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Abstract 

Magnetic susceptibility measurements play a key role in Quaternary studies. 

Magnetic proxies, such as low field and frequency-dependent magnetic susceptibility, 

are widely applied in the reconstruction of terrestrial paleoclimate, e.g., in the study of 

loess-paleosol successions. In general, the interpretation of loess magnetic susceptibility 

signals is based on two commonly accepted models: the pedogenic magnetic 

enhancement and wind-vigour models. However, there are an increasing number of 

cases where such models cannot be used. These cases show unusual relationships 

between the two common loess magnetic susceptibility proxies: low field and 

frequency-dependent magnetic susceptibility. Such relationships have been attributed to 

various phenomena including the dissolution of fine-grain minerals and the formation of 
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ultrafine magnetic rims on the surface of coarser grains by weathering. Despite the 

growing number of these exceptional cases of magnetic enhancement, our knowledge 

about the occurrence and potential causes of the unusual behaviour of magnetic 

susceptibility parameters is still limited. This, in turn, hinders the wider application of 

magnetic susceptibility parameters in loess. To fill this knowledge gap, magnetic 

susceptibility data of various profiles from the European Loess Belt were collected and 

compared to reveal various enhancement trends in loess. Along with the analysis of 

magnetic susceptibility parameters, combined scanning electron microscopy (SEM) and 

rock magnetic analyses were applied to samples from the Paks loess sequence in 

Hungary to describe some of the irregular cases, notably the cause of increasing 

frequency-dependent susceptibility in non-altered sediments. Analysis of loess, paleosol 

and common mineral samples separated from loess (e.g., muscovite) revealed that 

various features may be responsible for these increasing frequency-dependent 

susceptibility values: i) surface weathering (maghemitization) of coarser detrital grains, 

ii) nanofragmentation by physical weathering and iii) the appearance of significant 

amounts of ultrafine magnetic inclusions in micas. These special modes of magnetic 

enhancement of loess do not undermine the importance of the basic theories suggested 

above, but rather provide three mechanisms that account for some of the increasing 
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number of unusual cases. To aid in the wider and more accurate use of magnetic 

susceptibility parameters in loess, we review the current magnetic enhancement models 

with special emphasis on the identification of unusual trends in magnetic enhancement 

and understanding their drivers. 

 

Keywords: magnetic susceptibility; loess; magnetic enhancement; nano-scale 

fragmentation; magnetic inclusion  

 

Abbreviations: CLP-Chinese Loess Plateau; EDS-energy-dispersive X-ray 

spectroscopy; ELB-European Loess Belt; EXT-extract by strong magnet; χlf-low field 

magnetic susceptibility; χfd-frequency dependent magnetic susceptibility; χfs-normalized 

frequency dependent magnetic susceptibility; MIS-marine isotope stage; 

MD-multidomain; PSD-pseudo-single domain; RESIDc-coarser grained (>125 μm) 

residual after extraction by strong magnet; RESIDf-finer grained (<125 μm) residual 

after extraction by strong magnet; SD-single domain; SEM-scanning electron 

microscope; SP-superparamagnetic; Tc-Curie temperature; VS-vortex state; 
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1. Introduction 

The nature of glacial and interglacial paleoenvironments and their role in 

understanding future climates has become a major focus of Quaternary research over 

recent decades (PAGES, 2016). As a part of the reconstruction of paleoenvironment, 

increasingly more information has been revealed about loess records, which are some of 

the most commonly used terrestrial archives in the reconstruction of glacial and 

interglacial paleoenvironment over the Quaternary (Pye, 1987). In such reconstructions, 

mineral magnetic methods play a crucial role since both the type and amount of 

magnetic contributors in loess are highly sensitive to environmental change during 

pedogenesis (Maher and Taylor, 1988; Heller et al., 1993; Forster et al., 1994; Dearing 

et al., 1996; Maher, 2011, 2016). In fact, basic frequency-dependent magnetic 

susceptibility analysis has become a routine stratigraphic tool in studies of loess 

sequences (e.g., Schatzel et al. 2018 and references therein). 

There are two commonly known models for the enhancement of the magnetic 

susceptibility parameters in loess: pedogenesis and wind vigour (e.g., Forster et al., 

1994; Evans and Heller, 1994; Evans, 2001). Both models were built to describe the 

rhythmic change of environmental magnetic proxies, especially magnetic susceptibility 
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parameters, in loess sequences, most likely related to the cycles of glacial (stadial) and 

interglacial (interstadial) periods. The widely accepted main magnetic enhancement 

models seem highly variable geographically. Additionally, there is no consensus about 

the applicability of the alternative models, and apparently, a number of different 

hypotheses appear in the literature (see Section 2). Due to the common use of χlf and χfd, 

it is essential to resolve these inconsistencies and ambiguities so that these widely used 

proxies can properly inform debates about past environmental changes. This requires 

understanding of the fundamental physical meaning of magnetic parameters. The 

primary goal of this study is to reveal potential influences on magnetic mineral 

components in sediments that exhibit unusual χlf and χfd using examples from the Paks 

loess section in Hungary. 

 

 

2. The overview of magnetic enhancement models in loess characterized by the 

relationship between χlf and χfd parameters  

 

2.1 Pedogenic enhancement model and the ―true loess line‖ 

The pedogenic model explains the magnetic enhancement of loess by in situ 
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authigenic mineral formation (Maher and Taylor, 1988; Heller et al., 1993; Forster et al., 

1994; Dearing et al., 1996; Maher, 2011, 2016). This leads to increased low field 

magnetic susceptibilities (χlf) and frequency-dependent magnetic susceptibilities (χfd) in 

soils formed over interglacials, offering favourable conditions for the formation of 

ultrafine superparamagnetic (SP) components, such as warmer temperatures and more 

humid environments (higher precipitation). This relationship between precipitation and 

mineral neoformation allows for quantitative paleoprecipitation estimation using 

mineral magnetic methods (e.g., Heller et al., 1993; Maher et al., 1994, 2002, 2003; 

Panaiotu et al., 2001; Geiss and Zanner, 2007; Geiss et al., 2008; Balsam et al., 2011; 

Orgeira et al., 2011; Long et al., 2016). 

One of the commonly applied mineral magnetic methods used in paleoprecipitation 

estimation is the measurement of χfd. χfd analysis has been applied since the pioneering 

studies of Forster et al. (1994) and Dearing et al. (1996) as a sensitive indicator of 

ultrafine magnetic grains, increasing amounts of which also influence χlf. This linear 

relationship between increasing χfd and χlf was recognized in many loess successions of 

the European Loess Belt (ELB) and the Chinese Loess Plateau (CLP) and is called the 

pedogenic enhancement model (Zhou et al., 1990; Forster et al., 1994; Evans and Heller, 

1994; Evans, 2001). The relationship between the two susceptibility parameters, i.e., the 
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trend described by χlf and χfd, has been used since publication of the above studies to 

recognize pedogenic enhancement in loess sequences (e.g., Maher, 2011; Maher, 2016, 

and the references therein). Following the study of Maher (2016), where the magnetic 

enhancement models were summarized, Zeeden et al. (2016, 2018) defined the so-called 

true loess line. The ―true loess line‖ is a linear trend fitted to χlf and χfd data, describing 

the magnetic enhancement trend of loess during pedogenesis driven by increasing 

neoformation of magnetic minerals. Although the term ―true loess line‖ was first 

introduced in Zeeden et al. (2016), variations of the χlf vs. χfd plot and the ―true loess‖ 

trend have been commonly used since the loess studies of the 1990s (e.g., Forster et al., 

1994; Panaiotu et al., 2001; Maher, 2011). 

 

2.2 Deviation from ―true loess line‖ and other enhancement models 

As summarized by Maher (2011) and Zeeden et al. (2018), deviation from the ―true 

loess line‖ may indicate additional processes that, along with pedogenesis, contribute to 

the magnetic enhancement of loess. The deviations appear in various ways in the χlf vs. 

χfd plot. Compared with pedogenic enhancement, some loess sequences are 

characterized by relatively high χlf compared with the soil horizons (e.g., Begét and 

Hawkins, 1989). In other cases, some well-developed soil horizons may not show high 
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χfd values (e.g., Taylor et al., 2014). There are sediments surprisingly characterized by 

low χlf but relatively high χfd (Wacha et al., 2018). In this sense, the ―true loess line‖ 

does not seem to be always applicable to loess records, as there are loess deposits in the 

broader sense of wind-blown terrestrial silt deposits showing deviations from this line. 

Such discrepancies and their possible causes are described in detail below. 

2.2.1 Wind-vigour model 

In contrast to the pedogenic model, the wind-vigour model explains observations of 

higher χlf values in loess (rather than palaeosols) as a result of the enrichment of coarser 

grained magnetic minerals in the units of coarse grained loess (Evans, 2001). Increasing 

magnetic susceptibility during glacial periods was originally described by Begét and 

Hawkins (1989) from Alaskan loess. Following this study, magnetic enhancement due 

to wind vigour has been reported from various loess regions (Chlachula et al., 1998; 

Wang et al., 2006; Kravchinsky et al., 2008). Notably, Chlachula et al. (1998) found the 

characteristics of wind-vigour enhancement in Siberian loess. Wind-vigour 

enhancement is rare in the European Loess Belt, except for the cases reported in Zeeden 

et al. (2018) and Wacha et al. (2018). In both cases, the wind-vigour model is not the 

only process responsible for the magnetic enhancement but rather works in line with 

pedogenic processes. 
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Based on an analysis of Pampean loess, Bidegain et al. (2005) suggested the 

appearance of both pedogenic and wind-vigour magnetic enhancement in the same loess 

record. This phenomenon was further confirmed in Siberian loess, where Kravchinsky 

et al. (2008) found that while loess units display higher χlf than paleosol horizons, 

paleosols exhibit higher χfd, indicating mineral neoformation, such as ultrafine 

pedogenic magnetite/maghemite grains. A similar pattern was also reported by Wang et 

al. (2006) in the NE Tibetan Plateau and by Liu et al. (2012) in east Central Asia (Talede 

loess, Yili basin, Tianshan Mountains). 

The recent study from Pegwell Bay loess (Stevens et al., 2020), also shows more 

complex control on the enhancement of magnetic susceptibility. Although significant 

increase of frequency dependent magnetic susceptibility was recognized by the increase 

of χlf, a significant discrepancy can be observed between the trend of Pegwell Bay and 

the ―true loess line‖. Along with the pedogenic enhancement, the allocation of the data 

and its trend suggested the appearance of wind vigour enhancement in the ―lower 

calcareous loess unit‖ (Stevens et al., 2020; p. 13).  

 

2.2.2 Dissolution, magnetic depletion, and grain surface weathering 

Along with the wind-vigour effect, relatively high χlf and low χfd compared to 
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typical loess, represented by the ―true loess line‖, may indicate the dissolution of 

magnetic contributors by hydromorphic effects (Taylor et al., 2014). Particle dissolution 

due to waterlogging may affect ultrafine-grain single domain (SD) and small 

pseudosingle domain (PSD) particles before dissolving coarser multidomain (MD) 

magnetic particles. The dissolution of fine magnetic grains leads to a decrease in the 

concentration of ultrafine-grain components (e.g., the SP contributors responsible for 

χfd) and an increase in the mean magnetic grain size of the sediment (Taylor et al., 

2014). 

The effects of magnetic depletion also appear in the model of Zeeden et al. (2018), 

where the relatively low χlf but high χfd and χfd% are driven by hydromorphic processes 

and/or intense weathering, as suggested by Baumgart et al. (2013). However, increasing 

ultrafine magnetic contributions cannot be described by hydromorphic processes, which, 

based on the theory of Taylor et al. (2014), would dissolve the finer components first 

and result in decreasing χfd. 

Both wind-vigour and mineral dissolution effects result in relatively high χlf but low 

χfd. This begs the question of why some loess/paleosol layers in the ELB exhibit low χlf 

but high χfd (or χfd%) (Baumgart et al., 2013; Buggle et al., 2014; Maher, 2016; Zeeden 

et al., 2016, 2018). These phenomena appear in parts of loess profiles where the 
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pedogenic enhancement model can otherwise be applied: generally, loess yields 

comparatively lower χlf and χfd (χfd%: <5%), while the soil horizons have higher χlf and 

χfd (~10% or above) (e.g., Dearing et al., 1996). The appearance of enhancement trends 

different from the ―true loess line‖ suggests that in addition to pedogenic enhancement, 

additional processes are operating. 

Baumgart et al. (2013), supported by the model of van Velzen and Dekkers (1999), 

suggest that decreasing magnetic grain sizes caused by strong chemical weathering of 

larger primary particles is the cause of increasing χfd concurrent with relatively low χlf in 

paleosols. Chemical alteration as a possible cause of low χlf compared to relatively high 

χfd in Australian loess was also suggested by Ma et al. (2013). 

One theory stems from observations by Wacha et al. (2018) of ―detrital magnetic 

enhancement‖ in sediments from Susak (Croatia). In the study area, the trend of 

magnetic parameters of sandy loess displayed similar tendencies to paleosols 

(increasing χlf and χfd). Based on the magnetic experiments and observations of Buggle 

et al. (2014), Wacha et al. (2018) explained the ―detrital magnetic enhancement‖ as a 

result of surface oxidation of the MD magnetic fraction and therefore formation of 

ultrafine SP grains on the surface of coarser detrital grains. A similar theory appeared in 

Zeeden et al. (2018), which suggests oxidation in source areas before the transportation 
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of dust to form loess. The oxidation of unweathered particles may create an oxidized 

rim consisting of ultrafine magnetic minerals around an unaffected core, resulting in 

higher χlf and χfd compared to unweathered particles (Buggle et al., 2014; Wacha et al., 

2018). 

The data from the ―upper non-calcareous unit‖ of Pegwell-bay loess (a profile with 

complex pattern of magnetic susceptibility enhancement) shows a shallower line of 

increased magnetic susceptibility parameter values compared to the ―true loess line‖. 

This trend ―may suggest some pedogenic enhancement but may also indicate 

hydromorphic alteration of magnetic minerals under redox conditions, leading to 

dissolution of magnetic particles (Stevens et al. 2020; p. 13).  

 

2.3 Beyond the relationship between common magnetic susceptibility parameters 

Although the focus of this study is the relationship between two commonly used 

magnetic susceptibility parameters, χlf and χfd, and their significance in the 

reconstructions of environmental processes, there are a great number of studies that 

concentrate on the magnetic mineral alteration and neoformation in loess paleosol 

sequences more widely, particularly focussing on goethite, magnetite, maghemite and 

hematite (e.g. Boyle et al., 2010; Jiang et al., 2018, and the references therein). Such 
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studies apply combined rock magnetic and geochemical (mostly diffuse reflectance 

spectroscopy – DRS) methods and have played a significant role in the understanding of 

magnetic enhancement of loess during pedogenesis, as summarised briefly below. 

The early studies of combined magnetic and DRS research by Ji et al. (2001, 2002, 

2004) contain the essential elements of this research line: redness (and other) 

colorimetric indices, the hematite/goethite ratio and the joint application of DRS and 

other climatic proxies. Following these first steps, Torrent et al. (2007) applied a 

combined rock magnetic and DRS method to describe the origin of various iron oxides, 

especially magnetite, maghemite and hematite and oxyhydroxide (goethite) in paleosols 

from the CLP. The proposed model concerning the pathway by which ferrihydrite is 

transformed into a transient maghemite-like phase before its final transformation into 

hematite was verified by the study of Hu et al. (2013). The study of Liu et al. (2011) 

verified the reliability of the DRS method in the quantification of the amount of 

hematite present and provided additional information about the potential bias in the 

method. Jiang et al. (2013) applied magnetic and DRS experiments and provided 

evidence concerning the aeolian origin of goethite in Chinese loess. The recent study of 

Jiang et al. (2018) provides a five-stage model about the magnetic mineral alteration 

(with a focus on magnetite, maghemite and hematite) in soil, which fundamentally 
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changes the conventional model by providing detailed steps and description of mineral 

alteration and neoformation, proposed by e.g. Barrón and Torrent (2002), Barrón et al. 

(2003), and Liu et al. (2008). 

Although a great amount of combined rock magnetic and DRS studies attempting to 

understand the chemical pathways of pedogenic enhancement have been elaborated in 

Chinese loess, there is also some research on this on the ELB. Bábek et al. (2011) 

elaborated joint magnetic (e.g. magnetic susceptibility) and DRS study on Dolní 

Věstonice (Czech Republic) and Krasnogorskoye loess sections (SW Siberia, Russian 

Federation). The applied methods seemed to work well in the correlation of single 

successions, but the study also concluded that there is no universal proxy for weathering 

or pedogenesis intensity which can be applied across broad regions or along 

considerable climatic gradients (e.g., in continental scale). The observations of Bábek et 

al. (2011) raise some concern about the application of various magnetic and 

non-magnetic proxies and models in the case of various types of paleosols and 

continental scale correlations based on magnetic susceptibility. Paleosols, developed 

under paleomonsoon climate characterized by significantly higher precipitation might 

show different weathering characteristics and different degree of (magnetic) mineral 

alteration than the paleosols edeveloped under Atlantic or continental climatic influence, 
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for example. In addition, the varying magnetic mineral composition of the parent 

material of the soil (i.e. loess) may impact the magnetic mineral composition of soils 

(e.g., in some cases higher concentrations of hematite may appear in loess; Bradák et al. 

2019a).  

 

3. Materials and methods 

 

3.1 Material 

 

 

Figure 1. The geographical location of the Paks profile (Hungary) and other 

successions where magnetic parameters were analysed in this study (a) and the studied 

sequence with sampled units of the Paks loess-paleosol sequence (b). The abbreviations 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

of the profiles are as follows: Dunaszekcső - DSZ, Leninsk - LN, Paks - PK, Raigorod - 

RG, Rasova-Valea cu Pietre – RVP, Srednaya Akhtuba – SA, Stalać section – ST, 

Semlac – SE and Titel – TI loess. The circles with crosses indicate the sampling points 

for rock magnetic and SEM measurements from the Paks profile. The abbreviations of 

stratigraphic units in the Paks record are as follows: L1-6 loess, SL1-sandy loess; S1-5 

very fine sand, MB – Mende Base paleosol, Phe1, Phe2 - Paks sandy soil complex, Mtp 

- hydromorphous soil at Paks, Hs1 and 2 – weathered sandy loess horizons, PD1 - Paks 

Double 1 paleosol, PD2 - Paks Double 2 paleosol. Detailed information about these 

units can be found in Bradák et al. (2019a and b) and in Supplementary Material 1. The 

boundary of glacial ice sheets in the study area was reconstructed using the works of 

Toucanne et al. (2009) and Batchelor et al. (2019). The basic relief map is from Amante 

and Eakins (2009).  

 

The Paks loess profile is located to the north of the town of Paks in the Pannonian 

Basin, Hungary, on the right bank of the Danube River 46°38`24``N and 18°52`24``E, 

top of the sequence: ~135 m a.s.l.; Fig. 1a) (Újvári et al., 2014). The glacial deposits, 

corresponding to marine isotope stage (MIS) 18, MIS16, MIS14, MIS12 and MIS10, 

are represented by various aeolian sedimentary units (loess - L, sandy loess - SL, and 
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fine sand - S) in the studied section at Paks (Suppl. Mat. 1a, b and c). Interglacial 

deposits (MIS19, MIS17, MIS15, MIS13 and MIS11) are represented by various 

paleosols intercalated with sediment units such as PD2, PD1, Hs1-2, Mtp, Phe2-1 and 

MB (Újvári et al., 2014; Marković et al., 2015) (Fig. 1b; Suppl. Mat. 1d, e, f and g). As 

part of a recent sampling session for a detailed magnetic study at Paks, a 16-m thick 

loess/palaeosol sequence was cleaned and sampled (Fig. 1b). Block samples were taken 

every 10 cm. From each block, approximately 5 to 10 pieces of 2-cm
3
 cube samples 

were prepared for further analysis (sum. 950 samples) (Fig. 1b). Detailed information 

about the units of the sampled section can be found in Bradák et al. (2018a, b and 2019a, 

b and Suppl. Mat. 1). The mass of the samples was used to compare the magnetic 

enhancement characteristics of the studied section in Paks loess with various loess 

successions from the ELB (Fig. 1a). Magnetic susceptibility data were collected and 

used from Költringer et al. (2020), Marković et al. (2011), Obreht et al. (2016), Újvári et 

al. (2016), and Zeeden et al. (2016, 2018). The abbreviations of the datasets (profiles) 

used in the manuscript are the following: Dunaszekcső - DSZ, Leninsk - LN, Paks - PK, 

Raigorod - RG, Rasova-Valea cu Pietre – RVP, Srednaya Akhtuba – SA, Stalać section – 

ST, Semlac – SE and Titel – TI loess (Fig. 1). Due to the nature of the study, i.e., 

focusing on the magnetic enhancement trends and the comparison of the applicability of 
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the ―true loess line‖ in various successions, no detailed vertical characterization of the 

magnetic proxies from the Paks profile was executed. Such analysis can be found in 

Bradák et al. (2018a, b and 2019) and will be published in further studies in the near 

future. 

Along with the samples used for susceptibility measurements, pilot samples were 

collected from various sediment layers of the Paks (PK) sequence, including the SL1, 

S5, L4 and L6 sediment units and PD2 paleosol horizon (Fig. 1b). These pilot samples 

represent aeolian loess (L4 and L6) and paleosol (PD2) horizons and units with 

uncommon magnetic susceptibility parameters, such as low χlf but relatively high χfd 

(SL1 and S5). 

The material of L6 went through further preparation to reveal additional 

information about the magnetic enhancement of sediments. The aggregates appearing in 

loess were disintegrated by an ultrasonic bath. The finest clay contributors were 

separated from the coarser grain (silt and sand) mixture by a laboratory centrifugal 

separator (MLW Centrifuge T 52.1; Labexchange, Germany). Following the removal of 

clay components, the material of L6 was separated into two components by a strong 

magnet, placed into a plastic tube and immersed in the suspension for 24 hours. After 

removing the magnet from the suspension, the strong magnetic components of L6, 
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attached to the wall of the plastic tube, could be collected separately (Suppl. Mat. 2). 

This ―extract‖ (EXT) mainly contains ferromagnetic minerals. The residual (RESID) 

was further separated into two groups by a sieve: a finer, mainly silt and fine sand grain 

size group (<125 μm; RESIDf) and a coarser sand grain size group (>125 μm; RESIDc). 

From the magnetic mineral point of view, RESID groups mainly contain dia- and 

paramagnetic components (e.g., phyllosilicates; Suppl. Mat. 2). 

 

3.2 Methods 

The low frequency (~0.5 and ~0.9 kHz) and high frequency (~4 and ~16 kHz) 

magnetic susceptibilities of ~2-cm
3
 Paks samples were measured in the laboratory using 

an SM 100 portable susceptibility meter (ZH-Instrument, Brno, Czech) (Suppl. Mat. 3 

and 4). Please note that for the SM 100, the sensitivity is ~5 × 10
−6

 SI units at 0.5 kHz 

and 1 × 10
−6

 SI units for 4 and 16 kHz frequencies. 

To determine ꭓfd, the susceptibility of the samples was measured at low and high 

frequencies. Absolute (ꭓfd) and relative frequency dependence of magnetic susceptibility 

(ꭓfd%) were used in environmental magnetic studies. The former is defined by the 

following: 
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ꭓfd=ꭓlf-ꭓhf         (1) 

 

which was used in this and numerous previous studies (e.g., Dearing et al., 1996; 

Zeeden et al., 2016 and the references therein). ꭓfd is a strongly operating 

frequency-dependent parameter (e.g., Hällberg et al., 2020); therefore, Hrouda (2011) 

proposed the use of ꭓfd normalized by the differences of the natural logarithm of the 

applied high and low frequencies: 

 

ꭓfs = (ꭓlf – ꭓhf)/(lnfhf – lnflf)       (2) 

 

where ꭓfs is the normalized ꭓfd, and flf and fhf are the low and high frequencies used 

during the experiments, respectively. 

The use of ꭓfs allows us to compare previously measured magnetic susceptibility 

data from various profiles obtained by different instruments. Since early studies in 

frequency-dependent magnetic susceptibility analysis of loess, there has been significant 

technical development in instrumentation, resulting in a wide range of applicable 

frequencies and sensitivities. As a result of such technical development, the widely used 

ꭓfd and ꭓfd% parameters are biased by the various measuring frequencies that differ 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

between instrument models This bias or difference must be considered during the 

comparison of results from various profiles measured by various instruments. The 

normalization process suggested above provides a way to address such bias and makes 

data from various origins comparable. Following the calculation of ꭓfs, a ꭓlf and ꭓfs plot 

can be used to characterize the relationship between the ꭓlf and ꭓfs of sediment and 

paleosol samples. The background susceptibilities were determined following the 

method of Panaiotu et al. (2011) by using the normalized frequency dependence of 

magnetic susceptibility. Background magnetic susceptibility represents the magnetic 

susceptibility of sediments without any pedogenic enhancement, i.e., without the 

influence of neoforming pedogenic magnetic components (Table 1 and Suppl. Mat. 4). 

To estimate the domain state of magnetic components, hysteresis measurements 

were conducted using a Micromag 2900 AGM with an alternating gradient field 

magnetometer (Princeton Measurements Co.) and variable field translation balance 

(VFTB, Mag Instruments UG, Germany) (Suppl. Mat. 3 and 4). A maximum applied 

field of 1 T (the limitation of both instruments) was used for the hysteresis 

measurements. During the hysteresis measurements the following settings were used for 

Micromag AGM: field range - ±1 T, moment range - 200×10
-9 

A, averaging time - 

100×10
-3 

s; and for the VFTB: dwell time - 1s, and data cycles and wait cycles - 15 s 
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and 10 s.  

The coercivity of remanence (remanent coercive force) to coercivity ratio (Hcr/Hc) 

and saturation remanence to saturation magnetization (Mrs/Ms) plot, the so-called Day 

plot analyses (Day et al., 1977; Dunlop, 2002), were used to reveal the multidomain, 

single-domain (SD), superparamagnetic (SP) and pseudo-single domain (PSD) (in later 

studies: SD + MD mixture; Dunlop, 2002; or vortex state [VS]; Roberts et al., 2017) 

state of the magnetic mineral components in the samples (Suppl. Mat. 3 and 4). 

Thermomagnetic experiments (temperature dependence of magnetization) were also 

carried out by VFTB from room temperature (~20-25 °C) up to 700 °C in air. The 

following parameters were applied during the thermomagnetic experiments: dwell time 

- 1s, dwell field - 35mT, ramp slope - 30 °C/min, data cycles - 10 s, and wait cycles - 2 s. 

Temperature variation in magnetization provides information about the transformation, 

e.g., the Curie temperature (Tc) of magnetic mineral components identifies the change 

in magnetic moment at different temperatures during heating and cooling (Suppl. Mat. 3 

and 4). 

The results of rock magnetic measurements were analysed by RockMagAnalyzer1.1 

software (Leonhardt, 2009). During the analysis of hysteresis curves, all parameters 

were corrected using their dia- and paramagnetic fractions. 
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Loess, the extracted and residual samples were studied by using a JSM-6480LAII 

scanning electron microscope (SEM; JEOL, Tokyo, Japan) equipped with 

energy-dispersive X-ray spectroscopy (EDS), and a JXA-8900 electron probe 

microanalyser (EPMA) with a wavelength-dispersive X-ray spectrometer. Although 

magnetic extract from loess has been studied by SEM (e.g., Hyodo et al., 2020), to the 

best of our knowledge, this is the first time when experiments are made on the non, (or 

weakly) magnetic residual material. To obtain flat and smooth surfaces, we impregnated 

the samples with a low-viscosity resin (Petropoxy 154) and polished them using SiC 

and Al2O3 abrasives without lubricant to avoid alteration of clay minerals. For SEM 

observations, we used back-scattered electron imaging. Chemical analyses using EDS 

were obtained at 15 kV and 0.4 nA. Data corrections were made by the ZAF method 

with well-established natural/synthesized materials as chemical standards. 

 

 

4. Results 

 

4.1 Magnetic enhancement trends from ELB 
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Figure 2. The complex magnetic enhancement model introduced by Maher (2011) 

and Zeeden et al. (2018). a) Samples with weak mathematical statistical relationships 

between the magnetic susceptibility parameters (LN, SA and ST) and the samples from 

the SE profile, characterized by the true loess line. b) Irregular background 

susceptibility (indicated by the red arrow for DSZ, RG and RVP). c) Discrepancy 

towards the ―wind-vigour‖ region (red dotted circle) from the main magnetic 

enhancement trends (DSZ sequence). d) discrepancy towards the ―magnetic depletion‖ 
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region (red dotted circle) from the main magnetic enhancement trends (PK and TI 

sequences). The triangles and circles indicate pilot samples from the PK site where EXT, 

RESIDf and c contributors were separated (triangles; see 2.1) for further magnetic 

analysis. The black circles represent sediment samples with irregular Hcr/Hc and 

Mrs/Ms values on Figure 4. The sources of magnetic susceptibility data are Költringer 

et al. (2020), Marković et al. (2011), Obreht et al. (2016), Újvári et al. (2016) and 

Zeeden et al. (2016, 2018). 

 

A set of χlf and χfs data from various profiles of the ELB were used to verify the 

existence of the ―true loess line‖, the trend of magnetic enhancement of aeolian 

sediments by pedogenic processes (Zeeden et al., 2018) (Fig. 2). Most of the data from 

profiles of various regions exhibit a positive correlation between χlf and χfs (average 

correlation coefficient, rAVG: 0.89), which suggests the pedogenic enhancement of 

magnetic susceptibility by SP particles. Low correlation coefficients among the studied 

sections were found at SA (r = +0.56, p(a) < 0.05, n = 103), LN (r = +0.57, p(a) < 0.05, 

n = 315) and ST (r = +0.67, p(a) < 0.05, n = 410) (Table 1; Fig. 2a). In some loess 

profiles, namely, RVP, DSZ and RG, the trend of magnetic enhancement was similar to 

the ―true loess line‖ (increasing χlf and χfs), but significant deviations were observed in 
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the background susceptibilities (RVP, DSZ and RG) and due to data scatter (e.g., PK) 

(Table 1; Fig. 2b). 

Differences in the background susceptibility of loess have been recognized for the 

DSZ (18.6×10
-8

 m
3
/kg) and RVP (30.3×10

-8
 m

3
/kg) sediments, where significantly 

higher background susceptibility is observed compared to the average 13.04×10
-8

 

m
3
/kg and median 10.03×10

-8
 m

3
/kg values. In contrast, significantly lower background 

susceptibility was found in the RG section (4.4×10
-8

 m
3
/kg) (Table 1; Fig. 2b, red 

arrow). 

Increased scattering of data appears in samples with low χlf, for example, PK loess. 

Sediment samples with χlf values below ~40×10
-8

 m
3
/kg exhibit a less significant 

relation between paedogenic enhancement (scattering χfs) and bulk magnetic 

susceptibility (χlf). This is seen in the scattered data distributions observed for the DSZ 

and PK sections (Fig. 2c and d). These samples are characterized by 1) relatively high 

χlf and low χfs compared to others (e.g., DSZ; Fig. 2c, dotted line circle) or 2) relatively 

low χlf but high χfs (e.g., PK and a group of samples from TI; Fig. 2d, dashed line 

circles). 

 

Profile (ref); [n-number of 

samples] Loess region 

Equation of magnetic 

enhancement trend 

r, 

[p(a)<0.05]  

Backg. 

susc. 
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(×10-8 

m
3
/kg) 

Raigorod (RG; Költringer et al. 

2020); [216] East European Plain y = 39.87x + 4.3659 0.93 4.4 

Paks (PK) (4 kHz); [141] 

Middle Danube 

Basin y = 26.532x + 10.04 0.95 10.0 

Paks (PK) (16 kHz); [141] 

Middle Danube 

Basin y = 44.219x + 10.04 0.95 10.0 

Semlac (Se; Zeeden et al., 2016); 

[215] 

Middle Danube 

Basin y = 15.846x + 10.294 0.99 10.3 

Titel composite section (TI; 

Marković et al., 2011); [1229] 

Middle Danube 

Basin y = 16.391x + 10.383 0.99 10.4 

Srednaya Akhtuba (SA; 

Költringer et al., 2020); [103]  East European Plain y = 19.695x + 12.296 0.56 12.3 

Leninsk (LN; Költringer et al., 

2020);[315] East European Plain y = 8.0712x + 14.882 0.57 14.9 

Dunaszekcső (DSZ; Újvári et 

al., 2016); [315]  

Middle Danube 

Basin y = 16.944x + 18.561 0.99 18.6 

Rasova-Valea cu Pietre (RVP; 

Zeeden et al., 2018); [348] 

Lower Danube 

Basin y = 16.67x + 30.333 0.90 30.3 

Stalać (ST; Obreht et al., 2016); 

[410] 

Lower Danube 

Basin y = 25.111x + 93.001 0.67 93.0 

Table 1. Summary of the magnetic enhancement trends in the studied sections of the 

ELB. Beyond recent magnetic measurements from Paks, other magnetic susceptibility 

data are collected from Költringer et al. (2020), Marković et al. (2011), Obreht et al. 

(2016), Újvári et al. (2016) and Zeeden et al. (2016, 2018). 

 

4.2 Rock magnetic characteristics of PK loess samples 

Rock magnetic and SEM analyses were conducted on selected PK samples located 
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in the region, which display significant scatters in the χlf vs. χfs plot (Fig 2, black 

triangles and dots). 

 

 

Figure 3. Comparison of hysteresis curves of aeolian, non-weathered loess (a-d), a 

well-developed paleosol horizon (e and f), and an aeolian loess unit with low χlf but 

relatively high χfs (g and h) compared to the normal range χfs of loess (Fig. 2d; sediment 

samples located close to the trendline of the ―true loess line‖ and samples in the lower 

right area of the plot, indicated by dashed lines). The orange and dark brown curves 
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indicate the noncorrected values, and the yellow and light brown curves indicate the 

hysteresis loop after para- and diamagnetic correction. The hysteresis curves starting at 

panel i) display the results from bulk, EXT and RESID samples; bulk loess samples 

before extraction (i and m), EXT (j and n), RESIDf (k and o) and RESIDc (l and p). 

 

The hysteresis curves of the selected samples from PK loess, characterized by a low 

ꭓlf and variable ꭓfs (Figs. 3a-d), are very similar to those of the paleosol sample from PK 

(Figs. 3e and f). An unusual hysteresis loop was identified in one sample from the PK 

section with a high ꭓfs and one of the lowest ꭓlf values; the presence of diamagnetic 

material with ferrimagnetic contribution is revealed by the appearance of a 

ferrimagnetic loop in the diamagnetic hysteresis curve (Fig. 3g and h). Similar 

hysteresis curves were also identified during the study of RESIDc (Fig. 3l and p). 

The hysteresis loops of the loess sample closed at higher fields than the paleosol 

curve (Fig. 3a-f, i, j, m and n). This phenomenon can relate to a higher coercivity 

(antiferromagnetic) component in loess (Necula and Panaiotu, 2012). 

The ratio of coercivity of remanence (remanent coercive force) to coercivity 

(Hcr/Hc) ranges from approximately 2.2 to 4.0 for all samples, with some values of 

approximately 5. The ratio of saturation remanence to saturation magnetization 
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(Mrs/Ms) ranged from approximately 0.11 to 0.17 for all samples, along with irregular 

values such as ~2 and 2.7 (Fig. 4). Based on the study of Dunlop (2002), such Mrs/Ms 

and Hcr/Hc ratios may indicate increasing amount of SD (and SP) contributors in the 

sediment samples, characterized by low χlf, but high χfs (Fig. 1, and 4).  

Bulk loess samples and some of the RESIDf samples are in the region defined by 

Hcr/Hc: ~3-3.8 and Mrs/Ms: ~0.11 to 0.18 values). This region overlaps with that of 

loess samples from the CLP (Fukuma and Torii, 1998). Based on the improved Day plot 

(Dunlop, 2002), the samples fall into the region of the mixture of MD and SD grains 

(previously defined as PSD), with 15-25% SD content (Fig. 4). EXT and RESIDc 

samples contain slightly higher relative amounts of SD contributors (ca. 20-30%), based 

on their Hcr/Hc: ~2-2.8 and Mrs/Ms: ~0.11 to 0.15 values (Fig. 4). 
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Figure 4. Magnetic domain (grain size) characteristics of the studied PK samples, 

revealed by Day plot analysis. The location of the samples indicates the characteristic 

magnetic domain (grain size) of the magnetic contributors. The PSD region indicates 

grains ~0.7 to 15 μm in diameter (magnetite; Nagy et al., 2019), the SD region indicates 

grains <0.7 μm (Nagy et al. 2019) and <15 μm (SD haematite; Dunlop, 1981), and the 

MD region indicates grains >15 μm in diameter (magnetite; Nagy et al., 2019). The 

light grey and dark grey areas represent the loess and paleosol samples from Xifeng, 

Chinese Loess Plateau (Dunlop, 2002). 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

 

Figure 5. Results of thermomagnetic experiments on bulk loess (a), EXT (b), RESIDf, 

(c) and RESIDc (d) extracts. The red/blue curves indicate the heating/cooling phases. 

 

Thermomagnetic analysis of bulk pilot samples from PK loess and on EXT and 

various grain size RESID extracts may allow the decomposition of the thermomagnetic 

curves of natural loess samples. The magnetization of bulk loess changes gradually until 

~580 °C. Above ~580 °C, a drop in magnetization indicates the Tc of magnetite 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

(585 °C). There is still a weak magnetization above the Tc of magnetite, which may be 

related to haematite and fades with increasing temperature at approximately 700 °C (Fig. 

5a). A hump was observed at ~250-300 °C on the heating curve of the EXT sample. In 

addition, an irreversible cooling curve (started about 560 °C) consists of a section below 

200 °C where the cooling curve ―crosses‖ the heating curve, and the initial 

magnetization is lower than the final magnetization after cooling to room temperature 

appears in bulk loess samples (Fig. 5a). It may indicate some mineral alteration during 

the experiment, which may occur above 200 °C. The hump and the irreversible cooling 

curve may indicate the conversion of thermally unstable maghemite (Gao et al., 2019). 

Compared to bulk loess, the most characteristic feature of the EXT heating curve is the 

drop around the Tc of magnetite (~580 °C) (Fig. 5b). Instead of this feature, which is 

completely missing in the thermomagnetic curves of RESIDf and c extract, the most 

characteristic feature is the gradual change of the magnetization (Fig. 5c and d). The 

gradual decrease in magnetization reaches near zero magnetization at approximately 

500-550 °C and may reflect the blocking temperature of finer-grained (SD) 

(titano)magnetite (e.g., Day, 1975; Dunlop and Özdemir, 1997). 

 

4.3 Binocular and scanning electron microscopy 
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Due to the possible appearance of very fine-grained magnetic contributors in loess 

identified by the magnetic methods above and some observed dark coloured patches 

on/in muscovite crystals during binocular microscope observation (Fig. 6a-c), SEM 

imaging was performed on the non-magnetic extracts, especially, but not limited to, 

muscovite minerals. The elemental map shows the appearance of submicron-level iron 

oxides along with Pb inclusions in muscovite (Fig. 6d and e). 

 

Figure 6. Binocular (a, b, and c) and scanning electron microscopy (d - backscattered 
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electron image and e - elemental scan image) images of muscovite grains from aeolian 

loess without any obvious sign of pedogenesis. The reddish areas denoted in solid line 

boxes indicate higher concentrations of iron. The greenish areas denoted by dashed line 

boxes indicate higher Pb concentrations, possibly related to galenite (PbS). Figure 6f, g 

and h are the corresponding element maps of the elemental scan image (Figure 6e), 

showing the Fe, Pb and Si element maps respectively.  

 

The EDS from the areas of increasing Pb and Fe concentration (Fig. 7a, c and e) and 

from inclusions (Fig. 7b, d and f) both show a similar, but blended composition: 

although the components of muscovite(-chlorite) dominate the EDS, Pb and Fe peaks 

are also recognisable (Fig. 7). The mixed composition and the less characteristic 

appearance of the Pb and Fe peaks might be caused by the limitation of the instrument, 

which prevents us to reveal clear EDS of submicron size objects (e.g. the inclusions 

from Fig. 7b).    
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Figure 7. The characterization of the (magnetic) inclusions in muscovite from PK loess. 

a) One of the studied muscovite grains with regions characterized by increasing 

concentration of Pb and Fe (see Fig. 6d-h); b) surface and subsurface micron to 

submicron size inclusions in the grain; c and e) EDS representing the elemental 

composition of regions with increasing Pb (c) and Fe (e) content; and d and f) EDS of 

the inclusions, appearing on Figure 7b. The grey background connects the EDS related 

to the inclusions, observed in Figure 7b.  
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Signs of physical and chemical weathering on grains are also identified in the 

studied micrographs (Fig. 8) of sediment samples from the PK profile (characterized by 

low χlf and relatively high χfs). Submicron-sized, fragmented grains were found in sandy 

loess, possibly indicating physical weathering during deposition and diagenesis (Fig. 8a 

and b). Steps formed by conchoidal fractures (physical weathering) and partially altered 

by solution/precipitation structures (pits and channels) and coarse grains fully covered 

by a weathered surface can also be found in the same sediment unit (Fig. 8c and d). 
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Figure 8. Nanofragmentation of titanomagnetite grains in samples from PK loess, 

indicated by low χlf and relatively high χfs (a and b). The areas marked by dotted line 

shapes demonstrate the physical weathering of the edge of coarser grains and the 

detachment of submicron size, fine-grain fragments. The effect of physical and chemical 

weathering on the grain surface (c). The area indicated by the dashed line box marks 

conchoidal fracture steps partially altered by solution/precipitation structures (pits and 

channels; more information about weathering marks in Vos et al., 2014, and Makvandi 
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et al., 2015). Example of magnetite with identical crystallographic planes but covered 

by pits (d), the sign of precipitation on the grain surface. Mineral types were identified 

by energy dispersive spectroscopy: Mag – magnetite, TiMag – titanomagnetite, and Zr – 

zircon. 

 

5. Discussion 

 

Figure 9. shows a summary of the key mechanisms (discussed in Section 5.1 and 

5.2 in detailed) which may influence the enhancement of the magnetic susceptibility 

parameters during glacial-interglacial cycles. The ―cycle of the enhancement of 

magnetic susceptibility‖ starts even before the transportation of dust. Differences in the 

magnetic parameters of the source materials of dust may cause significant differences in 

the magnetic susceptibility parameters of loess. The differences in the depositional 

environment (e.g. wind speed and interaction between grains) may influence the 

concentration and characteristic grain size of magnetic grains (Fig. 9; orange arrows). In 

contrast of the dry and arid dust depositional periods, chemical weathering may appear 

even during a slightly milder and humid periods, causing alteration on the surface of the 

particles. The influence of weathering (physical and chemical alteration, pedogenesis), 
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biogenic activity (e.g. formation of bacterial magnetite) and/or increasing (vertical) 

mineral migration and dissolution (e.g. in the body of the paleosol), triggered by the 

increasing precipitation and warmer temperature, is getting stronger during interglacial 

periods by during interglacial periods (Fig. 9; red arrows). The cycle of the 

enhancement of magnetic susceptibility signal restarts with the subsequent glacial 

period, following the interglacial with cooling, aridification and increasing dust 

accumulation (Fig. 9; blue arrows). As it is shown in Figure 9 and below in Section 5.1 

and 5.2, processes, influencing the magnetic susceptibility parameter values in opposite 

way may appear parallel, causing complex magnetic enhancement. Therefore, the 

enhancement of magnetic susceptibility parameters cannot be described by one, 

exclusive model. 
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Figure 9. Cycle of the enhancement of magnetic susceptibility in loess and the 

summary of some key magnetic enhancement mechanisms in loess with an influence on 

χlf and χfd(fs) parameters during Quaternary glacial and interglacial periods. The grey 

region is characterized by increasing precipitation, temperature, pedogenic processes (red 

arrows) and intense chemical weathering. The blue arrows indicate cooling, aridification, 

increasing aeolian activity and dust accumulation. The yellow arrows mark dust 

transportation from the source area of loess. χlf and χfd are low field and absolute frequency 

dependent magnetic susceptibility, respectively.  

 

5.1 Complexities in the the magnetic enhancement trend 

The results above demonstrate that the pedogenic enhancement model explains the 

trends seen in most studied loess sequences (Table 2; Fig. 2) (e.g., Maher and Taylor, 

1988; Heller et al., 1993; Forster et al., 1994; Dearing et al., 1996; Maher 2011, 2016; 

Zeeden et al., 2016, 2018). This implies that the amount of authigenic magnetic 

minerals increases during pedogenesis in the studied sediments (Fig. 2, Fig. 9). The 

pedogenic enhancement trends, observed, for example, in the SA, SE and TI 

successions, agree with this model. The trend lines and the allocation of the samples in 
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the χfs vs χlf plot of the LN, PK, RG, RVP and DSZ sections point to deviations (Fig. 2b, 

c and d; Fig. 9). The type of these deviations from the ―true loess line‖ found in the 

characteristics of the enhancement trends and from the study of the relationship between 

χfs and χlf are summarized below (Table 2; Fig. 9). 

 

Theories, models Phenomena Short description Loess region References (e.g.) 

Pedogenic 

enhancement 

model 

increasing χlf, 

increasing χfd 

Magnetic enhancement of 

loess by in situ authigenic 

mineral forming during 

paedogenesis 

CLP, ELB, Heller et al. (1993); Maher 

et al. (1994, 2002, 2003); 

Panaiotu et al. (2001); 

Orgeira et al. (2011) 

Wind-vigour model low χlf in 

paleosols, high 

χlf in loess 

Increasing input of dense 

magnetic particles by stronger, 

more frequent winds during 

glacial periods 

Alaska, 

Siberia, ELB 

Begét and Hawkins (1989); 

Chachula et al. (1998) 

Lithological 

differences in the 

source area of the 

dust (theoretical) 

low χlf in 

paleosols, high 

χlf in loess 

Different source area of dust 

during glacial and interglacial 

periods 

Pampean 

loess 

Schellenberger et al. (2003) 

Combined 

pedogenic and 

wind-vigour model 

low χlf and 

high fd in 

paleosols, high 

χlf in loess 

The combination of the two 

main theories described above 

Central Asia, 

CLP, ELB, 

Pampean 

loess, Siberia 

Bidegain et al. (2005); 

Wang et al. (2006); 

Kravchinsky et al. (2008); 

Stevens et al. (2020) 

Magnetic mineral 

dissolution 

high χlf, low 

χfd 

Dissolution of mainly 

fine-grain magnetic 

contributors by hydromorphic 

processes 

ELB Taylor et al. (2014) 

Magnetic mineral 

alteration 

low χlf, 

relatively high 

χfd 

The gradual conversion of 

magnetite and maghemite to 

goethite in a humid 

environment (~940 mm/year) 

Australian 

loess/parna 

Ma et al. (2013) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

Fragmentation by 

chemical 

weathering 

low χlf, 

relatively high 

χfd 

Destruction of coarse (detrital 

sedimentary) magnetic 

particles by strong weathering 

in paleosols 

ELB Bidegain et al. (2009); 

Baumgart et al. (2013); 

Gocke et al. (2014); 

Ghafarpour et al. (2016) 

Surface oxidation 

("detrital magnetic 

enhancement") 

incr. χlf, 

relatively high 

χfd 

Surface oxidation of coarse 

magnetic grains, and ultrafine 

magnetic mineral forming on 

their surface 

ELB Buggle et al. (2014); Wacha 

et al. (2018); Zeeden et al. 

(2018); 

Stevens et al. (2020) 

Nanofragmentation 

(by physical 

weathering) 

low χlf, 

relatively high 

χfd 

Fragmentation of coarser 

sedimentary magnetic particles 

by physical processes during 

transportation and diagenesis 

ELB in this study 

Lithogenic 

inherited magnetic 

enhancement, 

―lithogenic enh.‖ 

low χlf, 

relatively high 

χfd 

Inherited fine-grain magnetic 

inclusions in phyllosilicates 

from the source rock of the 

dust 

ELB in this study 

Table. 2. Summary of various magnetic enhancement models explaining the behaviour 

of χlf and χfd(fs) parameters in loess and paleosol units.  

 

Based on the theory behind the pedogenic enhancement model, the statistical 

relationship between χfs and χlf is characterized by the r correlation coefficient. The r 

coefficient represents how strong the relationship is between the formation of fine-grain 

magnetic contributors (indicated by χfs) and χlf. In other words, a high r value may 

indicate that the enhancement is solely due to the neoformation of fine-grained magnetic 

contributors (e.g., SE and TI profiles). In contrast, low r values suggest 1) that the χfs 

and χlf values are similar, which means uniform paedogenic enhancement levels among 
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the units of succession; i.e. only one type of material (loess or paleosols, with 

quasi-uniform magnetic susceptibility parameters) appears in the studied section, or 2) a 

scattering of the data (see 4.1.2). 

In the case of low r, the background susceptibility of the studied sequence, i.e., the 

parameter representing the susceptibility of non-enhanced sediment, may suggest 

specific processes having an influence on the χfs and χlf parameters. For instance, while 

ST sediments show a low r (r = +0.67, p(a) < 0.05, n = 410) together with extremely 

high background susceptibility (93×10
-8

 m
3
/kg), the background susceptibilities of SA (r 

= +0.56, p(a) < 0.05, n = 103; 12.3×10
-8

 m
3
/kg) and LN (r = +0.57, p(a) < 0.05, n = 315; 

14.9×10
-8

 m
3
/kg) are close to the average value (13.04×10

-8
 m

3
/kg) characteristic of 

most sections (Table 1; Fig. 2). The low correlation coefficient associated with high 

background susceptibility in ST loess may indicate that the studied material is already 

strongly influenced by pedogenic processes (high pedogenic susceptibility) or originally 

the sediment itself has high detrital susceptibility compared with other studied 

sediments. SA and LN loess are characterized by low correlation coefficients associated 

with average background susceptibility, which suggests that no strong paedogenic 

enhancement appeared in the loess/paleosols of these sections. 

Differences in the background susceptibility from the one defined by Zeeden et al. 
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(2016)`s ―true loess line‖ can be observed in the RVP, DSZ, and RG profiles (Table 2; 

Fig. 2b, red arrows). For DSZ (18.6×10
-8

 m
3
/kg) and RVP (30.3×10

-8
 m

3
/kg), higher 

background susceptibilities are observed compared to the average value of 13.04×10
-8

 

m
3
/kg. These higher values probably represent detrital enhancement, i.e., the deposited 

dust originally had higher magnetic fractions. By contrast, significantly lower 

background susceptibility was found for the RG section (4.4×10
-8

 m
3
/kg), potentially 

indicating a very low magnetic mineral content of dust or the depletion of magnetic 

contributors during sedimentation. 

Greater scatter in the data was recognized in samples with low χlf (<~40×10
-8

 

m3/kg) from DSZ and PK loess (Fig. 2). The scattering exhibits two characteristic 

patterns in the χfs vs. χlf plot (Fig. 2; Fig. 9): 1) low χfs but relatively high χlf (Fig. 2c, 

area separated by dotted oval) and 2) relatively low χlf but high χfs (Fig. 2d, area 

separated by dashed oval). 

The wind vigour effect may be indicated by the scattered data of DSZ and RVP 

showing low χfd(fs) and relatively high χlf in loess (Fig. 2c; Fig. 9). It is likely that these 

factors reflect the increasing input of dense magnetic particles by stronger, more 

frequent wind gusts during glacial periods, similar to the cases from Alaska (e.g., Begét 

and Hawkins, 1989), Siberia (Chachula et al., 1998) and the European Loess Belt 
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(Wacha et al., 2018; Zeeden et al., 2018) (Table 2). 

The less known or overlooked theory about relatively high χlf associated with low 

χfs, which appeared in DSZ and RVP loess, may be caused by the dissolution of fine 

magnetic minerals (Table 2). Chemical weathering (dissolution) of magnetic mineral 

components, preferentially starting with the finest magnetic mineral contributors, may 

be responsible for the significant decreases in the fine-grain components of loess, 

causing decreasing χfd(fs) values (Taylor et al., 2014). However, this hypothesis may not 

apply to samples from, e.g., the DSZ sequence, which have not experienced significant 

weathering reported from the sediment units (Újvári et al., 2016). 

Among the studied sections, some samples with scattered PK data and a group of 

samples from TI show significant deviations from their main magnetic enhancement 

trends towards relatively increased χfs (Fig. 2, area marked by red dashed oval). There 

are some hypotheses that may describe such features (see below; Table 2; Fig. 9). 

Bidegain et al. (2009) observed a lower χlf associated with an increasing χfd in 

Pampean loess (Argentina). They attributed this feature to paedogenesis, which resulted 

in the weathering of coarser magnetic grains in the parent material (i.e., decreases in 

χlf) but increases in the ultrafine-grained particles. Baumgart et al. (2013) reported high 

χfd associated with relatively low χlf in paleosols and attributed the phenomenon to the 
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effect of strong weathering on detrital magnetic particles. The observed ―reversed trend 

of decreasing χlf with increasing χfd was considered as weathering of larger magnetic 

mineral grains‖ in Nussloch loess as well (Gocke et al., 2014; p. 307). The destruction 

of coarser magnetic grains may result in increasing χfs in the studied PK loess (Fig. 2d, 

area marked by red dashed oval), but chemical alteration can be ruled out (i.e., there are 

no signs of strong weathering or paedogenesis). 

Similar to Baumgart et al. (2013), Ma et al. (2013) reported rather high χfd and low 

χlf from Australian aeolian deposits (Mackenzie‘s Waterholes Creek - MWC profile) and 

described the phenomenon as a result of magnetic mineral alteration. During chemical 

alteration, magnetite and maghemite gradually converted to more stable goethite in a 

humid environment (expected ~940 mm/year based on modern annual precipitation 

data), causing χlf to decrease (Table 2). In the Middle Danube Basin, approximately 

200-350 mm/year annual precipitation is estimated during the sedimentation of loess, 

and even during the paedogenic periods, it might not have reached 700 mm/year 

(Panaiotu et al., 2001; Bradák et al., 2011). As such, strong weathering processes as the 

cause of unusual magnetic susceptibility parameters may be excluded in the case of PK 

and TI loess. 

Buggle et al. (2014), Wacha et al. (2018) and Zeeden et al. (2018) proposed the 
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formation of ultrafine grains on the surface of coarser magnetic hosts by surface 

oxidation of MD magnetic grains as a cause of increasing χfd in sediments (i.e. ―detrital 

magnetic enhancement‖) before the influence of pedogenesis (Table 2; Fig. 9). In the 

case of PK or TI loess, the likelihood of surface oxidation in coarser grains cannot be 

excluded or verified as a cause of increasing χfs from analysis of susceptibility alone; 

therefore, additional rock magnetic and SEM analyses were performed on samples from 

PK (see below in 4.2). 

Dual processes, the competing appearance of pedogenic magnetic enhancement and 

the wind-vigour effect, may offer an alternative explanation for the low χlf (wind-vigour 

effect) and higher χfs(fd) (pedogenic enhancement). Such a combination of magnetic 

enhancement was observed in loess successions, e.g., in the Tibetan Plateau (Wang et al., 

2006) and in Siberian loess (Kravchinsky et al., 2008) (Table 2), but due to the lack of 

any sign of pedogenesis in the mentioned samples from Paks, the case of ―dual 

enhancement‖ can be excluded (Fig. 2). 

 

5.2 Additional observations on the potential causes of increasing χfs in PK loess 

5.2.1 Fine-grained magnetic contributors of PK loess 

The formation of submicron-sized magnetic particles on the surface of coarser 
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magnetic grains may explain the increasing χfs in samples with low χlf from PK loess. 

The magnetic domain size of both loess and paleosols from the PK site falls into the 

PSD or mixed MD and SD region (Dunlop, 2002) (Fig. 4). Similar to what was seen in 

the selected samples from PK loess (Fig. 4), analyses from Alaska (Lagroix and 

Banerjee, 2002), the CLP (e.g., Liu et al., 1992; Pan et al., 2002; Jin and Liu, 2010; Li et 

al., 2018) and ELB (e.g., Taylor et al., 2014; Necula et al., 2015) report that PSD or 

mixed MD and SD state (with 10-30% SD contribution) components are the main 

magnetic contributors both to loess and paleosol units. 

The study of both bulk loess and separated EXT, RESIDf and c extracts from the 

same loess samples helps to uncover various ways of magnetic enhancement in 

sediments. RESIDc extracts, dominated by coarse grains (>125 μm; fine sand), are 

characterized by PSD (mixed SD and MD) character and show slightly higher (cc. 

20-30%) SD contents than the natural samples (Day plot, Fig. 4). This observation 

suggests that coarser contributors may somehow be associated with ferrimagnetic grains, 

including SD grains in the RESIDc extract, which dominantly contain dia- and 

ferromagnetic minerals. The differences between the saturation magnetization of the 

non-corrected and corrected hysteresis loops indicate significant amounts of high 

coercivity/dia- and paramagnetic components in PK pilot samples (Richter and van der 
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Pluijm, 1994) (Fig. 3a-f). A high ratio of paramagnetic contributors may influence the 

magnetic susceptibility values as well. As suggested by Rochette (1987) and Hrouda 

and Jelinek (1990), for materials characterized by low magnetic susceptibility (κlfavg < 

5×10
−4 

SI), the paramagnetic components contribute significantly to the low field 

magnetic susceptibility value. In PK loess, which consists of larger amounts of 

paramagnetic contributors compared to the ferrimagnetic components, a low 

susceptibility value may also suggest significant paramagnetic contributions. In addition 

to the influence of paramagnetic minerals on χlf, paramagnetic minerals (e.g., 

phyllosilicates) may function as a host of nanosized ferromagnetic inclusions as well 

(see below). 

 

5.2.2 Potential signs of surface weathering, inclusions and ―nanofragmentation‖ 

The bulk samples from PK loess exhibit somewhat complex magnetic character, 

including significant paramagnetic, SD and MD, and mainly low coercivity 

(magnetically soft) contributors such as magnetite and maghemite (Figs. 3, 4 and 5). 

Such a complex magnetic character is similar to the general magnetic character of loess, 

reported from various loess regions (e.g., Maher, 2011, and the references therein). In 

addition, the following features in the thermomagnetic curves (Fig. 5) and in the SEM 
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micrographs may provide additional information about the magnetic enhancement of 

PK loess samples (Figs. 5, 6, 7 and 8). 

1) Appearance of maghemite as a potential indicator of surface weathering. Along 

with coarser grained MD magnetite (indicated by its Tc at 585 °C, for example), the 

magnetic extract contains unstable maghemite, revealed by an inflection point (a bump) 

on the heating curve at approximately 250 °C, indicating its decomposition (Gao et al., 

2019) (Fig. 5b). Maghemite seems to be a common contributor in loess-paleosol 

sequences, as it has been identified in loess (e.g., Evans and Heller, 1994; Liu et al., 

2003; Liu et al., 2010; Bradák et al., 2018a, b) as well as paleosol horizons (e.g., Deng 

et al., 2000, 2001; Zhu et al., 2001; Gao et al., 2019). 

Unstable maghemite forms by chemical alteration, which makes it a sensitive 

environmental proxy (Gao et al., 2019). Maghemite appearing in sediments may 

indicate weak weathering during a slightly warmer/wetter phase within the cold and dry 

sedimentation period in glacials (Stevens et al., 2020). However, an alternative 

explanation follows the detrital magnetic enhancement theory, as suggested by Buggle 

et al. (2014). This study proposes that the formation of fine-grained maghemite (PSD 

and SD grain size) on the surface of coarser grains occurs before/during the 

sedimentation of dust. Based on the rock magnetic study of loess, Spassov et al. (2003) 
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suggest the appearance of similar features in Chinese loess, i.e., loess detrital magnetite 

with a weathered crust of maghemite. Weathering and chemical alteration of the surface 

of coarser grains was observed on SEM images of PK loess, which may support the 

view of Buggle et al. (2014) or Gao et al. (2019) (Table 2; Fig. 8c and d). 

2) Appearance of ferrimagnetic inclusions in para- and diamagnetic loess 

components. Hysteresis and thermomagnetic experiments on RESIDf and c extractions 

from loess samples from the PK sequence (especially coarse, muscovite dominant 

grains; >125 μm) reveal key information about the magnetic enhancement of sediments. 

The weak, gradual decreasing magnetization, which reaches zero below the expected Tc 

of magnetite, may indicate that SD grains of various sizes gradually reach their 

unblocking temperature (e.g., Day, 1975; Dunlop and Özdemir, 1997) (Fig. 5c and d). In 

addition, the hysteresis curve of those coarse-grained nonferromagnetic samples shows 

a somewhat complex pattern: a diamagnetic curve with a ferromagnetic loop (Fig. 3l 

and p). Similar hysteresis loops were also observed in some natural samples with low χlf 

and higher χfs in PK loess (Fig. 3g and h). This type of hysteresis loop is rare for loess; 

to the best of our knowledge, no similar case has yet been reported from loess profiles. 

The appearance of this curve suggests that the magnetic properties of the studied loess 

sample are mainly characterized by diamagnetic contributors, but ferrimagnetic 
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components may appear. The weak influence of the ferromagnetic contributors (and the 

increasing influence of para- and diamagnetic minerals) is already suggested by the very 

low χlf (see above at the end of 4.2.1, and in Rochette, 1987; Hrouda and Jelinek, 1990), 

but the following experiments were needed to reveal the nature of ferromagnetic 

components. 

The similarities between these hysteresis loops of natural samples and RESIDf and 

c extracts (Fig. 3g-h, l and p) were explored further by SEM experiments. RESIDc 

extracts of loess (Fig. 6 and 7) showed diamagnetic hysteresis curves with 

ferromagnetic loop (indicating low-coercivity magnetic components), similar to natural 

samples (Fig. 3l and p). The SEM analyses also indicate the appearance of 

submicron-scale (≤0.5-0.6 μm) magnetic components (Figs. 6d, e and 7) in natural 

sediments as well as in RESIDc extracts. The elemental mapping of individual 

muscovite grains suggests that such components may appear as inclusions in coarser 

grain phyllosilicate carriers (Fig. 6d and e; Fig. 7) (Table 2). 

Such inclusions have already been reported from well-developed paleosols as a 

result of in situ pedogenic mineral neoformation (Yang et al. 2013; Sano et al. 2017; 

Hyodo et al. 2020). The observation of ferromagnetic inclusions in muscovite from 

loess without the sign of pedogenesis supports an alternative mode of origin (Fig. 6 and 
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7). These identified nanosize components in sediments may be traced back to their 

primary source rock lithologies, formed during various lithogenic processes as 

inclusions, e.g., in micas (―lithogenic enhancement‖) (e.g., Dunlop et al. 2006). 

Following the physical weathering of the source rocks, the micas with ferromagnetic 

inclusions were transported from their provenance (in the case of PK, from the Alps and 

Carpathians) and from local sources, e.g., alluvial fans (Újvari et al. 2012; 

Thamó-Bozsó et al. 2014), during glacials and (re)deposited as loess sediments. Iron 

oxide inclusions observed in muscovite (Fig. 6e and 7) can be regarded as a potential 

source of ―lithogenic enhancement‖ in the sediment(s) from PK. Along with magnetite, 

galenite inclusions may also appear (Fig. 6d, e and g), which are characteristic 

components in certain magmatic and metamorphic rocks (e.g., granite). In the region of 

Paks, there is a potential geological formation that contains a significant amount of 

galenite. In the so-called Velence Granite Formation (Velence Mts., W. Hungary; Fig. 1), 

galenite appears as a result of regional high-temperature fluid flow events of a 

hydrothermal system of Mid- to Late-Triassic age related to the regional heating of the 

granite (Benkó et al., 2014). These hydrothermal processes might also be responsible 

for the formation of iron-oxide inclusions (e.g., Nadoll et al., 2014). Following the 

weathering and erosion of the Velence Granite Formation, component minerals (e.g., 
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muscovite) of granite containing galenite and magnetite would have been transported 

and redeposited in the Paks region as constituents of loess. This observation supports 

the study of Schellenberger et al. (2003), who emphasized the importance of lithological 

differences in the source area of the dust for magnetic enhancement. 

3) Physical weathering and nanofragmentation of coarser grains. As suggested by 

Bidegain et al. (2009), Baumgart et al. (2013) and Gocke et al. (2014) (Table 2), strong 

chemical weathering of coarser magnetic contributors may cause relatively low χlf but 

increasing χfd(fs) in paleosol horizons of loess successions. However, weathering 

processes may not be limited to paleosol horizons and do not necessarily require 

conditions conducive to strong chemical weathering to fragment coarser grains, as 

shown in SEM micrographs (Fig. 8a and b). Based on the SEM observations of PK 

samples with no marks of strong chemical alteration, there is one more process that may 

form nanosize magnetic particles in the sediments: fragmentation during deposition 

(e.g., by the collision of grains) and during diagenesis (e.g., by compaction). The 

formation of nanosized fragments increases the χfs of the sediment, but the χlf (i.e., the 

concentration of magnetic contributors) does not change. The appearance of 

nanofragmentation in loess sediments may indicate increasing physical weathering 

during transportation associated with strengthening of the transport agent. The 
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strengthening of the wind and/or the forgoing fluvial processes before the aeolian 

―redeposition‖ results in the transportation of coarser grains and intensifies grain 

collision and fragmentation. 

The three processes summarized above potentially influence the magnetic 

enhancement in the case of low χlf associated with high χfs in apparently unweathered 

loess. The mentioned processes may contribute to more robust palaeoenvironmental 

reconstructions in loess by, e.g., indicating weak weathering processes over short, 

moderate-to-humid periods during loess sedimentation (maghemitization) and marking 

―harsher‖ cold periods with the intensification of winds (nanofragmentation). 

 

 

6. Conclusions 

 

The two generally accepted models (pedogenic and wind-vigour) used to explain 

the enhancement of magnetic susceptibility parameters in loess apparently do not cover 

the full range of potential causes of magnetic enhancement in loess. Uncommon cases 

are indicated by ―suspicious horizons‖, characterized by high background susceptibility, 

lower χlf but higher χfs, and vice versa. 
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Despite the popularity of magnetic susceptibility parameters and the growing 

number of irregular cases observed, knowledge about the causes of magnetic 

enhancement in loess is still limited. Combined scanning electron microscopy (SEM) 

and magnetic analyses suggest possible causes of increased χfs in non-altered sediments: 

the nanofragmentation of coarser grains and the appearance of significant amounts of 

fine magnetic inclusions in dia- and paramagnetic components, e.g., in muscovite. 

Such nanoscale magnetic inclusions may originate from various igneous and 

metamorphic processes, which developed inclusions in phyllosilicates and appear as 

mineral components in the dust source rock (―lithogenic enhancement‖). Following the 

physical weathering of the rocks containing the magnetically enhanced micas, the grains 

would be transported from their provenance to the loess regions and be (re)deposited as 

aeolian loess during glacial periods. Increasing transport energy may lead to the 

mobilization of coarser grains, rolling and bombardment of the surface. Crushing of 

coarser grains may lead to physical weathering and the formation of fine, submicron 

size components (―nanofragmentation‖). 

The summary of the methods of magnetic enhancement of loess also showed that 

pedogenic processes do not always lead to enrichment in magnetic contributors but can 

cause dissolution and magnetic depletion of certain components. Such processes may be 
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dependent on the type of soils and the characteristics of the environment in which the 

paleosol formed. 

 The methods of magnetic enhancement recently discovered in loess may not 

challenge the significance of the basic models, as suggested earlier, but rather describe 

an unusual feature observed in loess successions that researchers should consider in 

their interpretations of magnetic susceptibility data. 
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Suppl. Mat. 1. Characteristic units of the studied PK section. a) typical aeolian loess 

from the SL1 sandy loess unit; b and c) fine sand and silt horizons in the S4-S5 units; d) 

MB (MIS11) paleosol horizon; e) Phe1 and 2 weakly developed paleosol horizons; f) 

Mtp paleosol unit (MIS15); and g) PD2 (MIS19) paleosol unit. The dashed lines 

indicate debris.  
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Suppl. Mat. 2. The separation of EXT and RESIDf and c extract in the laboratory. 
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Suppl. Mat. 3. Collection of various loess magnetic data used in the study. 

Suppl. Mat. 4. The summary of applied methods, their purpose, the results and their 

relation in loess research. a) The setting of strong magnets immersed in the silt-sand 

suspensions; b) the EXT extract on the surface of the plastic tube after 24 hours of rest 

in the suspension; c) collection of EXT from the surface of the plastic tube; d) EXT, 

prepared for drying; and e) phyllosilicates in RESIDc. 
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Profile (ref); [n-number of 

samples] Loess region 

Equation of magnetic 

enhancement trend 

r, 

[p(a)<0.05]  

Backg. 

susc. 

(×10-8 

m
3
/kg) 

Raigorod (RG; Költringer et al. 

2020); [216] East European Plain y = 39.87x + 4.3659 0.93 4.4 

Paks (PK) (4 kHz); [141] 

Middle Danube 

Basin y = 26.532x + 10.04 0.95 10.0 

Paks (PK) (16 kHz); [141] 

Middle Danube 

Basin y = 44.219x + 10.04 0.95 10.0 

Semlac (Se; Zeeden et al., 2016); 

[215] 

Middle Danube 

Basin y = 15.846x + 10.294 0.99 10.3 

Titel composite section (TI; 

Marković et al., 2011); [1229] 

Middle Danube 

Basin y = 16.391x + 10.383 0.99 10.4 

Srednaya Akhtuba (SA; 

Költringer et al., 2020); [103]  East European Plain y = 19.695x + 12.296 0.56 12.3 

Leninsk (LN; Költringer et al., 

2020);[315] East European Plain y = 8.0712x + 14.882 0.57 14.9 

Dunaszekcső (DSZ; Újvári et 

al., 2016); [315]  

Middle Danube 

Basin y = 16.944x + 18.561 0.99 18.6 

Rasova-Valea cu Pietre (RVP; 

Zeeden et al., 2018); [348] 

Lower Danube 

Basin y = 16.67x + 30.333 0.90 30.3 

Stalać (ST; Obreht et al., 2016); 

[410] 

Lower Danube 

Basin y = 25.111x + 93.001 0.67 93.0 
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Theories, models Phenomena Short description Loess region References (e.g.) 

Pedogenic 

enhancement 

model 

increasing χlf, 

increasing χfd 

Magnetic enhancement of 

loess by in situ authigenic 

mineral forming during 

paedogenesis 

CLP, ELB, Heller et al. (1993); Maher 

et al. (1994, 2002, 2003); 

Panaiotu et al. (2001); 

Orgeira et al. (2011) 

Wind-vigour model low χlf in 

paleosols, high 

χlf in loess 

Increasing input of dense 

magnetic particles by stronger, 

more frequent winds during 

glacial periods 

Alaska, 

Siberia, ELB 

Begét and Hawkins (1989); 

Chachula et al. (1998) 

Lithological 

differences in the 

source area of the 

dust (theoretical) 

low χlf in 

paleosols, high 

χlf in loess 

Different source area of dust 

during glacial and interglacial 

periods 

Pampean 

loess 

Schellenberger et al. (2003) 

Combined 

pedogenic and 

wind-vigour model 

low χlf and 

high fd in 

paleosols, high 

χlf in loess 

The combination of the two 

main theories described above 

Central Asia, 

CLP, ELB, 

Pampean 

loess, Siberia 

Bidegain et al. (2005); 

Wang et al. (2006); 

Kravchinsky et al. (2008); 

Stevens et al. (2020) 

Magnetic mineral 

dissolution 

high χlf, low 

χfd 

Dissolution of mainly 

fine-grain magnetic 

contributors by hydromorphic 

processes 

ELB Taylor et al. (2014) 

Magnetic mineral 

alteration 

low χlf, 

relatively high 

χfd 

The gradual conversion of 

magnetite and maghemite to 

goethite in a humid 

environment (~940 mm/year) 

Australian 

loess/parna 

Ma et al. (2013) 

Fragmentation by 

chemical 

weathering 

low χlf, 

relatively high 

χfd 

Destruction of coarse (detrital 

sedimentary) magnetic 

particles by strong weathering 

in paleosols 

ELB Bidegain et al. (2009); 

Baumgart et al. (2013); 

Gocke et al. (2014); 

Ghafarpour et al. (2016) 

Surface oxidation 

("detrital magnetic 

enhancement") 

incr. χlf, 

relatively high 

χfd 

Surface oxidation of coarse 

magnetic grains, and ultrafine 

magnetic mineral forming on 

their surface 

ELB Buggle et al. (2014); Wacha 

et al. (2018); Zeeden et al. 

(2018); 

Stevens et al. (2020) 

Nanofragmentation 

(by physical 

weathering) 

low χlf, 

relatively high 

χfd 

Fragmentation of coarser 

sedimentary magnetic particles 

by physical processes during 

ELB in this study 
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transportation and diagenesis 

Lithogenic 

inherited magnetic 

enhancement, 

―lithogenic enh.‖ 

low χlf, 

relatively high 

χfd 

Inherited fine-grain magnetic 

inclusions in phyllosilicates 

from the source rock of the 

dust 

ELB in this study 
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 The ways of magnetic enhancement in loess are summarised 

 New ways of detrital enhancement of magnetic susceptibility are introduced 

 A guide for the interpretation of low field and frequency dependent 

susceptibility is introduced  
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Figure 1



Figure 2



Figure 3



Figure 4



Figure 5
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