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Abstract

A summary of approximately three decades and greater than thirty loess magnetic fabric studies is
presented here. The revised studies cover various loess regions from the Chinese Loess Plateau
across the European Loess Belt to Alaska.

Although there is still an ongoing argument about the feasibility of the magnetic fabric of loess in

paleowind reconstructions, the determination of prevailing wind direction during various periods of



the Pleistocene is the main goal of magnetic anisotropy analysis of the revised loess successions. The
magnetic fabric analysis of loess from Chinese Loess Plateau provided significant information about
the characteristics of paleomonsoon in East Asia, and the results from other loess regions, such as
Alaska, the European Loess Belt, and Siberia, are also promising. As it is shown in this review, the
synthesis of the paleowind direction results from the studied profiles may already provide a
significant foundation for future climate models by the reconstruction of key climate centres and
main continental level wind tracks.

Besides the reconstruction of prevailing paleowind directions, there ~re numerous loess magnetic
fabric studies using magnetic anisotropy parameters in the rer~ns.-uction of the characteristics of
long-term climate trends, climate transitions and glacial- intc “glacial cycles.

There are some lesser known aspects contributing to mag~2%ic fabric of loess, such as the influence
of various types of magnetic contributors on the ov »r.il “abric (i.e. the study of sub-fabrics) and their
role in environment reconstruction. Besidr.s t)e iuentification of aeolian magnetic fabric, not so
many studies focus on the magnetic arisotropy characteristics of materials, possibly developed by
water-lain sedimentation, pedogenesic ria.. movements and permafrost activity.

Novel results from Hungarian loess, ~specially from Paks, connected to some of the latter topics are
also presented. Such topics inci.des the analysis of the nanofabric in paleosols, developed by
pedogenesis, the comoal son of magnetic fabric, formed during high energy transportation by
aeolian or aquatic agent< and the periodicity analysis of magnetic parameters during the early
Middle Pleistocene. New research lines, introduced in this review, may inspire new researches, and
provide new perspectives for the next generation of magnetic anisotropy studies of loess

successions.
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Abbreviations®

! AMS-anisotropy of low-field magnetic susceptibility; APARM-anisotropy of partial remanence; AARM-
anisotropy of total anhysteretic remanence; B-imbrication angle; CA-cluster analysis; Carp.-Carpathians; CIAm-
Continental ice sheet air mass; CLP-Chinese Loess Plateau; cpo-crystallographic preferred (crystallographic
axis) orientation; EASM-East Asian Summer Monsoon; EAWM-East Asian Winter Monsoon; EDS-Energy-
dispersive X-ray spectroscopy; Hc-coercivity; Hcr-remanent coercive force; ELB-European Loess Belt; F-
foliation; fdAMS-anisotropy of frequency-dependent magnetic susceptibility; IRM-isothermal remanent
magnetization; ISM-Indian Summer Monsoon; klf-volumetric magnetic susceptibility; kmax-maximum principal
susceptibility; kint-intermediate principal susceptibility; kmin-minimum principal susceptibility; kT-
temperature variation in magnetic susceptibility; X;-mass magnetic susceptibility; X;s-mass frequency
dependent magnetic susceptibility; Xi-normalized mass frequency dependent magnetic susceptibility; L-
lineation; MD-multidomain; MFD- Mediterranean Front Depression; Mrs-saturation remanence; Ms-saturation
magnetisation; opAMS-anisotropy of out-of-phase magnetic susceptibility; pdo-preferred dimensional
orientation; Pj-corrected degree of anisotropy; PSD-pseudo-single domain; psd-power spectrum density; g-
shape factor; (S)SD-(stable) single domain; SEM-scanning electron microscope; SH-Siberian High; SP-
superparamagnetic; T-shape parameter; TH-Tibetan High; W-Westerlies; WSA-Wavelet spectrum analysis



1. Introduction

Numerous studies have assessed the magnetic fabric (MF) of geological and planetary materials,
including sedimentary rocks. This short summary reviews the studies that play important roles in the
interpretation of the magnetic fabric of loess and paleosols.

Anisotropy of low-field magnetic susceptibility (AMS) was reported as a useful tool to determine
paleocurrent or paleodirection by Graham (1954). The application of magnetic anisotropy
measurements has increased rapidly since Graham’s pioneering st.y, and this technique is an
essential method in a wide range of fields in Earth and planetar:; sc.z:ice (e.g., Hrouda, 1982; Tarling
and Hrouda, 1993; Parés, 2015; Bilardello, 2016).

Following the study of Graham (1954), the first studie. 2.1 the connection between depositional
processes observed sedimentary structures and thc r.aj netic fabric (e.g., Granar, 1958; Rees 1961).
Such works and subsequent studies in the 100 ; laiu the foundation of magnetic anisotropy studies
of sediments, i.e., the use of the magetic fauric characteristics to determine the orientation of

(paleo)currents responsible for sedime 1t ¢ ..i1sportation (e.g., Rees, 1965) (Fig. 1).
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Figure 1. The connection betw. er the depositional environment (a), the sedimentary fabric of rocks
(b) and the magnetic .a. -ic, uefined from anisotropy of magnetic susceptibility (AMS) (c). Kmax Kints
and Kmin, represent the principal susceptibility axes; the AMS ellipsoid serves as the geometrical
visualization of the tensor and the stereoplot represents the projection of the principal susceptibility
directions (square, triangle, and circle) and magnetic foliation plane (great circle). More detailed

information can be found in Section 3.2 and Tarling and Hrouda (1993).

As a part of the evaluation of the role of magnetic fabric analysis in the reconstruction of
sedimentary environments, a series of studies was performed in a laboratory environment. Although

such experiments mainly reconstructed depositional processes in an idealized and wet depositional



environment, these observations play fundamental role in the interpretation of the magnetic fabric
of loess (Rees, 1966, 1968, 1983; Rees and Woodall, 1975; Ellwood and Howard, 1981). Such
experimental studies present a collection of several fabric types, representing various sedimentary
environments, and represent one of the most significant reference materials for the characterization
of the fabric of natural sediments.

Along with the first reviews (e.g., Hrouda, 1982, Tarling and Hrouda, 1993), a few studies were
performed to separate the magnetic fabric of sediments formed in different depositional
environments (e.g., Taira 1989). The study separated the magneic fabric related to various
sedimentary structures (e.g., aeolian and fluvial horizontal str=*tiL2%0n, fluvial ripple stratification
and aeolian tabular stratification), identified depositional "nvironments and connected magnetic
fabrics to that environment (e.g., gravity on horizontal pla..~. on slope, current, suspension and grain
collision) using magnetic fabric parameters. Th: stidy also contains a summary about the
interpretation of stereoplots and the alignrien: o1 the direction of principal susceptibility axes in
relation to depositional processes an<' various sedimentary environments (Taira, 1989; p. 75).
Although some of the results obtaine ! f.¢.., the investigation of loess succession are debated, the
study and the applied analytical me*hods (e.g., Taira-plot) may help to describe the (re)depositional
processes and environment of the dust (Bradak et al. 2018a).

Similar to the invasti 7atic 1s of sedimentary magnetic fabric described above, the following
studies are not conducted ,n loess successions but are related to processes that may appear during
the alteration of loess after the deposition. One of the processes that may significantly change the
sedimentary fabric is reworking by bioturbation (e.g., root activity and sediment transport within
burrows dug by animals).

The research of Von Rad (1970) was one of the first to summarise the observations on the effect of
bioturbation on sedimentary magnetic fabric. By drilling cores and comparing results with sediments
deposited under known condition, Rees et al. (1982) concluded that bioturbation, which was clearly

evident, does not always alter the primary sedimentary fabric. Based on the comparison of the



magnetic fabric that originated from natural and experimental sediments without and with evidence
of bioturbation, Ellwood (1984) concluded that secondary physical processes (water flow and
gravitational settling) play more significant roles in the reformation of the primary (here
sedimentary) fabric compared to the minimal effect of biological activity. Flood et al. (1985) suggests
that bioturbation weakens anisotropy and can be identified by various fabric parameters, such as the
increasing dip of the foliation plane, strengthening lineation compare to foliation and the scattering
alignment of principal susceptibilities in the stereoplots.

Along with bioturbation, which frequently appears in paleosoi. in terrestrial environments,
additional pedogenic processes may play a significant role in *»e :!.eration of sedimentary fabric
triggered by physical disturbance (e.g., vertical infiltration o, "roundwater), chemical alteration (e.g.,
weathering, sesquioxide, and Al/Fe oxide formation) and 1. ineral neoformation (resulting from, e.g.,
bacterial activity). Despite the significance of suck p.oiesses, the identification and description of
their mark in the fabric of paleosols is still .101 the focus of (loess) anisotropy studies. Only a few
studies have specifically focused on th~ effect of weathering on the primary fabric. Mathé et al.
(1997) describes the change in mage.ic parameters, including the magnetic fabric formed by
lateritic weathering. In the studi=u cases, significant changes in the fabric parameters (degree of
anisotropy and the shape param. ter) were detected due to saprolitization (a weathering process
that causes the absence o' prirary high susceptibility minerals), ferralitization (a strong weathering
process that enhances su<.eptibility and sesquioxide formation) and maghemitization. The former
(saprolitization) preserves the initial magnetic fabric inherited by the primary material, whereas the
latter two change the character of the magnetic fabric. Sesquioxide formation homogenizes the
fabric and the degree of anisotropy decreases to zero or approximately zero. Maghemite formation
also reduces the degree of anisotropy and scatters the anisotropy directions (Mathé et al. 1997,
1999).

Nano scale single domain (SD) magnetic minerals may form during pedogenesis and can cause

the appearance of an inverse magnetic fabric in loess successions. The term inverse magnetic fabric



was originally used by Rochette (1988), who identified the c-axis-preferred orientation of ferroan
calcite (e.g., siderite) in which the maximum susceptibility is parallel to the c-axis; the term refers to
“...a magnetic susceptibility ellipsoid whose maximum axis correspond to the minimum axis of the
petrofabric...” (Rochette, 1988; p. 229). In SD particles, the minimum susceptibility axis is parallel to
the long axis of the grain as well (Hrouda, 1982; Jackson, 1991); however, this topic remains poorly
resolved (Parés, 2015, and the references therein). As shown below, the main of the research of
magnetic fabric studies is whether the “inversion” is caused by the appearance of e.g., SD minerals

and/or environmental processes.

1.1 Magnetic fabric studies of loess from the Chinese Loess i" ateau to Alaska

Following the pioneering study of Heller et al (.937) in the Luochuan section (Chinese Loess
Plateau (CLP)), Liu et al. (1988) made one of .ne €irsy steps in the investigation of the magnetic fabric
of loess. In their study, AMS paramete:< were used to distinguish aeolian and water-lain materials
originating from Xifeng loess. The stu lies .7 Heller et al. (1987), Liu et al. (1988), Thistlewood and
Sun (1991) and Sun et al. (1995; i1, “hinese) were forgotten until the early 2000s when numerous
magnetic fabric studies were ben. *med on loess outcrops.

Zhu et al. (2004) (alon wit 1 Lagroix and Banerjee 2002 and 2004a) opened a new chapter in the
study of the loess fabric. Tk ase studies used various anisotropy parameters (e.g., F12, F23, and E12 -
£1,) to evaluate the statistical significance of lineation and foliation to verify the orientation of
transportation found in the fabric (Section 3.). Along with the reconstruction of the prevailing wind
direction, Zhu et al. (2004) used anisotropy parameters as a climate proxy, analysed their change
through glacial and interglacial phases (from marine isotope stage MIS6 to 2) and compared them to
frequently used magnetic proxies, such as frequency-dependent magnetic susceptibility (X;g).

Along with the determination of the wind direction during the winter and summer monsoon

periods, Zhang et al. (2010) provided a model for fabric forming processes in loess (Baicaoyuan,



Xifeng and Yichuan successions; more information about the magnetic fabric-forming models can be
found in Sub-section 4.4.1).

Following the studies that successfully reconstructed prevailing paleowind direction from the
CLP (Sun et al. 1995; Zhu et al. 2004; Zhang et al. 2010), Liu and Sun (2012) came to a surprising
conclusion from high-resolution sampling and studies of Luochuan loess. Specifically, the magnetic
fabric of the Luochuan loess is influenced by various factors, such as particle size, compaction and
pedogenesis, and no prevailing wind direction could be reconstructed from the random distribution
of grains.

Ge et al. (2014) studied loess sections and developed on di“fe| _~.¢ paleoslopes at different sites
during the Last Glacial (including the problematic Luochuan :=ction). In contrast to the conclusion of
Liu and Sun (2012), Ge et al. (2014) verified the role of lc><s MF in the reconstruction of prevailing
wind direction. Instead of reflecting large-scale atn o-.pl eric circulation patterns, the wind direction
seemed to be controlled by regional surface wi d huw and influenced by regional topography. As a
verification of the study of Ge et al. (20"4) on tr.e connection among MF, surface wind and regional
topography, Peng et al. (2015) four 1 si,.ificant, non-climate related changes in surface wind
direction by analysing the fabric of U~otan succession (NE margin of the Tibetan Plateau). The results
from MF analysis combined with . microtextural study of grains indicate that the change in regional
topography (uplift of Tibean ) lateau) and the consequent cooling are factors responsible for the
coeval changes in atmospbh-.ric circulation and dust source areas.

In one of the newest MF studies from Chinese loess, Xie et al. (2016) focused on the
Neogene/Quaternary transition and found significant changes in Asian monsoon variation. This
change, which was recorded in the Lantian loess section, may explain the trend towards increased
aridity during that time.

Recently, a tendency in the displacement of the focus of loess research from CLP towards
Central Asia has been noted. This tendency is reaching the field of magnetic fabric research as well.

The analysis of Cheng et al. (2019) indicated prevailing near-surface SE wind around MIS3, while a



characteristic SW wind developed during MIS3b in the Tacheng area (Xinjiang region, NW China).
This "anomalous” wind was connected to the intensification of an anticyclone that formed over the
area of growing glacier cover in the western and central Tienshan Mountains.

Among the earliest studies outside of the CLP, the magnetic fabric study of the Siberian loess
provided a raw model for numerous subsequent studies. The goal of the study by Matasova et al.
(2001) was to “test the conflicting viewpoints concerning the origin of the loess deposits at Kurtak
loess” (Siberia) (Matasova et al. 2001; p. 377) by characterizing the MF. Following this analysis, no
consensus was achieved on the sedimentary MF formation proccss in Kurtak loess. Various
processes, such as aeolian sedimentation, solifluction, colluvial =-ac_zses and water flow, seemed to
develop similar fabrics. As a summary, Matasova et al. (200., concluded that regardless of the origin
of the orienting mechanism, the changing orientation ¢’ the fabric might indicate differences in
prevailing transport directions during different glac a! ar d interglacial periods. In addition, the study
reported that pedogenic processes could alt.r t..e primary sedimentary magnetic fabric (i.e.,
development of isotropic fabric).

Extending the research by assesse 1 'nu..e loess successions in SW and central Siberia, Matasova
and Kazansky (2004) provided dee,. ~r insight in the mechanism of loess deposition and alteration.
Based on their observation. th. MF of unaltered loess (primary sedimentary fabric) reflects
paleowind directions, whi 'h hz s generally not changed since the end of the Middle Pleistocene. In
contrast, the study sugge<t- that the alignment of the grains is a sensitive indicator for the degree of
pedogenesis in paleosols. As a predecessor of Ge et al. (2014; see above), Matasova and Kazansky
(2004) connected the regional differences in wind direction with different landscape positions of the
studied successions (i.e., leeward and windward slope positions).

The earliest MF studies in the European Loess Belt (ELB) were performed in various profiles of
Toénchesberg loess in Germany (Reinders and Hambach, 1995) and the Lower Danube Basin in
Bulgaria (Jordanova et al. 1996). The goal of the former study was to identify the Blake magnetic

excursion, and the supporting measurements characterized the magnetic fabric as having a random



distribution of grain orientations on the horizontal plane. The latter study mainly focuses on the
sampling technique and warns about the possible deformation of fabric from inadequate sampling
practices. The study briefly discusses the potential of magnetic fabrics in paleoenvironment
reconstruction, i.e., reconstruction of prevailing wind directions and indications of bioturbation
(random orientation of grains in paleosols).

The study of Hus (2003) built a bridge between various profiles from the western part of ELB
(Kesselt and Remicourt, Belgium) through the East European Plain (Roxolany, Ukraine) and Siberia
(Kurtac/k) towards the CLP (Huangling, Wucheng Formation). The study concludes some
fundamental points about the fabric of loess, but unfortunate"' sc.7.e of these points seem to fall
into oblivion. Along with some observations, e.g., about ‘he influence of bioturbation and the
neoformed magnetic components in paleosols, the stuu ' focuses on the bedding plane parallel
magnetic foliation and scattering orientations of riasn :tic lineation along the foliation plane (i.e.,
more likely isotropic than anisotropic fabric), as vsell as the role of phyllosilicates in the loess
characterized by low magnetic suscepti*ility (Hus, 2003). Despite doubts about the feasibility of the
identification of one process (i.e., the (ir:c .on of transportation) of the numerous influences during
the loess fabric formation (raiseq ~v the study of Huss, 2003), an increasing number of studies
appeared to use magnetic fabric o “alysis as a tool to identify paleowind direction.

During the study of lc 2ss 1 'om Poland and western Ukraine, Nawrocki et al. (2006) focused on
the marks of imbrication i1 the fabric supported by the lineation of magnetic grains lying in the
direction of paleowind. The dip of the magnetic grains and the fabric (i.e., the dip of the foliation)
was successfully applied as an indicator of imbrication and subsequently the paleowind direction in
the Late Pleistocene. In some recent studies of loess profiles in Ukraine (Cherepyn, Roxolany and
Koroshiv), Nawrocki et al. (2018, 2019) combined magnetic fabric investigation and absolute age
dating (U-Pb ages of detrital zircon) to determine paleowind direction and the possible source area

of the dust. The studies successfully connected the change of anisotropy parameters and the



paleowind direction to the fluctuation of the Fennoscandian ice sheet during the Last Glacial
Maximum (Late Pleistocene) (Nawrocki et al. 2018, 2019).

A series of studies focused on Middle Danube Basin loess. First in the region, Bradak (2009) used
MF orientation to reconstruct Middle Pleistocene paleowind direction. In further studies from
Hungarian loess (Cérna Valley loess, Hungary), the formation and transformation of the fabric was
reconstructed and connected to glacial and interglacial periods by the identification of characteristic
processes, such as aeolian sedimentation (glacials), pedogenesis (interglacials) and erosion and
redeposition by sheet-wash (transition periods) (Braddk et al. 2011, Rradak-Hayashi et al. 2016).
Recent studies focused on the classification of loess variatior~ b, scatistical analysis (hierarchical
cluster analysis) of the magnetic fabric characteristics (Brada'- ana Kovacs, 2014) and the influence of
depositional and post-depositional process during loess 1.“ric development (Bradak et al. 2018a, b
and 2019a).

Zeeden et al. (2015) used anisotropy p-.rar ete.s to characterize the paleoenvironment during
the Gravettian archaeological period at the Krei.ns-Wachtberg archaeological site (Austria). Bosken
et al. (2019) applied magnetic fabric en71y ..s to reconstruct paleowind direction during the MIS3/2
transition as a part of a comple> ~oarchaeological investigation on Gravettian population in the
Carpathian Basin (Bodrogkeresztu. section, Hungary).

Song et al. (2018) ex cuted MF investigations as a part of the revision of the paleomagnetic
results from Titel-Stari Slen'.amen loess section (Serbia).

Obersteinova (2016) and Hrouda et al. (2018) are the first to perform magnetic fabric studies on
loess successions from Moravia and Bohemia (Bulhary, Cerveny Kopec, and Tunel Blanka; Czech
Republic). The former (Obersteinova, 2016) analysed the fabric to identify various surface processes
during the development of the studied loess profiles. The latter study (Hrouda et al. 2018) is an
introduction and application of new methods, namely, frequency-dependent magnetic susceptibility
(fdAMS) and anisotropy of out-of-phase magnetic susceptibility (opAMS) measurements in loess

(Sub-section 3.2).



Another significant study assessed the western part of the ELB. Compared to the pioneering
study of Hus (2003) that introduce some fabric from Belgian profiles, Taylor and Lagroix (2015)
focused on the detailed, high-resolution study of the Nussloch section (Germany) and specifically the
formation and alteration of the sedimentary fabric.

A series of studies from Halfway House and Gold Hill Steps loess (Alaska) provide a ‘raw model’
for magnetic fabric studies of loess (Lagroix and Banerjee 2002, 2004a, b). Along with successfully
identified systematic changes in prevailing wind directions linked to the rhythm of glacial and
interglacial periods (Lagroix and Banerjee 2002), Lagroix and Banerjee ,”004a) recommend a method
of analysis to evaluate sampling induced deformation ans isc!ite samples with statistically
significant fabric orientation (Sub-section 3.3.2). Along witi. the primary aeolian fabric, Lagroix and
Banerjee 2004b discovered new type of magnetic fabric \. =2:.1al oblate and prolate magnetic fabric)
that was formed by the chain of events connected t » ',ei mafrost activity.

Along with studies focusing on environren al rcconstruction, a few studies on loess have been
methodological or experimental in nat'ire. Together with various rock samples, Jordanova et al.
(2007) used loess samples to invcstig..e the influence of stepwise alternating field (AF)
demagnetization on various magi.~tic parameters, including e.g., the degree of anisotropy of
magnetic susceptibility. The chan, = in such parameters draws attention to the bias and the danger
of data misinterpretatio® if the anisotropy measurements occur after AF demagnetization
experiments.

The aim of the experiments executed by Wang and Lgvlie (2010) was not to study the formation
of loess MF but to “elucidate factors controlling the acquisition of magnetization in loess” (Wang and
Lgvlie, 2010; p. 394). Their experiments provided significant information about the character of a
magnetic fabric that was developed during dry deposition in a laboratory environment.

As noted above, numerous fundamental points from loess magnetic fabric studies have already

been established. The goal of this study to summarize the significance and limitations of magnetic



fabric analysis of loess and introduce some novel results that may provide new perspectives in

future studies.

2. Materials

2.1 A short introduction to loess

Loess variations cover approximately 10% of the Earth’s lar- su.face and play significant roles in
terrestrial climate reconstructions from the Quaternary (Pye '98/).

Loess (sensu stricto aeolian loess) can be defineu ~< an aeolian sediment that has been
transported and deposited by the wind and is don irate d by silt-sized (2-50 um-diameter) particles
but also contains measurable amounts of sa «d « nd viay grain size particles. Loess can be recognized
as a distinctive sedimentary body ranging fron. a few centimetres to several hundred metres in
thickness (Muhs, 2007). The primary se di.n _.itary structure of loess is homogenous and massive, and
occasionally primary bedding struc ures, e.g., horizontal laminations and rare crossbedding, also
appear. The coarser grains are ce.mented by finer interparticle clays and/or secondary carbonate as
matrix (Muhs, 2007).

The term loess (sens' lato) has not been limited to the aeolian type introduced above. The
formation of loess variations can be connected to various surface processes, such as reworking (e.g.,
bioturbation via root activity and burrows), pedogenesis, redeposition (e.g., by slope and water-lain
surface processes) and deformation (e.g., compaction, cryogenic and seismic processes).

In addition to studying the forming environment of aeolian loess, understanding the alteration
of primary aeolian material plays an important role in characterization of the paleoenvironment. The
observation of the rhythmical alteration of loess and paleosol horizons led to further investigations,

e.g., rock magnetic studies (magnetic susceptibility - Xy, and frequency dependence of magnetic



susceptibility Xi) and the development of two fundamental theories about the magnetic
enhancement of loess (Evans, 2001). In loess sequences, sediments are generally characterized as
low X; and X, and paleosols are generally characterized high Xy and X:. The so-called
superparamagnetic (SP) minerals are indicated by high X;y compared to multidomain (MD) and stable
single domain (SSD) grains. Maher and Taylor (1988) discovered that the origin of such nanoscale SP
components is related to biogenic processes strongly connected to pedogenesis. Therefore, the
method of magnetic enhancement of primary loess by biogenic processes and weathering in
paleosols is called the pedogenic model (Evans, 2001) (e.g., CLF <~d the ELB). In contrast, an
increasing input of coarser magnetic particles by stronger wi=-s -Luses an increased X; in loess
compared with that found in paleosols (Begét and Hawkir.. 1989). This feature is called the wind
vigour model (typical e.g., in Alaskan and Siberian loess) (v ~rer, 2018).

Repeating sedimentation, alteration of loess t r.al o0sol units and the deposition of new loess
horizons, i.e., the evolution and cycles of !ses successions, are connected to astronomical (e.g.,
solar insolation) and terrestrial (e.g., ckange in global ice volume) forces (Liu and Ding 1993, 1998;
Ding et al. 1995; Liu et al. 1999).

These fundamental componen.- of 10ess research, such as the origin, formation and alteration
processes of loess and their use o~ climate proxies, significantly influence magnetic fabric studies as

well.

2.2 Case study from Paks — Site and sampling

Along with some earlier results published in Bradak (2009), Bradak et al. (2011) and Bradak and
Kovacs (2014), magnetic fabric of samples from the Paks loess succession were analysed in this study
(Suppl. Mat. 1). The Paks loess profile is located to the north of the town of Paks in the Pannonian
Basin, Hungary and on the right bank of the Danube River. As a part of the ELB, the Paks succession

plays an important role in terrestrial paleoclimate reconstruction in Europe (Ujvari et al. 2014;



Markovi¢ et al. 2015) (Fig. 2). As part of a recent paleoenvironment study of Paks, a 16-m-thick
loess/paleosol sequence was cleaned and subjected to high-resolution sampling, and various

magnetic studies were conducted (Bradak et al. 2018a, b) (Fig. 2b).
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Figure 2. a) Schematic map of the distribution of loess in the Northern Hemisphere and the
locations of the profiles appearing in the study, b) location of the Paks profile in Hungary, and c) the
graphic log of the studied succession in the 2014-2016 research sessions. The yellow polygons in Fig.

2a and b indicate the schematic distribution of loess areas based on Haase et al. (2007), Muhs



(2007), Li et al. (2020) and Zan et al. (2020). I-European Loess Belt; lI-Ukranian Loess Belt; IlI-Russian
Loess Belt with the IV-Siberian Loess; V-Central Asian Loess Region; VI-Chinese Loess Plateau and the
VlI-Alaskan Loess. The detailed list of the profiles (including e.g. references and coordinates) used in
the map can be found in Supplementary Material 1. AT-Austria; CZ-Czech Republic; HR-Croatia; RO-
Romania; RS-Republic of Serbia; SL-Slovenia; SK-Slovak Republic and UA-Ukraine. Fig. 2a and b is
modified after Braddak et al. (2018a,b and 2019 b,c). The basic relief map is adapted from Amante
and Eakins (2009). The chronostratigraphical subdivision of the section is based on Ujvari et al.

(2014).

The glacials, such as MIS 18, MIS 16, MIS 14, MIS 12 a, 1 MiIS 10, were represented by various
sediments in the studied sequence at the Paks abandonc™ Lrickyard (Fig. 2b). The loess (L), sandy
loess (SL) and sand (S) sediment units were yellow ¢ nr. y.:llowish-grey in colour and consisted of fine-
grained silt or silty sand with homogene us or Jccasionally poorly developed fine laminated
sedimentary structure. LSi is a lamin~ted silt layer that was possibly deposited by water-lain
processes (e.g., Fitzsimmons et al. 2012) L. is a well-sorted, grey, thinly laminated sediment with a
parallel, wavy structure and <c.otains a secondary carbonate between the laminas. The
chronostratigraphical position ot .~e unit remains unclear; however, it may date to MIS 12 (Ujvari et
al. 2014).

Interglacials, such as M.IS 19, MIS 17, MIS 15, MIS 13 and MIS 11, were represented by various
paleosols (Fig. 2b; Ujvari et al. 2014; Markovi¢ et al. 2015), which are briefly summarized in Table 1

and detailed in Bradak et al. (2018b and 2019b, c).

Depth Correl. to Colour (Munsell
Abbrev. Name FormingJr Characteristics

*

(m) cLp® colour; moist/dry)




MB Mende Base 0.3-1.3 MIS11
4.5-4.7
Phel
Paks Sandy (Ph1);
and MIS13
Soil Complex  5.1-5.6
Phe2
(Ph2)
Mtp - 6.5-7.8 MIS15
Hsland (‘embryonic 9.6-10.2;
Hs2 soils’) 11.5-12.2
Paks Double
PD1 12.8-13.9 MIS17
1
Paks Double
PD2 15-16.7 MIS19
2

s4

S5

5

S5 and S6

S6

S7

Upper: brownish
red (5YR4/4;
7.5YR5/4); lower:
red (5YR4/4;
5YR5/4)

Slightly darker than
the parent mat.
(Ph1: 10YR5/4;
10YR6/7 . ~d , /4;
Ph?. 1LVR5/4;

1VR7/4)

Bruwn (2.5Y6/3;

2.5Y8/2)

Slightly darker than

its parent material.

Red (7.5YR3/4;

7.5YR5/4)

Red (7.5YR5/4;

7.5YR6/4)

Well-dev.; angular
blocky (upper) ped.
struct. and, sandy-

clayey (lower); By

Very weak, single
grain ped. char.;
appearance of small,
~0.5 cm diameter

biogalleries

Homogeneous; well-
developed; massive

ped. struct; By

Weathered horizons,
very weak paleosol
Clayey; well-
developed; granular,
angular blocky ped
struct.; By

Clayey; massive,
angular blocky soil

structure; By

* Please see Fig. 2b
"Based on Ujvari et al. (2014)
S Markovi¢ et al., (2015)

By, (Cca) - CaCO;5 accumulation horizon.




Table 1. A brief summary of the paleosol units of the studied loess successions. More detailed

descriptions of the units are available in Bradak et al. (2018b, 2019b and c).

Oriented block samples (“hand-cut blocks”) approximately 10x10x10 cm in size were collected
every 10-cm depth interval in the preliminary sampling of the Paks profile. Cubic specimens of 2x2x2
cm were cut from the block samples. No plastic holder was applied to avoid fabric deformation
during sampling and sample preparation (Jordanova et al. 1996; Matasova et al. 2001). This method
of sampling provided approximately 6 to 10 pieces of specimens from ~very sampled horizon, which
meets the criterion for a statistically significant number of sp~-~u..zas, e.g., during the stereoplot

analysis.

2.3 Case study from Paks — Material and mineral co nr.os'tion

During the magnetic anisotropy studies ot oes., it is essential to know what types of minerals
comprise the (magnetic) fabric. Loess c~ntains 1ine grain aerosols travelling in regional/continental
distance (e.g., Varga et al. 2016), coa sr.r .Jst from local sources (e.g., Ujvari et al. 2012; Thamé-
Bozso et al. 2014) and, as discussea ~hove, neoformed minerals (Sub-section 2.1).

Examples from the Paks loe s succession represent the characteristics of magnetic mineral
composition in loess and . 1leo: ols (Bradak et al. 2018a, b and 2019b). Scanning electron microscope
(SEM) observations (combiied backscattered electron imagining and X-ray elemental scanning) of
thin sections characterise the distribution of magnetic components in the microfabric of loess

samples (Bradak et al. 2018a, b and 2019b).
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Figure 3. Microfabrics of loess and paleo.~l units from Paks. Mineral components in the fabric of
sediments (a, b) and compact, mas-ive, ~'ayey paleosol horizons (c, d, e, and f). In the elemental
mapping figures (b, d and f), bic= inuicates Si (e.g., quartz), red denotes minerals with a high Fe
content (e.g., magnetite, titan. m-.gnetite) and green indicates minerals with significant Al content,
i.e., light green most iik.'v uenotes phyllosilicates (e.g., muscovite and chlorite) and the greenish
blue indicates feldspars (e.g., potassium feldspar and plagioclase) (modified after Bradak et al.
2019b). Abbreviations are as follows: Ab — albite (plagioclase), Ap — apatite, Cal — calcite, Chl —
chlorite, Dol — dolomite, Ep — epidote, Hem — haematite, Ilm — ilmenite, Ms — muscovite, Kfs —

potassium feldspar, Ky — kyanite, Qtz — quartz, Rt — rutile, and Ttn — titanite.

Aeolian loess exhibit a silt dominant microfabric with limited matrix (clay) between grains (Fig.
3a and b). The characteristic grain size is between ~10 and 60 um (Fig. 3a). Compared to loess, the

microfabric of paleosols is characterized by a more compact, clayey matrix and finer grains.
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Figure 4. Microfabric of loess (a) and palec..' (L) samples. Energy-dispersive X-ray spectroscopy
(EDS) spectra of the indicated grains is presern..~d to the right of the figures. Abbreviations are as
follows: Ab — albite (plagioclase), -a- — calcite, Ms — muscovite, Qtz — quartz, TiMag —
titanomagnetite. TiMag+ EDS sp>ctra indicate a mixture of the signal of submicron size
titanomagnetite and other minc+al components (e.g., clay minerals) (due to the limitation of the

instrument, no clear EDS s )ect. 3 could be presented).

Energy-dispersive X-ray spectroscopy (EDS) revealed the mineralogical components of the
samples (Fig. 4; and Bradak et al. 2018a, b and 2019b). Compared to the sporadic appearance of
ferromagnetic minerals, such as iron oxides (most likely [titano]magnetite and haematite) and
ilmenite, high amounts of paramagnetic phyllosilicates, such as muscovite (Fig. 3 and 4; Ms) and
chlorite, were observed in primary aeolian sediments. Quartz and calcite (Fig. 3 and 4; Qtz and Cal)
were the most common components that were present in relatively high amounts along with other

contributors, such as albite, epidote, K-feldspar and rutile (Fig 3). The mineral composition of the



studied paleosols is similar to aeolian loess, suggesting a sedimentary origin of coarser grain
components (Bradak et al. 2018a, b and 2019b) (Fig. 3).

The alteration of the original sedimentary fabric was indicated by the evidence of physical and
chemical weathering: the appearance of fine grain components (clayey matrix) (Fig. 3c, d, e and f);
the degradation of minerals, such as phyllosilicate sheet detachment (Fig. 4a); the fragmentation of
coarser grains (Fig. 4b); and the compaction of the fabric (Bradak et al. 2018b and 2019b).

The results of the case study from the Paks are consistent with the general description of Muhs
(2007): most loess deposits have mineralogy that includes quarts, ~lagioclase, K-feldspar, mica,
calcite (and sometimes dolomite), and phyllosilicate clay mir-ra.> (smectite, chlorite, mica, and

kaolinite). Heavy minerals are usually present but in small ai. ~unts (Muhs, 2007).

3. Methods

3.1 Magnetic anisotropy measurementisi.i.ass

Anisotropy of low-field magn. tic susceptibility (AMS), which is the most common method used
in loess fabric studies, orcvide; a useful tool to characterize the magnetic fabric of materials. The
magnetic fabric, as charar’erized by AMS, reflects the alighment of magnetic contributors in the
material that have preferred dimensional orientation (pdo) controlled by magnetic anisotropies and
minerals with crystallographic preferred (crystallographic axis) orientation (cpo) controlled by
magnetic anisotropies. Therefore, the magnetic fabric can provide potential insight into various
processes, including the type and orientation of material transport, flow energy, post-sedimentary
processes, and stress fields (Tarling and Hrouda, 1993). Due to its nature, AMS measurements reflect
the orientation of all grains in the material, including e.g., paramagnetic contributors, which may

bias the measurement results in samples with low magnetic susceptibility (e.g., Hus, 2003).



For sediments characterized by low magnetic susceptibility (klf,,g < 5x107*Sl), paramagnetic
components contribute significantly to the bulk magnetic susceptibility value (Rochette, 1987;
Hrouda and Jelinek, 1990). In loess, which consists of a numerous paramagnetic contributors
compared to ferromagnetic components (see Sub-section 2.2), the “bias” triggered by the
anisotropy of paramagnetic minerals may become significant and makes the interpretation of the
fabric orientation complex in loess (e.g., Hus, 2003; Taylor and Lagroix, 2015). As suggested by e.g.,
Rochette et al. (1992), Hus (2003) and Taylor and Lagroix (2015), the relationship between
anisotropy degree and the mean magnetic susceptibility may help to . ~veal paramagnetic influence
in loess. The lack of a relationship between the two parameter- ~ug;ests that the AMS is controlled
by the paramagnetic mineral fraction rather than ferrimag. ~tic contributors (Rochette et al. 1992;
Hus, 2003; Taylor and Lagroix, 2015). Along with AMS, ~t!ier magnetic anisotropy methods are
available to study loess that may reveal additior al in‘ormation about the fabric (Bilardello and
Jackson, 2014; Bilardello, 2016) and may '.el. to separate the paramagnetic and ferromagnetic
fabrics. To complete the AMS results, anisotrepy of isothermal remanent magnetization (AIRM)
experiments performed by Jordanova 2t ai. (1996) identified SD or near SD states and multidomain
(MD) magnetite and haematite 7i.ins In the fabric of Bulgarian loess. Hus (2003) examined the
anisotropy of partial and total -~nhysteretic remanence (APARM and AARM) to compare the
magnetic fabric influencec by Haramagnetic contributors and identify the preferred orientations of
the soft and hard ferrimasr atic fractions.

Along with paramagnetic contributors, the identification of magnetic fabric influenced and/or
formed by mineral neoformation may represent a challenge during the study of loess successions. In
loess/paleosol sequences, production of ultrafine magnetic particles in the transition between the
superparamagnetic (SP) and stable single domain (SSD) states is mainly related to pedogenic
processes, such as weathering and biogenic activity (Maher and Taylor, 1988; Forster et al. 1994);

therefore, these particles can potentially bias the original primary sedimentary fabric and provide



fundamental information about pedogenesis. Due to its nature, i.e., built in situ with neoformed
magnetic components, we propose the term “authigenic magnetic fabric”.

Following the extension of the limits of measuring methods (Pokorny et al. 2011), Hrouda and
Jezek (2014) were among the first to note the potential of a new type magnetic anisotropy analysis
in loess research: the determination of the anisotropy of frequency-dependent magnetic
susceptibility (fdAMS). fdAMS analysis provides an easy method to separate the remains of the
primary magnetic fabric and the authigenic pedogenic fabric, which consist of nanoscale (mainly
SP/SSD) contributors.

Anisotropy of out-of-phase magnetic susceptibility (opAMS® ~a, cen recently developed for the
identification of authigenic pedogenic fabric (Hrouda et .' 2018). Both fdAMS and opAMS are
controlled by magnetic particles of similar sizes. There‘~re, opAMS can indicate the preferred

orientation of ultrafine pedogenic magnetic proper ie..

3.2 Analysis of the magnetic fabric

3.2.1 Magnetic fabric parameters

The output of anisotropv of 1.~agnetic susceptibility measurements is a second-rank tensor that
can be conveniently viiualizad as a magnetic susceptibility ellipsoid with three mutually
perpendicular principal siic_eptibility axes, namely, Kmax (maximum susceptibility), ki.; (intermediate
susceptibility) and kmi, (minimum susceptibility), which are the three eigenvectors of the
susceptibility tensor (Hrouda, 1982; Tarlin and Hrouda, 1993). The magnetic susceptibility ellipsoid
defines the so-called magnetic fabric with magnetic lineation (orientation of the K., axis) and
magnetic foliation (plane containing K.« and Ki,; axes and perpendicular to the K, axis) (Fig. 1). The
guantitative parameters that describe the magnitude and shape of the magnetic susceptibility
ellipsoid can be defined using numerous methods (see, Table 1.1 in Tarling and Hrouda, 1993).

Currently, the most commonly used quantitative parameters include the following: foliation (F),



lineation (L), corrected degree of anisotropy (Pj) and shape parameter (T). These parameters are

used frequently in loess/paleosol research and can be calculated as it is summarised in Table 2.

Magnetic anisotopy

Equation (equation number in the text) References
parameter (abbrev.)
Foliation (F) Kint/Kmin (EQ. 1) Stacey et al. (1960)
Balsey and
Lineation (L) Kmax/Kint (EQ. 2)

Buddington (1960)

Corrected degree of exp \/{2 [(nmax - nm)z + (nint - nm)z + (vimih _—nm)z] }
Jelinek (1981)

anisotropy (Pj) (Eq. 3)*
Shape parameter (T) (2 X Nint = Nmax - nmin)/(nmax» r]min) (F 4- 4)* Jelinek (1981)
Shape factor (q) (Kmax = Kint)/[0.5 X (Kmax + Kint) = mina <. 6)# Granar (1958)

* In the case of Eq. 3, 4 and 5: Nmax = INKmax Nint= K ¢ Nimin = INKmin, 7y = 3\/ Nomax X Mine X N omin

*Granar’s shape factor was used during the st. v of Paks loess therefore it is listed in the chart.

Table 2. The summary of magneti: fa.-ic parameters used in this study.

3.2.2 Statistical signifir. ~ce ~nulysis of AMS parameters

Data verification after the measurements typically begins with the evaluation of F statistics (e.g.,
Jelinek, 1981; Lagroix and Banerjee, 2004a; Zhu et al. 2004). Lagroix and Banerjee (2004a)
summarized the criteria for a primary fabric with a well-defined orientation (statistically significant
Kmax) fOr loess samples. An area of uncertainty around the orientation of principal axes is quantified
by 95% confidence ellipses that have semi-axes, which are denoted by epsilon (€). At the specimen
level, the 95% confidence uncertainty ellipse of K. is defined by semi-axes €, and €,3, where €4, is
the half-angle uncertainty of k.., in the plane joining K,.x and ki, and €3 is the half- angle

uncertainty of Kn. in the plane joining Kmax and Knyin. The maximum allowable €;, of statistical



significance indicating well-oriented grains in individual samples is 22.5° (Lagroix and Banerjee,
2004a). In the other words, Zhu et al. (2004, p. 59) state that “E12 (g4,) indicates the angular
uncertainty in the direction of k.. within the magnetic foliation plane. Because the measured
foliation is generally almost horizontal, E12 represents the 95% confidence angle for the azimuth of
Kmax - Samples with statistically significant lineation are defined by two parameters: F12 > 4 and g;,<
20°.

Correlations between €1, and anisotropy parameters, such as L, F, and Pj, verify the appearance
of significant lineation in the samples (e.g., strong inverse relationsh.> between €;, and L) (Lagroix
and Banerjee, 2004a). The F12 — €12 plot, which was introduce~ hy Z!wu et al. (2004), can be studied
for the same reason as L — €, plot. Additional diagrams ha. » been used for further evaluation. The
relationship between F and F23 was also investigated by 7.u et al. (2004) to reveal well-resolved
magnetic foliation in the fabric. Random measurerr =r.cs 2rror in samples with low bulk susceptibility
can be identified by the analyses of the rel-.cio 'shi. between F12 and bulk magnetic susceptibility

(Zhu et al. 2004).

3.2.3 Frequently used plots in loecs .nagnetic fabric analyses

Two frequently used and one les. known plot are employed in these analyses and are introduced
below. These diagrams ha ‘e be en commonly applied in anisotropy studies but do not seem popular
in the study of loess; ho sever, these diagrams may provide significant information about the
forming environment of sediment and paleosol units. The most commonly applied plot in
loess/paleosol studies is the Pj — T diagram (e.g., Liu et al. 1988; Jordanova et al. 1996; Matasova et
al. 2001; Lagroix and Banerjee, 2002; Matasova and Kazansky, 2004; Bradak et al. 2011; Taylor and
Lagroix, 2015; Bradak et al. 2018a, b, 2019; Nawrocki et al. 2019). For loess, the so-called Jelinek
diagram introduced by Jelinek (1981) may be useful to distinguish various transport facies by

exploiting the influence of transport/deposition energy or pedogenesis on the characteristics of the



magnetic fabric (alighment of the grains) as represented by the shape of the susceptibility ellipsoid
(oblate or prolate).

The dominance of foliation or lineation on the magnetic fabric can be assessed using F — L or
Flinn diagrams. Flinn diagrams were originally applied to describe the shapes of strain ellipsoids
(Flinn 1962). Similar to the strain ellipsoid (used in structural geological studies), the shape of the
susceptibility ellipsoid can be characterized by the relation between the F and L parameters plotted
on a Flinn-like diagram (e.g., Zhu et al. 2004; Taylor and Lagroix, 2015; Bradak et al. 2011, 2018a).
The dominance of F indicates an oblate ellipsoid and a flattening stra.”. In contrast, the dominance
of L indicates a prolate ellipsoid and a constrictional strain. Sir'ar < the Jelinek plot, the objective
of using the Flinn diagram is that the F and L parameters cai. “e analysed along with the shape of the
susceptibility ellipsoid.

The g (shape factor) — B (imbrication angl¢) dii gram was introduced by Taira (1989) to
characterize the stresses and the transporta’.ior. ene.gy during fabric production. B is the inclination
of the minimum principal susceptibilit’ In the case of Taira (1989), the angle of imbrication is
defined by the tilt of the short axis. Grin~r ~.st applied g (1958) (Table 2).

The factor g compares the irtc~sity of magnetic lineation in the magnetic foliation plane with
the intensity of foliation (Taira, "989). The q and B values are related to the gravitational and
tangential stresses in fabi‘c prduction. Based on the study of Taira (1989), various areas can be
separated on the diagram 'sased on the B and q values related to materials transported by various
processes (e.g., gravitational, aeolian and water-lain), deposited in various environments (e.g.,
aeolian and fluvial), and characterized by various sedimentary structure (e.g., homogenous,
laminated and cross-bedded). Although the Taira diagram can be potentially used to characterize the
depositional energy of dust (Bradak et al. 2018a) or distinguish between units deposited in various
sedimentary environments (e.g., aeolian and redeposited loess by water-lain processes), the
appearance of high B in paleosols due to the reorientation of grains by vertical processes may cause

some complications.



Liu et al. (1988) used P — L and P — F plots, correlation and analysis of the coefficient of the linear
trend after correlation to separate undisturbed (i.e., aeolian, windblown) loess and redeposited
(water-lain) materials. The adaptation of the method, e.g., by Bradak (2009), yielded promising
results; however, a study of aeolian and redeposited loess using this method resulted in more

question regarding the efficiency of the method (Bradak and Kovdacs, 2014).

3.2.4 Analysis of stereoplots

a y Gravitaton b N Flow-aligned
aligned = S (oriented)

270

Imbricated /
slope dep.

e 180 f 180
Flow- Flow-transv. (2)
N__ transverse (1) N__ biaxial .. “te

Figure 5. Magnetic fabric types observed in sedimentary facies. The red, green and blue coloured
areas represent the theoretical distribution of the directions of Ky, Kin: and Knyin axis, respectively.
The grey arrows and the grains with small black arrows indicate the relationship of paleocurrents
and the alignment of grains with preferred dimensional orientation. In Fig 5c, c1 area indicates the

theoretical distribution of the imbricated fabric, and the c2 arrow represents the orientation of



magnetic lineation in the deposition on slope. The dotted line indicates the dip of the foliation plane
compared to the horizontal orientation. In Fig 5d, d2 area indicates potential imbrication as
demonstrated by the discrepancy of magnetic foliation from the horizontal (for a detailed

description of various types and references, please see Sub-section 3.2.4).

One of the commonly used analytical methods in anisotropy studies is the application of
stereoplots, i.e., the stereographical projection of the directions (declination and inclination) of
principal susceptibility axes. The orientation of principal susceptibin.=s reflects the orientation of
the susceptibility ellipsoid, and the alignment of magnetic contri~'rn.:. can be easily visualized in this
manner. Various types of magnetic fabric can be clas_.fied by the distribution of principal
susceptibility axes on stereoplot. The main magnetic “kric types, introduced below, can be
observed in various sedimentary successions fcrriel in aeolian, fluvial, alluvial and marine
environment, including loess-paleosol recorcs (1 'g. 5,.

During the formation of gravitatior -alignea fabric (e.g., Taria, 1989; Tarling and Hrouda, 1993;
“horizontal fabric” in Baas et al. 20C7) (. .4. 5a), gravitational and magnetic forces are the only
operating forces that result in a ran.'-m scattering of grains in the foliation plane. The gravitationally
aligned fabric displays quasi-horiz. ntal foliation with a dip of a few degrees and scattered alignment
of magnetic lineation (k ., ates) in a horizontal plane without any characteristics of fabric
orientation. Such a sedime’tary magnetic fabric may form in an environment with no current flow.
Along with gravity, magnetic forces may orient very fine grains (<1 um) following the alignment of
local geomagnetic field (Tarling and Hrouda 1993).

If currents are present during the deposition, a flow-aligned magnetic fabric can be developed
(Fig. 5b). In the flow-aligned fabric, elongated grains tend to align parallel with the transport
direction and may show an up-flow tilting. In weaker currents (<1 cm/s), the tilting is less than 10°. In
the case of stronger currents (21 cm/s), a 5-20° dip in the magnetic foliation plane is clearly

indicated by the deviation of k., from the vertical orientation (Tarling and Hrouda, 1993). The dip of



magnetic foliation was defined as a marker of imbrication of magnetic particles and used to infer
paleowind directions by Nawrocki et al. (2006) (Fig. 5c1). Unfortunately, a similar magnetic fabric
can develop if sedimentation occurs on a slope. The dip direction of the slope can be identified by
the alignment of principal susceptibility axes; the tilt of k., directions from the vertical and
inclination of the plane is defined by the intermixing of k.., and ki, from the horizontal plane (Rees
1966, 1971) (Fig. 5¢2).

In the ideal flow-aligned and imbricated magnetic fabric, the well-clustered magnetic lineation
distributed along the foliation (imbrication) plane may indicate a-~xis imbrications and clearly
defines the orientation of the currents (Fig. 5b and c1). Over>" .z vitational force still dominates
the depositional environment (stronger than the tangential  “rce), which creates (strongly) an oblate
magnetic fabric within the bedding plane (Tarling and .'~cuda, 1993). Such a magnetic fabric is
reported in the research of, e.g., Rees (1968), Rees ard 'Voodall (1975), Taira (1989), and Baas et al.
(2007).

Contrary to the flow-aligned fabric magne.ic lineation can be oriented at ~45° clockwise or
anti-clockwise to the paleoflow directi v (1 .5. 5d). This phenomenon is referred to as a flow-oblique
magnetic fabric and can be iden*n.~d by the characteristic discrepancy of k.., and the dip of the
foliation plane. The imbricatinn a, A the bi-directional (re)orientation of the elongated grains may be
developed by the combin>d ir fluence of stronger currents and gravity during settling on inclined
surface (slope) (Fig. 5d2). I'.formation on the flow-oblique fabric can be found in studies from Rees
(1966), Rees and Woodall (1975), Taira (1989) and Baas et al. (2007).

Two types of magnetic fabrics have been defined as flow-transverse magnetic fabric (or biaxial
prolate, AB plane imbricated, pencil and “rolling” fabric) in the literature. In the first type, the a-axes
of clasts, which are represented by k..x, are aligned perpendicularly to the flow direction, and the
intermediate axes (ki) are aligned in the flow direction. The orientations of principal susceptibilities
are well separated, and current orientation is indicated by a 10-20° dip of magnetic foliation plane

(perpendicular to kmi») and the orientation of intermediate magnetic susceptibility (e.g., Baas et al.



2007) (Fig. 5e). In the second type, the flow-transverse fabric is characterized by well-clustered Ky
directions, and the K., and ki, axis create a girdle perpendicular to the k., axis (across the foliation
plane). (Fig. 5f). The development of magnetic fabric is potentially indicates strong currents, traction
and rolling of grains during transportation and a stable condition after deposition (Rees, 1983;
Tarling and Hrouda, 1993; Tauxe, 1998; Lagroix and Banerjee, 2004b). In both types, the transport
direction is perpendicular to the orientation of K.

A quasi-vertical magnetic foliation plane compared to the (theoretically) quasi-horizontal
sedimentary plane, i.e., high plunge of k.., (and low plunge of K,i,) ax.~. may indicate “true” inverse
fabric (triggered by the physical property of the grains, e.g., "~rc:, 2015 and references therein)

Ill

and/or “mechanical” inverse fabric (i.e., vertically orier.>d grains compared to the assumed
horizontal sedimentary plane caused by various geologica./~-dological processes) (Fig. 5g). A “true”
inverse magnetic fabric can be formed by SD mag.e‘ic grains (Hrouda, 1984; Parés, 2015 and
references therein) for which the suscept’oili y o the easy axis (the longest dimension of an
elongated grain) is basically zero becaus~ the magnetization in this direction is already saturated; the
distribution of the longest axes of SD ¢ re.n.. chus defines the minimum susceptibility direction (Kuyn)-
A mechanical inverse fabric (vertiLolly oriented fabric) can be formed by various processes (e.g.,
bioturbation, pedogenesis) and is *immarized below.

The stereoplot of hiaxal oi)late fabric is characterized by well-clustered k., directions, and K
and k;,; create a girdle r:rpendicular to the k., direction. This fabric is rare in undeformed
sediments. Among the studied loess profiles, it was only identified in two secessions (Lagroix and

Banerjee, 2004b; Bradak et al. 2019a), and various explanations describe their formation (Section 4)

(Fig. 5h).

3.2.5 Cluster analysis
The distribution of quantitative anisotropy factors can be evaluated by means of multivariate

statistics. The scope of such classification methods is to group and compare the studied (loess)



samples based on their similarity and common properties (i.e., anisotropy parameters, such as F, L,
Pj, and T). One of the preferred multivariate methods is cluster analysis, the results of which can be
visualized on a dendrogram.

Clustering is a method of coding in which samples from various units of loess succession that
were originally described with many parameters (i.e., quantitative anisotropy parameters) are now
described by only one value, its group code (cluster number, cluster group number). During
clustering, the number of samples is decreased by placing the similar ones into groups (instead of
decreasing the number of parameters) (i.e., samples with similar anisc.*ropy parameters will fall into
the same cluster group). It is an important criterion that every -~n,:!¢ has to belong to a group but
only to one group. The main aim of cluster analysis is :n settle the similar samples (samples
characterized by similar anisotropy parameters) into the -2.ne group; however, the complexity is
derived from the fact that there are not only onc fro ip of conformations. “Cluster analysis (CA)
classifies a set of observations into two or mc e n..utually exclusive “unknown” groups based on
combinations of interval variables. Tk~ purpose of cluster analysis is to discover a system of
organizing observations, usually peopl , ‘aic groups, where members of the groups share properties
in common” (Stockburger, 2001). 1. the case of magnetic fabric analysis, the created cluster groups
may reveal characteristic magnc*ic fabric types related to various sedimentary and pedogenic
environment.

Following the cluster unalysis, it is important to verify the correctness of grouping and the
existence of the definite groups using various methods. Discrimination analysis can be applied to test
the cluster analysis results. During discriminant analysis, the samples are taken to such a
discrimination field, where the separation is optimal. The analysis reveals the extent to which the
planes separating the groups can be distinguished by building a predictive model for group
membership. The model is composed of a discriminant function (a set of discriminant functions for
more than two groups) based on linear combinations of the predictor variables that provide the best

discrimination between the groups. Discriminant analysis results are often visualized on the surface



stretched between the first two discriminating planes (functions 1 and 2) (e.g., Afifi et al. 2004;
applied in loess magnetic fabric: Bradak et al. 2011; Bradak and Kovacs, 2014).

Calculation of Wilk’s lambda coefficients (A) helps to determine the (degree of) influence of
parameters (i.e., the anisotropy parameters) on the formation on each created sample group. Here,
A always falls between 0 and 1. If A = 1, then the mean of the discriminant scores is the same in all
groups, and there is no intergroup variability. Thus, in our case, the anisotropy parameter does not
affect the formation of the cluster groups (Afifi et al., 2004). If A = 0, then that particular parameter
affects the formation of the cluster groups the most, i.e., this \.nisotropy) parameter shows
significant differences between the cluster groups and may indi~~te Ziiferent forming environments.
The smaller the quotient, the more it determines the forn. tion of the cluster groups (Bradak and
Kovacs, 2014). The first application of cluster analysis on 1. 2gaetic fabric parameters in loess studies
showed promising results at the separation of s~ .dimnentary and pedogenic units from loess
successions (Braddk et al. 2011), but the res ilts of further measurements did not fully meet

expectations (Bradak and Kovdacs, 2014).

3.2.6 Wavelet spectrum analysis

Wavelet spectrum analysis (v.'SA) can be employed on high-resolution data to investigate the
existing periodicity in the ¢ =ries. Since it is localized over both time (space) and scale (frequency), it
is possible to capture those characteristics that change over time (periodicity). The basis of WSA is a
continuous wavelet transform (CWT; Eq. 6), which may be defined as the convolution of the data
and the wavelet function (Kovacs et al. 2010) of a given time series (Xn, n = 1,. ., N) possessing equal
time intervals &t, (Eq. 6). The WSA is a function of mean zero that is localized in both frequency and

time (Grinsted et al. 2004).

an(s) = /% g’:1Xn’ \PO [(n -n) %] (Eq.7)



where s is the scale, )y is the wavelet function, and & is the degree of resolution.

In this study, a Morlet mother wavelet (Morlet et al. 1982) yielded the source function from
which daughter wavelets could be generated. This was achieved via the scaling and transformation
of the mother wavelet. The degree of adaptability of the WSA enables it to address the problem of
nonstationarity (Daubechies, 1990). The purpose of the wavelet transformation is multiple
dissociation, which is achieved by decomposing the data in the scaling space. Thus, it possible to
visualize its self-similarity structure (Farge, 1992; Kovacs et al. 2."0). Given that the wavelet
spectrum is composed of independent time and frequency “*ar.cLies, its visualization in 3D is
possible by plotting power spectrum density (psd) graphs. _ince a more in-depth discussion of the
WSA is not especially relevant here, the following pur!i~zcons are suggested to provide more
information about its use: Benedetto and Frazier (1 19 +) 'nd Vidakovic (2009).

Due to missing data, the time interval i, nct anvzays equidistant, and a spline interpolation can
be applied. High-degree polynomials may be used in spline interpolation, and these polynomials
must pass through every measured da a pu..at. Then, the polynomials are resampled to compensate
for the missing data. In the prese,.* case (Section 5), a cubic polynomial was applied (Lyche and
Schumaker, 1973). All the mathe, ~atical computations were performed using R 3.2.3 (R Core Team,
2015), and the WSA was ¢ ndt cted using the dplR package (Bunn, 2010; Bunn et al. 2016). Despite
the broad range of applicat.on of WSA in Earth science (in loess research: Heslop et al. 2002; Basarin

et al. 2014; Song et al. 2014), WSA has not been applied on AMS parameters from loess successions.

3.2.7 Return maps

For example, the series of anisotropy parameters sampled continuously from a succession,
every member of the series (n, n+1, n+2...n+i) represents one moment in time. The map (plot) in
which the (n+1)th point is plotted as a function of the preceding n™" point is called a return map (e.g.,

Lorenz, 1963; Kapitaniak and Bishop, 1999). For example, during the analysis of the anisotropy



parameter P (degree of anisotropy), the first component (n) is the oldest data P,.. The second (n+1) in
the series is P,,1, which is younger than P,. The third component is P,,, and so on. The last
component is P,,;, which is the youngest in the series. The first data plotted in the return map is P,
in the function of P,, the second is P,,,in the function of P,,; and so on to the last one, which is P,
plotted in the function of P(,.;.1. The distribution of the points on the map indicates the frequency of
the data in a series (Section 5).

Density maps can be used for the visualization of the return maps. In a density map, areas with
various colours or tones indicate the most frequent data in the seque..~e. The alighment of the data
along an axis from the origin (xo, Yo) towards the maximum of t*~ 120 (Xmax Ymax COOrdinates) shows
that the same values appear in the same frequency in ii e sequence of the data. The random
appearance of the areas with higher density in the re'*a map indicates the most frequently

appearing data in the series.

3.3 Rock magnetic characteristics

Rock magnetic experiments r=i.*ed to loess and paleosol successions are already widely
discussed and summarized in prev’nus publications such as Liu et al. (2012), Maher (2016) and
Maxbauer et al. (2016) In ‘he t)llowing section, we summarize the most common rock magnetic
methods that have been arplied in magnetic fabric studies of loess.

Frequency-dependent magnetic susceptibility is a powerful indicator of very fine grain,
superparamagnetic components. Although it is one of the most commonly applied rock magnetic
methods in loess research, it is not the most frequent in magnetic fabric studies (five studies out of
approximately 20) as a supporting rock magnetic method. The studies using X4 (e.g., Matasova et al.
2001; Zhu et al. 2004; Bradak et al. 2011; 2018b, Bosken et al. 2019) do not exclusively focus on the
magnetic fabric but rather complex environment reconstruction, which involves various methods

that are not limited to magnetic methods.



Based on the analysis of magnetic parameters, such as coercivity of remanence (remanent
coercive force; Hcr), coercivity (Hc), saturation remanence (Mrs) and saturation magnetisation (Ms),
and on the shape of the hysteresis loop, hysteresis experiments can provide information about the
type (ferro, para and diamagnetic), magnetic coercivity and magnetic domain/grain size of the
contributors in a sample (e.g., Tauxe et al. 1996; Tauxe, 2010). Hysteresis loops and Day-plot are
used in the study of e.g., Lagroix and Banerjee (2002), Zhu et al. (2004), Liu and Sun (2012), Ge et al.
(2014), Peng et al. (2015) and Xie et al. (2016). Plotting the Hcr/Hc against the Mrs/Ms ratio reveals
the multi-domain, single-domain, superparamagnetic and vortex state - (SD+MD mixture or pseudo-
single domain in earlier studies) of the magnetic mineral cor-~0..z.ts in the samples (Day et al.
1977; Dunlop, 2002; Roberts et al. 2017). Currently, conce.ns about the use of the Day plot have
been raised, which leads to the application of alternative »<chods (Roberts et al. 2019). First-order
reversal curve (FORC) is an alternative assessment « f 'wysteresis curves and Day plot that was applied
to determine magnetic domain characterist’cs 11 locss magnetic fabric as reported by Cheng et al.
(2019).

The combined use of the two me’ hr.a.. (0 describe the relationships among the basic magnetic
susceptibility (X and X;q) and magnc*ic coercivity (Hcr and Hc) parameters can reveal the mechanism
of magnetic enhancement in loes. during pedogenesis (Forster and Heller, 1997). In magnetic fabric
studies of paleosols, “hys.ares s vs. magnetic susceptibility parameter plots” may help to describe
primary fabric alteration di’.ing pedogenesis (Bradak et al. 2018b).

The change in the magnetization of a given sample in the course of isothermal remanent
magnetization (IRM) acquisition experiments indicates the characteristic coercivity of magnetic
minerals in the sample. Although numerous loess magnetic fabric studies use IRM acquisition curves
to obtain such information (Braddk, 2009; Liu and Sun, 2012; Ge et al. 2014; Taylor and Lagroix,
2015; Peng et al. 2015; Xie et al. 2016; Braddk et al. 2018a; Cheng et al. 2019), other potential
techniques are useful in IRM studies, e.g., using unmixing techniques to identify various coercivity

components in loess sections (e.g., Spassov et al. 2003; Heslop, 2015).



Temperature variation in magnetic susceptibility (kT) is a commonly used thermomagnetic
experiment during magnetic fabric research (e.g., Lagroix and Banerjee, 2002; Matasova and
Kazinsky, 2004; Zhu et al. 2004; Liu and Sun, 2012; Zeeden et al. 2015 and Bradak et al. 2018a).
Changes in magnetic susceptibility during heating and cooling processes indicate decay,
transformation of various minerals, and the Curie/Néel temperature (Tc) of magnetic contributors.
These key alterations and characteristic points during heating and cooling are indicative of various
magnetic minerals.

The magnetic mineral characteristics of loess are strongly inficenced by local and regional
geological settings, representing the most potential source of *he .aterial of loess. Despite these
differences, the most common magnetic contributors of loc *s (and paleosol) fabric include a broad
range of magnetic grain sizes of (titano)magnetite, magn.™:ce, goethite and haematite along with
various paramagnetic components (e.g., phyllosilic: te.) ‘see the cited studies above). Along with the
information introduced above, a detailed r:vie ¥ cuntaining novel results and theories about the
magnetic mineral composition and enhzncemen. of loess can be found in the studies of, e.g., Maher

(2011, 2016).

3.4 Case study from Paks — Applie.' methods

As a case study, we analys>d tt e main paleosol units of the Paks section introduced in Table 1. As it
is shown in Supplementar, Material, ca. five to ten oriented samples were collected from each
horizon of the section at depth intervals ~10 cm. No plastic boxes were used for sampling and
storage to avoid magnetic fabric deformation during sampling and sample preparation. Magnetic
fabric was investigated in 252 cubic specimens of 2 x 2 x 2 cm (Supplementary Material 1). For the
magnetic fabric, we measured magnetic susceptibility at low frequency (LF, 976 Hz) and high
frequency (HF, 3,904 Hz) using an MFK1-FA Kappabridge (AGICO) with an automatic rotator,

providing raw data to characterize the LF AMS (AMSLF) and HF AMS (AMSHF). The intensities and



directions of the principal susceptibilities were determined by computer analysis (Tensor Addition /
Subtraction Toolbox in Anisoft5; AGICO, https://www.agico.com/text/software/anisoft/anisoft.php).
We excluded the results with F test < 3.48, 95% significance level (Jelinek, 1977). F12 (F12 > 5) and
el2 parameters (Lagroix and Banerjee, 2004a) were examined along with the alignment of the
principal susceptibilities on stereoplots. Lagroix and Banerjee (2004a) and Zhu et al. (2004)
summarized the criteria for selecting fabric data with a well-defined orientation (statistically
significant k,.) for individual loess samples. An area of uncertainty around the orientation of the
principal axes was quantified by 95% confidence ellipses with semi-ax~s, denoted herein by epsilon
(g). At the specimen level, the 95% confidence uncertainty ellipc~ 0. 1inax is defined by semi-axes €12
and €13, where €12 is the half-angle uncertainty of K. in ("€ plane joining Kyax and K, and €13 is
the half-angle uncertainty of Kmay in the plane joining Kmax « ™2 Kmin. The maximum allowable €12 with
statistical significance, indicating well-oriented grz in-, ii) individual samples, is 22.58° (Lagroix and
Banerjee, 2004a). Following the applicatio’. o the criterion, suggested by Lagroix and Banerjee
(2004a) and Zhu et al. (2004), only 124 <amples out of the 252 measured samples could be used to
magnetic fabric analysis.

We used commonly applied AMS . ~rameters, introduced in Table 2, to characterize the magnetic
fabric. In addition, we also apolie. \"WSA and return map analysis to demonstrate the efficiency of the
suggested methods in the 'nal\ sis of the magnetic fabric of loess.

In addition of AMS =.alysis, new X results are also presented in the manuscript. To
determine the ¥z, the susceptibility of the Paks samples was measured at low (0.5 kHz) and high (17
kHz) frequencies (SM 100 portable susceptibility meter, ZH-Instrument, Czech Republic). Absolute
(Xtq) and relative frequency dependence of magnetic susceptibility (X:4) have been used in
environmental magnetic studies (e.g., Dearing et al. 1996). The former can be defined by the

following simple equation:

Xtq = Xig = Xpg (Eq. 7)



where X and Xprare the susceptibilities measured at low and high frequencies, respectively. Here,
Xiq seems to be strongly dependent on the operating frequency and absolute susceptibility values;
therefore, Hrouda (2011, Eq. 13 in the referred study) proposed to use the parameter Xy (in
Hrouda, 2011 it is called Xy, Eq. 2) normalized by the differences of the natural logarithms of the

applied high and low frequencies:

Xts = (Xif = Xne)/(Infis - Infie) (Eq.

8)

where X; is the normalized Xy, and f; and f,; are the 1. and high frequencies used during the

experiments, respectively.

There are some older measurements from Hungarian loess, also appears in the study and the raw
susceptibility data and AMS parame-e.s _an be found in Supplementary Material 1. Detailed
information about the measureme, *s or those samples can be found in Braddk and Kovacs (2014)

and Bradak et al. (2018).

4. Formation and alteratior of the magnetic fabric of loess

Numerous processes alter the primary magnetic fabric of loess, which is formed during the

deposition of dust and the diagenesis of loess. As noted below, the influence of such processes must

be considered during magnetic anisotropy studies of loess successions.

4.1 The deposition of dust and diagenesis of loess



There has been a long-standing argument about the ability to record orientation during loess
deposition from air. The lack of anisotropic character is probably due to the expected relatively calm
environment, which favours the deposition of fine grain dust. Simply put, higher current (wind)
energy, which may be able to form oriented fabric, keeps the fine, silt size grains moving. Matasova
et al. (2001, p. 377) provided an explanation for the magnetic fabric found in Bachat loess (Siberia):
“in the case of aeolian loess deposits wind is the main factor controlling the sedimentation process.
However, usually it cannot give strong alignment of dust material because of the significantly lower
viscosity of air, compared to water”.

According to Derbyshire et al. (1988), the fabric of the ‘ty~‘~a." {i.e., aeolian) loess is isotropic,
and every observed anisotropy in loess is developed by | ~st-depositional processes. The theory
about the poorly lineated, mainly foliated aeolian loess w.* insignificant anisotropy is supported by
studies of Hus (2003) and Wang and Lgvlie (2010). Hus '2003) suggests that gravitational force and
vertical compaction play important roles in iev lop.ng the magnetic fabric of loess. The aim of the
experiments executed by Wang and L¢vlie’s (2J10) was not the characterization of the magnetic
fabric; they also simulated the sedimentat _n of loess by dry deposition and wetting the deposited
material. Along with other results v =y reported that the magnetic fabric (e.g., stereoplot analysis) is
a poorly lineated, mainly foliateu fabric (Figure 2 in Wang and Lgvlie, 2010, p. 397). The isotropic
loess fabric theory is also supg orted by Liu and Sun (2012). These researchers did not identify any
preferred fabric orientatinr, a random distribution was observed in the magnetic fabric of Luochuan
loess. The isotropic magnetic fabric is often excluded from analysis; unfortunately, there are only a
few studies that report the number of excluded samples compared to the anisotropic samples. In
Alaskan loess successions (Lagroix and Banerjee, 2004a), 8% of the 864 pieces of the studied sample
and 45% of the 1372 pieces of the studied samples were proven to be isotropic.

In contrast to the isotropic fabric theory, many characteristics of flow-aligned fabric (Section 3;
Fig. 5b) can be identified in most loess profiles. The poorly or better clustered orientation of

elongated grains distributed along the magnetic foliation plane defines the current orientation



(mainly the orientation of deposition). This magnetic fabric type is the most common in loess
deposits and can be used for estimating prevailing wind directions (e.g., Begét et al. 1990;
Thistlewood and Sun, 1991; Sun et al. 1995; Wu et al. 1998; Lagroix and Banerjee, 2002, 2004a;

Nawrocki et al. 2006; Braddk, 2009; Ge et al. 2014; Peng et al. 2015; Xie et al. 2016).

4.1.1 Sedimentation models and the primary loess fabric

Given the possibility that the deposited dust does not show any anisotropic character, the
qguestion arises regarding that circumstances during sedimentatio. strengthen the anisotropic
character of loess so they are able to record the prevailing wine it zlions. Although the description
of magnetic fabric development during deposition (and di. senesis) is essential (and may provide
connection between the isotropic and anisotropic aeo..” loess theories), studies solving such
problems are limited.

Based on the study of loess from succes-.ior.; in Zurasia, Hus (2003) suggested that the magnetic
fabric of aeolian loess is influenced by ‘rarious processes, such as wetting-drying, freezing-thawing
and compaction, before and during tk = J1._enesis. Although further changes after burial are likely
minimal, the distribution of magnre.i« lineation (Kma.x axes) is random in aeolian loess. Although the
study strongly supports the isoti “nic loess theory, it also refers to some cases from the Chinese
Loess Plateau wherein the mag 1etic lineation may indicate paleowind directions. Such lineation was
not only observed in samn! :s from the CLP, specifically from the Alaskan loess. Lagroix and Banerjee
(2002) defined the primary aeolian material based on its horizontally foliated magnetic fabric and
well-defined magnetic lineation in the foliation plane, which correspond to the direction of sediment
transport and deposition. Following such observations, no detailed explanation has been provided
regarding the factors and processes that may fix or destroy the primary aeolian magnetic fabric,
thereby generating isotropic or anisotropic characteristics.

Some studies reported the relationship between magnetic fabric parameters (e.g., F and P) and

grain size characteristics of the studied samples (e.g., Zhu et al. 2004; Liu and Sun, 2012). The grain



size dependence of magnetic foliation may be related to the gravitational force, which possibly
aligns coarser grains within the foliation plane more efficiently than smaller grains (Zhu et al. 2004).
This finding suggests a relationship between the intensity of the transport medium (i.e., the winter
monsoon, which is indicated by the grains size of loess) and the magnetic foliation (i.e., larger grain
size results in larger foliation). Along with the intensity of transport energy, compaction is
mentioned as an important factor during diagenesis that can rotate the long axes of (magnetic)
minerals into the bedding plane and increase the foliation of the material (along with the density)
(Zhu et al. 2004).

The model proposed by Zhu et al. (2004) assumed that r~!a z:..d dry winter monsoons were
responsible for the development of the magnetic fabric, bu. no consensus has been reported about
the role of winter and summer monsoons in the form.*izn of imbrication. Zhang et al. (2010)
observed the lack of imbricated fabric in loess 2.1d proposed a model that emphasizes the
importance of precipitation (rain) in magp tic fab.ic development during the summer monsoon
period in China. Based on their theor' the rain “helps to settle the sedimentary and magnetic
grains” (Zhang et al. 2010, p. 443) dirin.g Lne summer monsoon period, yielding quasi-horizontal,
non-imbricated fabric. The inflne.,ce of post depositional factors, such as precipitation and
vegetation appear, in the madel "roposed by Ge et al. (2014). In this model, following deposition,
the dust particles (includir = the magnetic grains) are oriented by the surface wind. When the grains
are buried, they are immek.iized. The study reveals the “aid” of precipitation and vegetation in fixing
the grains, but no detailed description is provided. The study only describes the possible disturbing
influence of dense vegetation (grains are intercepted before deposition) and water-lain processes
triggered by intense precipitation (e.g., sheet-wash, run off water) (Ge et al. 2014).

Revealing additional information about the depositional speed (grain size-dependent factor),
magnetic parameters and the distribution of the orientation of principal axes (magnetic fabric types)
led to the development of a complex sedimentation model. Bradak et al. (2018a) reported a clear

connection between the increasing depositional velocity and the change in magnetic fabric from



flow-aligned to flow-transverse fabric (Fig. 5b, ¢, d and f), indicating the mobilization of grains during
transportation (along with imbrication). In addition, an additional process is proposed, namely, the
re-alignment of finer grains on the surface in the direction of prevailing wind before compaction and
diagenesis. Such a process may describe the enhancement of the originally random distribution of
grains and the formation of weak magnetic lineation. Thus, this model builds a bridge between the
isotropic and anisotropic loess fabric theories (Bradak et al. 2018a).

As an alternative solution to identify fabric orientation, Nawrocki et al. (2006) used the
orientation of imbrication (i.e., the discrepancy of k., axes from the \ ~rtical and their alignment on
the stereoplot) to determine characteristic wind direction (F'z- 2z). Nawrocki et al. (2006) also
suggest that wind strength affects the magnetic fabric. S “cifically, lower wind energy forms the
flow-aligned magnetic fabric, and stronger winds form the flzw-transverse fabric (Fig. 5b and f). This
statement was later supported by the quantitative a'ial/sis of Bradak et al. (2018a) (see above). In
recent work, Nawrocki et al. (2019) (re-)r mphasi.es the use of imbrication as an indicator of
paleowind direction. Based on their observa.ions, imbrication in loess can be identified by
comparing the resistant magnetic fol at.o . structure (formed by imbricated platy minerals) with
relatively large surface adhesion wi.> weak magnetic lineation (formed by the elongated grains).

As demonstrated by the . troduced models, there is no consensus about the “ideal”
sedimentation and macne ‘ic f: bric-forming model, which may change from site to site. Moreover,
sedimentation is strong'v influenced by post-depositional processes, which alter the primary

(aeolian) fabric of loess.

4.2 Case study from Paks — Effect of reworking and pedogenesis

Soil formation (pedogenesis) is expected to alter the primary fabric by reworking processes,

mineral alterations, and neoformation processes. The former (reworking) involves physical processes

and the reorientation of magnetic components by, e.g., roots and burrows, which are formed by



biogenic activity (bioturbation). The latter is related to chemical alterations triggered by, e.g.,

weathering and bacterial activity.

4.2.1 Alteration of the primary fabrics by physical disturbances during pedogenesis

As a possible indicator of physical disturbance of horizontally oriented grains by reworking
(bioturbation), a chaotic and/or vertically oriented magnetic fabric is expected to be found in
paleosols intercalated in loess layers. Matasova et al. (2001) and Matasova and Kazansky (2004)
observed chaotic and vertically oriented magnetic fabric in paleosols ¢ Siberian loess profiles. Along
with the disturbed and reoriented magnetic fabric, a well-prese~‘au zedimentary fabric is also found
in paleosols. The appearance of various fabric types i.d1 the authors to conclude that the
distribution, e.g., the degree of disturbance compared o tlie primary sedimentary (flow-aligned)
fabric, is a sensitive indicator of the degree of radagenesis (Matasova and Kazansky, 2004).
Matasova and Kazansky (2004) support their che ory .vith the comparison of the AMS degree and the
frequency dependence of magnetic <usceptib.lity (data originally published in Jordanova and
Jordanova, 1999). The study observ2c ... inverse correlation between the AMS degree and
pedogenic intensity. The increasea Yegree of pedogenesis corresponds to reduced preservation of
the initial sedimentary fabrir o1 ~arent loess, which is distorted or lost by pedogenic reworking

(Matasova and Kazanskv, . 004,
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Figure 6. The relationship between the alteration of th2 .-imary fabric and pedogenesis (X — Pj
plot). Paleosols with well-differentiated pedogenric a0'izons are indicated by brown colours, and

paleosols with undifferentiated, homogeno’ s st' ucture are indicated by red colours.

To test the relationship between 'ne change of anisotropy degree and the development of
paleosols, we elaborated a similar ar.olysis to Matasova and Kazansky (2004) using f Pj (Egn. 3) and
Xts (Eqn. 8) parameters of sec.men and paleosol units of Paks loess succession (Suppl. Mat. 1; Fig. 6).
The analysis of X, a'.' }, nlots reveals a somewhat more complex relationship between the
alteration of magnetic fauric and the degree of pedogenesis in paleosols. As shown in Fig. 6, the
expected inverse linear relationship is not evident in Paks succession (R’=0.09), but a minimal
tendency is demonstrated by the polynomial trend (R?=0.16). The tendency depicted by the trends
separately applied on the studied units suggests that the observation of Matasova and Kazinsky
(2004) can be applied in the case of MB and Mtp paleosols, wherein the X — Pj plot exhibits a weak
inverse relationship (for both, R’x0.1; Fig. 6). Such an inverse relationship (any significant
relationship) cannot be identified in PD1 and PD2 paleosols (R*z0.01; Fig. 6). The differences in

pedogenic characteristics of the studied soils may describe the differences that appeared on the X



and Pj plots. The well-separated soil subhorizons of MB and Mtp (e.g., E — eluviated and B - clay
accumulation horizon) indicate intense vertical differentiation in the body of the soil. This
differentiation can be caused by various processes (e.g., leaching, vertical pore water migration and
material movement), and these processes can disturb the original sedimentary fabric during the
development of the soil as well. Such subhorizons do not appear in the PD1 and PD2 units, the
paleosols of which are characterized by massive, homogeneous structures. Such a homogeneous
structure (along with increasing compaction) may prevent the alteration of the original sedimentary
fabric (Bradak et al. 2018b). Although this theory may be appi~d to paleosols, more AMS
measurements are needed to obtain convincing informatic=~ a.Zut the relationship between
frequency-dependent magnetic susceptibility and AMS pa., ‘meters due to the limited number of
paleosols samples introduced in Figure 6.

An additional explanation of the absence of n.gitive linear correlation between X; and Pj
observed in older paleosols from Paks sectio '« (F D1 a1d PD2 units) is possibly related to the different
type of magnetic contributors, dominan*® in the riiagnetic fabric. Based on the physical characteristics
of the paleosols (homogenic, compac, 'e.. coloured horizons; Table 1) and their possible forming
environment (defined as “Mediterionean forest soil” in some studies) PD1 and PD2 contain higher
amount of hematite (possiblv in 7P fraction, as the result of pedogenic processes). The sub-fabric
formed by hematite may ('iffer from the AMS and altering the Pj values, while the high X;, indicates
the SP hematite fraction /e g. Wells et al. 1999). To verify this theory more magnetic measurements
are needed.

The results from Paks suggest that the type of paleosols and the processes that are represented
by the soil types are significant factors in the alteration and preservation of sedimentary fabric. This
theory is supported by various studies. Bradak et al. (2011) and Bradak-Hayashi et al. (2016) report
that the well-developed paleosol, which are characterized by differentiated pedogenic
characteristics and low anisotropy degrees (similar to MB and Mtp from Paks), did not show a

chaotic grain orientation but a well-aligned vertically oriented fabric. Vertical grain orientation was



interpreted as a result of leaching and vertical migration in the soil body in a relatively humid
environment with significant annual precipitation (Bradak-Hayashi et al. 2016).

In the tundra gley horizons of Nussloch loess (Taylor and Lagroix, 2015), the influence of
bioturbation (and the appearance of freezing-thawing processes in the upper part of the soil) caused
the significant decrease in Pj. In addition, tundra gley horizons show 16°-30° dips of their magnetic
foliation planes as a possible mark of particle remobilization in stagnating water or percolating water
environments (Taylor and Lagroix, 2015). Compared to the tundra gley horizons, the magnetic fabric
of arctic brown soils or cambisols of the profile did not show a significa ~t difference compared to the
magnetic fabric of their parent material. This finding suggests th~* 1..2y may not have developed into
very mature soils possibly due to the limited water availabili. ' (Taylor and Lagroix, 2015).

In the study of the composite section of Titel-Stari Si.~umen succession (Markovi¢ et al. 2011;
Buggle et al. 2013, 2014), no significant differences w :re found in the magnetic fabric parameters of
the sedimentary units and differently deve',pe 1 peieosol horizons, suggesting that the pedogenic
processes did not alter significantly the magnetic fabric (Song et al. 2018). In contrast, studies from
Hungarian loess show (e.g., Bradak et 3l 2>41) that loess and well developed paleosol horizons are
characterized by similar AMS para. ~eters (e.g., F, L, Pj and T), but the alignment of the principal
susceptibility axes indicate the . 'teration of the primary magnetic fabric (i.e., changes from a

horizontally to verticallv o.‘entt d fabric).

4.2.2 Mineral neoformation

Along with the physical transformation of the fabric, neoformation of minerals may play a role
in the change of the magnetic fabric in paleosols. The “vertical orientation” of the fabric is attributed
to the inverse fabric exclusively built by SD magnetite (more information is provided in Section 3),
and the influence of pedogenic SP components on the primary sedimentary magnetic fabric is poorly

known (Jordanova et al. 1996; Bradak et al. 2018b; Hrouda et al. 2018). Hus (2003) recognized only a



moderate modification of the primary fabric parameters, namely, a slight decrease in P and F, which
may indicate that soil magnetic enhancement due to authigenic magnetites only exhibits a minor

influence on the overall fabric (Hus 2003; p. 697).

Figure 7. Comparison of bulk (AMS) and nanofabric (fdAMS) of paleosols from Paks. The alignment
and scattering of the principal susceptibilities are represented by 95 percent confidence ellipsoids,
which are indicated by red solid (km.x), green dashed (ki,;) and blue dotted (k..i,) lines. The principal
susceptibilities were plotted on stereoplots using an equal-area projection and geographical

coordinate system.



To further assess the influence of mineral neoformation on the primary magnetic fabric, the
nanofabrics of four characteristic paleosol horizons, MB, Mtp, PD1 and PD2, from Paks were
characterized by the calculation of fdAMS based on the data reported by Bradak et al. (2018b)
(Suppl. Mat. 1; Fig. 7). Compared to AMS results, which indicate generally horizontally oriented
magnetic grains for any magnetic grain size and type (Fig. 7a, c, e and g), the nanofabric of the
studied paleosols exhibit a more scattered distribution (Fig. 7b, f and h). Only one exception is
noted; specifically, the nanofabric of Mtp unit exhibits principal susceptibility orientations with a
scattered distribution that seem to follow the alignment of the AM> ~bric with a ca. 45° clockwise
horizontal shift (Fig. 7d). The random distribution of princir~! _..ceptibility axes indicates the
random orientation of authigenic SP grains. The results from Paks loess generally verify the
observations of Hus (2003), i.e., neoformed SP magnetic g, ~ir.s have an insignificant influence on the
overall fabric in the studied paleosols.

Despite the randomly oriented nanof7orics owserved in most of the studied paleosols, the
appearance of relatively well-aligned ncnofabrics draws attention to pedogenic processes that may
form similar alignments as nano-size g ai.1s us the primary fabrics. Jordanova et al. (1996) provides a
possible explanation for this phenc menon. Based on some analogous observations of recent soils,
Jordanova et al. (1996) suggest tr. °t the grain shape of the authigenic SP minerals (i.e., the magnetic
fabric formed by the SP -ontibutors) would follow the preferred crystallographic orientation of
silicates (e.g., montmorill~.ite) found in paleosols. This theory is supported by Hyodo et al. (2020)
who identified fine-grained pedogenic magnetic inclusions in the coarser detrital minerals in loess

from the CLP.

4.3 Case study from Paks - Redeposition and higher energy transportation

The magnetic fabric of aeolian loess is generally described as a flow-aligned (oriented) and

imbricated fabric (Section 3; Fig. 5b and c), and irregular cases are only reported in few studies. One



of the irregular types is the uncommon flow-transverse (biaxial-prolate, pencil, or AB plane
imbricated) fabric (Section 3; Fig. 5e and f), which has been found in four loess successions (Lagroix
and Banerjee, 2004b; Bradak et al. 2011; Bradak-Hayashi et al. 2016; Zeeden et al. 2015; Bradak et
al. 2018a). The development of such a magnetic fabric is interpreted to result from, e.g., strong
currents and the traction and rolling of grains during transportation (e.g., Ellwood, 1979; Ellwood et
al. 1979; Ledbetter and Ellwood 1980).

Flow-transverse fabrics are easily identified in loess due to the characteristic and different
alignment of the principal susceptibilities on stereoplots comparea . regular flow-aligned aeolian
fabrics (Fig. 5). Both aeolian (e.g., Bradak et al. 2018a) an” w.:_r-lain processes (Lagroix and
Banerjee, 2004b, Braddk et al. 2011; Braddk-Hayashi et a. 2016) can develop very similar flow-
transverse grain alignments in the sedimentary magnetic “2krics; therefore, such processes cannot
be distinguished by the distribution of the directior c. g rincipal susceptibility axes on stereoplots. A
comparison of the AMS parameters of aeoliz 1 a.\d water-lain (partly) laminated materials on various
plots may help to separate the twc groups. To test the hypothesis, various loess samples
representing various sedimentary faci's w_.e compared, such as: 1) fine grained, partly laminated
aeolian material characterized by 1.~w-transverse fabric from Paks (Bradak et al. 2018a); 2) a unit
from Cérna Valley with similar se.'imentary characteristics but with flow-oriented MF (Bradak et al.
2011); 3) water-lain, larrinated material (consisting of alternating loess and paleosol laminas)
characterized by flow-tran-verse fabric (Bradak et al. 2011); and 4) samples from various profiles
(Hévizgyork, Vacbottyan and Ver6ce) with similar redeposited, laminated material and flow-oriented

magnetic fabric (Bradak and Kovacs, 2014).
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Figure 8. Magnetic fabric types from various Hungariar. 'oes. successions. a) Poorly oriented flow-
aligned aeolian fabric from fine laminated loess; I} "ow-aligned/flow-oblique aeolian fabric from
partly laminated sandy loess; c) and d) flow-t-2ns ‘arse (Type 2; Fig. 5f) aeolian fabric from (partly)
laminated sandy loess; e) poorly oriented flow ~ligned water-lain fabric from laminated redeposited
loess; f) well oriented flow-aligned wa. r-lcin fabric from laminated redeposited loess; g) flow-
transverse (Type 1; Fig. 5e) water-la.~ fabric from laminated redeposited loess; and h) flow-
transverse (Type 2; Fig. 5f) wat."-la.n fabric from laminated redeposited loess. The areas marked by
dotted lines (Fig. 8c, d, an’: h, ‘ndicate the intermixing of principal susceptibilities in flow-transverse
magnetic fabric (Sub-sectio ) 3.2.4). The grey arrows and the grains with small black arrows indicate
the relationship of paleocurrents and the alignment of grains with preferred dimensional
orientations, respectively. The area marked by a dashed line (Fig. 8b) indicates the plunge of
foliation plane (discrepancy of k., from the vertical), which is a potential mark of the transformation
of magnetic fabric from flow-aligned to flow-transverse (e.g., Bradak et al. 2018a). Note that the

same background colour coding of sampling site names is also used in Fig. 9.



As shown in Figure 8, the MF of the chosen sediments can be characterized by flow-aligned (Fig.
8a,[b], e and f) and flow-transverse (Fig. 8c, d, g and h) characteristics for magnetic fabrics formed by
aeolian (Fig. 8a, b, c and d) or water-lain processes (Fig. 8e, f, g and h). The relationship between the
degree of foliation (F, Eg. 1) and degree of lineation (L, Eq. 2) was plotted in the Flinn diagram (Fig.
9a). The change of anisotropy degree (Pj, Eq. 3) and the shape of susceptibility ellipsoid (T, Eq. 5) due
to the possible influence of various transport agents were investigated using the Jelinek plot (Fig.
9b). The connection between magnetic fabric parameters q (Eq. 6) and B and the sedimentary
environment was studied using Taira plots (Fig. 9c and d). As shown 1 Figure 9, the samples from
various loess types (i.e., aeolian and water-lain) are intermixed n . Flinn, Jelinek and in the Taira
plots. The attempt to separate the flow-transverse fabi.- developed by aeolian or water-lain
processes failed, and the separation of magnetic fabric (pa.*", ) related to various transport agents or

sedimentary environments was not possible.
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Figure 9. Separation of the lamii."ted aeolian and water-lain redeposited loess magnetic fabric
based on their AMS parameters \ magnetic fabric types introduced in Figure 7). a) F-L (Flinn) plot with
the areas defining aeoliai (dc:ted line) and water-lain (dashed line) loess proposed by Liu et al.
(1988); b) Pj-T (Jelinek) dias,ram; c and d) B-q (Taira) plot (Section 3). The various locations marked
by grey polygons in Figure 8 c and d indicate various characteristics of transport medium (c), and the

type of sedimentary structures (d) determined by the B and g values of sediments in Taira (1989).

4.4 Post depositional compaction, deformation and other processes

Among the processes that may alter the original sedimentary fabric, compaction may influence

the units of a loess/paleosol sequence continuously after deposition, which is triggered by the burial



and uploading of additional materials. Zhu et al. (2004) and Bradak et al. (2018) observed increasing
degrees of foliation by depth as a possible result of post depositional compaction, which rotates the
long-axes of magnetic minerals (Kmax) into the bedding plane. Liu and Sun (2012) reported similar
tendencies in the degree of anisotropy. Matasova and Kazansky (2004) suggest that the “high AMS
degree, preferred orientation of AMS axes and essentially oblate magnetic fabric testify that these
loess layers have undergone compaction only, without any secondary reworking” (Matasova and
Kazansky, 2004, p. 169).

A more significant indication of deformation by a stress field is no.~d by the development of the
so-called biaxial prolate (Kmax>Kint=Kmin) Or biaxial oblate magne*'~ 1.2.1CS (Kmax=Kint>Kmin) (Lagroix and
Banerjee, 2004b). Compared to the flow-transverse-like biaxial prolate magnetic fabric, the
directions of ki, axes are well clustered in the biaxial obla = fabric, and the Kni, and ki,: axes create a
girdle perpendicular to the K, axis.

Such deformation-related fabric types are rc re a.ad have been reported only from Gold Hill Steps
loess (Alaska; Lagroix and Banerjee, 2004b) ana Paks loess succession (ELB; Bradak et al. 2019a). In
the former case (Gold Hill Steps, Ala:k7), .he sequence of orientation distributions is “consistent
with deformations associated with ~ermafrost degradation during periods of climate amelioration”
(Lagroix and Banerjee, 2004b. p. ~~6). The biaxial prolate orientation resulted from shear stress, and
the lateral translation nf 11e u iits below the deformed sections are possibly related to permafrost
activity. A biaxial oblate fat ric may form when the material behaved as rigid bodies in a permafrost
state. Based on the observed macroscopic features and the magnetic fabric parameters, Lagroix and
Banerjee (2004b) built a model that describes the section as a complex permafrost system, and the
magnetic fabric are formed by various factors, such as the behaviour of active and impermeable
layers and the channelling flow of groundwater.

In the latter case (Paks, ELB), the biaxial oblate fabric was interpreted as the result of 1) sin- or
post-depositional horizontal strain (i.e., compression); 2) water-saturated high-density flow; 3) water

saturation and later-stage deformation of the primary fabric associated with the slow emplacement



of the material (i.e., the development of rheomorphic magnetic fabric by creeping); and 4)

(theoretical) stable single domain magnetic fabric (Bradak et al. 2019a).

4.5 Sub-fabrics of loess

As it is already described in Sub-section 3.1, AMS measurements reflect the orientation of all grains
in the material, including superparamagnetic, paramagnetic, ferri and antiferromagnetic
contributors. Such contributors form sub-fabrics in loess which may provide much reliable
information about the formation and alteration of the magnetic fabric ~f loess. Unfortunately, there
is only a few studies, which focuses on sub-fabrics in loess.

Aeolian, primary loess is characterized by low magnetic -usceptibility which may suggest that
paramagnetic components contribute significantly to *h< bulk magnetic susceptibility value
(Rochette, 1987; Hrouda and Jelinek, 1990). The ig.if'cance of paramagnetic contributors in the
magnetic fabric of loess were suggested by ..g. Hus ;2003), Taylor and Lagroix (2015) and Bradak et
al. (2018). The study of the relationshir between the mean magnetic susceptibility and anisotropy
degree may help to reveal the influarce of paramagnetic contributors, i.e. in the case of the
dominance of paramagnetic sub-:bric no relationship can be recognized between the two
parameters (Hus, 2003; Taylor and' l.agroix, 2015).

During the study of lorss mag ietic fabric, numerous samples are characterized by strongly oblate
fabric which may indicate riramagnetic sub-fabric carried by minerals such as biotite and muscovite
(Martin-Hernandez and Hirt, 2003; Bradak et al. 2018a). As it was suggested by Bradak et al. (2018),
phyllosilicates may be capable of weakening the anisotropy of the magnetic fabric. Moreover, due to
their oblate fabric symmetry, kmax and kint axes of phyllosilicate-dominated fabric are poorly or
randomly aligned (Biedermann et al. 2014).

Antiferromagnetic contributors, especially e.g. hematite is common in loess and paleosol successions
as well. It may appear in the sediment as the detrital remain from the source area (e.g. Paks,

European Loess Belt) of the deposit but also can form under certain climatic condition (e.g. CLP).



Despite the numerous publications related to hematite in loess, the hematite sub-fabric of loess is
poorly known. Jordanova et al. (1996) identified identified SD or near SD states and multidomain
(MD) magnetite and hematite grains in the fabric of Bulgarian loess by the application of anisotropy
of isothermal remanent magnetization. Besides this study, there has not been any other study which
focus on antiferromagnetic (hematite) sub-fabric of loess.

As it is already discussed in Sub-section 4.2 pedogenic processes may increase the amount of
superparamagnetic contributors and form superparamagnetic sub-fabric. Besides the suggested
studies above (Bradak et al. 2018b; Hrouda et al. 2018), no other si..'dy have been elaborated on
loess and paleosol sections yet, although the analysis of super=-ra..agnetic sub-fabric in paleosols
may provide insight of pedogenic processes and bacterial ac. vity in the body of the soil.

Despite the small number of studies focused on the sub-"~k.ics in loess, there has been increasing
number of research dealing with the identification « n7 s.:paration of sub-fabrics of para-, dia- ferro-,
antiferro- magnetic components in a compc.ite media (various type of rocks, sediments and so on)
(e.g. Martin-Hernandez and Hirt, 2003; Martin-rernandez and Ferre 2007). The analysis of different
statistical methods applied for calcul \tior of AMS ellipsoid may also provide useful information
about the sub-fabrics, excisting in t..~ studied material (e.g. Guerrero-Suarez and Martin-Hernandez,

2014).

5. Discussion - Significance of magnetic fabrics in environmental reconstruction

5.1 The ultimate goal — the Reconstruction of paleowind direction

Can prevailing wind directions be identified by the analysis of the magnetic fabric of aeolian

loess? This question has been asked since the beginning of magnetic fabric studies, and the answer

seems to be more complex than might be expected (Fig. 10 and Suppl. Mat. 1).
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Figure 10. Prevailing wind directions identified in the Elrasian loess successions during the
Pleistocene. The black arrows indicate profiles with rerui.~tructed wind directions. The coloured
arrows indicate characteristic winds, such as air masses appearing over Eurasia: green — Westerlies
(W) and Atlantic air masses. The red arrow ove. thc lediterranean indicated the Mediterranean
Front Depression (MFD) and Mediterrane. ~ir masses. The red arrows over India indicate the
Indian Summer Monsoon (ISM). The red, vide arrows over East Asia indicate East Asian Summer
Monsoon (EASM). Light blue arrow- ‘nui~ate Siberian High (SH) and continental air masses; white
arrows indicate “katabatic” win.'s from continental and mountain ice sheets, which potentially
formed due to the quasi-pernmion:nt high-pressure air masses over the ice sheets, such as Tibetan
High (TH) and continent.' ice sheet air mass (CIAm). The maximum spread of continental ice sheet
and mountain glaciation is marked by white polygons based on the Last Glacial Maximum data from
Scotese (2013) and Batchelor et al. (2019). The basic relief map is adapted from Amante and Eakins
(2009). The list of the profiles (including references) used in the map can be found in Supplementary

Material 1.

Based on the studied sections and their geographical location, the loess successions represent
various regions and timeframes from the Pleistocene. Such complex results identified in various

successions are influenced by numerous factors, and may indicate various climatic and/or



environmental components. As it is shown in the previous section (Sub-section 4.2), there are many
factors controlled by the regional climate/environmental regime which may alter the magnetic
fabric. In this section, we focus on the loess-paleosol sections for which it was possible to
reconstruct some prevailing wind direction. More information about the alteration of the primary

aeolian fabric can be found in Sub-section 4.2.

5.1.1 Characterization of the rhythm of East Asian monsoon

A couple of studies, which were mainly performed during the 1.:st period of research on the
AMS of Chinese loess (e.g., Huang and Sun, 2005; Liu et al. 2072 _..1 et al. 1995; Thistlewood and
Sun, 1991; Wang et al. 1995; Zhong et al. 1996), showed a . 'W-5E fabric orientation. The identified
NW orientation was interpreted as a direction of winte. ™onsoons that primarily flow from the
central Asian desert areas and determine the grai\ ~ri ntation not only in loess but also paleosol
horizons (Ge et al. 2014) (EAWM, Fig. 10).

Among such early studies, some c~ubt was raised about the NW-SE winter monsoon theory
given the results of Zhu et al. (2004), wnc. reported complex fabric orientation corresponding “to
dust carried by the NE winter men_~on and moisture transported by the SE summer monsoon” (in
Zhang et al. 2010, p. 437). The re. ~nstruction of the summer monsoon routes indicates a SE to NW
prevailing direction in the “tudv of Zhang et al. (2010), and the unusual NE direction was interpreted
as local disturbance trigger-d by the corridor between north and south Liupan Mountains. Referring
to the observation of Zhu et al. (2004), Liu et al. (2008) suggests no significant change in the wind
direction during the Early Pleistocene, but a significant change is noted in the Late Quaternary (Fig.
10).

In 2010, it was established that the magnetic fabric of (Chinese) loess preserved the prevailing
wind direction and can be used as a paleoclimate proxy. In that period, Liu and Sun (2012) reported
the detailed magnetic fabric study of Louchuan loess with an unexpected twist: “magnetic lineations

show no preferred directions and thus cannot indicate paleowind patterns” (Liu and Sun, 2012; p.



488). Liu and Sun suggest that the lack of preferred lineation (i.e. the direction of prevailing wind
direction) is possibly caused by multiple factors, such as particle size, pedogenesis, and compaction.
Despite the results of Liu and Sun (2012), more recent studies describe an increasing number of
factors influencing the development of wind pattern over the Chinese loess in the Pleistocene. Ge et
al. (2014) reconstructed three different characteristic wind directions from the Late Pleistocene
(NW-SE at Xifeng, Baicaoyuan, and Yichuan; NE-SW at Lingtai; and E-W at Wudu and Lanzhou) and
suggested that the orientation of the magnetic fabric is formed mainly by the patterns of regional
surface wind rather than the pattern of large-scale atmospheric circula“ion (Ge et al. 2014) (Fig. 10).
Along with, e.g., focusing on long-term climate trends (e © . uification) and its influence on
the circulation pattern (Xie et al. 2016), tectonic processes, . =., the uplift of the Tibetan Plateau, are
also taken into account in the development of characteri_*ic wind patterns (Peng et al. 2015). Such
topographical change triggers glacial anticyclcn”. formation over mountains with glacial

accumulation regions and interferes with tb : p. tter.1 and characters of Westerlies and the Siberian

High (Cheng et al. 2019) (e.g., TH; Fig. 1C)\.

As the results show, there is a s.onificant change in the characteristics of the magnetic fabric
developed in various part of the CLP. Such differences are influenced by various environmental
factors which may e.g. i) a fect the prevailing wind direction (e.g. topographical characteristics), and
ii) alternate the primary r.agnetic fabric and make the identification of dominant wind direction

impossible (e.g. increasing precipitation from Western regions toward East).

5.1.2 Characterization of wind regimes in Siberia, Europe and Alaska

The present day climate-subzones of Siberia along with the seasonal change in wind direction
are reflected in the magnetic fabric parameters (Matasova and Kazansky, 2004). The stable W-E to
SW-NE, WSW-NNE (aeolian loess in general) to W-E (MIS2 loess unit in general) and SW-NE to S-N

(Lozhok and Mramorny) wind directions suggests that the main climate characteristics have not



changed since the late Middle Pleistocene (since 180 ka); only the amplitude of the climate
fluctuations is different.

Among many climatic factors, including the influence of various climate centres, the permanent
cold air masses over the growing continental ice sheet might play one of the most significant roles in
the wind system over Europe during the glacial periods (Fig. 10). West and southwest prevailing
wind directions were revealed in Poland and western Ukraine (North European Plain) following the
strike of the Late Pleistocene (Weichselian — MIS2) ice sheet margin and parallel to the axis of the
lowland located between the ice sheet and the Carpathians and Poao.~ Upland (Fig. 10; Nawrocki et
al. 2006). Later, studies from the region indicate a more compl~* s,=.em. The vertical change in the
magnetic fabric parameters identified in loess successions 1. "m Ukraine indicates the fluctuation of
the ice sheet during the Late Pleistocene (Nawrocki et ai. ?0.9). Stable, northern and northeastern
katabatic wind developed as the Last Glacial Ma«iraun ice sheet advanced. The appearance of
southwestern and southeastern chaotic wir.d 1 2giri.es interrupting katabatic wind periods can be
interpreted as an indicator of fluctuati~ns in tre advancement of the ice sheet. Compared to the
clear influence of the ice sheet identifi 2c i1 ?oland and Northern Ukraine, the NW wind observed in
Southern Ukraine (Roxolany loes<) ‘ndicates the same direction as the present-day summer wind.
The joint AMS and U-Pb isotopic “tudy of loess suggests that the material of loess originated from
the Carpathian and Podoli 'n sc urce area, was transported by the Dniester River and redeposited by
wind from its sediments (N-.wrocki et al. 2018).

Similar to that noted in Southern Ukraine, a similarity exists between the characteristic NW and
NE wind directions of the late Middle Pleistocene and present-day wind directions in the northern
part of Middle Danube basin (Braddk 2009). Such wind directions indicate the influence of
Westerlies and Continental air masses, respectively. In the same region (Central Europe), the
dominance of western winds was identified in Moravia (Czech; Obersteinova, 2016) and Krems-
Wachtberg (Austria; Zeeden et al. 2015) during the Late Pleistocene, supporting the notion of the

influence of Westerlies in the area (Fig. 10).



Although the results from Nussloch loess (Germany; Taylor and Lagroix 2015) are considered to
be highly speculative due to the low concentration of magnetic minerals, the NNE-SSW direction
may indicate the influence of the continental ice sheet in the western part of the European Loess
Belt.

The characteristic shift from the NW-SE to N-S direction during glacial and interglacial periods
was identified in Alaskan loess (Lagroix and Banerjee 2002). In a latter work, the temporal wind
directions were interpreted in two ways (Lagroix and Banerjee 2004a). In the first scenario, changes
in paleowind direction correspond to the substages of MIS5, 5a (wa.m), 5b (cold), 5¢ (warm), 5d
(cold), and 5e (warm). The second, more appealing scenaric ~o..mects the periods with various
prevailing wind to MIS5, 6 and 7.

Similar to the loess from the CLP, there are many tac*c.s which influenced the formation and
alteration of the Siberian loess, the loess in Europe 'n G 2ss Belt and Alaska. In Siberia, the character
of climate components, especially wind, seer.1s 1> be quasi-permanent: the reconstructed paleowind
directions are similar to the present d~v direcuons (e.g. Matasova and Kazansky, 2004).  Loess
successions formed closer to the cont nr.n. _i ice sheet directly influenced by the katabatic winds in
Europe (katabatic winds, e.g. Nawrc ~ki et al. 2006, 2019) during glacials. In many cases in European
loess as well in Alaska, present ‘ay wind directions can provide a hypothetical base during the
reconstruction of palenwi~d d rection, but the strengthening or weakening of some wind pattern
can be observed followin,, the glacial (stadial) and interglacial (interstadial) phases. Along the
prevealing wind direction information, the primary magnetic fabric is altered by various processes. In
the western part of the European Loess Belt and Alaska the appearance of periglacial and
permafrost processes seems to be significant (e.g. Lagroix and Banerjee, 2004b; Taylor and Lagroix
2015). In the Middle Danube Basin (e.g. the Hungarian profiles) intense pedogenic processes have

strong influence on the primary aeolian fabric.

5.2 The conceptual model for magnetic fabric development in loess



All the processes, forming and altering the magnetic fabric of loess-paleosol successions
suggested in Section 4 and Sub-section 5.1, are summarised in a conceptual model (Fig. 11) to

demonstrate the complexity of the “responsible” factors.
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Figure 11. A simplified concz~tu ! model to demonstrate the development of magnetic fabric of
loess and the complexity L€ responsible factors. The red arrows indicate the intensification, the blue
arrows indicate the weakening of the suggested process. The information in dashed line brackets is
about transition periods between glacial and interglacial phases. (Detailed information about the

magnetic fabric development can be found in Section 4 and subsection 5.1)

As it is shown in Figure 11, the model summarises the processes which may significantly
influence the magnetic fabric development in middle and high latitude loess in the Northern

Hemisphere. The model contains three characteristic forming phases: the glacial (stadial)/arid and



interglacial (interstadial)/humid periods, separated by the transition phase. The former (arid) phase
is characterized by increasing dust accumulation, sedimentation, the forming of primary, aeolian
fabric. The magnetic fabric developed in this period most likely preserves the prevailing wind
direction characteristic for aeolian loess units in loess successions from Alaska to the Eurasian loess
belts (Fig. 2a). In addition of aeolian sedimentation, the alteration of magnetic fabric may happen
due to the increasing permafrost activity (and/or freezing-thawing), most likely in higher latitude
regions such as Alaska (Lagroix and Banerjee 2004b), but may appear in middle latitude regions as
well e.g. in Nussloch (Taylor and Lagroix, 2015) and Paks (Bradak et al. 2019a).

The low degree of vegetation cover and harsh weatt~r :zunditions can allow the (re-
Jmobilization and formation of magnetic fabric, charactei. tic of high-energy transportation (e.g.
duststorms). Flow-transverse fabric in homogeneous o. !uminated material may indicate such
climatic events in Krems-Wachtberg (Zeeden et al. 2 0”5} and Paks (Bradak et al. 2018a) successions.

The other main characteristic phase of ma ine..c fabric development is the interglacial/humid
phase, which is characterized by increasing precipitation and paleosol forming. There is still no
consensus about the effect of paleos»l fc..ming on the primary fabric. As it is shown by various
studies the effect of pedogenesis mst likely depend on i) the type and ii) the degree of pedogenesis
(Matasova et al. 2001; Matasova . "d Kazansky 2004; Bradak et al. 2011; Bradak-Hayashi et al. 2016;
Taylor and Lagroix, 2015, ano Braddk et al. 2018b). Weakly developed weathered horizons and
paleosols may not change <.gnificantly the primary magnetic fabric, increasing intensity of pedogenic
processes may cause the disturbance (chaotic magnetic fabric) or the re-alignment (vertical
magnetic fabric) of the magnetic grains. As it has been observed in Paks, no chaotic or vertical fabric
can be found in some well-developed paleosol horizon (PD1 and PD2, Table 1, Fig. 6 and 7).

Mineral neoformation must be also considered as an important factor in fabric development
during interglacial, but, in present day, there is only a limited number of information about this

process (e.g. Jordanova et al. 1996; Hus, 2003; Bradak et al. 2018b; Hrouda et al. 2018).



The transition phase between interglacial and glacial periods can be characterized by decreasing
vegetation and still relatively high precipitation. The decreasing vegetation cover together with the
appearance of heavy rains (thunderstorms) may lead to intense surface erosion and the redeposition
of the material by sheet-wash (water-lain sedimentation) on slope. Water-lain sedimentation may
be responsible for the flow-transverse fabric which appears in laminated sediment (they often
contain loess and paleosol laminas as well) in the study of Cérna Valley section (Bradak et al. 2011;
Braddk-Hayashi et al. 2016). Such magnetic fabric forming processes may also appear in
interglacial/humid and glacial/arid phases in regions with poor .~getation cover and higher

precipitation in fevourable topographical conditions (i.e. on slo~~).

5.3 Case study from Paks - The use of anisotropy paramete < us climate proxies

Along with the orientation of the princir.al : usceptibility axes (i.e., the record of prevailing wind
direction), the vertical distribution of arisotropy parameters has been used as climate proxies since
the early 2000s. Zhu et al. (2004) iden ifizc _he magnetic fabric parameters L and declination of Ky
as sensitive proxies for rapid fluctu-~tions in winter and summer monsoons. Such fluctuations also
correlated with the cold and w. m events of the marine oxygen isotope record GISP2 and the
Dansgaard—Oeschger cvcles (e. ., Bond et al. 1999).

Magnetic fabric param zters seem to be sensitive indicators of climatic transitions, such as the
mid-Brunhes Event (MBT; Jansen et al. 1986). Significant increases in the fluctuation of P and F
between glacials and interglacials from approximately 400 ka are thought to indicators of changes in
the atmospheric circulation related to MBT (Peng et al. 2015).

A complex pattern of the anisotropy parameters was found during another characteristic
transition, namely between the Neogene and Quaternary (Xie et al. 2016). Magnetic fabric
parameters behave very similarly during the interglacial periods of the Pleistocene and during the

Neogene, which was characterized by humid and warm in East Asia. In general, the glacial periods



were characterized by significantly different AMS parameters compared with interglacials and the
Neogene. In addition, a horizon indicated by irregular AMS data clearly demonstrates the transition

period between the Neogene and Pleistocene.

5.2.1 The identification of orbital forcing and ice sheet dynamics

In addition to the examples above, the vertical distribution of magnetic fabric parameters has
been used in paleoclimate ad paleoenvironment reconstruction by e.g., Matasova et al., 2001;
Lagroix and Banerjee, 2004; Liu and Sun, 2012; Taylor and Lagroix, zUL.5; and Song et al. 2018. Such
studies (along with the summary about the influence of various ~rc:z_sses on the magnetic fabric in
Section 4) showed that magnetic fabric parameters :an preserve information about the
paleoenvironment (change) and may be applied as paleoc..mxcic proxies.

In the case study presented here, the cie.ag'ng characteristics of sedimentation and
pedogenesis were recorded by the «lf, Pj, F, ", c )nticence angle €3, and the declination of magnetic
lineation (Kmax) of the units of Paks loes- from ti.e section dated back to the period between MIS19
and 10 (see Suppl. Mat. 1 and Section 2). | reveal the drivers behind the evolution of the versatile
environmental components contrib.ting to sedimentation, and its alteration and represented by the
magnetic fabric, the periodicity € the AMS parameters was analysed. Wavelet spectrum analysis
was employed using high- -esoi ution AMS data to discover connections between the rhythm of the
changing fabric and potenr’ial drivers of the change (power spectrum density-psd graphs; Figs. 12

and 13).
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Figure 12. Periodicity of magnetic fa.-ic parameters during the early Middle Pleistocene |.
Sequences of various magnetic fabric proxis: a) magnetic susceptibility (kIf); c) degree of anisotropy
(P); e) shape of the susceptibilitv el soid (T); and foliation (g). The power spectrum density (psd)
graphs are b) for «If; d) for F, f) fc1' T; and h) for F. The grey curves indicate the original AMS data,
and the black curves .~di.~t~. the resampled series. The black arrows show similar tendencies
observed in the rhythms ur the AMS parameters and ice volume proxies. The trend lines, e.g., in the
sequence of curves e, f and i (in order: shape factor-T, foliation-F and eccentricity-e), indicate long-
term trends in the change in parameters. The colour tones of the psd graphs indicate Power2, i.e.,
the strength of the identified periodicity in the dataset in order from the strongest to the weakest:
red, orange, tones of green (from light to dark), tones of blue (from bright to dark), purple and
magenta. Original i) eccentricity; j) obliquity and k) ice volume proxy data were published in Laskar

et al. (2011) and Lisiecki and Raymo (2005). See Section 3 and Supplementary Material 1 for



information of data processing, including resampling to compensate for missing data (indicated by

circles); wavelet spectrum analysis; and psd graphs.

I B e B B0 B T TR
MIS11 MIS13 MIS15 MIS17 MIS19
a ool ﬁ
Z 300 —, | N M\ | i
AN AT AT
J200d| SV [ \ ,\\ /V f \ N/ \ [
3 \ f\l/ WV
;o IRV I G N ¥ L
a of
=100 |-
b
C E ° oo e Y oo o .
= NE o o @ e o o o
T Nile . . . o oo -
ENW ° ®-9.®e 0,000, 000,0 0 o o o °
; Wle B 3 0/ ‘e eee ° oo oo o . 3
BSW e o . .o PP
Qh. S e e o . - dg‘—vlg
SE . . . @ o oo oo om .
NW-SW E/SE W/NW E/NE E/SE EN-W NW/N E SE-SW
NE/E WINW \
d 20 h |
g |
b //k AN “ﬁ} Mﬂﬂ I~ '
. A WY T ‘ ,
® \/\\// J \\/‘ \J\ﬁ \(,\ ‘ /\V/' \,\‘Vf/\vﬁ\’ / \Nv\//\w
ok
e

TXT T T T AT

o

o

ITE
3s
x o
28
20
Ex h
S .o
S 2
3T
$§
@

I
w w b A O

SUART R RN

P TP TS O L L 1% P W Y s i U B )
Age (kyr) 400 450 500 550 600 650 700 750

Figure 13. Periodicity o1 magnetic fabric parameters during the early Middle Pleistocene II.
Sequences of various magnetic fabric proxies a) declination of magnetic lineation (Kma); €)
reconstruction of the characteristic paleowind direction; d) €3, (“foliation plane proxy”). The power
spectrum density (psd) graphs are b.) for the declination of k.., and e.) for €3;. The grey background
colour indicates periods with quasi-permanent prevailing wind direction during the studied period in
Fig. 4c. The colour tones of psd graphs indicate Power2, i.e., the strength of the identified periodicity
in the dataset in the order from the strongest to the weakest: red, orange, tones of green (from light

to dark), tones of blue (from bright to dark) purple and magenta. Original f.) eccentricity (e); g.)



obliquity and h.) ice volume proxy data were published in Laskar et al. (2011) and Lisiecki and Raymo
(2005). See Section 3 and Supplementary Material 1, for information on data processing, e.g.,
resampling to compensate for missing data (indicated by circles); wavelet spectrum analysis; and psd

graphs.

The characteristic changes in the AMS proxies were compared with the changes in the orbital
parameters, such as obliquity (axial tilt) and eccentricity (e) (Figs. 12 and 13), which are known as the
most characteristic orbital forcing components of the pre- (g€) and . ost-Early Middle Pleistocene
Transition (EMPT) (e) paleoclimate (Head and Gibbard, 2005). ~-a, > _ceristic wind directions, which
are influenced by growing ice sheets, are demonstrated b, the application of the AMS method in
European loess profiles (Sub-section 5.1.2; Fig. 10) and su-ocst similarities between the ice volume
proxy (Lisiecki and Raymo, 2005) and the AMS pa: ar.ie’ers and paleowind direction from the Paks
profile (Figs. 12 and 13).

All the studied parameters follow cn appro.imate 100 to 130 kyrs rhythm, which may refer to
the periodicity of eccentricity, the g-euc..iinant orbital forcing component after the amplitude
switch during the EMPT (Head anA Cibbard, 2005) (Figs. 12 and 13). Although this rhythm appears in
every studied parameter, includn. the change of P and F, e does not play the most important role.
Rather, it is an approximite .0 to 60 kyr periodicity component. This periodicity is most likely
connected to obliquity, th2 pre-EMPT main contributor in orbital forcing. Along with P and F,
obliquity-related periodicity also appears in the rhythm of kIf (MIS 19 to 16), the declination of
magnetic lineation (Kmnayx)(MIS 16 to 12) and €3; (MIS 16 to 11). The disappearance of the control of
obliquity on «If (Fig. 12b), i.e., the change in the rhythm of glacials and interglacials, overlaps the
period of the EMPT observed in the CLP (Heslop et al. 2002) and the ELB (Basarin et al. 2014).

Among the orbital components, obliquity has a strong influence on ice volume (Ruddiman,
2006), e.g., continental ice sheets. The appearance of the periodicity of obliquity in AMS parameters

may suggest a connection between ice sheet dynamics and climatic conditions represented by the



AMS parameters (Figs. 12 and 13). In the case of MIS 18, 16 and 14 glacials (three out of the four
studied), AMS parameters, such as P, F and &3;, follow the rhythm of ice volume dynamics, i.e., a
gradual increasing during the glacial with an abrupt decrease during the glacial/interglacial transition
(Figs. 12c, g and k and Fig. 13d). The gradual change in the AMS parameters indicates gradual
strengthening of dry and cold glacial climate, the depositional environment of loess, and a peak as
an indicator of a ‘harsh’ environment at the end of the glacial. A gradual change in the AMS
parameters and the represented environmental change seems to represent a feedback of growing
continental ice in the high latitudes in Europe and the extending influe ~ce of a high-pressure climate
centre (continental ice sheet air mass, CIAm) over the ice sheet *~w.us the lower latitudes (Fig. 10).

The connection between the ice volume dynamics anu the sedimentary environment of loess
may be indicated by the trends of longer intervals obser.~ in the changes in F. Similar to the ice
volume proxy, the period from MIS 19 to 16 shcw, riore characteristic, higher-amplitude peaks
compared to the period until MIS 13 after 4 re duc.ion during MIS 15 (illustrated by trends in Fig.
12g). The relationship between ice shect dynaniics and loess sedimentation has been suggested to
occur in the CLP (e.g., Ding et al. 199 ) a1 . in the ELB based on various methods (Nawrocki et al.
2006; Moin et al., 2017). One of *n. methods involves identifying a connection between the quasi-
permanent CIAm formed over .“e extending continental ice sheets in North Europe and the
prevailing northerly wina (‘blhwing’ from the ice sheet) in the region at lower latitudes. This
relationship has already k:en proven by paleowind directions (e.g., by AMS) (Fig. 10), but one
unanswered questions is whether the paleowind direction indicates the influence of the extending
European ice sheet in the Paks section.

Although eccentricity and obliquity (*MIS 16 to MIS 11)-driven periodical changes in wind
direction are demonstrated by the psd graph, the results are not sufficiently convincing (Fig. 13a, b
and c). Due to the chaotic change in the wind, no clear prevailing direction can be separated by the
applied plot(s) represented in Figure 13a and c. To determine the most characteristic wind direction

in the studied period, the declination of magnetic lineation (kn.x) was plotted on a return map, a



commonly used method in the case of chaotic systems (Kapitaniak and Bishop, 1999) (Fig. 14).
Compared to other parameters given as examples, the distribution of magnetic lineation did not
exhibit periodicity, but the alignment of data in the density map derived from the return map
indicates a NW to NE prevailing direction of paleowinds (Fig. 14e). The characteristic northward
orientation of paleowinds may support the theory about the extending ice sheet and its climatic
impact in mid-latitude Europe (Fig. 10).

The evidence presented here may describe long-term early Middle Pleistocene cooling (Buggle
et al., 2013) from a new perspective. As a completion and augmentat.on of the theory presented by
Buggle et al. (2013) regarding the effect of Alpine orogenesis [**~li,2} on climate, we emphasize the
influence of continental ice sheets and the EMPT as facic*s in the progressive evolution of the
paleoclimate in East and Central Europe (Buggle et al., 20,7 sradak et al., 2019b). Evidence, such as
similarities between the rhythm of ice volume an | raainetic fabric parameters and the prevailing
wind direction, may verify the influence of 7 hig h-p. assure climatic centre that formed over the ice
sheet. The climatic response to the corstant cuid air masses of the CIAm might support the long-
term transition from a relatively waim (. .o-Mediterranean) climate towards colder, continental
(Buggle et al., 2013) and North Aucontic air masses (Braddk et al., 2019b) during the early Middle
Pleistocene.

As it was demonstrat.'d al ove, wavelet analysis can be applied with promising results on AMS
parameters, but care mu<* be taken during the interpretation of the data. Despite the identified
periodicity in some magnetic fabric parameters and the suggested connection of the parameters and
climate systems over Europe during the EMPT, the analysis of the AMS are not enough to build a
climate model introduced above. The exclusive use of AMS parameters in climate reconstruction
may lead to the over-interpretation of the data, therefore more supporting measurements are
needed which can verify the existence of such climate model. Various rock and enviromagnetic
measurements can provide information about environment related magnetic contributors in the

succession and allow the reconstruction of other climate components. Along with paleowind



information, e.g. the reconstruction of paleoprecipitation can provide significant information during

building paleoclimate models.
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Figure 14. The density plot based on the return me», o magnetic fabric parameters as a) magnetic
susceptibility; b.) degree of anisotropy (P); ¢ ; sh ipe uf the susceptibility ellipsoid (T); d.) foliation (F);
declination of magnetic lineation (kmax, » 2leowind direction proxy) and €;;. The bright areas are the
most frequent data in the sequence. 127 quasi-linear alighment of the most frequent data along an
axis from the origin towards th: x.max and ymax coordinate on the plot (dashed line) suggests
stronger periodicity (a, b anc d). ™e chaotic, scattered alignment of the most frequent data of e)
shows characteristic v~lue~ i.€., indicates NE and NW prevailing wind. See Sub-section 3 for more

information about the ret=:.n map.

6. Conclusion

This review summarizes the knowledge about the magnetic fabric of loess derived from
approximately thirty studies in the last three decades and introduces the main directions of

anisotropy studies, especially but not limited to the determination of prevailing wind direction in



various loess regions during the Quaternary. As summarized below, there are still some
“undiscovered areas” in the field of the magnetic fabric research of loess, which represent aims for
future investigations.

Studies from, e.g., Hus (2003), Lagroix and Banerjee (2002) and Taylor and Lagroix (2015)
suggest the role of paramagnetic contributors in the magnetic fabric of loess. As summarized by
Lagroix and Banerjee (2002), paramagnetic silicates (common loess minerals) have oblate AMS
ellipsoids (e.g., Borradaile 1988; Borradaile and Werner, 1994; Borradaile and Henry, 1997), and
magnetite (one of the most common ferromagnetic contributors) is piolate (e.g., Heider et al. 1987).
Oblateness defines the minimum susceptibility, whereas = ni.*:ness defines the maximum
susceptibility orientation. Therefore, magnetic foliation is defined by paramagnetic silicates and
magnetic lineation by ferromagnetic (magnetite) minerai. ir (Alaskan) loess (Lagroix and Banerjee,
2002). Although the fabric of aeolian loess is <trun;ly foliated, i.e., probably defined by the
paramagnetic contributors, no systematic e*.am 'nauon has been performed to assess the influence
of the paramagnetic minerals during the interprecation of the magnetic fabric of loess.

The main goal of the magnetic f: b’ ic .esearch, namely the reconstruction of prevailing wind
direction, has outshined other re-earch fields, including the study of the magnetic fabric of
paleosols. Studies of various tvpe ~f paleosols and pedogenic subhorizons via comparisons of various
anisotropy methods exhib * po' ential in future studies and can be used to understand the formation
of inverse and vertically rriented magnetic fabrics and the alteration of sedimentary fabric by
various pedogenic processes in various pedogenic environments.

Although AMS parameters may work during the separation of various stratigraphical units of
individual sections, general rules about the value or behaviour of AMS parameters related to various
loess forming geological-pedological processes have not been defined to date. The classification
processes suggested by, e.g., Liu et al. (1988) or Bradak and Kovacs (2014) may fail if samples from
various profiles are investigated. This finding suggests that every loess succession is unique with its

own characteristic AMS parameters. Although defining general rules seems almost impossible, the



trend of AMS parameters, as it was shown in the case of Paks succession, can be used for complex
paleoclimate and environment reconstruction, which may represent one of the future applications
of magnetic anisotropy studies.

Understanding sedimentary and pedogenic processes represented by the behaviour of the
magnetic fabric parameters leads their use as climate/environmental proxies. Compared to other
enviromagnetic proxies, these proxies may be able to record complex information in addition to

simply the prevailing wind direction.
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Decades of loess magnetic fabric study is summarized.

New results about the influence of pedogenesis in magnetic fabric are presented.

Role of magnetic fabric studies in regional-continental level climate reconstruction are
revealed.

Potential future key topics in loess magnetic fabric research are appointed.
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