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ABSTRACT

The relationship between the anisotropy of frequency-dependent magnetic
susceptibility (fdAMS) and the anisotropy of out-of-phase magnetic susceptibility
(opAMS) was investigated theoretically and also empirically at three loess/palaoesol
profiles in Prague and in Southern Moravia. The data treatment was made in terms of
mean susceptibility, degree of AMS, and orientations of principal susceptibilities. It has
shown that the fdAMS and opAMS can serve as indicators of the preferred orientations of
ultrafine magnetic particles that are on transition between superparamagnetic and stable
single domain states in rocks, soils and environmental materials. In loess/palaeosol
sequences, the fdAMS and opAMS correlate reasonably, because they are due to magnetic
particles of similar grain sizes. The fdAMS and opAMS can be both coaxial with standard
AMS (i.e. anisotropy of in-phase susceptibility - ipAMS) or non-coaxial indicating slightly
different orientations of viscous magnetic particles.

Keywords: anisotropy, out-of-phase susceptibility, frequency-dependent
susceptibility, loess/palaeosol sequence, ultrafine particles, magnetic fabric

1. INTRODUCTION

In the eolian sediments, such as loess, the anisotropy of magnetic susceptibility (AMS)
is widely used in the determination of the palaeo-wind directions and in the investigation
of the mechanisms of the dust deposition and loess lithification as well as in the
identification of post-depositional and post-diagenetic processes (e.g., Liu et al., 1988,
2008; Lagroix and Banerjee, 2002, 2004a,b; Hus, 2003; Matasova and Kazansky, 2004,
Zhu et al., 2000; Braddk, 2009; Braddk et al., 2011; Bradak and Kovdcz, 2014; Antoine et
al., 2014; Taylor and Lagroix, 2015).
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The magnetic minerals carrying the AMS in loess/palaeosol sequences are represented
by both paramagnetic (e.g. clay minerals) and ferromagnetic minerals such as magnetite
and/or maghemite. The last are characterized by wide span in grain size ranging from
ultrafine superparamagnetic (SP), through single domain (SD) to multi domain (MD)
particles. The presence of magnetically viscous SP particles can be most comfortably
indicated or even assessed semi-quantitatively by the investigation of frequency-
dependent susceptibility (for summary see for instance Heller and Evans, 2003; Hrouda,
2011) or newly also by the out-of-phase susceptibility (Hrouda et al., 2013). The
theoretical relationship between these susceptibilities is described by the /2 law valid

for materials the latter susceptibility of which is solely due to the viscous phenomena and
not due to electrical eddy currents or weak field hysteresis, which is valid for both
magnetite and maghemite (e.g., Neel, 1949; Jackson, 2003). The correlation between the
frequency-dependent susceptibility and the out-of-phase susceptibility in loess/palaeosol
sequences is excellent and even semi-quantitative conversion between these two
susceptibilities is possible (Hrouda et al., 2013). As the out-of-phase susceptibility is
measured simultaneously with the in-phase susceptibility during one measuring process
with some instruments and provides us with more or less the same information as does the
frequency-dependent susceptibility, it is recommended to be routinely investigated in
solving various problems of environmental magnetism. This is very useful for economic
reasons in working with large specimen collections as in palaeoclimatology and
environmental magnetism.

The preferred orientation of magnetically viscous SP particles can be investigated
through the anisotropy of frequency-dependent susceptibility (fdAMS) and, newly, also
through the anisotropy of out-of-phase susceptibility (opAMS) (Hrouda and Jezek, 2014,
Hrouda et al., 2017). The advantage of the opAMS compared to fdAMS lies in its
simultaneous measurement with the anisotropy of in-phase susceptibility (ipAMS), while
the f{dAMS requires separate measurements at least at two operating frequencies. For this
reason, the opAMS has theoretical potential to substitute the f{dAMS in environmental
magnetism studies (Hrouda et al., 2013). Unfortunately, very little is known of the
relationship between the f{dAMS and opAMS. In the following, the prefixes ip, op and fd
stand for in-phase, out-of-phase and frequency-dependent, respectively.

The purpose of the present paper is fill this gap through theoretical investigations of
the opAMS and fdAMS of magnetically viscous particles and through experimental
investigation of opAMS and fdAMS on specimens of three loess/palacosol sections in the
Czech Republic. The research is oriented methodologically and has only limited ambitions
to get geological information. For this reason and because the contents of magnetically
viscous particles may sometimes change continuously regardless of lithology, the loess
and soil layers are not treated separately.

2. THEORY

A characteristic feature of the dynamic susceptibility of the magnetically viscous
particles, i.e. those that are on the transition between SP and SSD state, is that it resolves
into a component that is in-phase with applied field and a component that is out-of-phase
(e.g., Neel, 1949; Jackson, 2003; Shcherbakov and Fabian, 2005; Egli, 2009). On the
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other hand, the susceptibility of diamagnetic, paramagnetic and many ferromagnetic
materials is entirely in-phase, with the out-of-phase susceptibility being effectively zero.

2.1. Susceptibility of magnetically viscous particles

The susceptibility of these particles can be described by the formula introduced by
Neéel (1949) and transcribed by Egli (2009), using terms of linear dynamic susceptibility
x=x'—1x", as follows

KspisD =Ksp| ———5 +1, (1)

1+1i7ywe
where xgp =2M/3H) , f=K,V /kgT and o =2nf,, ; M; is saturation magnetization,
Hj}, is microscopic coercivity related to macroscopic coercivity H, as Hy = 2.09H,. (Worm,
1998), K, is the anisotropy constant, V' is particle volume, kp is the Boltzmann constant,

Tis absolute temperature, 7~ 107105 is a time constant, and f;, is operating frequency.
The in-phase susceptibility then is (e.g., Hrouda, 2011)

B
1+(roa)eﬁ )2

Figure 1a shows the in-phase susceptibility vs. particle diameter plot for the operating
frequencies of the MFKI-FA and KLY5-A Kappabridges for magnetite
(K,=2.5x10*I m3, see Hrouda, 2011). Initially, the susceptibility increases almost
linearly with grain size and after reaching its maximum value it acutely decreases down to
SSD susceptibilities. It is the largest for the lowest operating frequency (976 Hz) and
decreases with increasing frequency being the smallest at the highest operating frequency
(15616 Hz). Figure 1b shows, among others, the differences between the in-phase

K'=Kgp +1]. 2)

3) b) 40
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1 X + 3904 Hz 1 . - K'(976)-k'(15616)
404 - -| = 15616 Hz o K'(3904)-k'(15616)
| % b |- 1220 Hz 0t -----mm - - [ = Kk"(1220)
30 L [
oA g20+----------4/-VFx-----------
204 <
10 T A
0 . . ) 0 - Doloo
5 10 15 20 10 12 16 18 20
Particle Diameter [ nm ] Particle Diameter [ nm ]

Fig. 1. a) In-phase susceptibility ' at the frequencies of the MFK1 and KLY-5 Kappabridges as
function of diameter of spherical particles of magnetite; b) differences in the in-phase
susceptibilities xy;frat the MFK1 Kappabridge frequencies and the out-of-phase susceptibility x” at
the KLY-5 Kappabridge frequency for the same particles.
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susceptibilities at the frequencies of the MFK1-FA Kappabridge vs. particle diameter.
Initially, the differences are effectively zero, then they increase creating bell-like curves
and subsequently they drop to effective zero.

The out-of-phase susceptibility of magnetically viscous particles is (e.g., Hrouda et
al., 2013)

By we”

— (3)
1+(Toa)eﬁ )

K " — KSD

Figure 1b shows, in addition to susceptibility differences, also the out-of-phase
susceptibility vs. particle diameter at the frequency of the KLY5-A Kappabridge. Initially,
the out-of-phase susceptibility is effectively zero then it increases creating bell-like curve
and subsequently dropping to effective zero. It should be noted that the bell-like curves of
the in-phase susceptibility differences and the bell-like curve of the out-of-phase
susceptibility are near one another indicating that both the phenomena are controlled by
the magnetic particles of similar grain sizes. In addition, whereas the in-phase
susceptibility is controlled by all minerals in the rock, including the ferromagnetic
particles of relatively wide grain-size interval, the frequency-dependent in-phase
susceptibility and the out-of-phase susceptibility are dominantly affected by the particles
of much narrower interval controlled by the operating frequencies used.

Neéel (1949) showed that for population of grains with a wide distribution of relaxation
times, the out-of-phase susceptibility is proportional to the frequency-dependence of the
in-phase susceptibility (see also Jackson, 2003). This relationship is called the /2 law
and can be written as follows (cf. Jackson, 2003; Egli, 2009)

n Ok’
K"'=—— ) @)
20Inf,

Let us introduce an analogous parameter for the frequency-dependent susceptibility

T K[F —KHF
21In fopp =10 frupp
where the indices LF and HF denote the low and high frequency, respectively. It can be

said that this formula represents the finite difference version of the m/2 law.

2.2. Grain AMS of magnetically viscous particles

In these particles, the static (DC) equilibrium susceptibilities parallel (||) and
perpendicular () to the easy magnetization axis are (Shliomis and Stepanov, 1993,
Svedlindh et al., 1997)

M2V R M2V R—R’

—, K =M —_—, (6)
kT R " keT 2R

K =H

where R and R’ are integral functions of o =K,V /kgT (for details see Svedlindh et al.,
1997; Hrouda and Jezek, 2014).
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The dynamic (AC) susceptibility, which can be resolved into in-phase and out-of-
phase components, is (Shliomis and Stepanov, 1993; Svendlidh et al., 1997)

K SR E. > KL - = (7a)
1+(Q)T”) l+(a)TJ_)
o = e < =0 (7b)
= 5 1 =Y

where 7; =7, exp(a) (7 is in the order of 10710 s) and 7, is of the order of 7.
Figure 2a shows variation of the degree of ipAMS (here defined as P = K"i / K| ) with

particle diameter for magnetite grain. The degree of ipAMS increases with the particle
diameter, converging to infinitely values high in SD particles.

2.3. Degrees of ipAMS and opAMS of ensembles
of magnetically viscous particles

In magnetically monomineralic rocks, the AMS is controlled by both the grain AMS
of the magnetic mineral and the preferred orientation of it (e.g., Hrouda, 1982; Tarling
and Hrouda, 1993). In the AMS models, the preferred orientation may be characterized by
the orientation tensor, which, for uniaxial magnetic grains, is defined as follows
(Scheidegger, 1965; Jezek & Hrouda, 2000)

1 Zliz Zlimi Zlinl-
E:— Zml‘ll' Zmlz Zml-nl- N (8)
n
Znill Zmini Z”zz

where /;, m;, n; are the direction cosines of the i-th grain axis and #» is the number of the
grains considered. The principal values of this tensor (E; > E, > E3) have the property
E| + E, + E3 = 1. This tensor is related to the susceptibility tensor as follows (see Jezek
and Hrouda, 2000)

k =kl+AE, 9

where k is rock susceptibility tensor, I is identity matrix, and & is the apparent mineral
susceptibility in general. For prolate spheroids, k =ky = k3, A=k; —k (ky 2 ky > k3 are
the grain principal susceptibilities) and E is orientation tensor of the grain maximum
susceptibility axes. For oblate spheroids, k =k =ky, A=k —k3 and E is orientation
tensor of grain minimum susceptibility axes.

The above relationship was used to investigate the effect of the different degrees of
grain fdAMS and opAMS. Namely, Hrouda (1980) showed that the degree of AMS of the
rock whose AMS is carried by very strongly anisotropic grains (P> 100) is solely
controlled by the preferred orientation of the grains. As the grain degree of f{dAMS can be
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Fig. 2. a) Degree of grain AMS (defined as Py = K|’| / k' ) as a function of particle diameter for

magnetite at room temperature at 1 kHz operating frequency, and b) variation of degree of ipAMS
(P) in dependence of the grain degree of AMS Py for several values of the / parameter (Eq. (10)),

characterizing the intensity of preferred orientation of the grain axes (after Hrouda and Jezek, 2017).

very high (see Fig. 2a) and that of opAMS is even infinitely high, a question arises how
these differences result in the fdAMS and opAMS of ensembles of weakly oriented
particles. Fig. 2b shows the variation of the degree of AMS of the model according to /
parameter characterizing the intensity of preferred orientation of the grain axes for several
values of the grain degree of AMS. The I parameter is defined as (Lisle, 1985)

3 2
]=EZ(Ei—l) , (10)

20 3

where E; (i =1, 2, 3) are principal values of the orientation tensor. It can vary from 0 for
isotropic fabric to 5 for the fabric in which all grain axes are perfectly parallel to one
another. It is obvious from Fig. 2b that the model degree of AMS increases with
increasing intensity of the orientation of particle axes and, though much less, with the
grain degree of AMS.

3. INSTRUMENTATION, PARAMETERS USED

The ipAMS, fdAMS, and opAMS were measured by the MFK1-FA and KLY5-A
Kappabridges. The former Kappabridge measures the AMS at three operating frequencies
with the precision sufficient for reliable determination of the fdAMS (Pokorny et al.,
2011; Hrouda and Pokorny, 2011, 2012). The latter Kappabridge, which works at one
operating frequency, is equipped to measure simultaneously both the in-phase and out-of-
phase susceptibilities and their anisotropies (Pokorny et al., 2016). Unlike the MFK1-FA
Kappabridge, which measures only the relative changes of the out-of-phase susceptibility,
the KLY5-A Kappabridge measures the out-of-phase susceptibility “absolutely’’ (with no
shift of the origin). The precision in the determination of the anisotropy of in-phase
susceptibility (ipAMS) is at least comparable to or even slightly better than that in the
MFKI1-FA Kappabridge. The f{dAMS was measured at the operating frequencies 976 Hz
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and 15616 Hz in the field 200 A m~1. The ipAMS and opAMS were measured in the field

400 A m~! peak at the operating frequency 1220 Hz at room temperature and computed
by the SAFYR (ver. 6) program. The calculus for computation of the opAMS is exactly
the same as that for computation of the ipAMS. Both the anisotropies are determined
during one measuring process.

It is usual to represent the susceptibility tensor by convenient parameters derived from
principal susceptibilities (e.g., Nagata, 1961; Jelinek, 1981), for instance
:Kl +K, + K3 ’ P:ﬁ, - 2 =1~ :21nF_

3 K3 =13 In P

1, (11)

m

where K| 2K, > K3 are the principal susceptibilities, 71 =In Ky, 70 =In K, 173 =In K3,
and F =K, /K3 . The parameter K,, is called the mean susceptibility and characterizes
the qualitative and quantitative content of magnetic minerals in a rock. The parameter P,
called the degree of AMS, indicates the intensity of the preferred orientation of magnetic
minerals in a rock. The parameter 7, called the shape parameter, characterizes the
symmetry or shape of the AMS ellipsoid. If 0 < 7 < 1, the AMS ellipsoid is oblate (the
magnetic fabric is planar); 7= +/ means that the AMS ellipsoid is rotationally symmetric
(uniaxial oblate). If -1 <7 <0, the AMS ellipsoid is prolate (the magnetic fabric is
linear); 7= —1 means that the AMS ellipsoid is uniaxial prolate.

In order to obtain a statistical evaluation of the AMS tensors, the ANISOFT package
of programs (Jelinek, 1978; Chadima and Jelinek, 2008) can be used, which enable
a complete statistical evaluation of a group of specimens to be carried out; the mean
principal directions are determined as well as the confidence areas around them on the
likelihood level 95%.

The frequency-dependent susceptibility can be characterized by the following
commonly accepted parameter introduced by Dearing et al. (1996) and called the
percentage loss of susceptibility

Kpp Ko =Rar ; (12)
Kir
expressed in %, where K; r, Ky are susceptibilities at the lower and higher frequencies,
respectively. In environmental magnetism, this parameter is usually calculated from mass
susceptibilities being then denoted yzp; nevertheless, it holds Kgp = yFp. Sometimes, it is
advantageous to work with simple susceptibility difference

Kpy =Kip —Kyr, (13)

called by Dearing et al. (1996) the relative loss of susceptibility, being given in units of
susceptibility.
The out-of-phase susceptibility can be characterized by the phase angle &

"

K
tand =—, (14)
KI
informing us of the delay of the out-of-phase response behind the in-phase response.
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4. GEOGRAPHICAL POSITION AND CONCISE GEOLOGICAL SETTING

The ipAMS, fdAMS, and opAMS investigations were performed on sediments
collected from three loess/palacosol sections exposed in southern Moravia (Bulhary
section, located 48.8344486°N, 16.7344136°E), in Brno City (the Red Hill section,
located 49.1759981°N, 16.5864161°E), and in Prague City (the Blanka Tunnel section,
50.0974392°N, 14.4040308°E); the geographical positions of the sections are shown in
Fig. 3.

The Bulhary section is located in the Dyje River Valley, which belongs to the
Southern Moravian Lowland domain. The section is exposed in an abandoned loess
quarry 1.2 km NW of Bulhary village. Although the section reveals erosional hiatuses, the
stratigraphic settings are similar as in the Dolni Véstonice key section located 11 km NW
(Fuchs et al., 2012). The Eemian Interglacial brown soil was developed on a top of
Saalian loess. The interglacial soil is covered with early glacial chernozem overlain by last
glacial loess. The erosional events were most probably triggered by slope processes.

The Red Hill section, the loess/palacosol sequence is exposed at western edge of the
town of Brno in a large abandoned loess quarry. Loess deposits including 12
pedocomplexes cover last million years (e.g., Kukla, 1975). The stratigraphic position of
the studied section, showing loess intercalated with two palacosol horizons, is located just
above the Brunhes/Matuyama palacomagnetic boundary.

In the Blanka Tunnel section, the loess/palacosol sequence covers the Middle
Pleistocene terrace deposited on a West bank of the Vlitava River in Prague City (Zdruba
et al., 1977). The sequence was exposed during a road tunnel construction. Stratigraphic
settings were estimated based on geomorphological position and relationship to the
underlying river terrace. The Saalian loess is overlain by Eemian Interglacial brown soil
horizon and last glacial loess. The youngest part of the section indicates sediment
reworking due to slope processes. Loess is partly laminated and contains abundant clasts
of local Cretaceous fine calcareous sandstone.

Germany Poland

Prague/Blanka Tunnel
o

Czech Republic
Bgno/Red Hill

Bulhary
Slovakia

Austria

Fig. 3.  Geographical positions of the loess/palacosol sections investigated.
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5. RESULTS

Figure 4a shows a plot of percentage loss of susceptibility, Kzp, vs. bulk susceptibility
and Fig. 4b shows a plot of phase angle, J, vs. bulk susceptibility at all three sections.
Both the plots are similar. This is logical, because the Kzp and ¢ are controlled by similar
fractions of magnetic minerals (see Fig. 1b), i.e. those that are magnetically viscous at the
operating frequency used. The figures also show that the Kzp and ¢ increase with the
susceptibility. This increase can be traditionally (since Dearing et al., 1996) interpreted as
resulting from creation of new SP particles in soil layers during pedogenesis. Macroscopic
inspection shows that the specimens with the in-phase mean susceptibility ipK,,, of about

200 x 10~ are more or less pure loess, while those with values above 400 x 10~° are soils.
This observation supports the above interpretation.

The correlation between the mean out-of-phase susceptibility and the mean parameter
Kaifr (Eq. (5)) characterizing the frequency-dependent susceptibility is linear and excellent

in all three profiles (Fig. 5). The determination coefficient, R, is really high, the slope of
the fit straight line is very near 1, and the intercept is low. All this means that the
empirical data follow the m/2 law very closely.

5.1. Red Hill in Brno

Figure 6a shows a plot of the degree of AMS vs. bulk susceptibility indicating that the
ipP, fdP, and opP parameters continuously decrease with increasing bulk susceptibility.
The lowest values are in the ipP parameter, while the opP and fdP values are clearly
higher and mutually comparable in the majority of specimens. This can be explained by
an order-of-magnitude higher grain AMS in SP particles than in MD particles.

In the shape parameter, the ipT, opT and fdT values may be either similar or differ
moderately, but they do not differ systematically (Fig. 6b). In rough terms, one may say
that the ellipsoid shapes are similar in all three anisotropy types.

In ipAMS, the magnetic foliation is roughly horizontal in average, with its poles
mostly occurring in the centre of the projection net, but showing moderate plunges in

) by L ____
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1240 RedHill |- - ____________
A Blanka Tunnel o2 e RS
10F---------+ e 1" e Mo A
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* | S,EE,D,,,A,,A 77777777 T u’2§1’i" ,,,,,,,,,,
— 8 ¢ LRRN . °__, EB A
Bop o tEee ool . S
o *
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N Y 11— Adat -t
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0 200 400 600 800 1000 0 200 400 600 800 1000
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Fig. 4. a) Percentage loss of susceptibility Kzp and b) phase angle & vs. mean susceptibility at
1220 Hz for the three studied locations.
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Fig. 5. Correlation between the out-of-phase susceptibility opK,, and susceptibility difference
Kgjfrat a) Red Hill, b) Bulhary, and ¢) Blanka Tunnel.

minor specimens (Fig. 6c). The magnetic lineation is sub-horizontal, creating two
maxima, the major one oriented W-E and the minor one oriented N-S (Fig. 6¢). The
confidence areas around all three principal directions are relatively small (Fig. 6¢). In
fdAMS, the magnetic foliation poles create a wide and anisometric formation oriented
N-S and the magnetic lineations show similar formations as in the previous case, but more
scattered; the confidence areas around all three principal directions are also relatively
small (Fig. 6d). In opAMS, the magnetic foliation poles tend to create an anisometric
formation oriented NW-SE and the magnetic lineations show similar formations as in the
previous cases, but even more scattered; the scattering is so intensive that the confidence
areas around the maximum and intermediate susceptibilities partially overlap (Fig. 6¢).

5.2. Bulhary

Figure 7a shows a plot of the degree of AMS vs. bulk susceptibility. The ipP and opP
values are plotted for all specimens, while the fdP values are plotted only for specimens
with fdP < 1.1. All the fdP values are shown in the inset of Fig. 7a, where they are plotted
against the Kz parameter, i.e. the difference between the mean susceptibility measured at

976 Hz and that measured at 156161 Hz. In specimens with ipK,, > 400 x 1079, the fdP

and opP values are very similar, while the ipP values are slightly lower (Fig. 7a). The
explanation of this phenomenon may lie in an order-of-magnitude higher grain AMS in
SP particles indicated by both opAMS and fdAMS than in MD particles and in a possible
effect of paramagnetic minerals on the ipAMS.
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Fig. 6. Magnetic anisotropy data for 31 samples from the loess/palaeosol sequence in the locality
of Red Hill in Brno. a) Degree of anisotropy P vs. mean susceptibility at 1220 Hz, b) shape
parameter T vs. mean susceptibility at 1220 Hz, ¢) orientations of magnetic lineations and magnetic
foliation poles for the anisotropy of in-phase magnetic susceptibility, d) the same as in c), but for the
anisotropy of frequency-dependent susceptibility, and e) the same as in c), but for the anisotropy of
out-of-phase magnetic susceptibility. The directional data are presented in equal-area projection on
lower hemisphere. K, K5 and K3 stand for the maximum, intermediate and minimum susceptibility
direction, respectively.
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Fig. 7.

In specimens with ipK,, < 300 x 1070, all three degrees of AMS vary relatively widely
(Fig. 7a). In addition, the fdP parameter varies extremely widely, reaching fdP =2 in

weak specimens with susceptibility difference less than 5 x 10=¢ (Fig. 7a inset). Then, the
extremely high fdP values do not likely reflect intense preferred orientation of magnetic
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particles, but result from insufficiently precisely determined difference susceptibilities (for
details see Hrouda, 1986, 2004; Hrouda and Pokorny, 2012).

The values of the ipT, opT and fdT parameters may be either similar or differ
moderately, but they do not differ systematically (Fig. 7b).

In ipAMS, the magnetic foliation is roughly horizontal, with its poles creating roughly
concentric formation in the centre of the projection net, and the magnetic lineation is also
sub-horizontal, widely scattered azimuthally (Fig. 7c). In f{dAMS, the magnetic foliation
poles mostly create an irregular girdle oriented NE-SW with the mean magnetic foliation
dipping NE moderately (Fig. 7d). The magnetic lineations are widely scattered near the
plane gently dipping NE (Fig. 7d). In opAMS, the magnetic foliation poles also create an
irregular, but less pronounced, girdle oriented NE-SW and the magnetic lineations are
widely scattered in the horizontal plane (Fig. 7e).

The confidence areas around the maximum susceptibility directions of all three
anisotropy types (ipAMS, fdAMS, opAMS) partially overlap with the confidence areas
around the intermediate susceptibility directions. This means that the magnetic lineation is
not defined on the locality scale.

5.3. Blanka Tunnel in Prague

Figure 8a shows a plot of the degree of AMS vs. bulk susceptibility indicating that the
ipP, fdP, and opP parameters continuously decrease with increasing bulk susceptibility.
This decrease is very conspicuous in fdP and opP and less conspicuous, though still
existing, in ipP. This can be again explained by an order-of-magnitude higher grain AMS
in SP particles than in MD particles and by a possible effect of paramagnetic minerals on
the ipAMS. The values of the ipT, opT and fdT parameters do not differ systematically
(Fig. 8b).

In ipAMS, the magnetic foliation poles create a wide girdle oriented NW-SE (Fig. 8c).
Nevertheless, the mean magnetic foliation is nearly horizontal. The magnetic lineations
create a very wide sub-horizontal cluster oriented NE-SW, i.e. perpendicular to the girdle
in the magnetic foliation poles (Fig. 8c). Exceptionally, the magnetic lineations are also
sub-vertical. In fdAMS, the magnetic foliation poles create similar girdle oriented NE-
SW, but this girdle is much narrower and dips moderately W. The magnetic lineations
create a pronounced maximum oriented ENE-WSW and gently dipping WNW (Fig. 8d).
In opAMS, the magnetic foliation poles create a girdle similar to that of ipAMS, i.e.
oriented NW-SE, and the magnetic lineations create a well-defined sub-horizontal cluster
oriented NE-SW (Fig. 8e).

6. METHODOLOGICAL IMPLICATIONS

The AMS, or better said its in-phase component, is widely used in the investigation of
the preferred orientation of magnetic minerals in rocks including eolian sediments. The
ipAMS is controlled by the preferred orientation of all minerals present in the rock. As the
individual magnetic minerals or their fractions may show different sensitivities to various
geological processes, it is desirable to investigate the magnetic sub-fabrics of individual
minerals or their fractions. They can be partially investigated through the fdAMS (see
Hrouda and Jezek, 2014) and opAMS (see Hrouda et al, 2017), which are solely
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controlled by the viscous ferromagnetic particles whereas the in-phase susceptibility of
paramagnetic and diamagnetic minerals as well as of SD, MD and ultrafine purely SP
ferromagnetic minerals is frequency independent and their out-of-phase susceptibility is
effectively zero. It should be noted that the grain size interval of viscous particles is

180

The same as in Fig. 6, but for the samples from the Blanka Tunnel site.

relatively narrow at technically feasible frequencies (see Fig. 1).
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The fdAMS is determined from two independent ipAMS measurements at two
frequencies. Even though each of the two measurements is very precise profiting from
outstanding accuracy in measuring relative susceptibility values, the error in
determination of the fdAMS is much higher, being roughly doubled (cf. Hrouda and
Pokorny, 2012). This is because of relatively high error in the absolute susceptibility
determination (due to calibration error) being about 3%. In specimens with very low
susceptibility difference between low and high frequencies, typically less than 5 x 1076,
this may result in very variable fdP values, which have nothing to do with extremely high
variability of the preferred orientation of magnetic particles, but result from insufficient
precision in the determination of susceptibility differences (for details see Hrouda, 1986,
2004; Hrouda and Pokorny, 2012).

The opAMS is measured simultaneously with the ipAMS during one measuring
process so that the problem of absolute susceptibility calibration plays no role. However,
there is another problem that prevents us to consider the opAMS to be superior technique.
Namely, the opAMS is not measured directly, but what is measured is the overall complex
susceptibility, which is subsequently resolved into the in-phase and out-of-phase
components. As the out-of-phase susceptibility is usually at least an order-of-magnitude
lower than the in-phase one, the error in determination of the in-phase susceptibility is
similar to that of complex susceptibility, while the error in determination of the out-of-
phase susceptibility may be considerably higher, mainly in specimens with very low phase
angle (for details see Hrouda et al., 2017).

For all the reasons presented above, it is highly recommended to inspect the results of
the statistical tests evaluating the precision in the determination of fdAMS or opAMS of
each specimen provided by the SAFYR program and to exclude the specimens whose
fdAMS and/or opAMS is determined with insufficient precision from further processing.
For example, the statistical F-test, which is included in the SAFYR program, was applied
to find out whether the differences between the principal susceptibilities are large enough
compared to measuring errors for the specimen to be regarded as anisotropic. It showed
that all the specimens investigated in the present paper are anisotropic.

In the locality of Red Hill, the percentage loss of susceptibility continuously ranges
from 2% to 10% and the phase angle ranges from 2° to 4° (Fig. 4a). This indicates
relatively continuous changes in the content of magnetically viscous particles. In the
locality of Bulhary, there are two groups of specimens, one showing very low Kpp = 1%
and 6= 1° and the other showing relatively high values Kgp~ 11% and 6= 3.5°. In the
locality of Blanka Tunnel, the Kzp ranges from 1% to 10% and & ranges from 1° to 3.5°.
However, the changes are only partially continuous in two last localities, showing groups
of specimens with low and high values. This may indicate layers containing magnetically
viscous minerals in very low amounts and layers containing them in significant amounts.

The degrees of ipAMS, fdAMS, and opAMS decrease with increasing mean bulk
susceptibility (Figs 6a, 7a, 8a), being significantly lower in soil than in loess horizons.
This is in agreement with the observation by Hus (2003) and Matasova and Kazansky
(2004) that in loess/palaeosol sequences the degree of AMS is lower in soil than in loess
horizons, which can be explained by assuming that the preferred orientation of SP
magnetic particles created during pedogenesis is much weaker than that of the other
particles created during loess deposition.
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The magnetic foliation poles in ipAMS are mostly vertical in the localities of Red Hill
(Fig. 6¢) and Bulhary (Fig. 7c) and create a wide girdle oriented NW-SE in the locality of
Blanka Tunnel (Fig. 8c). In fdAMS, they create partial girdle in Red Hill (Fig. 6d) and
relatively well-developed girdles in Bulhary (Fig. 7d) and in Blanka Tunnel (Fig. 8d).
This may indicate that the MD particles as well as the paramagnetic particles are with
their larger surfaces oriented parallel to the bedding and it was dominantly gravity that
controlled this orientation. On the other hand, the viscous magnetic particles may have
slightly rotated in an oriented way during their deposition or during post-depositional
history.

The magnetic lineations in ipAMS, fdAMS, and opAMS are mostly sub-horizontal in
all three localities. In the locality of Red Hill, the magnetic lineations show clearly
bimodal distribution in ipAMS and opAMS (Fig. 6¢c,e) and less clearly in fdAMS
(Fig. 6d). In the locality of Bulhary, the magnetic lineations show very wide (almost
isotropic) azimuthal scatter in ipAMS and large almost one mode clusters in fdAMS and
ipAMS with the main maxima being approximately perpendicular to the girdle in
magnetic foliation poles (Fig. 7c—e). In the locality of Blanka Tunnel, the magnetic
lineations create large clusters approximately perpendicular to the girdle in magnetic
foliation poles in all ipAMS, dfAMS, and opAMS (Fig. 8c—e).

The magnetic lineations in wind-blown sediments, which have not been re-deposited
or deformed ductilely, are parallel to the wind (e.g., Liu et al., 1988, 2008; Lagroix and
Banerjee, 2002, 2004b; Hus, 2003; Matasova and Kazansky, 2004; Zhu et al., 2000,
Bradak, 2009; Braddk et al., 2011; Bradak and Kovacz, 2014). This is also confirmed by
deposition experiments (Hamilton et al., 1967; Ellwood and Howard, 1981). This
interpretation is justified provided that the magnetic foliation is more or less horizontal.
However, the magnetic foliation poles, mainly in f{dAMS and opAMS, create girdle
indicating at least partial fan-like orientation of magnetically viscous particles. For
revealing the mechanisms of this orientation, additional sedimentological and neo-tectonic
investigations are required.

7. CONCLUSIONS

The relationship between the anisotropies of frequency-dependent susceptibility
(fdAMS) and out-of-phase susceptibility (opAMS) was investigated theoretically and also
empirically at three loess/palaoesol profiles in Southern Moravia and in Prague. The
investigation has drawn the following conclusions.

1. The fdAMS and opAMS are controlled by the magnetic particles of similar sizes.
Consequently, they can serve as indicators of the preferred orientation of ultrafine
magnetic particles that are on the transition between the SP and SSD states.

2. In all three profiles investigated, the correlation between the mean frequency-
dependent susceptibility and mean out-of-phase susceptibility is extremely close,
with the slope of the fit straight line being very near 1 and the intercept being low.
All this means that the empirical data follows the /2 law very closely.

3. The degrees of f{dAMS and opAMS are higher than the degree of ipAMS evidently
due to order-of-magnitude higher grain degrees of fdAMS and opAMS of
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magnetically viscous particles. The degrees of fdAMS and opAMS are
comparable, even though their correlation is not as excellent as that of mean
susceptibilities.

4. In the loess/paleosol sequences investigated, the f{dAMS and opAMS can be both
coaxial with ipAMS or non-coaxial indicating slightly different orientations of
viscous magnetic particles.

5. As the opAMS and fdAMS data are similar and the opAMS is measured
automatically during measurement of standard AMS (ipAMS) by KLY5-A
Kappabridge, the opAMS has potential to be used more frequently than the
fdAMS.
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