suggest deposi-
tion of loess on a slope, both locations have a similar orientation
of magnetic lineation. Similarities in the orientation of the maxi-
mum susceptibility axis suggest that loess accumulation here
was influenced by winds from the north-east.

GLACIAL TILLS

AMS has been used in glacial till to determine the direction
of ice-sheet movement (Gentoso et al., 2012; Krol and Wache-
cka-Kotkowska, 2015; Hopkins et al., 2016; Teodorski et al.,
2021), obtain new data concerning the origin of glacial forms
(Ankerstjerne et al., 2015; Hopkins et al., 2015; Ives, 2016;
McCracken et al., 2016), determine the degree of subglacial
deformation (Shumway and Iverson, 2009; Thomason and
Iverson, 2009; Fleming et al., 2013a; Narloch et al., 2021), and
describe glacitectonic structures (Fleming et al., 2013b)

An important contribution to the use of AMS in glacial till in-
vestigations was made by Hooyer et al. (2008), whose labora-
tory studies involved applying simple shear with increasing
magnitude to glacial tills using a ring-shear device and observ-
ing changes in the magnetic fabrics of the tills. Deformation of

the ice-sheet bed resulting from simple shear is a common
mechanism of ice-sheet movement (Clark, 2005). Two basal
tills from the Wisconsin Glaciation (Douglas till and Batestown
till) were used for the study. No direct correlation was found be-
tween increasing magnitudes of shear strain, the degree of ani-
sotropy and the shape parameter of the anisotropy ellipsoid.
However, a strong correlation was observed in the degree of or-
dering of the principal magnetic susceptibility axes, especially
the kmaxaxis. The eigenvalue Sy, which determine the degree of
clustering of the knmax axes around the mean vector, increases
with increasing shear forces until critical strains are reached at
high shear strain magnitudes. For the Douglas till, Sy values for
critical strains are 0.75, and for the Batestown till they are 0.83.
In the initial phase of the experiment, when no shear strain acts
on the tills studied, magnetic susceptibility axes are character-
ized by a chaotic scatter (Fig. 7). As the applied shear forces in-
crease, susceptibility axes begin to become increasingly or-
dered. At intermediate shear strain magnitudes, k.« axes un-
dergo reorientation along the shear plane orientation. At high
shear strain magnitudes, a well-defined orientation of the ki
axis is parallel to the direction of applied shear forces with an in-
clination of 18-26° in the opposite direction to the direction of
applied shear forces; the ki, axis lies parallel to the shear plane
and perpendicular to the direction of applied shear forces; and
the ki, axis lies in the same line as the k., axis and is charac-
terized by some imbrication consistent with the direction of ap-
plied shear forces. The experiment indicated that AMS can be
used to determine the direction of applied shear forces and
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hence ice-sheet movement direction. The type of magnetic fab-
rics in glacial tills may also indicate the magnitude of applied
shear forces.

The results of laboratory tests have been applied to the
study of glacial tills. An example of the use of laboratory test
results is the study of glacial tills from the Douglas Member be-
longing to the Miller Creek Formation (Shumway and Iverson,
2009). These tills were taken from exposures above Lake Su-
perior in northwestern Wisconsin. AMS studies aimed to de-
termine the conditions of till deposition, and in particular to re-
construct the directions and magnitudes of shear strain during
till deposition. Based on the degree of k. orientation (S;
>0.75), it was found that the tills investigated mostly accumu-
lated with subglacial deformation and shear strain causing crit-
ical deformation in them. The mean azimuth of the k., axis
was 17°, indicating ice movement from the NNE, consistent
with the general direction of ice movement in this region. The
inclination of the kax axis is 17° and is similar to that obtained
during laboratory tests. Based on the orientation of suscepti-
bility axes, it was also found that shear planes are character-
ized by a practically horizontal orientation, as indicated by,
among other things, the inclination of the k;y; axis (the axis ly-
ing in the shear plane) which is 2°.

POST-OROGENIC DEPOSITS

AMS has also been used to reconstruct the conditions of
deposition of glacial tills in studies of two till layers from the
Saalian Glaciation in the Debe area in central Poland (Teo-
dorski et al., 2021). Based on the measurements carried out, a
large similarity was found in the orientation of the longer axis of
pebbles (V; = 312/16°) occurring in tills and the orientation of
the maximum magnetic susceptibility axis (ks = 324/19°) (Fig.
8). Both methods indicate that the direction of ice-sheet move-
ment was from the NW, the regional direction of ice-sheet
movement in this area. Based on magnetic fabrics, it was found
that ice-sheet movement occurred through subglacial deforma-
tion expressed by shear.

STRUCTURAL ANALYSIS

The AMS method can also be used to identify tectonic de-
formation recorded in sediments and rocks (e.g., Mattei et al.,
1997; Borradaile and Hamilton, 2004; Parés, 2015). The long
axis of mineral grains in rocks tends to align along the direction
of the greatest extension. Therefore, magnetic lineation can in-
dicate the direction of the stretching acting on these rocks. In a

SYN-OROGENIC DEPOSITS

PRE-OROGENIC DEPOSITS
0

180

Extensional domain

Compressional domain

Fig. 9. Magnetic fabric and directions of tectonic deformation in compressional
and extensional domains, based on Caricchi et al. (2016)
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compressive tectonic stress regime, magnetic lineation is paral-
lel to the orientation of fold axes, thrust faults or bedding strikes.
In contrast, in an extensional regime, lineation is perpendicular
to normal faults and parallel to bedding dip direction (e.g.,
Balsamo et al., 2008; Cifelii et al., 2009; Olivia-Urcia, 2010;
Maffione et al., 2012; Tang et al., 2012, Anastasio et al., 2021).

A good example of using the AMS method in such research
is a study conducted in the northern Apennines (Caricchi et al.,
2016), where the method was also tested on unconsolidated
deposits, as characteristic of most Quaternary successions.
These studies consisted of analysing magnetic fabrics, and in
particular the characteristics of magnetic lineations in areas
with compressive and extensional tectonic regimes, from the
northern Apennines to the Tuscan Tyrrhenian margin. The
northern Apennines formed as a result of the collision of the
Adria microplate with Europe. Within the Apennine chain, there
are compressional zones with thrust faults. To the west of the
mountain range, there is an extensional tectonic basin (the Tus-
can Tyrrhenian margin) with normal faults located within it, as-
sociated with the opening of the Tyrrhenian Sea basin. AMS
samples were taken from rocks forming the Apennine chain —
preorogenic pelagic shales and marly shales, synorogenic tur-
bidites, and from marls and sandstones from a thrust-top basin.
Samples of blue clays filling the extensional postorogenic basin
were also taken. In all locations studied, the rocks are charac-
terized by magnetic fabrics with well-developed foliation parallel
to the bedding planes. The foliation is related to sedimentation
and subsequent compactional processes. In addition to the
well-developed foliation, well-developed lineations were recor-
ded at many sites. In the Apennine chain, magnetic lineations
gradually change orientation from N-S in the south to NW-SE
in the north and are parallel to the main tectonic structures of
the chain. The magnetic lineations parallel to the orientation of
thrust faults and fold axes indicate that the direction of compres-
sion occurring in the rocks is perpendicular to the orientation of
the lineation (Fig. 9). In the postorogenic extensional basin
(Tuscan Tyrrhenian margin), magnetic lineation is oriented from
NE-SW to E-W, i.e. almost perpendicular to the orientation of
normal faults in this area. In this case, the magnetic lineation in-
dicates the direction of extension occurring in the rocks studied.
The relationship between the orientation of magnetic lineation
and the course of the main tectonic structures in rocks of differ-
ent types, with different magnetic mineralogies, and also differ-
ent ages, indicates that the lineation has a tectonic character.

Similar conclusions were reached by researchers into the
southern Apennines (Porreca and Mattei, 2012). Samples from
macroscopically undeformed clay units, mudstones and volca-
nic ashes, filling three small sedimentary basins in the Picentini
Mountains in the southern Apennines and developed on the
hanging wall of normal faults in the Plio-Pleistocene succes-
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sion, were used for the study. The researchers found that in the
units studied, in many cases, the primary sedimentary mag-
netic fabric (kmi» perpendicular to the bedding plane, remaining
axes scattered in the bedding plane) was partially overwritten
by a tectonic magnetic fabric. In addition to the well-developed
foliation, magnetic lineation was also observed (orientation of
the Knmax axis). A similar type of fabric was obtained in all sedi-
mentary basins studied, regardless of lithology. This indicates
that the existence of lineation does not depend on the type of
rocks or on magnetic mineralogy. The magnetic lineations are
well oriented along NNE-SSW or NE-SW lines. According to
the authors, the magnetic lineations in the deposits studied re-
sulted from tectonic processes, and the orientation of lineations
is perpendicular to the course of normal faults interpreted in the
study area. This indicates that the magnetic lineations show the
direction of extension acting on the deposits studied, which led
to the formation of sedimentary basins. This and the example
noted above indicate that AMS studies can be used to recon-
struct the directions of tectonic deformation in rocks and sedi-
ments that do not contain macroscopic tectonic structures.

Based on this method, structural analysis can also be per-
formed in glacial deposits (Fleming et al., 2013b). The AMS
method was found useful for determining the origin of glacio-
tectonic structures in deformed Pleistocene deposits in north-
ern Norfolk (near Bacton) in England. Diamictons belonging to
the Bacton Green Till Member, which are part of the Sherin-
gham Cliffs Formation, were sampled. The results of AMS stud-
ies were compared with the results obtained from classical
macroscopic structural analysis performed on the exposure. In
the samples studied, foliation prevails over magnetic lineation.
The minimum susceptibility axis is perpendicular to the bedding
and deviates from the vertical. Magnetic lineation is variable in
the profile studied. It is oriented N-S (2/6°) in the lower part and
E-W (267/6°) in the upper part. In the deposits studied, some
glaciotectonic structures were indicated: sheath folds with axial
planes parallel or almost parallel to the bedding, their fold axes
lying almost parallel to the orientation of magnetic lineation (Fig.
10); boudinage; stretching lineations with orientation almost
parallel to fold axes and magnetic lineation; sand lenses, where
the deposits are characterized by orientation of the ki axis
parallel to the stretching lineation. According to the authors, the
deposits studied underwent shear in a subglacial environment
as indicated by boudins, sheath folds and stretching lineations.
In the initial stage of folding, the shear was expressed by com-
pression and the formation of initial folds. Next, the folds be-
came more asymmetrical and characterized by axial planes al-
most parallel to the shear plane and tending to change fold axis
orientation to parallel to the shear direction. By comparing the
relationship between the ks« axis and the tectonic structures, it
was shown that the magnetic lineation indicates the direction of
extension in the shear zone. The directions of shear are identi-
cal to the directions of movement and allowed determination of
the directions and timing of the advance of North Sea ice and
British ice.

OTHER APPLICATIONS OF THE AMS METHOD

The AMS method has also been used in studies of changes
in ocean circulation in the North Atlantic during glacial-intergla-
cial cycles (Kissel et al., 1997). The research was carried out on
a borehole core SU90-33 drilled in the North Atlantic, south of
Iceland. The core consisted of muddy clay and carbonate ooze
with levels of silty mud. An 11.5 m core dated to the MIS 1-6 pe-

riod was sampled. The research indicated that higher magnetic
susceptibility values are characteristic of warm periods (Fig.
11). Changes in susceptibility are due to variable magnetite
content, which according to the authors came from erosion of
volcanic provinces such as Iceland. This was then transported
and deposited in the study area by ocean currents. The authors
also observed no significant variability in the size of magnetic
mineral grains. The degree of anisotropy also reaches higher
values in warm periods than in cold ones. According to the au-
thors, the increase in values of the degree of anisotropy may be
related to an increase in the intensity of ocean currents that in-
fluenced better orientation of mineral grains in the deposits
studied. The study showed that, during cold periods, ocean cir-
culation in this area was lower than during warm periods.

Using the AMS method, Yang et al. (2019) reconstructed
types of magnetic fabrics that depend on the kind of deforma-
tion of the unconsolidated deposits in the cores. The deposits
were taken from two cores drilled in the Indian Ocean area near
Sumatra, and comprise mainly clays and calcareous clays, as
well as silts and sands from the early Pleistocene to the present.
AMS samples were taken from core segments with undeformed
deposits and from drilling-deformed segments. The undefor-
med deposits were found to be characterized by magnetic fab-
rics with a well-oriented k., perpendicular to bedding and the
remaining axes scattered in the bedding plane, which is the re-
sult of deposition and subsequent compaction of the deposits.
The magnetic fabric in deformed core sections may be influ-
enced by vibration and stirring during extraction of the drilling
apparatus, which can lead to mixing and lack of preferred orien-
tation of mineral grains in the deposits studied. As a result of
friction of the deposits against the core barrel walls, a horizon-
tally oriented depositional magnetic fabric may become in-
clined, with k., deviating from the vertical. The deposits near
the walls becoming inclined in the direction of the bottom of the
hole. In extreme cases, as a result of suction of sediments into
the core, we may have a situation where the k., axis is oriented
vertically, i.e. along the z-axis of the borehole core. Thus, the
AMS method can help determine zones of deformed strata in
borehole cores, which can increase the utility of any palaeo-
magnetic dating obtained.

Already earlier studies, e.g. Rosenbaum et al. (2000), had
shown that AMS studies may be used to determine the degree
of deformation in borehole cores, that can affect the proper in-
terpretation of palaeomagnetic data. The research was carried
out on the OL-92 borehole core drilled in Owens Lake in Califor-
nia. The core contains several zones of deformed lake depos-
its. Based on palaesomagnetic studies, several excursions of the
magnetic field vector were interpreted. AMS samples were
taken from levels representing field excursions named Pringle
Falls, Jamaica/Biwa |, Blake and Mono Lake. For undisturbed
core material, the average inclination value of the k., axis is 84°
and a standard deviation is 6.5° (Fig. 12). The inclination values
of this axis do not fall below 80°. Disturbed deposits at depths of
19.0-12.5 m are characterized by an average inclination of the
kmin axis of 66.5° and much greater standard deviation of 26.5°.
Often, the inclination of this axis falls <80°. Similar relationships
were observed at depths of 85.2-78.1 m. Both deformation
zones coincide with the interpreted Mono Lake and Biwa excur-
sions. The change in inclination of the ky;, axis indicates a
change in orientation of mineral grains in the deposits studied.
Therefore, changes in the recorded inclination of the magnetic
field vector cannot be interpreted as its short-term excursions
over time.
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Fig. 12. Values of the inclination of the palaeomagnetic field vector (blue line) and the incli-
nation of the kmin axis (red line) for selected sections of the OL-92 borehole core accord-
ing to Rosenbaum et al. (2000); rectangles indicate the range of magnetic field excursions
determined (ML — Mono Lake, B — Blake) and a borehole core segment with undeformed

deposits (RI)

SUMMARY

The method of anisotropy of magnetic susceptibility has
been widely used in studies of Quaternary deposits. It allows
determination of the arrangement of mineral grains in the mate-
rials studied. AMS measurements are easy, low-cost and quick
to perform. Compared to traditional methods such as determin-
ing the orientation of mineral grains in thin sections or measur-
ing the longest axis of pebbles in glacial tills, they are character-
ized by a low error resulting from human factors. In Quaternary
studies, AMS studies have been used to reconstruct the direc-
tions of transport of rock material, such as in loess or ice-

dammed deposits. Based on the arrangement of the principal
axes of magnetic susceptibility, it is possible to determine the di-
rections of ice-sheet movement and mechanisms of deposition
of glacial tills and to reconstruct tectonic stress fields. This
method is also useful for constraining data obtained from
palaeomagnetic studies or for profiling sedimentary succes-
sions. The examples presented here show that this method can
produce much new information for Quaternary sedimentary
studies.
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